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Summary

The discovery of topology in band structures has led to new advances in solid-state
physics. Material systems in which topology plays a role are interesting in order
to understand how topology manifests itself in these materials as well as that these
materials can provide a platform for new device applications. One group of such
materials is that of topological insulators that are characterized by an insulating bulk
and metallic surface states crossing the bulk band gap. Such states are protected
by time-reversal symmetry, which makes them robust against nonmagnetic disorder
and small perturbations. From the preservation of time-reversal symmetry and due
to the typically large spin–orbit coupling in these materials, the surface-state charge
carriers have a spin orientation that is directly related to the momentum, known
as ‘spin–momentum locking’. This property of spin texture makes these materials
interesting for generation, control, and detection of a spin accumulation, which are
key ingredients for future spintronic devices that use spins as information carriers.

Due to the high potential of topological insulators, it is of main interest to un-
derstand spin-transport and charge-transport properties in these materials. One im-
portant consideration here is the interplay between bulk and surface contributions
to those types of transport. The bulk often shows a finite conductivity that inter-
feres with surface-state transport due to limitations in growth of single-crystalline
topological insulators. In this thesis, our efforts to disentangle such contributions in
the topological insulator Bi2Se3 are reported using different experimental techniques.
First, it has been tried to optically induce charge currents via the property of spin–
momentum locking, which potentially can give us an understanding on the generation
and the relaxation mechanisms of such currents. Helicity-dependent effects have been
observed, but making definitive conclusions is hampered by technical difficulties. Nev-
ertheless, I believe that this chapter puts forward important considerations that can
improve the understanding in experiments that investigate such photogalvanic effects.
Second, high-field magnetotransport in topological insulators has been studied in this
thesis. Comparison of charge-transport parameters deducted from the background
magnetoresistance and from Shubnikov–de Haas oscillations at higher fields allows to
identify the various channels contributing to the charge transport. Analysis points to-
wards the clear presence of a bulk state that gets Zeeman-split at higher fields, which
has not been shown before. In addition to that state, signatures of other states are ob-
served that can be identified as the topologically protected surface states. Our study
provides an extensive analysis of Shubnikov–de Haas oscillations that is compared
with results on the magnetoresistance, which serves as an important contribution
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to such studies. At last, the surface states have been investigated by electrically
probing the generated spin accumulation, again due to the spin–momentum locking.
Ferromagnetic contacts have been employed to probe the spin polarization that is
generated by a charge current. Due to the use of large-area thin films of Bi2Se3, a
geometry has been designed that allows to exclude artifacts that could mimic the
charge-current-induced spin voltage from the topological surface states. This design
flexibility leads to an alternative explanation of the origin of the spin voltage. In our
experiments, a strong contribution of the fringe fields is present that are induced by
the ferromagnetic layer and affect the charge transport in the channel. This work
shows that local geometries are not ideal for probing the direction and size of the
generated spin accumulation, since charge transport and spin transport are mixed.

In order to implement topological insulators into commercial device structures, a
better understanding on this complicated system where bulk and surface are compet-
ing has to be developed. Furthermore, developments in growth are required to tailor
this competition between the parallel channels. Another important finding in this
thesis is that the interfaces between metals and topological insulators appear to be
transparent, which is an important step towards realizing devices with a low dissipa-
tion. This finding is in line with theoretical proposals where the topological insulator
is supposed to have a charge-accumulation layer at the surface when in contact with
a metal. However, hybridization effects are also proposed and the sole appearance of
surface states in the transport is at stake.

In the concluding part of this thesis, a feasibility study of commercial realization
of topological-insulator-based devices is provided. At the moment, the commercially
viable reserves of raw materials are good for another 10 to 20 years for production
of topological insulators under the current production. Points of attention in the
production process are the intensive purification of the materials and the large envi-
ronmental impact of the production. Furthermore, effects of upscaling the production,
which requires higher growth rates and large-area deposition, on the charge and spin
transport are to be understood. In a survey to investigate applications including
topological insulators, it is found that such materials are mainly useful for ultrafast
and spintronic applications such as spin-torque devices and spin injection layers.
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Samenvatting

De ontdekking van het concept topologie in bandstructuren heeft nieuwe deuren
geopend in de fysica van de vaste stof. Materialen waarin topologie een belangrijke
rol speelt zijn interessant om de invloed van topologie op de fysische eigenschappen
te begrijpen. Verder kunnen deze materialen vanwege deze topologie de basis vormen
voor nieuwe toepassingen. Een groep van materialen waar dit concept een rol speelt,
is die van topologische isolatoren. In deze materialen is de bulk elektrisch isolerend,
maar zijn er metallische toestanden aanwezig aan het oppervlak waarvan de dispersie
zich bevindt in de bandkloof van de bulk. Deze toestanden worden beschermd door
het behoud van tijdsinversiesymmetrie en dat maakt dat deze toestanden bestand zijn
tegen niet-magnetische verstoringen en afwijkingen in het materiaal. Door het behoud
van tijdsinversiesymmetrie en door de aanwezigheid van spin–baankoppeling in deze
materialen hebben de ladingsdragers in de oppervlaktetoestanden een spinoriëntatie
die gekoppeld is aan de impuls (spin–impulskoppeling). De mogelijkheid om spins
te richten maakt dat topologische isolatoren te gebruiken zijn voor het produceren,
controleren en detecteren van een spinverzameling. Deze bewerkingen zijn de basis-
ingrediënten voor toekomstige spintronische devices waarin spins gebruikt worden als
informatiedrager.

Vanwege de veelbelovende mogelijkheden van deze topologische isolatoren is het
belangrijk om een beter inzicht te krijgen in het spin- en ladingstransport in deze
materialen. Een belangrijk aandachtspunt is de wisselwerking tussen bulk- en op-
pervlaktetoestanden in deze types van transport. De bulk draagt namelijk vaak bij
aan de geleiding vanwege beperkingen in de groei van monokristallijne topologische
isolatoren en dit heeft invloed op de geleiding door de oppervlaktetoestanden. Dit
proefschrift beschrijft experimenteel werk om de aandelen van de verschillende kanalen
te onderscheiden in de topologische isolator Bi2Se3 door gebruik te maken van ver-
schillende onderzoekstechnieken. Ten eerste is geprobeerd om optisch ladingsstromen
te genereren via spin–impulskoppeling. Zulke experimenten geven inzicht in de pro-
ductie en afzwakking van ladingsstromen in dit materiaal. Een afhankelijkheid van
de circulaire polarisatie van het licht is waargenomen, maar het maken van een een-
duidige conclusie is moeilijk vanwege technische beperkingen. Desalniettemin denk ik
dat dit hoofdstuk belangrijke inzichten geeft om zulke optische experimenten beter te
leren begrijpen. Ten tweede is ladingstransport onder invloed van hoge magnetische
velden in topologische isolatoren onderzocht. Door het vergelijken van de transport-
eigenschappen via de achtergrondweerstand en Shubnikov–de Haas-trillingen is het
mogelijk om de verschillende transportkanalen te identificeren. Uit deze vergelij-
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king kan worden geconcludeerd dat de bulk een grote bijdrage levert aan het totale
transport. Verder is voor de eerste keer in dit onderzoeksveld ook een Zeeman-
splitsing van deze bulktoestanden waargenomen op hogere magneetvelden. Daar-
naast zijn er verschijnselen van een tweede toestand die te relateren is aan de topo-
logische oppervlaktetoestanden. De uitgebreide studie van de achtergrondweerstand
en de Shubnikov–de Haas-trillingen levert een belangrijke bijdrage aan het begrij-
pen van dit type experimenten. Tenslotte zijn de oppervlaktetoestanden bekeken
door het elektrisch meten van de spinverzameling die wordt veroorzaakt door spin–
impulskoppeling. Ferromagnetische contacten zijn gebruikt om de spinverzameling te
meten die is gegenereerd door een ladingsstroom. Door het gebruik van grote opper-
vlakken van Bi2Se3 kunnen geometrieën ontwikkeld worden die andere effecten dan
de meting van de spinverzameling kunnen uitsluiten. Deze flexibiliteit heeft ertoe
geleid dat het gemeten spinvoltage een andere oorsprong blijkt te hebben in ons ex-
periment. Uit de resultaten kan worden afgeleid dat de strooivelden afkomstig van
de ferromagnetische laag het ladingstransport kunnen bëınvloeden. Deze studie laat
zien dat lokale geometrieën niet geschikt zijn voor het detecteren van de richting en de
grootte van de spinverzameling, omdat ladings- en spintransport door elkaar lopen.

Om topologische isolatoren in commerciële devicestructuren te implementeren, is
er een beter begrip nodig van dit systeem waar bulk- en oppervlaktetoestanden elkaar
bëınvloeden. Ook is het van belang om de groei van deze materialen beter onder
controle te krijgen om deze wisselwerking te verminderen. Eén stap in de richting
van commerciële doeleinden is de bevinding dat er zich aan het grensvlak tussen
een metaal en topologische isolatoren geen barrière bevindt en dus kan leiden tot
devices met een beperkte productie van restwarmte. Deze bevinding komt overeen met
theoretische voorstellen waar een ladingsverzamelingslaag aan het grensvlak wordt
verwacht. Daarentegen kunnen hybridisatie-effecten een rol spelen en daardoor is het
mogelijk dat de oppervlaktetoestanden niet afzonderlijk kunnen worden gebruikt.

In het laatste gedeelte van dit proefschrift is een haalbaarheidsstudie gedaan om
de mogelijkheden te onderzoeken om devices gebaseerd op topologische isolatoren
commercieel mogelijk te maken. Op dit moment zijn de commercieel winbare grond-
stofvoorraden voldoende voor 10 tot 20 jaar om topologische isolatoren te kunnen
produceren. Aandachtspunten zijn de intensieve raffinage om pure materialen te
verkrijgen en de schade aan het milieu door de productie. Verder is het onduidelijk
wat de effecten zijn van het opschalen van de productie door hogere groeisnelheden
en het groeien van grotere oppervlakken op het ladings- en spintransport in deze
materialen. Vanuit de studie naar mogelijke toepassingen kan worden geconcludeerd
dat topologische isolatoren op dit moment vooral interessant zijn voor supersnelle en
spintronische toepassingen zoals spin-torsiedevices en spin-injectielagen.
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Introduction



Introduction

1.1 Topology: Exploring new states of matter

The establishment of quantum mechanics in the 1920s yielded a framework towards
understanding the physical properties of atomic, molecular, and solid-state systems.
Following that, Bloch focused on the behavior of metals and their electrical resistance
[1]1. In his doctoral thesis, he developed a model where electrons are subject to a
periodic crystal potential, leading to states extended over the crystal that electrons
can occupy. These electronic states can be represented as (un)occupied bands that
can be used to explain many physical properties of crystals and formed the basis to
understand the behavior of solid-state matter that we use in our daily life.

However, Bloch’s framework could not explain phenomena that were observed in
systems at lower dimensions that are subject to low temperatures. In order to explain
these features, the concept of topology was introduced. This concept, as developed
by Thouless and Kosterlitz in the early 1970s [2], led to the understanding that in
such systems ordering is present that cannot be destroyed by thermal fluctuations.
The ordering is realized due to the presence of vortices, which cannot be removed to
yield the ultimate ground state since they are topologically distinct. This topological
distinction is a powerful property that is difficult to change, unless the system’s tem-
perature is raised above the critical value of the system. To visualize this distinction
more, I refer to the commonly used example of the orange and the doughnut that
are topologically different based on the number of holes at the two-dimensional sur-
face [3]. These objects can only be made topologically equivalent when one drills a
hole into the orange.

Such topologically distinct phases can also be found in solid-state systems where
the topology can be related to the band structure of a crystal. Here, the phase of
the Bloch wave functions gives rise to different topologies in materials. The quantity
defining the topology of an electronic band structure is topologically protected, which
means that it cannot be changed unless the band gap is closed. Therefore, such an
integer is a very strong and secure property of a band structure. In order to connect
two materials with a different topology, one can imagine that a crossover state is
required to meet the topology difference. Such a crossover state thus originates from
the concept of topology and provides interesting physical phenomena.

The first discovered, topologically distinct state is the quantum Hall state in which
the conductivity perpendicular to the bias direction was found to change in quantized
steps [4]. This observation has been theoretically explained by Thouless et al. to be
connected to the state’s topology, being different from that of its environment (say
vacuum or air) [5]. Therefore, a crossover state at the edge of the quantum Hall
state can be expected to match the difference in topology. The classical explanation
of electrons traveling via skipping orbits along this edge thus fits to the ‘bigger’ pic-
ture of topological classification that predicts such an edge state to be present. The
abrupt change in conductivity by exactly one conductance quantum and the possi-
bility to exactly determine the value of this physical constant are manifestations of
topology, emphasizing the power of this theoretical concept. Afterwards, Haldane
realized that distinct phases as in the quantum Hall state can also be present in sys-

1Later, he gained interest in experimental studies on nuclear magnetic resistance for which he
was awarded the Nobel Prize for Physics in 1952.

2



Topological insulators and their high potential

tems where an applied magnetic field is not required [6]. About 20 years later, several
theoretical groups realized that topological band structures can be found in ordinary
three-dimensional systems too, paving the way towards topological insulators.

The realization of topological phases of matter as established by Thouless, Koster-
litz, and Haldane have provided many new possibilities to engineer systems with novel
properties adding to those found from the settled band theory by Bloch. These new
systems not only provide opportunities for novel applications, but are interesting
from a fundamental point of view too. Therefore, it is not surprising that these three
physicists were awarded the Nobel Prize for Physics 2016.

1.2 Topological insulators and their high potential

The quest for new topological states of matter sparked when theoreticians realized that
spin–orbit coupling in graphene gives rise to a topologically distinct band structure.
Nevertheless, such effects in graphene were still estimated to be rather small in order to
experimentally observe them. Therefore, it was a logical step to explore the periodic
system to find elements and corresponding multi-element compounds where spin–
orbit coupling is more prominent and could give rise to a more ‘stable’ system that
can be experimentally accessed. This search led to the proposal of distinct phases in
HgTe quantum wells [7]. Such quantum wells were already investigated because of
their large spin–orbit coupling and large Zeeman splitting. Recent developments on
increasing the mobility of these quantum wells led to a fast experimental realization
of topological states in this two-dimensional system [8]. In this system, it was found
that edge states were present which do not carry a charge current, but do carry a net
spin current. These edge states are found to originate from required crossover states
at the interface of the topologically distinct phases. The spin and momentum of the
carriers in these states are directly related and the generated currents were found to
flow dissipationless. The quantized version of the spin Hall effect was realized [9,10],
opening up new opportunities for spintronic applications.

Afterwards, it was theoretically proposed that binary compounds with heavy el-
ements Bi, Sb, Se, and Te could give rise to three-dimensional topological insulators
where the one-dimensional edge states are transformed into two-dimensional surface
states. Such surface states have been experimentally observed in the alloy BixSb1−x
and the binary compounds Bi2Se3, Bi2Te3, and Sb2Te3 [11–16] by angular-resolved
photoemission spectroscopy. For the binary compounds, the topological surface states
can be addressed independently from the bulk since these states are located inside the
bulk band gap. Furthermore, the charge carriers have their momentum connected to
their spin similar to the quantum spin Hall state, which is known as ‘spin–momentum
locking’. This property is protected by topology and thus cannot be destroyed by any
perturbation that still preserves time-reversal symmetry. However, breaking of time-
reversal symmetry can lead to other interesting phenomena, including the quantized
version of the anomalous Hall effect that was realized in 2013 [17], completing the
quantum Hall trio [18].

The property of spin–momentum locking in the surface states is interesting from a
fundamental perspective and because it can serve as an interesting platform for novel
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Introduction

device applications. From the fundamental perspective, topological insulators can
host effects such as the topological magnetoelectric effect (which is supposed to in-
duce quantized Faraday rotation and giant Kerr effects) and the creation of Majorana
fermions when the topological insulator is in contact with a superconductor [3, 19].
For device applications, topological insulators that host spin-textured surface states
are currently considered mainly as a platform for spintronic applications where the
electron’s spin is used as information carrier. Spintronics opens up possibilities to
lower the power consumption, to further miniaturize device components, to enhance
the data processing speed, and to have nonvolatile devices [20]. The design of such
a spintronic device has been proposed by Datta and Das and is the spin-analogue
of a charge-based field-effect transistor [21]. Realizing such a transistor requires the
availability of efficient spin injectors and detectors, transport channels with a long
spin lifetime, and means to control and manipulate the spin in such channels. One
can think of employing topological insulators here as spin injectors (detectors) since a
spin accumulation with a relatively high polarization can be easily created (detected)
by sourcing (probing) a charge-current bias due to spin–momentum locking. In con-
trast to proximity-effect-limited ferromagnetic contacts, topological insulators can be
easily downscaled as spin injector or detector contacts, enabling low-dimensional spin
transistor geometries. Furthermore, the large band gap relative to kBT of some topo-
logical insulators allows for applications at room temperature. Such current-induced
spin accumulations make topological insulators further interesting as components in
spin-torque-based memory. In this type of memory, a spin accumulation switches the
magnetization of the ferromagnetic memory. A combination of these properties makes
this class of materials thus attractive for spintronic applications.

1.3 Thesis outline

Although topological insulators are potentially very interesting, their properties are
not yet fully understood. The complexity of the system, where bulk and surface states
often compete, gives rise to additional side effects that mask the novel properties of
the topological surface states.

This thesis describes the efforts to identify the surface states in topological in-
sulators through investigation of spin and charge transport. This will provide an
understanding of the applicability of topological insulators for aforementioned device
applications and it provides a more fundamental understanding of effects occurring
in this rather unknown system. This thesis consists of the following chapters:

Chapter 2 provides a more in-depth discussion on the principles of topological band
theory without going into any mathematical details. Subsequently, these concepts are
applied to systems where topology plays a role, ending with a treatment on three-
dimensional topological insulators. Here, the topological properties as well as the basic
band structure properties of the studied systems in this thesis are discussed. In the last
part of the chapter, I will discuss the different growth techniques of these topological
insulators and how these growth types affect the electrical properties of the material.
These properties are qualified by the relative bulk and surface contributions to the
total charge transport. Additional theoretical concepts to support the experimental
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Thesis outline

work will be given in every chapter separately.

Chapter 3 reports on the efforts to characterize and understand the properties of
the interface between metals and topological insulators where the topological insulator
is being treated as a semiconductor. In the first part, I will give an overview on
the current understanding of such interfaces. Theoretical studies indicate that such
interfaces yield generally charge-accumulation layers and thus no interface barriers
are expected. We have employed several techniques to probe the interface, but we
have not observed any clear signatures of a barrier present at the interface. This
finding is in agreement with theory, but is partially hindered by technical issues at
the same time.

Chapter 4 comprises of studies towards optical excitation of helicity-dependent
photocurrents originating from the topological surface states. In the first part of the
chapter, I will discuss the earlier findings from optical experiments. This ranges from
an experimental understanding of the band structure to charge-relaxation dynamics
upon optical excitation where the dynamics are of importance for our photocurrent
studies. Subsequently, I will discuss the mechanisms that could lead to the generation
of a photocurrent and other mechanisms that could mimic such an effect. Thereafter,
I report on our findings from experiments where we have photoexcited charge carriers
at IR wavelengths using a free-electron laser and measured the resulting potential
difference by measuring the voltage between two contacts. A helicity dependence is
observed, but we cannot rule out artifacts that could mimic the effect.

Chapter 5 describes the study to disentangle the different charge-transport chan-
nels in a topological insulator by performing high-field magnetotransport measure-
ments. I will discuss our efforts to probe the different transport channels by analysis
and comparison of the magnetoresistance features and Shubnikov–de Haas oscillations
observed at high fields. In the metallic samples of Bi2Se3, it is found that a strong
contribution from the bulk is present that is Zeeman-split at higher magnetic fields.
Besides the interfering bulk channel, a second low-mobility channel is present which
hints at the topological surface state. Signatures of a third channel have been observed
but identification of its origin is limited by the resolution of our measurements.

Chapter 6 covers our work on detecting charge-current-induced spin polarization
from topological surface states by using ferromagnetic contacts to detect the spin
voltage. I will first provide an overview of related work and give a more detailed
explanation on the detection of spin polarization, which is useful for detection of such
polarizations in other materials, too. In the main part of the chapter, I will discuss the
results of spin detection in topological insulators where we have used a geometry that
enables us to investigate additional magnetoresistance effects. We find an isotropic
switching of the spin voltage that is independent of the relative magnetization and
charge-current directions. This isotropy is attributed to artifacts that are induced by
fringe fields originating from the ferromagnetic detector. Because of the uncertainty
of the origin of the spin voltage, I will provide an outlook with novel device schemes
to distinguish different effects and a section with additional measurements that we
have performed to improve the understanding of the observed effects.

Chapter 7 contains a feasibility study on the applicability of topological insulators
for real device applications. In the first part, I will look into the production of
topological insulator materials by looking at the mining and refining of the elements
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Introduction

needed as well as the growth on an industrial scale. I will further discuss the impact
on the environment and the costs associated with the production process. In the
second part, I will discuss the possibilities of using topological insulators for spintronic,
electronic, thermoelectric, and optoelectronic applications. Findings from the work
described in this thesis as well as from literature serve as a basis for the last part of
this thesis.

I hope you will enjoy reading the work presented in this thesis!
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Chapter 2

Properties of topological
insulators

In this chapter, I will discuss the origin of the novel properties of topological insulators
that is based on topological band theory — the basis for understanding topological
insulators and topological superconductors. In the first section, the crystal structure
of the topological insulators used in this thesis will be discussed which is needed for
considerations in subsequent sections. After having identified the type of elements
and the symmetries in these crystals, an introduction to topological band theory will
be given through simple models of the quantum Hall effect, the Haldane model for
graphene, and the extension of the Haldane model by Kane and Mele. This picture
will then be extended to two-dimensional topological states in HgTe quantum wells
and three-dimensional Bi-based topological insulators where the Bi-based compounds
are of our main interest. Furthermore, I will look into the types of growth of these
materials. Additional theoretical concepts supporting the experiments will be treated
in every following chapter.



Properties of topological insulators

2.1 Crystal structure

The group of topological insulators that is studied in this thesis belongs to the class
of (V)–(VI)-semiconductors where (V)-elements Sb and Bi and (VI)-elements Se and
Te are considered with a stoichiometry (V)2(VI)3. This family of compounds is ar-
ranged in a rhombohedral crystal structure with space group R3̄m (D5

3d in Schönflies
notation) that is spanned by the translational vectors ai (see figure 2.1):
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where a and c are given in table 2.1. From the relation ai · bj = 2πδij between real
and reciprocal vectors the following reciprocal vectors bj are obtained:
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The unit cell of the crystal structure consists of 15 atomic layers where a basic
unit of five atomic layers, termed as a quintuple layer with a height of roughly 1 nm, is
stacked according to (VI)B-(V)C-(VI)A-(V)B-(VI)C where A, B, and C correspond to
the lattice sites that the atoms can occupy (see figure 2.1). It is important to realize
that a quintuple layer is always (VI)-terminated and therefore the interlayer spacing
is larger than the intralayer spacing, which gives rise to Van der Waals bonding be-
tween the quintuple layers and covalent bonding within a quintuple layer. Due to the
relatively weak Van der Waals bonding it is therefore possible to mechanically cleave
such materials at the Van der Waals gap, yielding pristine interfaces for investigation
(see section 2.4.2).

The supercell lattice with space group R3̄m has three symmetry operations, namely
inversion i, three-fold rotation c3z, and reflection σx. The presence of inversion sym-
metry in this crystal is important for a simplified determination of the topological
invariant as discussed in section 2.2. However, it is important to realize that the
inversion symmetry is broken at the (VI)-terminated surface which yields the reduced
symmetric group C5

3v and is important for surface sensitivity in optical experiments
(see chapter 4).

Compound a (Å) c (Å)

Sb2Te3 4.250 30.35
Bi2Te3 4.383 30.49
Bi2Se3 4.138 28.64
Sb2Se3 4.076 29.83

Table 2.1: Overview of the lattice constants a and c for the discussed (V)2(VI)3 compounds
[1,2]. It has been observed for Sb2Te3 and Bi2Se3 that the lattice constants a and c change
between 0.2 and 0.4% with temperatures changing from 10 to 270 K [3].
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Figure 2.1: Crystal structure of the studied (V)2(VI)3 family of compounds. The structure
consists of (V)-atoms (blue) and (VI)-atoms (red) located in A, B, and C planes within a
supercell of 15 atomic layers (∼3 nm) with inverted-repeating quintuple layer basic units
(∼1 nm) that are separated by a Van der Waals gap (VdW gap), as indicated by the dashed
lines. The crystal is spanned by translational vectors ai. Figure inspired by [1].

2.2 Topological band theory

In this section, I provide a treatment along the lines of a very instructive paper by
Hasan and Kane [4] with additional insights from online course material provided by
the Technical University of Delft [5]. I have tried to introduce the most important
physical concepts for the reader without going into lengthy mathematical details.

Topological band theory studies similarities between gapped electronic band struc-
tures of different systems based on the topology of the occupied bands. These simi-
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Properties of topological insulators

larities are characterized by integer topological invariants, the applicability of which
depends on the symmetries of the system. By their topological invariants, insulators
(including vacuum) are for example termed as topologically trivial whereas systems
with a different topology as topologically nontrivial. Differences in topological char-
acter yield interesting phenomena at the interface of such combined systems.

The first example of such a nontrivial system is the quantum Hall state where
the Hall conductivity of a two-dimensional (2D) electron gas is quantized in integer
steps of e2/h under an applied magnetic field [6], see figure 2.2a. In a quantum-
mechanical picture, the bands are Landau quantized and further Zeeman split under
large magnetic fields with the Fermi level located in between two of such Landau levels
[figure 2.2b, case (i)]. In the bulk, there are no states at the Fermi level such that
transport is impossible. Classically, the electron’s orbit can be completed and the
electrons get localized. However, at the edges a local potential is present (otherwise
the electrons are not confined to the material slab) that bends up the bands that cross
the Fermi level. This leads to edge state transport with a linear dispersion close the
Fermi level [7]. Such edge states can be visualized as skipping orbits with an opposite
group velocity at both edges of the sample, which can be seen from the opposite
slopes at the edges in figure 2.2b. It is important to realize that these edge states do
not have any states to backscatter to and thus are channels with each a maximum
possible conductivity bound by quantum mechanics, e2/h per channel1. Since charge
transport only occurs via these ‘chiral’ edge states, the longitudinal conductivity is
zero, i.e. the same number of electrons reach both probe contacts yielding a zero
potential difference. However, due to the applied potential difference the number of
electrons leaving each source contact is different and therefore the edge states carry
a different number of electrons. This leads to a measurable Hall conductivity that
is dependent on the number of edge states crossing the Fermi level. By now varying
the magnetic field, the Landau-level spacing can be changed, leading to a change
in the number of involved edge states. Upon crossing a Landau level at the Fermi
energy [figure 2.2b, case (ii)], the bulk participates in the transport and a longitudinal
resistance can be measured shortly and then vanishes again.

As already can be seen from this ‘classical’ picture, it is expected that the Hall
conductivity is quantized because it depends on the integer number of edge states
that are crossed by the Fermi level. This quantization is rooted in the topology of
the quantum Hall state that can be characterized by the Chern number, as realized
by Thouless et al. [8]. The Chern number can be evaluated from the Berry phase [9],
which is a geometrical phase factor that is obtained by a quantum-mechanical state
under cyclic adiabatic evolution of a state, i.e. the phase that is picked up while
traversing a closed loop through momentum space. The acquired Berry phase γn(C)
for the nth state over a closed path C that defines a surface S can be calculated by
taking the surface integral over the Berry curvature Vn:

γn(C) = −
∫∫

C

dS · Vn(R) = −
∫∫

C

dS · [∇R ×A(R)] , (2.3)

1In contrast to quantum point contact measurements, where 2e2/h per channel is measured due
to spin degeneracy, the Landau levels are spin split by the Zeeman interaction and thus leading to
e2/h per channel.
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Figure 2.2: (a) Schematics of magnetic-field-dependence of Hall resistivity ρxy (units of h/e2)
and longitudinal resistivity ρxx [arbitrary units (a.u.)]. (b) Landau level spectrum over a
quantum Hall state slab defined in the x direction for cases (i) and (ii) as depicted in (a).

where R is the parameter to describe the path C, and A is the Berry potential (or
Berry connection). The integer Chern invariant is then obtained by integrating over
the full Brillouin zone in momentum space [8]. Summing these invariants over all
occupied bands will yield the total Chern number nC that is locked to the particular
band structure, i.e. this number cannot be changed by smoothly varying the Hamil-
tonian unless the band gap is closed. For the quantum Hall state, the Chern number
is nonzero and therefore this system is topologically different from its environment
(say vacuum). The difference in Chern number requires a crossover state at the edge.
In this case, the state can be depicted as the potential difference at the edges between
the bulk Landau levels and the vacuum’s conduction band2. Notably, a bulk is needed
that accommodates states at both edges, since a single edge state would yield loss of
charge, which is compensated for by the other edge state via the bulk.

The quantum Hall state requires a magnetic field to break time-reversal symmetry
[Ĥ(k) = Ĥ(−k), with Ĥ the Hamiltonian], but there are other systems where time-
reversal symmetry can be broken without application of a magnetic field. An example
of such a system has been hypothesized by Haldane [10] where graphene is subject to
a magnetic field that is zero on average3 and complex next-nearest-neighbor hopping
is present, which together break time-reversal symmetry in the system. The breaking
of this symmetry introduces a mass term that leads to opening of a band gap with a
negative mass (inverted bands) at one of the high symmetry points K and K′ due to
preservation of inversion symmetry [Ĥ(k) = −Ĥ(−k)]. At the interface with a trivial
system that does not have an inverted mass at one of those points, a crossover state is

2One can visualize this as the lowest occupied bulk Landau level, which normally has a conduction-
band character, now looks like the maximum of the valence band.

3Haldane imagined to generate such a magnetic field by introducing a ferromagnetic atom inside
every hexagonal unit cell. The net flux is zero because fields from neighboring cells cancel out the
fields of the atom in the actual unit cell. A similar approach has been used to realize the quantum
anomalous Hall effect in topological insulators [11,12] where an inverted band gap is opened at one
of the surfaces by adding a mass term through magnetic doping.
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Properties of topological insulators

required that is very similar to the chiral edge state as observed for the quantum Hall
state. The existence of such a state can again be related to integration of the Berry
phase over the Brillouin zone. Both Dirac points in the Brillouin zone contribute a
Chern number of 1

2 and depending on whether the masses are equal or opposite to
each other, a Chern number of 0 or 1 will be obtained. This edge state (or Chern
number) cannot be removed (turn zero) unless the band gap is closed in order to
obtain equal masses or noninverted bands at the K and K′ points and therefore
these edge states are topologically protected. In the same toy model, Haldane has
further discussed that a ‘zero-energy’ Landau level that is half filled at eachK andK′

is present when the system is subject to a magnetic field, such that a Hall conductivity
of e2/h is obtained again (similar to the shared contribution to the Chern number
of every Dirac point in the Brillouin zone). Such Landau levels are characteristic for
Dirac surface states with linear dispersion, such as present in graphene and three-
dimensional (3D) topological insulators. Furthermore, these Landau levels change
the filling-factor labeling for Shubnikov–de Haas oscillations with respect to trivial
systems, as will be discussed shortly in chapter 5.

For generation of the quantum Hall state in Haldane’s model a complex next-
nearest-neighbor hopping term has to be included to break time-reversal symmetry in
the material, but there is an intrinsic effect that can cause a similar nontrivial state
while preserving the symmetry. In 2005, Kane and Mele investigated the effect of spin–
orbit coupling in graphene (expanding the work of Haldane) that was ignored before
because of its relatively small size [13]. Instead of a gap opening by breaking time-
reversal symmetry, spin–orbit coupling yields a finite energy gap with again opposite
masses at the K and K′ points. As a result of including the spin degree of freedom,
a quantum spin Hall state is observed where a spin-filtered (spin current Js 6= 0),
counterpropagating (charge current Jc = 0) edge-state pair is present (see figure 2.4a).
Taking both edges into account a two-terminal conductance of 2e2/h is expected,
whereas the Hall conductivity is zero now since there are counterpropagating states
at each edge. Due to the spin texture of these one-dimensional (1D) states that is
present due to the conservation of time-reversal symmetry, elastic backscattering is
not allowed since it would have to include a spin flip. The importance of spin–orbit
coupling for topological distinction requires expansion of the topological invariants
since the Chern number nC is zero in a time-reversal invariant system. Therefore,
the new topological invariant ν0 was introduced for this new class of ‘Z2 topological
insulators’ [14]4.

Upon conservation of time-reversal symmetry, Bloch Hamiltonians should be time-
reversal invariant and this poses an important constraint for band structures which
is known as Kramers’ theorem. The theorem tells that the eigenstates of the Hamil-
tonian must be degenerate at the time-reversal-invariant momenta k = 0, π/a. Away
from these special points, spin–orbit coupling lifts this degeneracy as in the case of
graphene including spin–orbit coupling. Now, there are two configurations in which
the crossover (edge) states between the time-reversal-invariant momentum points in
such a system can connect (see figure 2.3): in the first case the same pair of states

4In three dimensions, a time-reversal invariant band structure is actually characterized by four
Z2 invariants ν0, ν1, ν2, and ν3 where the latter three are not robust against disorder and classify
weak topological insulators [15,16].
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Figure 2.3: Dispersion of spin-textured edge states (blue and red colors indicate spin species)
with (a) topologically trivial and (b) topologically nontrivial character. The gray bands
indicate the bulk bands and EF the Fermi level. As depicted in (a), the spin–orbit coupling
(SO) gives rise to the spin splitting of the bands, whereas the time-reversal symmetry T
forms pairs located at k and −k.

are shared between the time-reversal-invariant points whereas for the second case the
pairs are ‘split’. For the first case, the states can be pushed out of the band gap by
tuning the Hamiltonian smoothly and therefore will yield ν0 = 0. In the second case,
it is not possible to remove the states completely out of the band gap without closing
it, i.e. there will always be a pair of states crossing the Fermi level, and therefore ν0

= 1. The odd number of crossing pairs with the Fermi level EF compared to an even
number of crossing pairs in the first case, is secured and gives rise again to topological
protection of these edge states5. The number of crossing pairs gives rise to ν0 = 1.
The calculation of ν0 can be performed in various ways of which an overview has
been given in [4]; one of them is integrating the phase of the Pfaffian over the Bril-
louin zone [14]. Such a calculation shows similarities with that of the Chern number,
integrating the Berry phase, as introduced earlier.

Since graphene is a light-element material, the gap opening due to spin–orbit
coupling is calculated to be rather small and the quantum spin Hall state will therefore
be difficult to detect experimentally [18, 19]. Therefore, it is logical to investigate
materials with a much stronger spin–orbit coupling. In 2006, Bernevig, Hughes,
and Zhang proposed such a 2D topologically nontrivial system in a HgTe quantum
well beyond a certain critical thickness of the HgTe layer [20]. Around this critical
thickness the bands closest to the Fermi level exchange position, changing the total
parity of the system (see below for a more detailed discussion on the classification
by parity). Experimental evidence of a quantized conductance that can be related to
the topologically protected edge states (as in figure 2.4a) followed a year later [21].
The mobility of the charge carriers in the quantum wells turned out to play a decisive

5One can visualize this protection when the material is connected to a trivial substrate (or vac-
uum). This trivial substrate can only push out an even number of states crossing the Fermi energy
such that for the topologically nontrivial case not all the states can be removed [17].

13



Properties of topological insulators

(a)

k

E

0 �/a-�/a

EF

E

0 �/a-�/a kx

ky

(b)

Figure 2.4: (a) Schematic depiction of the topological, spin-textured 1D edge state disper-
sion in 2D systems such as the Kane–Mele graphene model and HgTe quantum wells. (b)
Topological, spin-textured 2D surface state dispersion for 3D systems. The dispersions are
shown only for a single material boundary.

role6. Later on, the nonlocal character of the edge states and the spin-filtering of
those states were reported [22, 23], making this quantum spin Hall insulator suitable
for spintronic applications.

The picture in two dimensions can be extended to a 3D picture where surface
states exist that must be Kramers degenerate at the four time-reversal invariant mo-
mentum points in the surface Brillouin zone. At any other momentum point the
degeneracy is lifted again by the spin–orbit coupling. In the case of strong 3D topo-
logical insulators (ν0 = 1) an odd number of Dirac points are enclosed by the surface
Fermi circle and this gives rise to the topological protection. Due to the time-reversal
symmetry in these materials opposite spins are present at momenta k and −k and
this leads to a spin orientation s rotating along the circle (see figure 2.4b). It is
important to remember how spin–orbit coupling and time-reversal symmetry change
the band structure picture of the surface states. Spin–orbit coupling leads to spin
splitting away from the time-reversal-invariant momentum points in half of the Bril-
louin zone (+k) and time-reversal symmetry copies these split states to the other half
of the Brillouin zone while inverting the spin (reflecting states at +k onto −k, recall
figure 2.3). Integrating the phase around a Dirac point, where the spin orientation is
fully revolving, gives rise to a Berry phase of π [16] and has important consequences
for weak antilocalization effects and elastic backscattering in this material [24]; this
can be seen from the spin texture. When a charge carrier with momentum k has
to elastically scatter into a state with opposite momentum −k then the spin should
invert correspondingly which is generally not the case for such scattering events. The
scattering probability scales with (1 + cos θ) where θ denotes the scattering angle,
yielding a finite scattering probability away from 180◦ scattering, but the reduced
backscattering will still enhance the mobility [25].

Instead of looking into the odd or even number of crossings between Kramers pairs,
the topological invariant ν0 can be determined by looking at the parity of the occupied

6A clear summary on the theoretical and experimental work on topological states in HgTe quan-
tum wells is given in [17].
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bands at the time-reversal invariant momenta. This method is only valid when the
crystal has inversion symmetry [16] and is related to a vanishing Berry curvature
thereby simplifying the calculation of the invariant7. As discussed in section 2.1, it
can be seen that the crystal structure of (V)2(VI)3 has indeed inversion symmetry
which simplifies the topological classification of this group of materials. In three
dimensions, four nonequivalent time-reversal-invariant momenta Γi are present in the
Brillouin zone [4]. The Z2 invariant ν0 at these points can now be calculated by
introducing the following quantity δi [16]:

δi =

N∏
m=1

ξ2m (Γi) , (2.4)

where ξ2m (Γi) = ±1 is the parity eigenvalue of the 2mth occupied band at time-
reversal-invariant momentum point Γi. Here, ξ2m = ξ2m−1 which comes from the
Kramers’ degeneracy at the special points. If now the δi’s are multiplied for all time-
reversal-invariant momenta Γi, the Z2 invariant ν0 is obtained:

(−1)
ν0 =

∏
i

δi. (2.5)

Since parity eigenvalues for band structures are well known, it is easy to determine
the Z2 topological class for crystals with inversion symmetry. In the work by Zhang
et al., this method has been employed on the (V)2(VI)3 materials, where it has been
determined that Bi2Se3, Bi2Te3, and Sb2Te3 are topological insulators due to the
inversion of the bands (with p orbital character) close to the Fermi level by strong
spin–orbit coupling [1], similar as that observed for HgTe quantum wells. For Sb2Se3,
the spin–orbit coupling is not strong enough to facilitate such a band inversion8. The
change in the overall parity of the occupied bands leads to a topologically nontrivial
material with ν0 = 1. When this material is in connection with a trivial insulator (ν0

= 0), ∆ν0 = 1 yields one Kramers pair of surface states, known as the bulk–boundary
correspondence.

One has to realize that such states exist at both top and bottom surfaces. The
presence of such a pair will lead to a single chiral edge state at the side surface with a
Hall conductance of e2/h when the system is subject to a large magnetic field. This
edge state is shared between the two half-filled Landau levels running oppositely at
both surfaces (since the magnetic field is opposite with respect to the surface normal at
both surfaces). As shortly touched upon before, the quantum anomalous Hall effect
can be realized upon introducing ferromagnetism in the 3D topological insulator,
which breaks time-reversal symmetry and opens up a gap that has an opposite sign
at top and bottom surface. The different character of the bands at both surfaces
requires again a crossover state at the boundary between top and bottom surface that
leads to a maximum conductance of e2/h again. Another important consequence of

7In a system where both inversion symmetry and time-reversal symmetry are present both Vn(k)
= Vn(−k) and Vn(−k) = –Vn(k) should hold which is only valid if Vn(k) = 0. This makes that
the Bloch states are also parity eigenstates [1, 4].

8A feeling for as to why Sb2Se3 is a topologically trivial material can be realized from comparing
the spin–orbit coupling constants of the separate elements [26].
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considering both top and bottom surface is that of size effects where at thicknesses
lower than ∼6 nm the surface states can hybridize [27–29]. Such finite-size effects are
more easily observable in the HgTe quantum well systems where the critical thickness
is on the order of several hundreds of nm [30,31].

2.3 Bi-based topological insulators

The first experimentally realized 3D topological insulator is Bi1−xSbx. Upon substi-
tution of Sb into Bi, the lowest unoccupied conduction band and highest occupied
valence band invert and yield a gapped structure that is topologically nontrivial. At
higher concentrations of Sb, the system turns into a semimetal as it is the case for
pristine Bi, but with a nontrivial character in contrast to pure Bi. Using surface-
sensitive techniques such as angular-resolved photoemission spectroscopy (ARPES)
and scanning tunneling microscopy (STM) the surface states of this 3D topological
insulator have been shown. From ARPES experiments [32–34], it has been observed
that the surface state shows an odd number of crossings with the Fermi level and
that the spin orientation of each state rotates 360◦ around the Fermi surface (giving
a π Berry phase); both clear indicators for the topological nature of these states.
Furthermore, the topological character of Sb has been shown [33], but due to its
semimetallic character it will be difficult to solely access the topological surface states
in transport measurements. From STM measurements [35], the protection against
backscattering of charge carriers in the topological surface states has been observed.
However, the small band gap and the complicated surface state structure found for
this compound limit room-temperature applications since the bulk will contribute to
the charge transport in this material easily and masking of the surface states will
occur. Nevertheless, the bulk and surface states can be disentangled from quantum
oscillations [36].

Other 3D topological insulators were experimentally realized soon after: Bi2Se3

[37, 38], Bi2Te3 [39–41], and Sb2Te3 [41], showing a much simpler band structure
compared to Bi1−xSbx. The band structures are characterized by an indirect bulk
band gap of 0.11–0.3 eV at the Γ point where the topological surface is crossing that
gap, see figure 2.5. Having the Dirac point inside the band gap, Bi2Se3 (gap ∼0.3
eV) is the most suitable material for studying the topologically protected states at
room temperature, whereas the Dirac points for Sb2Te3 and Bi2Te3 lie close to or in
the valence band and are thus difficult to access separately from the bulk. Further-
more, it has been found that Bi2Te3 suffers from hexagonal warping effects related
to spin–orbit coupling that yield out-of-plane spin orientations and thus an increased
backscattering [40, 42, 43]. Another advantage over Bi1−xSbx is that these materials
are stoichiometric crystals and not alloys as is Bi1−xSbx, which in principle should
allow higher purity and a larger homogeneity of the material [4]. However, it turns
out that the canonical compound Bi2Se3, besides environmental effects (see refer-
ences in section 3.1), often suffers from Se vacancies that act as electron donors to
the system [44–47]. Additionally, antisite defects [48], i.e. atoms exchanging position
in the crystal lattice, seem to play a role [47,49] and contribute to the n-type charac-
ter [45, 46]. Growing in Bi-rich or Se-rich conditions can lead to lower charge-carrier
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Figure 2.5: Band structures for Bi2Se3, Sb2Te3, and Bi2Te3 through different momentum
points as adapted from [1]. The quoted values of the indirect band gap Eg are extracted
from calculations [1], whereas the values in brackets indicate the actual band gaps observed
in experiments [40,41].

densities [50,51], but will always lead to n-type Bi2Se3 where the Fermi level is usually
located in the bulk conduction band, yielding an intermixing of bulk and surface states
in non-surface-sensitive (transport) investigations (see chapter 5)9. Substitution of Bi
with Sb yields a reduction of defects (lowering the charge-carrier density) [52], while
preserving the relatively high mobility. p-type Bi2Se3 can be obtained by Ca substi-
tution of Bi [38, 49, 53], but introduction of Ca increases the scattering at the same
time and thus lowers the mobility (below 300 cm2/Vs [53]). An alternative is to use
Cd substitution, which preserves the mobilities but is very sensitive to the annealing
conditions [54].

As a solution, intermixing of Bi2Se3, Sb2Te3, and Bi2Te3 can yield systems with a
balanced charge-carrier density where the different types of defects compete and addi-
tional antisite effects can occur [45]. This does not only tune the Fermi level but also
the band structure which is a combination of those of the binary compounds [55]. This
gives rise to compounds including (Sn-doped) Bi2Te2Se [45, 56–62]10, Bi2Te2.5Se0.5

[45], Sb2Te2Se [56], (Bi1−xSbx)2Te3 [63–66]11, and Bi2−xSbxTe3−ySey [55,59,67–70].
The mobilities found in these systems are usually not that high, but due to a reduced
bulk contribution the surface states take a main role in the transport with the cost
of a relatively high resistivity.

2.4 Growth

Depending on the purpose one can apply different techniques for growing topological
insulators of which an overview will be given in this section. For this thesis, Bi2Se3

films have been mainly grown by molecular-beam epitaxy (MBE) by our collaborators
from Rutgers University [71], which will be the main focus of this section. In the
second part, other promising growth techniques to unravel the novel properties of

9Bi2Te3 can change from n type to p type by changing the growth conditions [45,47].
10An impurity band seems present that can change the charge-carrier type at lower temperatures.
11The insulating compounds show a strong hexagonal warping effect as observed for Bi2Te3.
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topological insulators are briefly discussed.

2.4.1 Thin films

Large-area thin films of chalcogenide-based topological insulators (containing S, Se,
Te; including the alloys (Bi1−xSbx)2Te3 [63] and Bi2Te2Se [72]) are usually grown by
MBE. MBE is a physical vapor deposition (PVD) technique where the separate ele-
ments are (thermally) co-evaporated from Knudsen cells. This separate evaporation,
rather than depositing from a single-composite target, yields a good control over the
stoichiometry and the growth rates of the layers, by tuning the temperature of the
respective cells, thereby tuning the vapor pressure of every element [71]12. Further-
more, the thermal type of evaporation yields low-energy particles (in contrast to for
example electron-beam evaporation) that can easier adsorb on the substrate. An-
other advantage of MBE over other PVD techniques is that the quality of the grown
layer does not depend on the target material but can be controlled by the fluxes from
high-purity (>99.999% [71]) element sources.

As already introduced in section 2.1, the topological insulators under consideration
consist of layers that have intralayer (in-plane) covalent bonding and interlayer (out-
of-plane) Van der Waals bonding. The growth of such materials (called Van der Waals
epitaxy) necessitates substrates that are chemically compatible rather than lattice
matched, because the interaction with the substrate will be weak [76]. The Bi2Se3

samples that we have used in this thesis are obtained from the group of Seongshik
Oh at Rutgers University. At Rutgers University, Si(111), Al2O3 (0001), amorphous
SiO2, and cubic SrTiO3 (001) substrates have been used to grow Bi2Se3, which will be
discussed so as to get an understanding of the growth mechanisms of these materials
and how this can be related to their charge-transport properties.

Our collaborators started out with growing Bi2Se3 on Si(111) because of the rel-
atively good lattice mismatch of +7%. These substrates were passivated by a mono-
layer of Se that was grown at low temperatures [77]. Subsequently, 3 QL of Bi2Se3

were grown as a seed layer at the same temperature, whereafter the temperature was
raised to increase the surface mobility of the atoms and thus improve Bi2Se3 growth.
Triangular features have been observed in the resulting films, which are the structures
with the lowest surface free energy and indicators of the high-quality growth. This
implies that some order of lattice matching is desired. Upon finding substrates with
a lower lattice mismatch than Si(111), In terminated InP(111) (–0.2%) seems to be a
good candidate. Using these substrates, a considerable lowering of the charge carrier
density (defect density) has been observed relative to samples grown on Si(111) [78].

Growth of Bi2Se3 on Al2O3(0001) having a larger mismatch of –14% has several
advantages: the substrate is much more chemically stable, is able to better withstand
higher temperatures (without having any reactions with the grown material), and is
insulating. However, one cannot directly grow at higher temperatures, because of
the poor sticking coefficient of Bi and Se to the substrate at such high temperatures.
Therefore, one has to adopt a two-temperature process as described for the Si(111)
substrates. It has been observed that triangular features appear that are much larger

12The high vapor pressure of Se under moderate temperatures makes a Se capping layer a good
candidate to preserve the top surface [73–75].
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in feature size [79]. This indicates the high quality of these films and can be related
to the lower density of nucleation sites due to the inertness of Al2O3. Furthermore,
grain boundaries have been observed in the first QL but such defects are not continued
in the subsequent layer because of the Van der Waals-type growth of these class of
materials. However, these interfacial defects have been found to introduce a significant
amount of charge carriers and pin the mobility due to the induced disorder [80]. The
disorder is especially apparent in transport measurements on films with thicknesses
below 100 nm. The influence of the interfacial defects is smaller for Si(111), which
is linked to a higher bulk-defect density dominating the charge-transport properties,
but casts doubts on the origin of the thickness-independent transport channels, as
reported earlier [79,80]. Furthermore, it has been observed that Se diffusion through
the material can play an important role in the thickness-dependent charge-transport
properties [81].

For that reason, In2Se3 (having a lattice mismatch of –3.3% with Bi2Se3) was
introduced as a buffer layer on top of the 3 QL Bi2Se3 seed layer to separate the inter-
facial defects from the transport channel. In order to obtain an insulating behavior,
annealing followed the In2Se3 buffer layer deposition which leads to intermixing of
seed and buffer layer where (Bi1−xInx)2Se3 is insulating (and topologically trivial)
when x > 30 [82]. However, on top of the buffer layer (still In2Se3) Bi2Se3 could not
be directly grown due to intermixing of In and Bi [83], which will lead to another
insulating phase [82]. Therefore, another layer of (Bi0.5In0.5)2Se3 was grown where
one can imagine that the Bi binds to the In such that intermixing is prevented. This
has led to Bi2Se3 layers with a record-high mobility of 15,000 cm2/Vs and observation
of the quantum Hall effect [84]13, where in the end the interfacial defect density still
dominates at smaller thicknesses.

Using amorphous SiO2 or cubic SrTiO3 [87] as substrate still yields a 2D growth
but because of a missing hexagonal crystalline phase at the substrate’s surface, the
layers are randomly oriented while preserving growth along the c axis (showing twin-
ning). One example of growth on SiO2 has been reported by Bansal et al. [88], where
it has been observed that SiO2 seems to outperform Si(111), related to the chemi-
cal reactivity of the Si(111) samples. Other substrates that have been used (outside
the work by Rutgers) are graphene-terminated SiC(0001) [28,89] (being conducting),
GaAs(111) [90] (not showing any preferential orientation of growth), and the promis-
ing CdS(0001) with a reasonably high charge-carrier mobility [91].

Another PVD technique that has been employed is pulsed laser deposition (PLD)
where a material from a target is laser ablated. The reports on PLD-grown topological
insulators are limited, but the grown films often show a very low mobility (on the order
of 10 cm2/Vs) [92–94]. Magnetron-sputtered Bi2Se3 shows a very large charge-carrier
density [95], yielding strong intermixing of bulk states.

13The quantum Hall effect was observed earlier for Bi2−xSbxTe3−ySey [85] and (Bi1−xSbx)2Te3
[86], relying on a tuning of the charge carrier density closer to the Dirac point rather than improve-
ment of mobility.
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2.4.2 Bulk crystals, nanoplatelets, and nanoribbons

Since the discussed topological insulators have a layered crystal structure with a weak
Van der Waals-bonding between the layers, such materials can be easily mechanically
exfoliated from bulk crystals and be placed on any arbitrary substrate. Bulk single
crystals are usually grown by the Bridgman method [96] where the element materials
are placed in a sealed quartz-glass tube, heated up to high temperatures (for mixing),
and then cooled down to solidify with a temperature gradient along the tube such
that the crystal grows at one end of the tube. Tuning the ratios of the elements,
one can get the compound Bi2−xSbxTe3−ySey for any x and y. Since this is a rather
straightforward technique and widely used in the community (and found in many
papers cited in this thesis), I will not further discuss this method here. Another
technique that has been used to obtain bulk crystals is chemical-vapor transport
(CVT) where gases containing the elements of interest, usually together with an I2

transport gas, are forming such crystals [97].

The method of CVT can also yield growth of nanoplatelets and nanoribbons which
are interesting because of their finite-size effects and enhanced surface-to-bulk ratio.
Such structures can be grown on an arbitrary substrate, either with or without cat-
alyst at the substrate [98–104]; sometimes with rather high mobilities [101]. Such
nanoplatelets can nucleate to form a larger network of topological insulator material.
However, the platelet growth initiates from random nucleation sites and this therefore
leads to a random orientation of the films. Without any chemical reaction, it has been
shown that Bi2Se3 nanoribbons can be formed by a catalyst-free PVD technique too
where gaseous Bi2Se3 yields growth on a substrate [105]. The growth techniques de-
scribed here are usually easy (no high-vacuum systems) and easy to employ. As with
the mechanical cleavage of crystals, the shape, size, and position of the nanostruc-
tures is undetermined beforehand, due to the sensitive growth parameters, and are
therefore more employed in an academic setting rather than (yet) being very suitable
for industrial implementation.
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Chapter 3

Studying charge transport at
metal/topological insulator
interfaces

Topological insulators host interesting properties for many applications in physics
and its implementation in solid-state device geometries necessitates studying charge
transport at the interface between a topological insulator and other materials. The-
oretically and experimentally, it has been observed that metals in the proximity of
topological insulators give rise to potential variations, which can be crucial for preser-
vation of the topological surface states and the transport across the interface. By
performing three-terminal measurements in solid-state device geometries as well as
employing measurement techniques involving hot charge carriers, we have studied
charge transport across these metal/topological insulator interfaces at different lateral
scales in order to gain more insight into the electrostatic landscape of such interfaces.
From the experiments, we do not observe a consistent presence of a (Schottky) barrier
at the interface, which is in line with theoretical works that studied metal/topological
insulator interfaces. The apparent presence of a barrier in several cases can be related
to the likely presence of contamination layers, originating from the device fabrication
procedure. Furthermore, artifacts related to one of the employed measurement setups
has caused the spurious appearance of a barrier. Definitive conclusions on the pres-
ence of a barrier cannot be made due to the low yield of devices; future experiments
have to shed light on this.



Studying charge transport at metal/topological insulator interfaces

3.1 Introduction

The special properties of topological insulators as theoretically proposed and shown
experimentally pave the way towards new solid-state device geometries (see chap-
ter 7). Implementation of these materials in such geometries necessitates studying
electrostatics-related phenomena at the interface with other material systems for two
main reasons. First, since these materials can be considered small band gap semi-
conductors, interfacing topological insulators with metals could obviously lead to
Schottky barriers. The presence of such a barrier limits the efficiency of charge or
spin injection and extraction in device geometries. Understanding the origin of such
a barrier can lead to low-dissipation applications. Furthermore, potential variations
at the surface can give rise to additional 2D confined states that are spin textured.
These topologically trivial states have an opposite net spin texture compared to the
topologically nontrivial states and therefore can suppress the generated spin accu-
mulation in the topologically protected surface states. This potentially could yield a
lowering in the efficiency to use topological insulators for spintronic applications.

Variations in electrostatic potential at the surface of a topological insulator can
be related to Fermi-level-mediated differences in charge-carrier density between bulk
and surface [1–4]. The degree of bending depends on the relative Fermi levels at the
surface and the bulk where the bulk Fermi level is often bound to the conduction band
edge [3]. From the bulk Fermi level, it is then possible to calculate the surface-state
charge-carrier density nSS,FB for the flat-band condition. Downward bending occurs
for nSS > nSS,FB, and upward bending takes place in the case of nSS < nSS,FB

1. One
obvious method to tune the degree of bending is application of an electrostatic gate in
which the Fermi level is tuned and thus the charge-carrier densities of the respective
channels. Gating of topological insulators has been realized by many groups in which
the top and bottom surface can be independently controlled [10–22]. This independent
control can be ascribed to the large dielectric constant of around 100 found for this
class of materials [23,24], which gives rise to an efficient screening of the electric field
into the bulk. Therefore, gating to suppress the bulk charge-carrier concentration is
limited and will lead to intermixing with surface-state transport. In order to reduce
bulk contributions, one has to look into alternative growth techniques that reduce or
compensate the defect density and thus the bulk conductivity (see section 2.4).

In addition to gating, band bending can be caused by the presence of organic
adsorbates or residues [6,25–34]2, due to bonding or elemental reconstructions in the
crystal structure [4, 8, 37–40], due to an incident high flux photon beam [33, 41–44]3,
and can be modified by interfacing the material with (magnetic) metallic or molecular
layers [5, 7, 15, 26, 45–58]. In many of these works involving ARPES, it has been
observed that additional 2D states with an opposite spin texture exist, which is more
difficult to probe in a charge-transport measurement.

1One important consequence of this picture is that by reducing the thickness of films that show
an upward bending and have no impurity bands, it is possible to deplete the full bulk layer. This
can lead to full surface-dominated transport [5], especially in connection to experimental works that
report that this bending can extend up to 20 nm into the bulk and thus could be experimentally
easily realized [6–9]. Nevertheless, usually downward bending is reported.

2Although other works report differently [35,36].
3High flux photon beams can change the outcome of an ARPES experiment.
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From most of these ARPES studies, it has been shown that downward bending
occurs at the surface of Bi2Se3. The electron affinity and the work function of Bi2Se3

are known to be 5.3 eV [59] and 5.7 eV [60] respectively, where the work function was
experimentally found to be 5.6 eV [61]. These values are larger than the work functions
of common metals which are usually below 5 eV [62]. Intuitively, it is thus expected
that electron transfer occurs and thus an accumulation-type Schottky barrier with
downward bending is present at the interface with a metal [51,59,60]4. However, the
sole comparison of the semiconductor’s electron affinity and the metal’s work function
is an oversimplified picture in reality as interface effects are to be included [64]. As an
example for the case of topological insulators, it has been calculated that even for high
work function metals such as Pt (work function of 5.6 eV) similar potential landscapes
as those for metals with lower work functions occur due to the large electronegativity
of the top Se layer. Additionally, it has been proposed in the aforementioned works
and other works [50,65,66] that wave functions of metals can overlap with those of the
topological insulator, which leads to hybridization. This will strongly suppress charge
transport through the spin-textured surface states only. Even if the coupling between
metal layer and topological insulator is weak upon imposing a separation of a few Å,
the electronic structure will still be affected which is especially the case for magnetic
metals. The strong modulation of the topological surface states by normal metals’
electronic states adds to the possibility to change the surface states by breaking time-
reversal symmetry microscopically. Breaking this symmetry can be for example done
by magnetically doping the topological insulator [14,67–69] or by interfacing it with a
magnetic layer [70–77], which depends on the orientation of the magnetic moments at
the interface [49,50,58,78]. As discussed by Zhang et al. [60], these effects could have
implications for spin-torque and magnetization switching measurements. As proposed
for future spintronic devices, a tunnel barrier is required in order to remove the direct
interaction between metal and topological insulator [59].

The above considerations indicate that Ohmic interfaces between topological insu-
lators and the majority of metals exist. Nevertheless, Ye et al. investigated transport
across interfaces between transition metals and Bi2Se3 where W tips coated with Cr,
Ni, or Co were brought into contact with the topological insulator [79]. From two-
terminal measurements, it was found that a barrier seems to be present. However,
the yield of working devices was low and additional analysis on the possible Schottky
barriers was lacking. For junctions with Ni and Co, the I–V characteristics seem to in-
dicate that an oxidation or contamination layer was present, resulting in a low barrier
height that becomes transparent at moderate voltages rather than a real Schottky
barrier with rectifying properties. For the case of Cr, a low rectification of 2.6 at

4This type of barrier can be visualized as the forward-bias-regime picture beyond the flat band
condition in a Schottky barrier. In this picture, a lot of electrons are present in the otherwise
charge-depleted region allowing efficient charge transport across an Ohmic barrier. It has to be
noted that the semiconductor’s degeneracy, which is the difference between electron affinity (energy
between conduction band minimum and the vacuum level) and the work function (energy between
Fermi level and the vacuum level), is included in the built-in potential that majority carriers have
to overcome to reach the metal [63]. In charge-transport models considering Schottky barriers as in
thermionic emission, the degeneracy does not play a role because in the expression for the current
this parameter appears twice and cancels out. Therefore, details on the electron affinity are more
valuable, which can be deduced from the work function once the Fermi level is known.
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a bias of ±0.4 V was visible, which suggests the presence of a low Schottky barrier.
However, a clear exponential behavior was missing, which could be masked by a series
resistance coming from Bi2Se3. Temperature-dependent studies and analysis of the
I–V characteristics are crucial to make definite conclusions on the presented results.

An alternative geometry to avoid direct coupling between metal and topological
insulator is proposed by Ojeda–Aristizabal et al. [80]. Here, the (ferromagnetic) con-
tact is separated from the topological insulator by a thick Si layer, which surprisingly
leads to Schottky barrier formation at the Si/Bi2Se3 interface where its barrier height
has been derived from the ionization potential for Bi2Se3 of 4.45 eV. Notably, the
use of the term ‘ionization potential’ in the paper is unclear since this concept refers
to ionization of independent atoms and is unrelated to the electron affinity or work
function of an alloy. Furthermore, if the value of 4.45 eV would correspond to ei-
ther electron affinity or work function, this value is low compared to the values cited
earlier in this section, which could suggest that heavy modification at the surface of
Bi2Se3 has caused the observed Schottky-barrier-like behavior. Essential information
is missing in order to make conclusive statements about this report.

Although the literature on this topic has by now clarified some open questions
from the aforementioned works, we have performed experiments in an early stage of
this project based on the quoted value of the presumed affinity of 4.45 eV. Therefore,
we have used metals with a high work function such as Pt so as to create a Schottky
interface as well as metals with a lower work function for reference. The charge
transport at such an interface has been studied by means of three-terminal solid-
state devices, in a hot-electron transistor scheme, and by employing the measurement
scheme of ballistic-electron emission spectroscopy. From these experiments, we do
not observe clear signatures of the presence of a barrier at the interface, which would
be in line with theoretical propositions and experimental work. However, the absence
could be partially due to technological difficulties encountered.

3.2 Measurement schemes to study transport at the
interface

This section deals with the various measurement schemes that have been used in order
to study metal/topological insulator interfaces. Here, we assume that the topological
insulator Bi2Se3 acts as an n-type semiconductor such that an Schottky barrier is
formed, based on the values reported by Ojeda–Aristizabal et al. [80]. In the first part,
theoretical concepts regarding the measurement schemes will be briefly presented. In
the second part, details on the device fabrication of these geometries will be discussed.

3.2.1 Ballistic-electron emission microscopy

Ballistic-electron emission microscopy (BEEM) is a powerful technique used for inves-
tigation of buried interfaces and is based on STM for which the measurement scheme
can be found in figure 3.1a. In STM, a metal tip injects nonequilibrium ‘hot’ carriers
into a conducting ‘base’ layer via the tunneling mechanism. This mechanism allows to
probe local variations in the (un)occupied density of states of the base material and it
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Figure 3.1: (a) Measurement scheme of BEEM. Here, the collector substrate is displayed
in gray, the thin base layer in orange, and the STM contact pad in dark yellow. An STM
tip injects electrons dictated by tunneling current IT and tunneling voltage VT. Electrons
surpassing the base/collector interface are collected at IB. (b) Alternative BEEM geometry
in case the substrate (gray) is an insulator (sapphire) and Bi2Se3 is grown on top (green).
Here, a collector contact is designed on the Bi2Se3 layer (large pad in yellow) to collect the
BEEM current IB that is coming from surpassing at the metal/topological insulator interface
on the right. (c) Corresponding energy band diagram for the BEEM measurement scheme
with color coding as in (b). Edited from [83].

gives nanoscale resolution in all dimensions around the surface of the film. Tunneling
yields a momentum-filtered hot-electron current IT with energies E � EF that is
injected into the base where E is tuned by the tunneling voltage VT (figure 3.1c).
Depending on the unoccupied density of states in the base, an energy distribution of
the electron is formed, peaking close to EF-VT [81, 82]. These hot electrons traverse
through the entire thickness of the base layer where they can probe the interface be-
tween buried layers, and is only possible when the hot-electron lifetime in the base is
long enough. This probability can be found from the product of the group velocity
and hot-electron attenuation length and depends on E relative to EF [63].

Depending on the height of the interface barrier relative to the energy of the hot
electrons and their angle of incidence (also energy-dependent), these electrons either
surpass the barrier or are scattered into the base. In the case of traversing the barrier,
the electrons can be collected in the collector layer and the resulting current is referred
to as the BEEM current, IB. In a typical measurement, IB is recorded as a function
of VT, which is expected to show an onset when VT is large enough to surpass the
energy barrier. Such a barrier is assumed to be a Schottky barrier in the context
of this chapter. This onset is thus a measure for the barrier height φB and can be
described by the Bell–Kaiser theory. This theory takes into account conservation of
energy and transversal momentum, assumes a free-electron dispersion relation for tip
and base, and assumes a parabolic dispersion for the semiconductor collector. Close
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to the threshold, this theory predicts [84]:

IB ∝ IT (VT − φB)
2
, (3.1)

from which we can extract φB.5 Besides determination of φB, the BEEM transmission
IB/IT contains information on the hot-electron scattering in the base. Very often,
the shape of IB/IT can provide qualitative information on the type of scattering in
addition to being sensitive to any features in the density of states at high energies.
One important requirement to have a proper BEEM operation is that the backflow of
charge carriers from collector into the base is limited, such that there is a measurable
IB. This backflow of charge carriers is measured as the leakage current at zero bias.
A reduced leakage current can be conveniently realized by having a proper barrier
resistance such that current fluctuations as a result of fluctuations in the potential
are suppressed [82]. Besides electrical shielding of the setup to prevent pickup noise,
having a Schottky barrier with a considerable rectification will reduce the leakage
current. Depending on the barrier properties, low background levels can be obtained
and can be further tailored by reducing the device area or temperature.

Compared to standard three-terminal measurements to investigate barrier prop-
erties at the interface (section 3.2.3) where the voltage drops over the barrier, the
scheme of BEEM allows one to probe such barriers without a created potential differ-
ence over the barrier and is thus an efficient tool to probe the pristine barrier across an
interface. The investigation of such pristine barriers is possible due to the ‘remotely’
produced out-of-equilibrium hot-electron distribution created by the STM tip. An-
other advantage of BEEM over three-terminal measurements is that a high lateral
resolution is obtained, such that nanoscale variations in the barrier properties can
be detected. Furthermore, hot-hole microscopy and spin-selective spectroscopy using
ferromagnetic layers can be performed, making BEEM a versatile system to probe
buried and pristine interfaces with different electronic density of states. For topolog-
ical insulators specifically, hot-electron spectroscopy can be a very suitable technique
for studying the unoccupied states. Here, a second topological surface state has been
observed ∼1.5 eV above the band gap [86–88], which can potentially contribute to
the spin dynamics of hot electrons [89].

3.2.2 Hot-electron transistor

The scheme of the hot-electron transistor (HET) can be regarded as a solid-state
device realization of the BEEM geometry where buried interfaces can be probed
upon injection of a hot-electron distribution. Instead of an STM tip spatially sepa-
rated from the base by a vacuum barrier, a metal/insulator or metal/semiconductor
structure (yielding a Schottky barrier) is employed as hot-electron emitter in such a
transistor [63, 81, 90]. In contrast to the usual in-plane orientation used in a field-
effect transistor, HET schemes are based on a perpendicular-to-plane picture where
the base current controls the transmission through the transistor rather than the

5The quadratic dependence can deviate due to scattering effects in the semiconductor and quan-
tum mechanical reflection [85]. This can lead to an exponent of 2.5 as described by the Ludeke–
Prietsch model. Differences in the exponent are difficult to observe since these models only apply
close to the threshold of IB, within 0.2 to 0.3 V [82].

30



Measurement schemes to study transport at the interface

gate voltage [91]. Nevertheless, this structure has been mainly used for fundamen-
tal studies on hot-electron characteristics in various metals, probing the unoccupied
states [92–95]. Technological applications based on HET are scarce (yet) because of
its limitations of operation at high frequencies, current density and area limitations,
and limited gain [81,93].

The operation and type of measurements are very similar to the scheme of BEEM
where usually the emitter current IE (instead of IT) and the collector current IC
(instead of IB) are quoted. From the same Bell–Kaiser theory as used for analysis
of BEEM spectra, the barrier height φB can be extracted, while the gain α = IC/IE
yields information on the scattering in the base. In contrast to BEEM where IT is set
constant, the collector current IC will be largely displaying the tunneling character-
istics of the emitter given by IE. The gain α therefore provides more details on the
actual hot-electron characteristics.

3.2.3 Three-terminal measurements

Three-terminal measurements have been a convenient tool for exploring interface ef-
fects in various fields of solid-state physics. In this geometry, a current is sourced
using two contacts located on the conducting channel where one contact is shared
with the voltage probe that has a reference to a third contact; a schematic of this
geometry can be found in figure 3.2a. Because of the properties of a voltage probe
(Rin → ∞), no current is flowing through this part of the device and therefore only
the voltage drop over the interface of interest and corresponding lead resistances is
measured, as indicated in the figure by RC2. This allows to measure charge-transport
characteristics of solely the interface, provided that the series resistance due to leads,
filters, etc. does not play a dominant role. The scheme as depicted has one disad-
vantage in that the source could force a current through the junction, which can be
dangerous for high impedance systems since large potentials can yield damage to the
device. In an alternative setting of the source, a two-terminal voltage V2T is sourced
and a two-terminal current is probed where an additional voltage probe V4T acts as a
feedback to the voltage source in such a way that we can control the voltage sourced
over RC2 (figure 3.2b). This can be realized by using the four-wire-sensing mode in
the Keithley 2410 multimeter.

RC1 RC2

RCh1

V
RC3

RCh2

RC1 RC2

RCh1

V4T

RC3

RCh2

A
V2T

(a) (b)

Figure 3.2: (a) Three-terminal geometry with contact resistances RC1, RC2, and RC3 and
channel resistances RCh1 and RCh2. A current is sourced on the left-hand-side circuit and
the voltage is effectively measured over RC2. (b) Alternative three-terminal geometry where
a 2-wire voltage V2T is sourced in such a way that the desired voltage V4T drops over RC2.
The resulting current through this junction is measured by the ammeter.
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Various charge-transport mechanisms across the metal/topological insulator in-
terface, which we assume to be characterized by a Schottky barrier, can come into
play. This depends on the specific electronic characteristics of the system and can
be usually disentangled by temperature-dependent studies. A brief overview of these
mechanisms can be found in the thesis by Kamerbeek [96].

3.3 Device fabrication

In this section, the fabrication recipes for devices to study charge transport at the
interface between metal and topological insulator are briefly described. More details
can be found in the appendix at the end of this thesis. The project started out with
the realization of BEEM devices (section 3.3.1). Thereafter, we studied transport
phenomena in solid-state device schemes (three-terminal geometry and HET) of which
the fabrication will be discussed in section 3.3.2.

3.3.1 BEEM devices

In conventional BEEM devices, the collector contact is fabricated on the backside
of the semiconductor [83, 97]. However, in the case of studying metal/topological
insulator interfaces there is the problem that the collector layer of topological insulator
material is grown on an insulating sapphire substrate such that a back contact cannot
be realized. Efforts by Roy [98] have led to an alternative scheme where the Ohmic
collector contact is realized on top of the semiconductor next to the injector contact.
The adjusted scheme is shown in figure 3.1b and will be used for investigation of the
metal/topological insulator interface in this chapter.

We have utilized MBE-grown Bi2Se3 on sapphire from which we realized devices
by a combination of UV lithography and electron-beam evaporation steps as described
by Burema [99]. The devices consist of a Bi2Se3 film on which a series of large Au(10
nm)6 or Pt(4) pads is fabricated, which will serve as the base. The chosen thicknesses
are based on the different attenuation lengths, which differ a factor of 4 for Au and
Pt [63]. These two materials are selected based on their work function relative to the
quoted work function of 4.45 eV [80], where Pt is expected to form a clear Schottky
barrier and Au a rather low or no barrier [62]. Inside or connected to these pads,
thick contact pads have been fabricated consisting of the base material such as to
avoid introduction of other interfaces. The device has been finalized by a large-area
collector contact pad next to the fabricated junctions consisting of Ti(5)/Au(70).
The large area of the pad and having Ti at the interface for its relatively low work
function and good adhesion are chosen in order to maximize the Ohmic character of
the contact. Two examples of the final devices are depicted in figure 3.3 in which
the base layers are hardly visible because of the small thickness. Furthermore, an
atomic force microscopy (AFM) image is shown for the Pt(4)/Bi2Se3 in figure 3.3c,
which shows a root mean square (RMS) roughness of 8 Å over the complete image.
Triangular patterns as usually observed for Bi2Se3 are still visible after deposition
as indicated by the yellow arrow in figure 3.3c. This feature can be compared to

6For the remainder of the thesis, the unit is nm unless otherwise mentioned.
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that displayed in figure 3.3d, where a RMS roughness of 6 Å over the same area
as for figure 3.3c was found. For the first measurements, the samples as shown in
figure 3.3a and 3.3b were clamped on the sample holder by a sapphire washer. This
washer contains a spring contact that forms a connection between the STM contact
close to the base and to the sample holder body (ground) via one of the clamps. The
collector contact was connected through a silver-pasted copper wire to the external
BEEM contact on the sample holder.

The measurements have been performed in a commercial RHK-UHV 300 variable-
temperature, ultra-high-vacuum STM of which the details can be found in the theses
by predecessors of the group [83,97,98].

(a) (b)

(c) 5 nm

0

(d) 11 nm

0

500 µm 500 µm

500 nm 5 μm

Bi2Se3
Au(10) Au(70)

Ti(5)/Au(70)

Bi2Se3
Pt(4)

Pt(76)

Ti
(5

)/A
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70
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Figure 3.3: (a) BEEM device with Au(10) base (inside open red squares) on Bi2Se3 (gray)
with a Au(70) contact pad extruding out of the base (inside open blue square) and collector
contact on the left. (b) BEEM device with Pt(4) base and inside Pt(76) contacts. Here, the
collector contact was designed smaller but this did not influence the device performance. (c)
AFM image after deposition of the Pt(4) base on Bi2Se3. The arrow emphasizes the presence
of the buried triangular pattern of Bi2Se3. (d) AFM image of the same device outside the
contact pattern area that depicts the Bi2Se3 surface. An artifact at the surface is visible.
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3.3.2 Solid-state device geometries

Nanometer-sized junction area devices — In order to locally probe the presumably low
barrier height with resulting leakage-current issues, nanoscale-sized device geometries
have been realized through a new fabrication recipe. Here, small topological insulator
strips of 100 and 200 nm are designed from large area Bi2Se3 thin films together with
Zillen [100]. These films have been engineered into free-standing strips of 100 and 200
nm in width by defining them with electron-beam lithography (EBL) using a positive
PMMA resist. This means that the complete resist layer has to be exposed except the
strip lines whereafter the topological insulator material can be largely etched away.
In order to do so, we have employed extensive dose testing since proximity effects play
an important role in structures where the complete area has to be exposed except for
a small protective polymer strip. The ideal dose is found to be between 180 and 225
µC/cm2 (30 kV, 7.5 µm aperture), which is considerably lower than the nominal dose
of 450 µC/cm2 usually employed. In order to maintain a clean interface between the
metal and the topological insulator, we have created small square metal pads in an
early stage of the fabrication. The dose for writing these small structures has been
optimized based on the sharpness of the structures. The optimal dose varied between
450 and 630 µC/cm2 where the higher dose factor has been used for the smaller pads.
The final dimensions of the pads are 10 to 20% off from those designed beforehand.

For the final device, a large contact pattern and markers have been defined by
DUV lithography and electron-beam evaporation of Ti(5)/Au(70) on 20 QL Bi2Se3

films. Thereafter, Pt(30) metal protection pads have been designed by EBL and
electron-beam evaporation. Etched patterns are designed by a combination of DUV
lithography and EBL lithography and etched by reactive-ion etching. In the last step,
Pt(30) contact leads have been defined by EBL and deposited by electron-beam evap-
oration to account for any misalignment between metal pads and etched topological

(a) (b)

10 µm 200 nm

Figure 3.4: (a) Solid-state device with 100 (bottom) and 200 nm (top) Bi2Se3 strips (horizon-
tal) and Pt contact leads (vertical). (b) SEM image of junction on 100 nm wide strip showing
that the Bi2Se3 is discontinuous. At the junction the square protection pad is visible.
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insulator strip. A picture of the final devices that have been measured is shown in
figure 3.4a. As can be seen by the shadows at the contacts, the adhesion of the Pt
is not proper everywhere. Furthermore, the 100 nm wide strips are discontinuous as
can be seen from SEM images in figure 3.4b. In addition to that, the etching proce-
dure has not been uniform over the whole substrate, the origin of which is unknown.
Due to these issues, the yield of well-functioning junctions has been low and only few
three-terminal measurements have been performed on junctions with an area of about
200×200 nm2.

Three-terminal devices using topological insulator flakes — Next to these de-
vices, we have fabricated three-terminal devices based on the quaternary compound
Bi2−xSbxTe3−ySey (BSTS), as introduced in section 2.4. From these materials, it is
expected that the surface-state contribution is relatively large, but this is accompanied
by a decrease in mobility due to the introduction of Sb and Se in the original Bi2Te3

matrix. These counterdoped compounds have been mechanically cleaved from bulk
crystals supplied by the Ando group [101–103]. As reported by Hoogeboom [104], the
strong bonding between the quintuple layers requires a higher adhesive tape, which
leaves a considerable amount of glue residue that can be removed by immersing the
substrate with BSTS flakes into (heated) acetone and isopropanol. The resulting
flakes can be observed by optical microscopy up to thicknesses of ∼80 nm since in
general the lateral dimensions reduce with reducing thickness. This can be improved
by maintaining a small angle between tape and substrate when cleaving. For these
experiments, n-type Bi1.5Sb0.5Te1.7Se1.3 and p-type Bi1Sb1Te1Se2 were used.

The flakes were exfoliated on heavily n-doped Si substrates that have a 300 nm
SiO2 layer for gating purposes. In order to study interfaces between BSTS and dif-
ferent metals, multiple EBL and electron-beam evaporation steps were employed in
order to deposit different metal contacts on the flake. Since the flakes are of consid-

(a) (b)

20 µm 20 µm

Figure 3.5: (a) Solid-state device based on n-type BSTS on a Si/SiOx substrate with different
metals contact leads with two different widths (from top to bottom): Ti, Cu, Au, Al, Ag. (b)
Hall-geometry device based on p-type BSTS prior to evaporation of final contact material
(blue structures are developed patterns in PMMA layer).
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erable thickness, metal contacts were evaporated under a tilt angle while rotating in
order to have a proper coverage at the sides of the flake. This procedure increased
the yield of working junctions slightly, but it is recommended to determine the flake
thickness prior to metal evaporation. In this way, the metal can be made thick enough
to make proper contact with the flake. Two examples of such devices are shown in
figure 3.5 where the device displayed in figure 3.5b further serves for basic electrical
characterization of the flake to extract charge-carrier density, charge-carrier type, and
the charge-carrier mobility.

Hot-electron transistor — As developed by Burema [105], topological insulator-
based hot-electron transistors have been realized using Ca-doped Bi2Se3 samples in
which Ca2+ atoms are substituting Bi3+ atoms and thus act as hole donors [38,
106]. These holes first compensate the excess electrons before the material turns
p-type. The samples consist of a 5 QL In2Se3:Bi2Se3 (50:50) capped 20 QL Ca-
doped Bi2Se3 grown on an insulating buffer layer of 20 QL In2Se3:Bi2Se3 (50:50)
to enhance the charge-transport properties (see section 2.4), which is in turn grown
on an Al2O3(0001) substrate. These layers are grown by MBE and received from
our collaborators from Rutgers University. Performed Hall measurements in a physi-
cal property measurement system (PPMS) confirm the p-type majority carriers with
a charge-carrier density of ∼2.5×1012/cm2 at T = 10, 160 K, which increases to
∼4.0×1012/cm2 at T = 300 K (see figure 3.6a). This results in a Fermi wavevector

kF =
√

4πn2D = 0.06–0.07 Å
−1

, being close to the Dirac point7. From the residual
δ = Rdata−Rfit in the Hall measurements, a second channel seems present. However,
a two-carrier model cannot be fitted due to the small contribution of this channel.

From these grown layers, HETs have been fabricated as follows. First, an insula-
tion layer of AlOx(50) having junction holes with diameters ranging from 5 to 150 µm
is grown to prevent direct contact between base and collector. Then the base contacts
of Au(8) are deposited, whereafter a second insulation layer is grown to prevent direct
contact between base and emitter. In the last step, an AlOx(2) layer is grown by two
rounds of Al(1) deposition, followed by plasma oxidation and the emitter contact of
Au(70). The resulting device is shown in figure 3.6b.

In this geometry, as sketched in the inset of figure 3.6b, it can be seen that there
is a chance of having a direct connection between base and emitter since the extent of
the tunnel barrier at the side walls is unclear. This probability can in the future be
avoided by using the insulation mask sizes in the reverse order such that the emitter
contact falls inside the active area at the base. Furthermore, it has to be noted that
the insulating 5 QL In2Se3:Bi2Se3 (50:50) capping layer is still present and therefore
a direct interface between metal and topological insulator is absent. In this metal-
insulator-semiconductor structure, part of the potential due to the depletion layer will
fall over the capping layer. The modified band diagram including the capping layer
and p-type character of the collector is shown in figure 3.6. Rather than employing
hot-electron spectroscopy, hot holes will be revealing the barrier characteristics via a
very similar working principle.

7However, it is difficult to have hole-like transport from the surface states alone since for Bi2Se3
the Dirac point almost aligns with the valence band maximum [38] and therefore careful control of
Ca doping is required.
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Figure 3.6: (a) Hall measurements for Ca-doped Bi2Se3 at different temperatures. Inset:
Residual δ plotted vs the magnetic field. (b) Optical image of topological-insulator-based
hot-electron transistor with collector C, base B, and emitter E. The red squares on the left
indicate the active areas with diameters 150, 5, 15 µm from top to bottom. Inside the large
area junction one can observe another circle because the insulation layer masks for both steps
have different diameter patterns. Inset: side view following cross-section indicated by blue
dashed line in main figure below inset. Here, the topological insulator layer is displayed in
green, 5 QL In2Se3:Bi2Se3 (50:50) capping layer in blue, Al2O3 and AlOx(50) in light blue,
Au(8) base layer in orange, AlOx(2) tunnel barrier in dark gray, and Au(70) emitter contact
layer in yellow. As clear from the dimensions, the picture is not to scale. (c) Energy band
diagram for the fabricated device based on hot-hole spectroscopy with Ca-doped Bi2Se3 as
collector and In2Se3:Bi2Se3 (50:50) as cap and additional tunnel barrier. Edited from [83].

3.4 Results and Discussion

In this section, the measurement results based on the devices discussed in the previous
section will be presented.

3.4.1 BEEM devices

Measurements for the first three devices and fabrication of subsequent devices have
been performed together with Burema [99]. The measurements consist of two-terminal
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measurements between the STM contact and the BEEM contact to investigate the
leakage current and rectification of the barrier at the base/collector interface. Fur-
thermore, BEEM has been attempted but no clear results have been obtained, which
will be discussed throughout this section.

The first three devices with Au(10) and Pt(4) metal base layers that were mounted
on the holder with a spring contact show nonlinear behavior in the two-terminal I–V
characteristics with a very weak rectification (Iforward/Ireverse ≈ 1.3 at ±0.3 V) and
a leakage current level between 10−6 and 10−8 A at room temperature (RT), see
figure 3.7a and 3.7b. The absence of a reasonable rectification and the presence of
a nonlinear curve suggests the presence of a tunnel barrier. The transport through
such a barrier is thermally assisted as observed from the linear slope in addition to
the tunneling characteristic. Upon cooling to ∼110 K [indicated by low temperature
(LT)], the linear slope as observed at RT disappears and the tunneling characteristic
for Au(10)/Bi2Se3 becomes more prominent (figure 3.7a). However, the measured
current decreases by several orders of magnitude as well. Furthermore, the leakage
current decreases to 10−10 A, which would yield a good starting point for obtaining
BEEM spectra above the leakage current level. For the case of Pt(4)/Bi2Se3 devices
(figure 3.7b), the current is below the detection level of 10−10 to 10−11 A up to +1 V
bias, which suggests that either the tunneling performance increases over a longer bias
range or that the spring contact connecting the STM pad is now physically separated
due to thermal contraction of the contact. The observation of a finite current beyond
+1 V bias (lower inset figure 3.7b) indicates that the spring contact would be still
in close proximity of the STM contact. Unfortunately, the I–V characteristics for
both devices have not been measured for larger negative bias to analyze the tunneling
behavior or rectification.

The low leakage current levels from the two-terminal measurements at LT give

(a) (b)

Figure 3.7: (a) I–V characteristics for BEEM device with Au(10) base on Bi2Se3 for RT
and LT (∼110 K). Inset: The same plot but then with logarithmic vertical axis and absolute
current plotted to display the leakage current. (b) I–V characteristics for BEEM device with
Pt(4) base on Bi2Se3 for RT and LT. Insets: (top) The same plot but then with logarithmic
vertical axis and absolute current plotted to display the leakage current at RT. (bottom)
I–V characteristics at higher positive voltage bias at LT.
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confidence of investigating the barrier via the scheme of BEEM, although the pres-
ence of a barrier is not clear from the I–V characteristics. The absence of a strong
rectification could yield backflow of injected hot electrons from the collector into the
base. From the BEEM measurements for device Au(10)/Bi2Se3, we find a background
BEEM current IB∼–0.4 pA with a noise bandwidth of ∼0.1 pA at IT=80 nA, where
the negative sign for IB indicates that electrons are collected. Compared to the lowest
values for IB/IT in the alternative geometry on the order of 10−4 pA/nA [98], the
observed background level is 10 times lower and a measurable BEEM response can be
expected. However, after taking maximally 200 BEEM spectra up to 2 V with respect
to the Fermi level and by taking its average, we do not find any clear onset outside the
noise bandwidth in IB that could signify surpassing of a Schottky barrier. Similarly
for Pt(4)/Bi2Se3, although we find a lower background BEEM current IB ≈ +40 fA
with a bandwidth of 20 fA at the same IT, no onset in the average of the BEEM
spectra (up to 380 spectra taken) has been observed again. Furthermore, the positive
background current indicates that holes are collected instead of electrons, which is
unexpected for n-type Bi2Se3. However, collecting the opposite charge-carrier type
can happen due to impact-ionization effects where the hot electron can create an
electron–hole pair easily due to the small band gap of Bi2Se3 [82]. This reanalysis of
the data after the thesis by Burema, in which the presence of Schottky barrier has
been claimed, shows that the expected onsets in IB can be observed in 10% of the
spectra. However, similar onsets in the opposite direction are equally present such
that the grand average does not show any clear signatures. Such onsets are thus not
related to surpassing of a barrier.

From these measurements, it can be concluded that a Schottky barrier is not
likely to be present. From the I–V characteristics, a thermally-assisted-field-emission-
like behavior is present where the tunneling contribution gets more apparent upon
decreasing the temperature. The origin of a tunnel barrier at the interface is not
expected from literature where a transparent junction has been proposed as discussed
in section 3.1. A possible explanation for the appearance of such a barrier can be
the presence of a contamination layer between the base and collector or the STM
contact and the base due to the multiple spincoating and lithography steps. However,
it is unclear whether such layers could give rise to tunnel barriers persistent over
such large areas that have such a strong temperature dependence. Another reason
for observing tunneling can be related to contacting of the STM contact by a spring
contact. The spring contact could scratch the topological insulator having a poor
adhesion to the substrate, yielding contact with the sapphire or remainders of the
Bi2Se3, which is coupled with the collector contact via tunneling. Furthermore, the
spring contact is a soft-landing contact, meaning that it makes it connection by the
force it exerts on the metal contact where temperature can play an important role.
The temperature has, via the thermal expansion coefficient, influence on the position
of the spring contact and might yield a tunnel junction with the STM contact pad.
Such a junction becomes more transparent towards higher temperatures because then
it is in closer vicinity, but not yet completely touching, to the STM contact. This
would also give an explanation for the changes in leakage current with temperature.

To check whether the soft-landing contacts could be the reason of the observed
tunneling behavior as observed in the two-terminal measurements, an alternative

39



Studying charge transport at metal/topological insulator interfaces

geometry has been developed, which allows to contact the BEEM and STM contacts
through (hard) wire bonding. This requires the separation of the STM contact from
the Bi2Se3 collector in order to avoid a short circuit from base to collector. We have
tried this by inserting an AlOx layer and by etching parts of the topological insulator
layer away such as to have a remaining insulating sapphire substrate to bond on.

AlOx insulation layers have been deposited between the thick contact pads and
the topological insulator layer. Although it is not fully clear whether this additional
layers have been thick enough to avoid the issue of piercing through, we have not been
able to reproduce the low leakage current levels, which is necessary in order to mea-
sure barrier characteristics with BEEM. From these devices, linear two-terminal I–V
characteristics are observed with a leakage current of ∼10−6 A at RT, which lowers
maximally to ∼10−8 A at LT. Any BEEM measurements have not been successful
because we observe a larger background current up to 40 pA with a large bandwidth
that yields large fluctuations in single BEEM spectra. Although we have tried to
prevent any issues related to the fabrication and contacting of the device, we have
not observed any signatures of a Schottky barrier at the interface via BEEM. This
is further confirmed by two-terminal measurements performed on the same devices
in another measurement setup, showing linear I–V characteristics up to 77 K. The
obvious candidate is that wire bonding still shorts the metal with the topological in-
sulator and therefore the tunneling process as well as the BEEM current collection is
distorted by the created parallel channels. In one of the later devices the topological
insulator layer underneath the contact pad has been partially etched away such as to
avoid such a shortage. However, this solution has not solved the problem of a high
leakage current.

3.4.2 Solid-state device geometries

Besides the investigation by BEEM, we have performed three-terminal measurements
on different topological insulator materials. MBE-grown Bi2Se3 films have been uti-
lized to fabricate nanometer-sized junctions and hot-electron transistors and exfoliated
n-type and p-type BSTS flakes have been used to study the interfaces in topological
insulators with reduced doping.

Nanometer-sized junction area devices — In the measurements for downsized
Pt/Bi2Se3 junctions (figure 3.4), with a low yield of three working junctions, we
observe a nonlinear behavior in the three-terminal I–V characteristics with a con-
siderable amount of hysteresis (see figure 3.8a). Furthermore, we observe that the
resistance of the junctions decreases with increasing temperature, which indicates
that thermally-assisted transport mechanisms play a role at these interfaces. From
the low rectification and the nonlinearity, the presence of tunnel barrier seems logical
as seen also in the previous section. However, as described earlier, the origin of such a
barrier is unclear since charge-depletion layers are not expected that could give rise to
tunneling phenomena. In combination with the observed hysteresis that is probably
due to charge traps and its unclear temperature dependence, the tunneling signatures
could be related to contamination at the interface or to the poor adhesion of the Pt,
yielding a small physical separation that can act as tunnel barrier.

Nevertheless, it has been tried to fit these I–V characteristics with the thermally-
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(a) (b)

Figure 3.8: (a) Temperature-dependent three-terminal I–V characteristics for a Pt/Bi2Se3
device with junction area of 200×200 nm2. Positive bias indicates forward bias. (b) Fit of
forward bias data at T = 4.6 K.

assisted field-emission model under the assumption that a Schottky barrier is present
at the interface beyond a bias of 0.2 V; an example of such a fit can be found in
figure 3.8b. A brief overview on this model is given by Kamerbeek [96] and more
details can be found in the work by Sze [63]. From this model, parameters as the
tunneling probability E00/kBT , the degeneracy ξ, and the Schottky barrier φSB can
be extracted for which the values will be discussed as a function of temperature below.

From the fitting, we find that the ratio E00/kBT decreases from 270–300 at 4.6 K
to 5–6 at 300 K, which can be related to a transition in transport mechanism from field
emission at low temperature to thermally-assisted field emission at high temperature.
Together with the presence of hysteresis, this hints at the presence of a contaminated
tunnel barrier rather than a Schottky barrier, which usually shows a clear rectification
and is not as symmetric as in the case of tunneling. From the two junctions under
consideration, one shows an increase in Schottky barrier φSB from 0.5 to 0.7 eV upon
increasing temperature whereas the second junction shows a random variation with
temperature between 0.5 and 1.0 eV. Such strong changes in the barrier height are
not expected since there is no hint of strong changes of the work function of the
metal, the electron affinity, or the dielectric constant of the topological insulator with
temperature. Furthermore, such high barriers are not at all expected for topological
insulator based metal/semiconductor interfaces from the considerations in section 3.1.

The last parameter that can be extracted is ξ, which describes the position of the
Fermi level EF with respect to the bottom of the conduction band for degenerate (ξ <
0) and nondegenerate (ξ > 0) semiconductors and depends on the doping level in the
system. It is observed in the measured junctions that ξ becomes less negative by 100
meV with increasing temperature such that EF moves out of the band gap towards
the bottom of the conduction band. Such a large change of ξ is unphysical since
this would suggest a thermally (de)activated donor level that would almost double
the present charge-carrier density [3]. Furthermore, as described in that work by
Brahlek et al., the observation of a nondegenerate semiconductor for the case of the
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n-type Bi2Se3 where the Fermi level is located inside the band gap is highly unlikely.
It is known that Fermi-level pinning to the bottom of the conduction band occurs
and an insulator-to-metal transition is therefore difficult to realize. This makes the
reliability of the values extracted from this model trickier. Furthermore, the exact
origin of the interface barrier is unknown such that the applicability of this model,
although describing the data well, can be questioned.

Three-terminal devices using topological insulator flakes — We have performed
measurements on BSTS-based devices as reported by Hoogeboom [104]. Temperature-
dependent Hall measurements confirm the p-type and n-type character (not shown
here). Surprisingly, the measurements show an extraordinarily high mobility on the
order of 105–106 cm2/Vs. These surprising results are most probably related to non-
ideal shaped BSTS flakes, which leads to improper alignment of the contact leads caus-
ing mixing of longitudinal and transversal resistance components. Furthermore, the
measurements show a low signal-to-noise ratio, making the extraction of the charge-
transport properties and comparison to literature values difficult.

Nevertheless, we have performed three-terminal measurements on these flakes us-
ing the geometry as depicted in figure 3.2a. We have realized interfaces between Ti,
Ag, and Cu metals with reported work functions ranging from 4.3 to 5.0 eV [62] and
BSTS with work function values ranging between 4.95 and 5.20 eV [61]. Within the
error of the theoretical values reported, a small Schottky barrier could be present but
the presence of an accumulation layer is more likely. This proposition is in agreement

(a) (b)

Figure 3.9: (a) Temperature-dependent three-terminal I–V characteristics for Ag/p-type
BSTS device with junction area of 7×5 µm2. (b) Temperature dependent three-terminal I–
V characteristics for Cu/p-type BSTS device with junction area of 4×5 µm2. For both plots,
positive bias indicates forward bias. Furthermore, the order of temperatures in the legend
indicates the chronological order in which these data have been obtained. It is important
to realize that the results are obtained with the geometry depicted in figure 3.2a but for
convenience the measured voltage has been plotted on the horizontal axis and the current
bias on the vertical axis. One consequence of this is that the noise on these signals is oriented
in the horizontal direction.
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with the results obtained for n-type BSTS in which Ohmic behavior was measured
for all employed metal contacts. Any temperature dependence in these results can
be related to the temperature-dependent resistivity of bulk BSTS. For p-type BSTS,
we found tunneling-like behavior for Ag and Cu contacts (see figure 3.9), whereas for
Ti Ohmic behavior consistently over the full temperature range was observed (not
plotted here). For the plots shown, it can be seen that the I–V characteristics change
a lot with temperature in a random order. This random order seems to depend on the
measurement history that is indicated by the order in the legend. The different mea-
surement cycles for LN2 cooling and LHe cooling were separated by a month, which
could indicate that sample degradation can play a role in the changing properties
over time rather than temperature. For the results with the Cu interface, the contact
broke down at ∼+0.9 V at 160 K indicating that the created interface is initially
not that stable, which can explain the observed hysteresis too. In comparison to Ti,
known for its good adhesion properties, it might be that the adhesion of Ag and Cu
on BSTS is not that strong, yielding tunneling contacts locally but this proposition
needs additional investigation.

Hot-electron transistor — Before the barrier characteristics are considered, the
emitter characteristics are discussed which are important for proper hot-hole operation
in order to investigate the barrier. Two-terminal measurements have been performed
over the tunnel barrier, assuming that this layer is the limiting factor for transport
in comparison to the electrodes. From the two-terminal I–V characteristics, of which
an example is shown in figure 3.10a, nonlinear behavior is observed that signifies
tunneling behavior of the grown AlOx layer. From the temperature dependence,
thermally activated behavior is observed, which indicates nonuniformity of the barrier
up to some extent. Using Simmons’ model [107], a reasonable agreement is found
between data (solid lines) and fit (dashed lines). However, the barrier height φB and
barrier thickness tTB that are used as fit parameters have an interdependence. The
best fit shows barrier heights between 1.5 and 2.2 eV from which a band gap between
3 and 4.4 eV is found, assuming that the band-gap-centered Fermi level of Al2O3

lines up with the Fermi level of the electrodes. This value is a factor of 1.5 to 2
off from single crystalline Al2O3 [108]. Furthermore, a barrier width of ∼1.2 nm is
found which is 40% lower than intended where the difference can be due to errors in
the deposition rate. As shown in figure 3.10b, the area dependence suggests that the
actual area is different from that designed, which could originate from misalignment of
the respective insulation layer masks that is more crucial for the small area junctions.
Such shifts can further lead to the large spread in the fit parameters as extracted
from the data in figure 3.10b. Despite the deviations from ideal tunneling behavior,
the presence of tunneling from the emitter will lead to a momentum-filtered, hot-hole
distribution for investigating the barrier properties.

To investigate the barrier between base and collector, an emitter voltage VE is
applied and the collector current density JC is measured according to the polarities
as shown in the inset of figure 3.10c. This means that for positive (negative) VE elec-
trons (holes) are injected into the base. The result is found in figure 3.10c where the
positive JC indicates that indeed holes are collected. Furthermore, a leakage current
on the order of 10−2 A is observed within a range of VE = ±0.5 V, masking the
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Figure 3.10: (a) Temperature dependence of emitter current density JE vs applied emitter
voltage VE. The data (solid lines) for a junction with diameter d = 5 µm are fitted with
Simmons’ model (dashed lines) with a fixed, best value of the tunnel barrier thickness tTB =
1.2 nm. (b) Area dependence of emitter current density JE vs applied emitter voltage VE at
T = 75 K. In this fitting, both parameters φB and tTB were floating. (c) Collector current
density JC vs applied emitter voltage VE at T = 75 K for a junction with d = 150 µm,
based on measurement geometry as shown in the inset. (d) Gain α versus emitter voltage VE

obtained from (c). Insets: fits for forward and reverse bias (as defined for holes) according
to the Bell–Kaiser theory.

hot-hole characteristics at lower emitter voltages. Due to the presence of an insu-
lating In2Se3:Bi2Se3 (50:50) capping layer, we would not expect a direct transparent
interface between base and collector and thus a high leakage current, which suggests
that parallel conduction paths are present. Such additional channels can be due to
fabrication issues as described in section 3.3.2. However, the exact origin of such a
path is unknown and requires further investigation.

Correcting for the emitter’s I–V characteristics gives a better insight into the
actual hot-hole characteristics, see figure 3.10d. Plotting the gain α versus emitter
voltage VE reveals that the number of collected holes is relatively small compared
to that injected, yielding α ∼ 10−4. Furthermore, an increase in α is observed for
low emitter voltages, which is due to the differences in leakage current levels at both
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emitter/base and base/collector interfaces. Nevertheless, a clear onset is observed
both at –VE (forward hole bias) and at reverse bias. According to the Bell–Kaiser
theory (equation 3.1), the barrier height φB in the forward bias regime can be found

by taking |α|1/2 and then finding the onset on the horizontal axis. For the reverse bias,
where electrons are injected via the emitter that can excite holes passing the barrier in
an Auger-like process, a similar analysis can be performed but now the onset is found

by taking |α|1/4 (a more detailed explanation can be found in [83,98]). Such analyses
to find the onset can be found in the insets of figure 3.10d. The barrier heights
extracted are φB,forward = (0.7±0.2) eV and φB,reverse = (–0.2±0.2) eV. However, it
has to be noted that the exact onsets are difficult to determine since the data is
masked by the large leakage current at the base/collector interface, especially on the
reverse bias side. The unclear onset due to the large leakage currents close to zero
bias has also been observed in other junctions of the device.

The symmetric curve as shown in figure 3.10d could further indicate the presence
of a tunnel barrier that is present due to the In2Se3:Bi2Se3 (50:50) capping layer.
Here, pure In2Se3 is reported to have a band gap of ∼ 1.3 eV [108] and the actual
gap will be lower than this value due to the presence of Bi. Instead of a rectifying
Schottky barrier, the forward (hole) bias and the reverse (electron) bias would probe

the tunnel barrier similarly, which would require an analysis using |α|
1
2 for both bias

regimes, provided that hot electrons somehow can excite holes in the collector that are
registered via IC. Looking at the left-hand-side inset of figure 3.10d, the onset for the
reverse bias would be very similar, yielding a barrier of around 0.7 eV which would
be in reasonable agreement with the total band gap of pure In2Se3, indicating that Bi
is not of a considerable influence. Additional experiments are needed to clarify this
idea as put forward by Burema [105].

3.5 Conclusions

In order to investigate the interface between topological insulators, we have employed
BEEM and three-terminal measurements where it initially was assumed that a Schot-
tky barrier would be present. However, as it has become clear from literature, the
electron affinity of Bi-based topological insulators is higher than initially assumed,
which will lead to an accumulation layer at the topological insulator’s surface, result-
ing in transparent interfaces. Furthermore, it is reported that electronic states of the
metal and topological insulator can hybridize, which can lead to new electrical effects
at the interface. In our studies, we have not found any clear (rectifying) signature
of any Schottky barrier being present at such interfaces. However, in several cases
a tunneling-like behavior has been observed for which its origin is yet unclear. We
believe that such phenomena can partially be ascribed the large number of fabrication
steps, which can contaminate or structurally change the surface of the topological in-
sulator prior to metal contact deposition. As seen in one of the solid-state devices, the
adhesion of some metals on topological insulators is poor, which will influence studies
on such junctions and requires a more detailed investigation to rule out such effects.
Another tunneling-like effect has been observed in a novel hot-electron transistor ar-
chitecture, where the capping layer could play an important role. The developed
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hot-electron devices based on topological insulators could be an interesting direction
to investigate interfaces in more detail. Nevertheless, the absence of a Schottky bar-
rier in these measurements, taking into account the discussed fabrication issues, seems
to be in agreement with proposals in literature. This is a positive finding towards
the realization of topological-insulator-based solid-state devices with possibilities for
low-dissipation transport between a metal contact and the material.
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Chapter 4

Investigation of
helicity-dependent
photocurrent generation in
Bi2Se3

Optical manipulation of surface-state charge carriers in topological insulators can lead
to new directions for electronic and spintronic applications. Therefore, the material’s
response to polarized light requires a deeper understanding and can be monitored by
the generated photocurrent, which indirectly yields information on the charge-carrier
dynamics. In this chapter, generated photocurrents in Bi2Se3 are investigated by
varying the helicity of incident infrared light which is expected to couple specifically to
the surface states. Although such selectivity is currently not yet fully understood from
literature, a helicity dependence is observed in our experiments. However, definitive
conclusions on its origin are lacking due to technical difficulties.



Investigation of helicity-dependent photocurrent generation in Bi2Se3

4.1 Introduction

Optically accessing topological insulators has led to many interesting insights in this
class of materials. The very first experiments, where (spin-resolved) ARPES has
been used, have shown the existence of the theoretically proposed topological surface
state located in the bulk band gap of Bi1−xSbx [1, 2]. Soon after, similar states were
found for Bi2Se3 [3, 4], Bi2Te3 [5–7], and Sb2Te3 [7], triggering interesting new con-
cepts in physics. Subsequently, ARPES on topological insulators has been extended
in various ways. Two-photon photoemission spectroscopy (2PPES) enables prob-
ing of unoccupied bands where a second topological surface state has been observed
that can enhance spin dynamics in topological insulators [8–11]. In addition, time-
resolved 2PPES [or time-resolved ARPES (tr-ARPES)] experiments have shed light
on the charge-carrier relaxation (scattering) dynamics relevant for photocurrent stud-
ies, using ultrafast optical pump and probe pulses [10,12–29]. Besides tr-ARPES, by
using circularly-polarized pump pulses, circular dichroism1 in the angular distribution
of ARPES has been claimed [30–32], but is under debate at the same time [33–36].
Another interesting feature is that the spin texture of surface states can be tuned by
changing the polarization of the incoming light [33,37–40], which can be useful for con-
trolling the spin polarization of photoelectrons from topological insulators [37,41] and
is important for the analysis of ARPES spectra. Therefore, one could think of device
schemes as those reported by Wunderlich et al. [42]. However, depending on the size
of the device and required speed of the operation, strong spin (∼100–500 fs) and mo-
mentum relaxation (∼2 ps) might be the bottleneck for such applications [12,24,43]2.

Besides 2PPES measurements, THz spectroscopy is a useful technique to unravel
charge-carrier relaxation dynamics at time scales where scattering events as electron–
phonon scattering occur [11, 44–53]. The origin of THz radiation is due to the tran-
sient charge current excited by a fs pulse that gives rise to an oscillating electric field
emitting THz radiation. Therefore, THz spectroscopy serves as an indirect ultrafast
photocurrent ammeter [51]. The low energy of THz radiation further allows to probe
states close to the Fermi energy, which can be interesting when the Fermi level is tuned
inside the bulk band gap and thus maximizes the sensitivity to surface state dynam-
ics3. Understanding these dynamics can in turn be interesting for high-performance
THz photodetection applications [54, 55]. In order to increase the surface sensitivity,
one can make use of the broken inversion symmetry at the surface (C5

3v) relative to the
bulk symmetry (D5

3d) [56, 57]. Importantly, this symmetry consideration is different
from experiments where symmetry arguments were used to describe surface-specific,
second harmonic generation [12, 58, 59], which can be used to increase the surface
state sensitivity in reflectivity measurements.

These temporal investigations give insights in the out-of-equilibrium dynamics of
the charge carriers in topological insulators, which are useful for understanding and

1Circular dichroism is an effect that describes the difference in absorption for different circular
polarizations of light. Such selectivity could lead to generation of a helicity-dependent photocurrent
from the topological surface states.

2The dynamics below 100 fs has been questioned by Boschini et al. [11].
3However, bulk states will play a role since the pump pulse often has an energy above the band

gap, exciting surface-state carriers to the bulk states. Reabsorption of the THz emission is an indirect
measure for the surface state dynamics.
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tuning photocurrents, i.e. currents that are driven by optical excitation. For spin-
textured topological surface states, it has been proposed that photocurrents can be
generated by using helical (i.e. circularly polarized) light, accessing different spin
species leading to an asymmetric depopulation in k space [60–62]4. The concept of
the circular photogalvanic effect has earlier been reported for Rashba-textured, two-
dimensional electron gases [63,64] where it is emphasized that the observation of such
effects depend on the symmetry of the system [65]. The control of photocurrent in
Bi2Se3 at room temperature has been shown for the first time by McIver et al. [66],
using excitation energies of ∼1.7 eV that are way above the bulk band gap such
that bulk effects cannot be ruled out. As became clear in later reports, the method
presented in that work has to be treated with care since such photocurrents can have
many different origins. It has been reported that asymmetric scattering [25,52,56,57],
photogalvanic effects from Rashba surface states due to band bending [50,67], photon
drag [46,57,66], thermoelectric effects [48,53,66,68,69], hexagonal warping effects [69],
and electrostatic potential fluctuations [70] could also lead to photocurrents at the
same time. Studies on the chemical potential dependence of these photocurrents have
provided a better insight on the interplay between surface-state and bulk-state-related
effects [71,72].

Taking these considerations into account, we have studied photocurrent generation
in Bi2Se3 employing ∼0.16 eV pump excitation with polarization modulation and by
measuring the photocurrent through probing of the voltage created between Ohmic
contacts. By studying the dependencies of the beam position, helicity, temperature,
and fluence on the generated photovoltage, we have tried to exclude effects that
mimic the expected behavior of the photovoltage on the circular polarization of the
incoming light. Hampered by technical difficulties, careful conclusions on the results
will be made.

4.2 Theory

In this section, basic concepts on the generation of photocurrents relevant for that
in Bi2Se3 are discussed. In the second part, a more detailed overview on the results
from time-resolved experiments, as discussed briefly in the introduction, will be given.
This section is aimed at giving a better understanding of effects that might affect or
generate (additional) photocurrents.

4.2.1 Generation of current through optical excitation

Although the exact mechanism for generation of photocurrents in topological insu-
lators is still unresolved, an overview of the current work is given. Here, we con-
sider topological insulators that have spin-momentum-locked surface states and spin-
degenerate bulk bands that are illuminated by a light beam with a certain polarization
and angle of incidence. It is important to realize that the photocurrent effects dis-
cussed here do not require an external bias to direct the photoexcited charge carriers,

4However, the authors of the reported works focus on the surface states only and put the require-
ment of an out-of-plane spin orientation to generate a measurable effect.
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but can be assisted by potential or thermal gradients nevertheless [68].
Generally, possible optical transitions are determined by electric–dipole selection

rules based on the quantum numbers of the involved bands; a more detailed analysis
can be found in for example [73]. The angular momentum j for electrons is built up
from the orbital angular momentum l and spin angular momentum s with their z
components specified by ml and ms, respectively5. The orbital angular momentum
quantum number l can be determined from the character of the orbital (s, p, d, f, g)
and for electrons s = 1/2, giving ms = ± 1/2 (spin-up and spin-down). From this, the
z component for the total angular momentum mj can be found which takes integer
steps from –j to j that in turn can have values from |l − s| to (l + s). For any optical
transition, one of the requirements is that ∆l = ±1, related to a change in parity,
whereas ∆s = 0 and ∆ms = 0. One implication of this selection rule seems that
the surface states of topological insulators, having a p-orbital character [74], have to
couple with the s bands in the bulk. This means that optical transitions between the
surface states and the first levels in the conduction band are not allowed since these
both have a p-like character. However, higher-order phenomena might be present,
which can lead to relaxation of the selection rules (i.e., spin–orbit coupling, mixing
of states). Moreover, it has been proposed that due to the presence of a nonzero
Berry curvature, spin flips (∆s 6= 0) are allowed within the surface states [60, 62].
Most relevant for the optical excitations discussed here is ∆mj which depends on
the polarization of the light. Circularly-polarized light carries angular momentum
±h̄ (for σ± polarization, depending on the relative orientations). In contrast, linear
polarized light, which is a combination of σ±, carries zero angular momentum. During
the light–dipole interaction, this additional angular momentum is transferred leading
to ∆mj = ± 1 for circular polarization, and ∆mj = 0,±1 for linear polarization
depending on the incident orientation.

Realizing spin-polarized photocurrents using different polarizations of light has
been proven for quantum well structures where the resulting current depends on
the exact symmetries of the system and the effective mass of the bands involved
[65]. The photocurrent density Jλ due to such a circular photogalvanic effect can be
phenomenologically described as:

Jλ =
∑
µ

γλµi (E ×E∗)µ , (4.1a)

i (E ×E∗)µ = êµE
2
0Hcirc, (4.1b)

where λ, µ = x, y, z, E0 the electric field amplitude and H denotes the helicity varying
from –1 to +1. The elements of the second rank tensor γ are determined by the
symmetry of the system. In the bulk of a topological insulator the tensor elements
are all zero, but at the surface with broken inversion symmetry nonzero elements are
obtained [72]. The angle of incidence can be related to the unit vector elements êµ and
allows one to distinguish the circular photogalvanic effect from the circular photon
drag effect [72]. Furthermore, it has to be noted that, in the case for in-plane spin
orientation in topological insulators, such transitions can generally only occur when

5Lower case letters indicate that electrons are treated [73].
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the light is obliquely incident to the sample. However, this constraint is relaxed when
deviations from this spin texture are present [25,60,61,69].

The mechanisms behind optically accessing topological insulators with circularly
polarized light with an excitation energy larger than the bulk band gap are still to
be understood. The spin degeneracy of the bulk bands does not suggest any helicity-
dependent effect similar to those observed in quantum wells a priori, which would
mean that the spin-textured surface states have a key contribution in generation of the
helicity-dependent photocurrent. In the picture sketched by McIver et al. [66], one of
the branches of the Dirac cone would be selectively excited through circular dichroism
as reported by the same group before [31], but that result is regarded controversial
[33–36]. Instead, as recently reported by Pan et al. [72], it has been proposed that
circularly polarized light is selective towards either transitions between bulk valence
band and topological surface state or between topological surface state and bulk
conduction band, provided that the excitation energy is high enough to overcome
the band gap. This leads to an asymmetry in momentum in the surface states as
well as the bulk states. In addition, tuning of the Fermi level further modulates the
scattering between surface state and bulk conduction band leading to a change in the
photocurrent, as suggested by Okada et al. [71]. A way to exclude such bulk-related
effects is by using an excitation energy lower than the energy difference between the
Fermi level and the conduction band minimum, provided that the Fermi level is below
the charge neutrality point. However, such Berry-curvature-mediated photocurrents
are theoretically predicted to be small unless the spin texture has a finite out-of-
plane orientation [60, 61, 75]. Nevertheless, such photocurrents have been observed
by Besbas et al. where the light was normally incident to the surface [69]. A similar
result, but based on a different process, has been obtained by using mid-infrared
pulses that are exciting carriers within the band gap in order to create a population
asymmetry between +k and –k points [25,26].

Other effects giving rise to photocurrents in topological insulators have been dis-
cussed in literature of which a brief overview will be given here. One candidate is the
photon drag effect in which the (linear) momentum of the photon is transferred to the
charge carrier. This effect is only present upon oblique incidence of the light on the
sample [46, 57, 66], is connected to the symmetry at the surface [46], and can be de-
pendent on the helicity [72]. Due to the momentum transfer, a momentum imbalance
is created that can give rise to creation of a photocurrent (∼100 pA cm2/W [57]).
Showing similar features as the photon drag effect, the photogalvanic effect in topo-
logical insulators due to asymmetric scattering at the surface has been reported [56],
which is observed especially in the THz regime where electron momenta get aligned
along the optically created electric field. This electric field does not yield a photocur-
rent, but rather the asymmetric scattering of the electrons gives rise to such currents
(∼40–1000 pA cm2/W [56]). The asymmetry is coming from the inversion symmetry
breaking at the surface and the preferentially oriented wedges at the surface and can
be indirectly proven by a vanishing photocurrent at twisted domains [52]. This effect
and the photon drag effect have the same dependence on the orientation of the linear
polarized light but can be distinguished by performing front and back illumination of
the sample [52,57].

Furthermore, circular photogalvanic effects could be coming from the selective
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excitation of Rashba-split states located in the band-bent electronic structure at the
surface (see chapter 3). The Rashba states can be visualized by split parabolic bands
giving rise to partial cancellation of the spin at a certain energy. Nevertheless, it has
been reported that Rashba states can give rise to (additional) circular photogalvanic
effects [67], which could be distinguished from that due to the topological surface
states by gating dependence [72]. Another commonly observed effect is that of laser-
induced thermoelectric current (∼0.5–20 pA cm2/W [48, 66, 68]), which is due to
the high Seebeck effect in Bi-based topological insulators with respect to that of the
metallic contacts and is independent of the helicity [48,53,66,68,69]. This effect can be
eliminated by illuminating the complete sample or by performing a line scan between
the contacts to find the position where such effects are minimized. The possibility
of having many effects thus requires a careful analysis on the origin of the generated
photocurrent.

4.2.2 Transient charge-carrier dynamics in topological insula-
tors

From tr-ARPES investigations and THz spectroscopy, one can get to know more
about the charge-carrier dynamics in the system and more importantly the interac-
tion between the bulk and surface states. Although the measurements reported in
this chapter are performed using continuous illumination, and therefore the transient
properties do not seem of importance, it can give additional information on the relax-
ation mechanisms that can be used to improve photocurrent generation in topological
insulators. Furthermore, if one wants to use photocurrents for ultrafast applications
then the dynamics become important. For this section, it is assumed that the (Sb-
doped) binary compounds Bi2Se3, Sb2Te3, and Bi2Te3 have a similar behavior in their
dynamics.

From reports on tr-ARPES measurements on topological insulators, it is often ob-
served that after optical excitation with energies much larger than the bulk band gap
the carriers thermalize through electron–phonon coupling within several ps towards
the bottom of the conduction band [10,13–19,21,22,24,27–29], whereas cooling at the
surface is limited [17]. From the bottom of the conduction band, acting as an electron
source for the surface states, electrons are constantly supplied to the surface states.
This occurs because phonon-mediated recombination (the highest phonon energy is
ten times smaller than the bulk band gap) and direct recombination (appearing at
time scales > 1 ns) are unlikely to occur, partially due to the presence of space charge
layers [12, 19, 22, 27]. The slow recombination leads to a metastable state present for
several tens of ps. This metastable state is furthermore enhanced by a bottleneck
effect at the Dirac point of the surface states where the density of states diminishes
and therefore limits further relaxation [21]. Other proposed relaxation mechanisms
are the diffusion of charge carriers away from the surface into the bulk [14, 28] and
Auger recombination [76]. Besides momentum relaxation, it is reported that the
created (out-of-plane) spin polarization is removed within 500 fs, which indicates
that due to strong spin–orbit coupling electron–electron scattering is dominant in the
bulk [12,24,29]. Additionally, surface resonances seem to play a role [23,29].

The decay times on the order of picoseconds as reported above are confirmed by
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THz measurements too [45,47,48,51], where the main part of the photocurrent decays
in ∼3 ps and completely vanishes around 10 ps [48]. In the same work by Kastl et
al., it has been shown that the photocurrent survives up to 4 ps due to the helicity
protection of the surface states that is directly linked to the spin-relaxation time
and thus much longer than relaxation times found from tr-ARPES measurements.
Beyond 4 ps thermoelectric effects come into play, in agreement with work by Seifert
et al. [53]. It has been furthermore found in that work that the photocurrent moves
with the group velocity at the Fermi level for Bi2Se3, which is important towards
device applications. In the work by Sim et al. [45] and in agreement with the work
by Valdés Aguilar et al. [47], it has been reported that charge-impurity scattering
plays an important role at lower temperatures. Here, the injection of electrons from
the bulk reservoir into the surface states is decreased, due to a suppressed electron–
phonon/bulk-to-surface coupling, leading to a lower screening of such impurities. This
seems to be in agreement with theoretical works that, despite the large dielectric
constant that limits electron–electron and charge-impurity scattering, charge-impurity
scattering can still play a role at low temperatures [77,78].

4.3 Experimental Methods

In this experiment, a thin film of the n-type topological insulator Bi2Se3 is illuminated
by a light beam under oblique incidence and the photocurrent is measured via the
voltage between two contacts. In this section, the experiment will be explained in
more detail and sources of artifacts will be discussed.

To optically access the surface states of Bi2Se3 only, a low excitation energy with
respect to the bulk band gap of Bi2Se3 should be used. However, due to the n-
type character of Bi2Se3 where the Fermi level usually is positioned inside the bulk
conduction band, bulk effects will always be present. In order to understand the
polarization control of photocurrent in topological insulators and its connection to
the bulk, we have performed such experiments using the free-electron laser at the
electron linear accelerator with high brilliance and low emittance (FELBE), located
at the Forschungszentrum Dresden-Rossendorf, Germany. The setup used for the
experiment is shown in figure 4.1a. For the purpose of the experiment, wavelengths
of around 8 µm have been used, corresponding to an infrared (IR) excitation energy
of 0.16 eV (about half of the band gap of Bi2Se3). At the source, the power of the
generated light beam is between 11 and 12 W and reduces to ∼8 W with which the
beam enters the optical table. The beam is then oriented through a Fresnel rhomb
that controls the light’s polarization, and does not suffer from birefringence effects
that can be present in quarter-wave plates. In the experiment, the Fresnel rhomb
is mounted on a rotation stage with which the polarization can be switched from
left-circular to linear to right-circular polarization. After the Fresnel rhomb, the light
is focused on the sample using a parabolic mirror that yields a final power of around
1 W at the sample position (the cryostat’s KBr optical windows are transparent in
the IR range). The full width at half maximum (FWHM) of the beam is around 240
µm, as deduced from a screenshot of the beam profile, taken by the CCD camera
(see figure 4.1b). The sample is oriented under an angle of 45◦ with respect to the
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incoming beam, which leads to an effective beam width of 240 µm/(
√

2/2) ≈ 340
µm. This value is a factor of 1.5 larger than observed from the sample’s reflection as
registered by the IR camera, shown in figure 4.1c. Here, a spot size of around 240
µm is observed6, which is obtained from the known dimensions of the contacts on the
Bi2Se3 sample; the spot size is similar to the contact separation of 230 µm. Differences
between the two values can be related to differences in sensitivity or resolution of the
cameras, but have to be taken into account when studying fluence dependencies.

The contacts, as schematically shown in figure 4.1d, are electrically connected
to the chip carrier via wire bonding which has a finite chance of piercing through
the Ti(5)/Au(70) layer and making direct contact with the Bi2Se3 (see chapter 3).
The legs of the chip carrier that is mounted with screws on a copper cold finger
are then connected with one of the outputs of the cryostat in which the sample is
mounted. Subsequently, the output of the cryostat can be connected to a switch
box, where the right contact pads can be connected for voltage measurements, and
is led to a lock-in amplifier via a voltage amplifier. The lock-in amplifier measures
the voltage between two contact pads that is locked to the frequency of a rotating
chopper (running at 150–200 Hz) that is positioned in front of the Fresnel rhomb.
The chopper is a modified commercial version where 90% of the chopper is covered
by reflecting Al foil that leads to a reduction in fluence of about 90%. By this lock-
in technique, the photocurrent difference arriving at both contact pads generated
by the chopped light beam can be analyzed from the measured photovoltage. It
has to be emphasized that the current generation is different from that in a normal
electrical circuit, such that the resistance (∼600 Ω at 15 K) is not a good conversion
between voltage and current. One has to rather look at the relaxation times of the
photoexcited charge carriers. In contrast to many reports, there was accidentally
no ground applied to one of the two contacts, which might lead to partial diffusion
in two dimensions (i.e. also away from the contacts) and fluctuations in the local
potential due to local charging. During the second measurement shift, the issue of
2D diffusion was being accounted for by making an alternative geometry as shown in
figure 4.1e, where ferromagnetic AlOx(0.9)/Co(35)/Au(100) contacts were included
to investigate the spin character of the generated photocurrent7. Furthermore, it is
important to realize that the measured voltage gives a difference in current arriving
at two points and therefore can be considered as a different geometry compared to
those reported where an ammeter is connected at one side of the device (I will use
the term ‘net current’ hereafter) [66,71,72]. In these works, one does not know what
current is collected at the other side of the device8.

6This reflection further indicates that not all the light is absorbed. Determination of the reflected
intensity was not possible with the tools at hand, but the reflectance is reported to be around 0.5 [79].

7The fabricated tunnel barrier, however, was not proper in the sense that the contact showed
Ohmic behavior.

8Another way to find this out, of course, is by varying the angle of incidence of the beam.
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Figure 4.1: (a) Picture of the optics part of the setup used in the experiments. (b) Beam
profile as recorded by the CCD camera. The pixel size is about 80 µm. (c) IR beam spot on
the sample observed by IR camera indicated by the red arrow. The sample is mounted on the
bottom of a copper plate and contains two rows of contact pads with dimensions defined in
the following. (d) Schematics of Ti(5)/Au(70) contact pattern used for the first measurement
shift for the sample as depicted in (c). A second row of such contacts is separated by 1.6
mm. (e) Schematics of contact pattern used for the second measurement shift. The brown
contacts indicate AlOx(0.9)/Co(35)/Au(100) ferromagnetic (FM) contacts.
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4.4 Results and Discussion

This section is divided in two parts. In the first part, the temperature dependence
of the helicity-dependent photocurrent is investigated. Furthermore, thermal effects
will be discussed that can play a role in the photocurrent generation as observed in
our measurements. In the second part, the dependence on the position of the laser
spot on the sample of the photocurrent is discussed.

4.4.1 Temperature dependence

As a quick check of the proposed helicity dependence, the voltage V12 between two
contacts has been measured over time where the helicity of the light beam has been
changed every ∼50 s using the contact geometry as depicted in figure 4.1d and more
detailed in figure 4.2a9. The beam has been positioned as central as possible in
between the contacts by use of the cameras. As can be seen in figure 4.2b, switches
in the photovoltage can be observed up to 55 K, which indicates that a helicity-
dependent photocurrent difference between the two contacts is indeed generated. In
addition, a decrease in the helicity-independent background voltage upon increasing
temperature is visible. By plotting the difference ∆Vphoto = ∆V12,right − ∆V12,left

and the background photovoltage V12,bg = (∆V12,right + ∆V12,left)/2 as function of
temperature, a linear dependence is obtained where V12,bg decreases twice as fast
compared to ∆Vphoto, as shown in figure 4.2c. Vanishing of the signal at such a
narrow temperature range has also been reported by McIver et al. [66], where they
have observed components in the modulation related to the bulk vanishing after ∼70
K. They have ascribed the effect to the presence of photon drag and could be observed
due to changes in the absorption for s-wave and p-wave light. However, the absorption
has shown to be the same for circularly polarized light in contrast to what is observed
here.

Other temperature-dependent effects exist that can yield vanishing of the helicity-
dependent photovoltage beyond 55 K. From electrical characterization, as well as
from time-resolved studies as discussed above, it is known that the mobility decreases
with increasing temperature due to an enhanced electron-phonon coupling at elevated
temperatures10. From similar samples as will be discussed in chapters 5 and 6, the
mobility shows a decrease of about 10 to 15% in the studied temperature range. The
decrease in mobility can be attributed to an increase in electron–phonon scattering,
which will lead to an increase in surface-to-bulk scattering. Therefore, it can be ex-
pected that ∆Vphoto gets relaxed upon increasing temperature over such large contact
separations. In addition, such a picture can explain the decrease in V12,bg upon in-
creasing temperature since less photocurrent arrives at the contact and therefore the
voltage difference will be smaller. The exact details of a relaxation mechanism that
is related to the helicity-dependent photovoltage, if present, are unclear and cannot
be concluded from the present study. For that, a comparison between the relaxation

9For this experiment the polarity of V12 was inverted with respect to that shown (V21) in the
figure. However, the phase detected by the lock-in amplifier was manually removed such that no
statements can be made on the net flow direction of the optically induced current.

10Therefore it is difficult to discuss photocurrents instead of photovoltages for this data.
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Figure 4.2: (a) Measurement geometry for first measurement shift. Despite the presence of
multiple contacts, only three of them have been used that are located in the top left corner
of the sample (figure 4.1c). Voltages V23 and V21 have been measured upon excitation under
an angle of 45◦ with the polarities as shown in the figure. (b) Temperature dependence of
photovoltage V12 while varying between left and right-circularly polarized light (λ = 8 µm
and Pcircular = 70 mW) in time, as indicated by the arrows on the top of the graph. Note:
The polarities for the voltage probe as shown here are different for the line scan as shown in
figure 4.3. For the results presented in this figure, V12 with opposite polarity of the probes
was measured instead of V21. (c) Temperature dependence of extracted values for ∆V12 and
V12,bg. The solid lines are linear fits to the data. Slopes of -1.4±0.1 nV/K (black) and
-3.4±0.2 nV/K (red) are found.

rates and the generation rate of the photocurrent is required.

Another origin of the observed helicity dependence could be related to changes in
the beam position due to the performance of the Fresnel rhomb. We have observed
slight shifts in the beam position upon changing the polarization as observed from
slight intensity changes in pictures as in figure 4.1b. The shifts are estimated to
be within 20% of the beam’s FWHM (∼50 µm), which is relatively large compared
to the spacing of the contacts as quoted earlier. This could lead to an asymmetric
temperature gradient induced by the beam and can yield a finite voltage drop between
the contacts, partially due to the high Seebeck coefficient of Bi2Se3 [80]. It is possible
to approximate the induced temperature difference ∆Tmax (with respect to no laser-
induced heating) at the center of the beam with power P and waist w (half of the
spot size) incident on a material with thermal conductivity κ as [81]:
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∆Tmax =
P

2π
1
2κw

≈ 3 K, (4.2)

using P = 100 mW, w = 125 µm and κ = 40 W/(m K) at 25 K [80], where the ther-
mal conductivity κ is strongly temperature dependent. Such a strong temperature-
dependent thermal conductivity of Bi2Se3 could explain the change in the helicity-
independent V12,bg with temperature, since the induced ∆Tmax can vary strongly.
The simple model used here shows agreement with another work where the induced
temperature was calculated [53], giving confidence on the applicability of this model
that assumes that all the heat is generated in the surface layer. In a slightly modified
version, the spatial dependence of the induced temperature difference ∆T (R) can be
calculated:

∆T =
P

2πκw

1

R
, (4.3)

where R = r/w with r being the spatial coordinate. Since rcontact ≈ w, i.e. the total
spot size is comparable to the separation between the contacts, small temperature
differences between the center of the beam and the contact’s position are therefore
expected.

An additional effect that could affect the laser beam position has its origin in the
thermal expansion of the copper cold finger where the sample is mounted on. Copper
at cryogenic temperatures has a thermal expansion coefficient around 10−6/K [82]
and thus a relative expansion of ∆L/L0 = 5 × 10−5. By assuming a copper block
of about 2 cm that is fixed on one side and is only heated very locally, ∆L is about
1 µm with which the beam could be shifted relative to the contacts and therefore
is not very likely to cause such a strong temperature dependence. Furthermore, the
Seebeck voltage due to the temperature gradients discussed here is mainly canceled out
because this effect is isotropic around the incoming beam and the voltage difference
is measured. Nevertheless, assuming a Seebeck coefficient of –50 µV/K [80], any
differences in the µK range can already give rise to photovoltages on the order of 1
nV, which correspond to beam displacements on the order of 1 nm with the settings
used above. Interestingly, the beam shift due to polarization change is expected to
be orders of magnitude larger, which would give rise to change of the photovoltage in
the µV range.

However, treating laser-induced heating effects only in the lateral plane is not
enough, because of the penetration depth of the laser. The penetration depth is
inversely proportional to the complex part of the refractive index for the used wave-
length [58] and is expected to be large [83]11. Therefore, the laser will penetrate into
the sapphire substrate which can act as a heat sink. Treating this problem only in the
lateral plane is therefore not enough and one should consider heat transport in three
dimensions. However, strong thermoelectric effects have not been reported in a very
similar material system and geometry [69], where modulations in the photovoltage are
on the order of 1 µV without hardly any background signal. The situation as sketched

11Data on the complex part of the index of refraction in this wavelength range for Bi2Se3 is found
to be limited.
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above is therefore too simplified to make quantitative statements, but heat-induced
thermoelectric effects are important to be considered.

4.4.2 Position dependence

As can be concluded from the discussion in the previous section, the temperature
dependence only does not give a conclusive picture on the origin of the observed
effects, since artifacts can mimic the signals easily. In order to account for possible
beam shifts, lasers scans are made along the z direction while monitoring both V23

and V21 at T = 15 K as depicted in figure 4.2a. The scan is started on the right-hand
side of contact 1 and continues beyond contact 3. In addition to possible beam shifts,
it has been observed that the Fresnel rhomb transmits a different light power (∼10%)
for different helicities, indicating that the initially used azimuthal orientations of the
rhomb (ideally ±45◦ for circularly polarized light and 0◦ for linear polarization) were
not correct12. In order to account for changes in the power at a particular helicity
of the light, the power after the Fresnel rhomb has been measured as function of the
azimuthal orientation of the rhomb (the angles were off by 7–10◦). In this way, we
reach a maximum power for linear polarization and equal power for both left and
right-circularly polarized light. Furthermore, to avoid any problems with the beam
position in the z direction, the data has been corrected by finding the minimum
voltages around the contact for every polarization that give the center position of the
contact. The dependence of the z position (read off from the micrometer screw on
the translation stage) on V21 and V23 is shown in figure 4.3a and b, respectively.

The results will be discussed along with the schematics as depicted in figure 4.3c
where, based on the combined data of V21 = V2 − V1 and V23 = V2 − V3, the relative
voltage Vi [related to the electronic potential via −eVi] at every contact is depicted by
the black dots and studied for different laser positions (red dots) and polarizations.
First of all, it is observed that there is a background voltage present that is ∼103

larger than observed for the temperature-dependent studies (figure 4.2b), showing
the lowest voltage at contact 1 and highest voltage at contact 3. The background
voltage can be related to a net electron current flow in the +z direction, that is, more
electrons are arriving at contact 1 compared to contact 3. This background current is
strongly suppressed when the laser spot is located at the contact pads that strongly
absorb the laser light13, which indicates that the background current is mainly related
to the interaction with Bi2Se3. Notably, it is important to realize that the net current
always flows in the same direction, irrespective of the position of the laser spot, but
the signal disappears if the beam is blanked. An obvious thermoelectric effect, as
earlier discussed for the temperature-dependent studies, could therefore not explain
the origin of the background current here. One possibility on the origin of such a
current can be photon drag that would be related to the exact angle of incidence of
the beam. If the beam is not fully within the xy plane, the finite z component can
lead to such photon drag effects and can give rise to the directional current observed

12This can be solved by using a tunable attenuator [68].
13The laser spot size is comparable to the contact pad size so full absorption is unlikely, consistent

with a residual signal of ∼0.1 mV. The skin depth for Au at the used wavelength is calculated to be
around 13 nm and thus yields full absorption at the pad.
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Figure 4.3: Laser position dependence of (a) V21 and (b) V23 according to the geometry
as depicted in figure 4.2a for right (black) and left (red) circularly polarized light (λ = 8
µm, Plin = 170 mW, and Pcircular = 110 mW) at T = 15 K. The average of these two
polarizations (blue) has been given as a guide to the eye for the relative changes. For
convenience, the positions of the pads are indicated by the light gray rectangles. The dashed
lines and the quoted voltages indicate the peak modulation when the laser is located at
contact 2 compared to the satellite contacts. (c) Schematics depicting the relative changes
(indicated by the arrows) in the voltage at the contacts (black dots), for different laser
positions (red dots) and different polarization of the light as indicated on the right-hand
side of each schematic, based on the results from (a) and (b). The light shade of gray of
some of the arrows indicates that the voltage at these points most likely does not change.
(d) Comparison of the position dependence of the averaged signal (left and right-circularly
polarized light) and that for linear polarized light showing clear differences in magnitude.

here. However, a quantification of the effect is difficult. In order to check for such an
effect, the angle of incidence should be varied such as to minimize/maximize photon
drag effects.

Another observation is that when the laser is located at the contact, right-circularly
polarized light always shows a larger voltage compared to left-circularly polarized
light. This in agreement with the observation of an apparent brighter reflection from
the sample for right-circularly polarized light, indicating differences in the power due
to most probably limited calibration of the Fresnel rhomb. Furthermore, as can be
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observed from the results is that when the laser is incident on contact 2, V21 and V23

show remarkably different behavior. For V21, a change in the polarity of the voltage is
observed, whereas for V23 a suppressed peak is shown compared to the satellite peaks
when the laser spot is positioned at the other contact pad locations. Interestingly,
when comparing the peak amplitudes (as indicated by the dashed line in figures 4.3a
and 4.3b), the enhancement or suppression of the peak is very similar, i.e. the voltage
at (most likely) contact 2 is lowered by ∼0.2 mV when the laser spot falls on this
contact. It has to be realized that the voltages measured are the differences between
two contacts and since the exact mechanism of the background current is unknown
it is difficult to tell where such a drop in voltage comes from. The effect could be re-
lated to an interaction between the bond wire and the laser spot which causes similar
changes in V21 when the spot is on contact pad 1. Since the polarity of the contacts
is opposite, such interactions might enhance the voltage when the laser spot is one
side and suppress the voltage when the laser spot is on the other side.

Looking at the response of Bi2Se3 when the laser spot is in between the contacts,
something interesting is observed that is clarified with the schematics in figure 4.3c.
As observed from the voltages V21 and V23, an enhancement in the voltage is found for
left-circularly polarized light when the laser spot is located in between the contacts,
which could come from helicity-dependent, surface-state-related photogalvanic effects
as discussed in section 4.2.1. These changes in the voltage are translated in changes
in the voltage at (either of) the contacts (figure 4.3c), as indicated by the arrows.
The voltage at the third contact that is furthest away from the laser spot principally
can change too but it is expected that the contact in between the laser spot and
the third contact effectively screens such small differences (therefore these changes
are indicated by a light gray arrow). From the relative shifts in Vi, it is suggested
that left-circularly polarized light induces an additional net electron current in the
+z direction, whereas right-circularly polarized light induces an opposite net electron
current in the –z direction.

However, from these data it cannot be concluded whether this effect is a circular
photogalvanic effect since there might be finite linear components in the polarization
that can contribute to such generated currents related to the performance of the
Fresnel rhomb. This can be validated by looking at the results for the laser’s position
dependence on the voltage using linear polarized light, as shown in figure 4.3d. As
noted before, the illumination power of linear polarized light is larger by 40% with
respect to that of circularly polarized light, which can be concluded from the difference
between the data of linear polarization and that of the average of left and right-
circularly polarized light. This would require the data for linear polarization to be
rescaled by the power, but due to the feature-rich position dependence an exact
overlap is difficult to realize. A comparison with linear polarized light is thus difficult
and would require a rotation dependence of the Fresnel rhomb on the generated
voltage, which is subject to changes in the laser beam position and laser power on
itself.

Effects such as the circular photogalvanic effect scale quadratically with the electric
field and therefore should depend linearly on the laser intensity, as shown in equation
(4.1). This relationship can be checked by measuring the generated photovoltage
V23 for left and right-circularly polarized light where the intensity is changed by
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Figure 4.4: Fluence dependence of V23 for left and right-circularly polarized light.

inserting (a combination of) attenuators with a different optical density. The fluence
dependence of V23 is shown in figure 4.4 in which the fluence F has been normalized
for the maximum fluence (∼200 W/cm2 without attenuators). The data has been
acquired on a different moment such that the values are not to be compared with
previous graphs in the same figure. The voltage V23 seems to indeed follow a linear
dependence for both helicities suggesting that the voltage is indeed generated by an
effect that scales quadratically with the electric field. However, no ultimate statement
can be made on the actual effect. Nonlinearities as those reported by McIver et al.
have not been observed [66]. Interestingly, the fluence dependence does not show
the same linear slope for both helicities, which can be expected if multiple (helicity-
dependent) effects play a role in generating the photovoltage that have different linear
dependence.

In the second measurement shift, we have used the contact scheme as indicated in
figure 4.1e where the voltage differences in both in-plane directions can be measured
as well as the spin character by the ferromagnetic contacts. This could give some
insights into the preferential (perpendicular) direction of the photocurrent if it would
be related to the surface states [66, 67]. First of all, it has been observed that the
measured voltage differences are of similar magnitude as measured before. Besides
that, it has been found that the switching of the signal was present up to at least
75 K; due to time constraints we have not been able to study the signal at higher
temperatures. The main result of this measurement shift is shown in figure 4.5,
where a two-dimensional laser position dependence was performed at 15 K for the
horizontal and vertical voltage differences V57 and V64, based on the scheme depicted
in figure 4.5a.

From the results in figures 4.5b and 4.5d, it is observed that the measurements
for left-circularly polarized light are both influenced when the light is close to pads 5
and 7, which in contrast to the measurements for right-circularly polarized light (fig-
ures 4.5c and 4.5e). This observation might indicate that the orientation of incidence
of the beam for left and right-circularly polarized light is different. This leads to the
result that the pads or bond wires are being hit differently, yielding different reflec-
tions or thermal gradients. Neglecting these ‘hot spots’, it can be seen that V64 shows
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similarities for both helicities (figures 4.5b and 4.5c): a positive voltage (∼0.15 mV)
when the laser spot is in the center of the pattern and negative voltage (∼–0.15 mV)
when the laser spot moves away from the center in the y direction towards both inner
edges of contacts 4 and 6. Considering the quoted spot sizes, this observation can be
related to partial absorption of the beam, yielding a lower helicity-independent pho-
tovoltage. The negative sign of the photocurrent might be related to an ever present
negative background voltage on top of which the modulations occur. A change in the
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Figure 4.5: (a) Measurement geometry for second measurement shift. Yellow contacts
5 and 6 indicate Ti(5)/Au(70) layers (NM) and the brown contacts 4 and 7 indicate
AlOx(0.9)/Co(35)/Au(100) ferromagnetic (FM) contacts where contact 7 has been poled
in the –y direction before loading into the cryostat. Voltages V64 and V57 have been mea-
sured upon excitation under an angle of 45◦ with the polarities as shown in the figure. Laser
position dependence of V57 for (b) left-circularly polarized light and (c) right-circularly po-
larized light (λ = 8 µm and Pcircular = 60 mW). The rectangular regions indicate the contact
pad position that is estimated from maxima in the reflection of the laser spot. Laser posi-
tion dependence of V64 for (d) left-circularly polarized light and (e) right-circularly polarized
light. Note that the z axis is inverted such as to realize an easy comparison with the scheme
depicted in (a). Furthermore, note that the position of 0 V is not always in the middle and
therefore the colors in the different plots cannot be directly compared.
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voltage when the laser spot crosses contact pad 4 in the y direction is not expected
since photovoltages generated from the topological surface states would develop in the
z direction, as is in agreement with the map for V64 around contact pad 4. For V64

in the case of right-circular polarization (figure 4.5c), one could state that crossing
the contacts in the z direction shows a clear difference. However, if this was due to
the topological surface states the behavior of the photovoltage at contact 4 (yellow to
blue) should be inverted at contact 6 (blue to yellow), which is not the case. Similar
difficulties on assessing the (origin of the) photovoltage arise when the helicity depen-
dence of V57 is investigated (figures 4.5d and 4.5e). For the right-circularly polarized
case (figure 4.5e), a strong effect is observed when the laser spot hits pads 4 and 6,
similar to that observed for V64. However, such an effect is absent for left-circularly
polarized light where illumination at pads 5 and 7 dominate the photovoltage map.
As observed from the scans in figure 4.3e, it is expected that the photovoltage will
change in this case when crossing a contact pad in the z direction (blue to yellow).
However, this is only the case very locally and thus very dependent on the position.

The presence of artifacts (that yield stronger signals than when the spot is inside
the pattern) and the complexity of the 2D scan (we observe changes in the photovolt-
age even when the beam is outside the contact pattern) makes it difficult to identify
any helicity-dependent effects. The measured photovoltage is highly sensitive to the
position and orientation of the incoming helical light, making it very difficult to reach
to a definitive conclusion; also in regard of the earlier shown results.

4.5 Conclusions

In this chapter, an overview has been given of the most important work on pho-
tocurrent generation as well as the transient charge-carrier dynamics in topological
insulators. The exact mechanism behind the optical control of (spin) currents in topo-
logical insulators using circularly polarized light is still under debate and requires more
theoretical as well as experimental investigation to unravel such processes where bulk
and surface states will be both contributing. In order to exclude bulk effects in the
generation of surface-state-related photocurrents, we have examined the photovoltage
by IR excitations from a free-electron laser. Although the results show interesting
features that could be related to effects mediated by the surface states, it is difficult
to draw final conclusions due to experimental difficulties on beam alignment, the type
of readout, and the strong position dependence. Nevertheless, it is believed that our
work gives reason for further investigation when the laser’s spot size is smaller or
comparable to the contact separation. In performing the experiments in this way, the
position dependence of the laser and factors that can influence beam alignment are
important to be taken into consideration.
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Chapter 5

Charge transport under high
magnetic fields in Bi2Se3

It is increasingly becoming clear that the surface transport channels in Bi-based topo-
logical insulators are often accompanied by a finite conducting bulk, as well as addi-
tional topologically trivial surface states. In order to investigate these parallel conduc-
tion channels, we have studied Shubnikov–de Haas oscillations in Bi2Se3 thin films,
in high magnetic fields up to 30 T so as to access channels with a lower mobility. We
identify a clear Zeeman-split bulk contribution to the oscillations from a comparison
between the charge-carrier densities extracted from the magnetoresistance and the
oscillations. Furthermore, our analyses indicate the presence of a two-dimensional
state and signatures of additional states the origin of which cannot be conclusively
determined.

The main part of this chapter is published as: E. K. de Vries, S. Pezzini, M. J. Meijer, N. Koirala, M.

Salehi, J. Moon, S. Oh, S. Wiedmann, and T. Banerjee, “Coexistence of bulk and surface states probed by

Shubnikov–de Haas oscillations in Bi2Se3 with high charge-carrier density,” Physical Review B 96, 045433

(2017).



Charge transport under high magnetic fields in Bi2Se3

5.1 Introduction

As described earlier in this thesis, topological surface states have been well inves-
tigated by surface sensitive techniques such as (spin-resolved) ARPES, STM, and
scanning tunneling spectroscopy (STS). Such techniques adequately describe the elec-
tronic properties of the (non)trivial surface states, but cannot account for additional
transport features as observed in (magneto)transport experiments. In order to em-
ploy topological insulators in solid-state devices, direct access and understanding of
these additional surface states in transport experiments are needed.

Studying Shubnikov–de Haas (SdH) oscillations can reveal the existence of such
surface states where parameters such as the mobility, charge-carrier density, dimen-
sionality, and the Berry phase of the states can be determined (see section 5.2).
Earlier studies on various Bi-based topological insulators report on single or double
frequency SdH oscillations [1–17]. Here, it is often claimed that these oscillations
originate from the top and bottom topological surface state with the expected Berry
phase and angular dependence. The magnetic field strength used in these studies is
usually up to 15 T, which only allows to probe transport channels with a relatively
high mobility. However, nonlinear Hall measurements indicate additional channels
with a lower mobility to be present. Besides a finite conducting bulk, these addi-
tional, topologically trivial channels can originate from variations in the electrostatic
potential near the surfaces and can be spin textured too [18–20], which we will refer
to as 2D electron gas (2DEG). From earlier transport measurements, the mobilities
of the different channels are found to be on the order of 50–500 and ∼3000 cm2/Vs
where the low mobility channel has a higher charge-carrier density [9, 21]. Notably,
from these numbers one can find that in terms of conductivity these channels can
contribute equally to the electrical transport.

Motivated by these works, we have performed magnetotransport experiments up to
30 T and studied SdH oscillations to explore the most prominent conduction channels
and additional channels with mobilities below 1000 cm2/Vs, satisfying the require-
ment µB � 1 with µ the charge-carrier mobility and B the magnetic field strength.
The magnetotransport is studied in thin films of Bi2Se3 so as to minimize bulk effects
and amplify the topologically trivial and nontrivial surface states. In contrast to ear-
lier works, we will show that the bulk channel with a high mobility is present along
with a prominent 2D channel that can be linked to the topological surface states.
Our findings indicate the presence of additional channels with a lower mobility that
cannot be precisely resolved from the oscillations. Similar to [22], we compare charge-
carrier densities from the SdH oscillations with those from the magnetoresistance and
study the dimensionality of the various channels in order to unravel the origin of these
states.

5.2 Lifshitz–Kosevich theory

The observation of Shubnikov–de Haas oscillations is a result of Landau quantization
of the energy levels in the two dimensions perpendicular to the applied magnetic field.
The (de)population of these Landau levels gives rise to oscillations in the longitudinal
resistance and its most obvious manifestation is that in the quantum Hall effect where
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a finite resistance can be measured when crossing a Landau level (see section 2.2).
Crossing such a level gives rise to an increase in the density of states that yields an
increase in the scattering (delocalization) and thus one obtains a finite resistance.
In bulk systems, there is a dispersion in the third dimension parallel to the field,
which gives rise to an ever finite resistance since the system is not fully localized.
Furthermore, thermal and scattering effects that affect the mobility and the strength
of the magnetic field control the density of states and the separation between the
discrete Landau levels. The presence of 2D and 3D states in topological insulators
under study, where the top and bottom surface states can have a different mobility,
is therefore expected to yield a complicated pattern of oscillations in the resistance.

The oscillations in the longitudinal resistance ∆Rxx of each transport channel can
be described by the Lifshitz–Kosevich formalism and is proportional to [7]:

∆Rxx ∝ RTRDcos

[
2π

(
f

B
− 1

2
+ β

)]
, (5.1a)

with

RT =
2π2

(
kBT
h̄ωc

)
sinh

[
2π2

(
kBT
h̄ωc

)] , (5.1b)

and

RD = e

(
−π
ωcτD

)
, (5.1c)

where f is the frequency of the oscillation, B the applied magnetic field, β the phase
factor, kB the Boltzmann constant, T the temperature, h̄ the reduced Planck constant,
ωc = eB/mc with e the electron charge and mc the cyclotron mass, and τD the Dingle
scattering time. By using equations (5.1), we can extract various parameters from
the SdH oscillations. From the extracted frequency f , we can determine the Fermi
surface area A (EF):

f =
h̄

2πe
A (EF) (5.2)

If we assume a circular Fermi surface (kF,a = kF,b) as observed for the topological
surface states from ARPES studies (2.3) then A (EF) = πk2

F. There are L2/(2π)2

allowed quantum states per unit area in k space, where L2 is the area of the material
slab. From this, we can evaluate the total number of quantum states in A (EF) that
should equal the total number of electrons N :

πk2
F

L2

(2π)
2 = N, (5.3a)
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which gives

ns =
k2

F

4π
(5.3b)

where ns = N/L2. In contrast to the nondegenerate topological surface state, an
ordinary 2D electron gas is degenerate and therefore we have to include a factor of
2 [this would yield 2π instead of 4π in equation (5.3b)]. For bulk systems with a

spherical Fermi surface, we find k3D
F =

(
3π2n3D

)1/3
and thus n3D =

(
k3D

F

)3
/3π2.

In the case of an ellipsoidal bulk Fermi surface with kF,a = kF,b 6= kF,c, an extra
factor η = kF,c/kF,a is included when calculating n3D. The extracted charge-carrier
densities from the oscillations can then be compared with the two-carrier model as
will be derived in section 5.5.2.

The shape (and dimensions) of the Fermi surface can be analyzed by studying the
angular dependence of the magnetic field orientation on the frequency of the oscilla-
tions. For 2D states, we expect that their frequencies f scale with f ∝ 1/cos θ where θ
is the angle between the surface normal and the direction of the applied magnetic field
(inset figure 5.2b). For bulk states in topological insulators, it is commonly observed
that f(θ) initially follows the similar behavior but saturates between 30 and 60◦, de-
pending on the dimensions of the ellipsoidal pocket of these states [3, 12, 16, 23, 24].
However, few earlier works [4, 8, 25] report on a similar 1/cos θ dependence for the
bulk states as well. Importantly, although we use thin films, the bulk will not show
2D behavior due to finite film thickness, because the magnetic length lB =

√
h̄/eB ≤

8 nm at fields of 10 T from which we start observing the oscillations.
The temperature dependence as stated in equation (5.1b) describes the thermal

broadening of the Fermi distribution relative to the cyclotron energy and from this
expression the cyclotron mass can be determined for a single band. By plotting the
peak amplitude at a specific magnetic field for different temperatures, estimates for
the cyclotron mass can be extracted. For multiple oscillations, it is more difficult
to determine the effective mass of the separate bands since the overlap between the
oscillations yields a different value for the cyclotron mass, as will be discussed in
the section 5.3. An alternative method to extract the cyclotron mass is by looking
at the temperature dependence of the spectral peak’s amplitude and by including
an effective magnetic field range Beff over which the FFT was taken. However, the
determination of Beff is difficult, mainly due to the manifestation of the oscillations
at different field ranges. Furthermore, the spectral peaks in the FFT spectra are not
well defined such that there is overlap between the peaks. The overlap between the
peaks as well as the difficulty to read off the peak amplitude of the poorly defined
peaks, especially at higher T , makes this method problematic. Another method will
be presented in section 5.3 in which the evolution of the oscillations or FFT peaks
will be connected to the change in effective mass. Importantly, since charge transport
only involves charge carriers around the Fermi energy the measured cyclotron mass
can only be determined for bands involved at that energy.

From RD [equation (5.1c)], we can extract the Dingle scattering time τD which
can be related to the quantum mobility of the charge carriers that influences the
broadening of the Landau levels. However, due to the presence of multiple peaks, it
is impossible to extract these parameters in our measurements.
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Finally, we can look at the phase β by constructing a Landau level fan diagram
where we index the maxima and minima in the conductivity and plot those values
against the magnetic field. The procedure for indexing maxima and minima is clearly
described in [26]. By finding the intersection with the horizontal axis in this diagram,
we can determine the phase β. For ordinary systems it is expected that β = 0, but for
Dirac systems a phase β = 1/2 is expected because of the presence of a zero-energy
Landau level at the Dirac point (see section 2.2). The phase analysis will be discussed
in section 5.5.1.

5.3 Results and Discussion

In this study, we have used thin films of n-type Bi2Se3 with thickness t = 10, 20,
30, and 100 quintuple layers (QL) grown by MBE on Al2O3(0001) substrates in a
custom designed SVTA MOS-V-2 system at a base pressure lower than 5×10−10

Torr, following the methods as described in previous work [27]. The quality of the
obtained films has been characterized through various techniques [9, 28–31]. The
films have been patterned into Hall bars by using a combination of photolithography
and Ar plasma dry etching. Contact pads consisting of Ti(5)/Au(70) are made by
combining UV lithography with electron beam evaporation. The resulting Hall bars
(inset figure 5.1a) have dimensions of 2400×100 µm2 where the longitudinal resistance
is measured over a probing length between 1400 and 2000 µm. The magnetotransport
measurements have been performed in a cryostat with an out-of-plane rotation stage
placed in a 30-T Bitter-type magnet in a four-probe geometry using the ac modulation
technique at an ac current bias of 1 µA. In this section, mainly the results on the
sample with t = 10 QL will be discussed and comparisons will be made to the samples
with larger thickness. Most of the results of the thicker samples can be found in
section 5.5.1.

The typical out-of-plane magnetic field dependence of the longitudinal sheet resis-
tance Rxx measured for the sample with t = 10 QL is shown in figure 5.1a where Rxx

tends to saturate at high magnetic fields. From this data and those for larger thick-
ness as well as from the fitting, we observe that the order of saturation is determined
by the low mobility channel and the parabolic response at low fields is governed by
the high mobility channel. Furthermore, the presence of at least two channels is clear
from the nonlinear Hall resistance Rxy (figure 5.1b). As also shown in section 6.3, we
observe a slight upturn with a change in Rxx ∼0.2% for samples with t = 10–30 QL
below 10 K, indicative of the presence of defect states [3,5,32]. From the out-of-plane
field dependence of the longitudinal and transverse resistance Rxx(B) and Rxy(B), we
can extract the sheet carrier density ni and mobility µi for only two channels, which
we expect to be due to the bulk and surface state(s). For that, we use a semi-classical
Drude model where contributions from two parallel channels are summed in the con-
ductivity tensor σ, which relates to the resistivity ρ as ρ = σ−1 (more details on the
analysis can be found in section 5.5.2):
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Figure 5.1: (a) Out-of-plane magnetic field dependence of the longitudinal sheet resistance
Rxx and (b) the Hall resistance Rxy for t = 10 QL at T = 1.4 K. The data (black) can be
fitted with the two channel model (red) in good agreement. Oscillations in Rxx are clearly
visible beyond 15 T. Insets (a): Residual δ vs magnetic field and Hall bar geometry with TI
channel in blue and contact pads in yellow. Inset (b): Residual δ vs magnetic field. (c) The
second derivative of the resistance with respect to the magnetic field –d2Rxx/dB2 plotted
vs 1/B. A clear oscillatory pattern is present with multiple oscillations. Beyond 15.5 T
(0.065 T−1) the oscillatory pattern (black) can be reconstructed from oscillations with fα =
0.122±0.003 kT, f2α =0.236±0.003 kT, and fβ = 0.291±0.001 kT (red). Inset: Resulting
FFT spectrum. (d) Evolution of the (smoothed) FFT spectrum analyzed for increasing FFT
ranges starting from 11 T towards higher fields with steps of 2 T, as schematically depicted
in (c). The FFT amplitude AFFT is plotted vs frequency f where the curves are offset by
0.07 for clarity.
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As found from our analysis, simultaneous fitting of Rxx and Rxy is required since
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Rxx has a strong effect on the mobility and therefore will change the values found
for ni from Rxy. An example of the simultaneous fit to the magnetoresistance curves
Rxx and Rxy for the sample with t = 10 QL at 1.4 K is displayed in figure 5.1a. A
good agreement with the two-carrier model is obtained with a residual δ = (Rdata-
Rfit)×100%/Rdata between 1 and 5% for both Rxx and Rxy. However, it is important
to note that this analysis is limited to two channels and does not rule out the presence
of more channels. Nevertheless, the good agreement between data and fit suggests that
any additional state would have a similar mobility, which would add to an effective
charge-carrier density in equation (5.4).

An overview of the extracted charge-carrier properties for all film thicknesses can
be found in table 5.1; the data and fits to the magnetoresistance for the samples
with larger thickness can be found in section 5.5.1. We listed n1/t because of its
correspondence to the bulk channel (see discussion below), whereas n2 is most likely
linked to a 2D channel. The model describes the magnetoresistance behavior for t up
to 30 QL very well, but deviations from the model are observed for t = 100 QL. The
correspondence between these extracted parameters and the information extracted
from the SdH oscillations will be discussed in the remainder of this section.

The possible presence of additional states can be analyzed by studying the SdH
oscillations in Rxx, provided that the mobility of the channels is high enough [22]. For
the sample with t = 10 QL, these oscillations can be observed from ∼10 T onwards,
which indicates that transport channels are present with a mobility on the order of
1000 cm2/Vs. This is in agreement with estimates for µ1 as extracted from the magne-
toresistance measurements (see table 5.1). In order to analyze the oscillations without
the magnetoresistance background, the second derivative –d2Rxx/dB2 is taken after
interpolation and adjacent averaging of the data (see also section 5.5.3). By plotting
–d2Rxx/dB2 versus 1/B, we find an oscillatory pattern that shows additional oscil-
lations from 15 T (∼0.067 T−1, figure 5.1c). We can follow the development of the
oscillations by looking at the evolution of the fast Fourier transform (FFT) spectrum
when taking different ranges starting from 9 T (∼0.11 T−1) towards higher fields
where lower mobility channels start to contribute, as shown in figure 5.1d. Below 15
T, as depicted by the black, red, and blue line in the figure, one main frequency is ob-
served indicated by α as has been commonly reported in other works [4–6,8–10,13,14].

Beyond 15 T, we find the clear presence of the harmonic 2α in the FFT spectrum,
which is due to the strong Zeeman splitting because of the large g factor in this
material [33–36]. As shown in figure 5.2a, the occurrence of Zeeman splitting is

t(QL) n1/t (×1019/cm3) n2 (×1013/cm2) µ1 (m2/Vs) µ2 (m2/Vs)

10±1 1.8±0.1 3.4±0.2 0.206±0.005 0.066±0.005
20±1 0.67±0.03 2.4±0.2 0.119±0.005 0.029±0.005
30±1 0.49±0.02 2.7±0.1 0.125±0.005 0.022±0.005
100±5 0.33±0.02 4.2±0.2 0.38±0.01 0.05±0.01

Table 5.1: Overview of the extracted charge-carrier densities n1/t, n2 and mobilities µ1, µ2
from the magnetoresistance measurements using the Drude model for two parallel channels.
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justified by an enhancement in oscillation amplitude when studying its dependence
on the perpendicular-to-the-sample-plane component of the magnetic field, B⊥. The
cyclotron energy is only sensitive to this component, whereas the competing Zeeman
energy is related to the total applied magnetic field. In addition to the high-mobility
channel linked to α, we find a lower mobility channel denoted by β. The appearance
of the oscillation linked to β at higher magnetic field indicates that this channel has a
mobility on the order of several times 100 cm2/Vs. This is in agreement with the lower
value µ2 found from the earlier analysis of the magnetoresistance (table 5.1). Using
the extracted three frequencies, we can reconstruct the oscillatory pattern at high
fields as shown in figure 5.1c with deviations in the peak amplitudes of the pattern.
Due to the good agreement between data and the reconstructed oscillatory pattern,
we can conclude that the magnetotransport is dominated by these three frequencies in
the used magnetic field range. Nevertheless, additional channels with a lower mobility
might be present but are beyond the resolution of our measurements.

To explore the dimensionality of the observed conduction channels, we can look
at the angular dependence of the magnetic field orientation on the position of the
frequency peaks. From the considerations for f(θ), as described in section 5.2, we can
map out all observed peaks in the spectra at every angle θ and check whether they fit
into a 2D or 3D picture. In figure 5.2b, the angular dependence of the observed peaks
for t = 10 QL is plotted from where we can trace the different channels α, 2α, and
β up to an angle of 68◦. Beyond this angle, the resolution of separate spectral peaks
is limited, which is most probably linked to the low mobility of the channels that is
manifested as a strong weakening of the oscillations at higher angles. Nevertheless,
partially due to a higher mobility of the channel, we find a minor oscillation with f
= (0.5±0.2) kT at θ = 90◦ indicating that fα and its harmonic saturate, which is
due to the bulk channel with an elongated Fermi pocket. For the β peak, we find a
1/cos θ behavior which can be linked to the appearance of a 2D state1.

Another way of clarifying the origin of the states is to extract the cyclotron mass
from the temperature dependence of the oscillations which are observable up to ∼50 K
as shown in figure 5.2c. Because of the presence of multiple oscillations, it is difficult
to extract the cyclotron mass from the FFT spectra. Inspired by recent work [40],
we can extract the cyclotron mass by studying the temperature dependence of the
peak amplitudes in the oscillations via the Lifshitz–Kosevich formalism. The result
is shown in figure 5.2d where we can study the evolution of the cyclotron mass upon
varying the magnetic field where different oscillations contribute. Comparing this
result with the FFT spectrum evolution in figure 5.1d where a single channel down
to 0.07 T−1 is observed, we can conclude that the channel corresponding to the α
peak has a cyclotron mass mc = (0.15±0.01)me, which is a typical value for the bulk
conduction band [1]. Below 0.07 T−1, we find a strong increase in the cyclotron mass
up to ∼0.28me after which it lowers to (0.20 ± 0.01)me and saturates. This higher
value of mc is probably due to the topological surface states [40,41], whereas a trivial
two-dimensional electron gas is supposed to have a similar mass as the bulk [18]. The
interplay of the different oscillations could give rise to an increase in the cyclotron

1It should be emphasized that these results are considerably different than those from reports
where a 2D-layered system was proposed due to the clear plateaus in the Hall resistance that are
missing here [37–39]. Here, such plateaus are absent.
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Figure 5.2: (a) B⊥ dependence on the oscillations above 0.06 T−1 for increasing angle as
indicated by the arrow. An enhancement of the oscillation amplitude is observed at locations
indicated by the dashed lines. (b) Angular dependence of the frequencies extracted from the
obtained FFT spectra. The dark gray, open square symbols designate additional peaks
observed in the FFT spectra but which do not follow a clear angular dependent trend. The
large error bars above 70◦ display the range of the peak position which cannot be determined
accurately from the FFT spectrum. Insets: Remaining oscillation at θ = 90◦ and schematics
of the relative directions of current I and magnetic field B. (c) Temperature dependence of
the oscillations measured from 1.5 to 48 K. (d) Extracted cyclotron masses per peak position
following from the data in (c).

mass because channels with lower mobility (∝ 1/mc) start contributing, provided that
the scattering times in the different channels are the same [40].

From the considerations above, we can match the charge-carrier densities extracted
from the oscillations and from the magnetoresistance. From the FFT spectrum pro-
gression analysis, we can conclude that the α peak makes up the high mobility chan-
nel where the charge-carrier density nα = (1.26±0.06)×1019/cm3 when assuming
bulk states (n3D = k2

F,bkF,c/3π
2) with an ellipsoid pocket with ellipticity kF,c/kF,b

= 1.8 [3]. The value for nα is in reasonable agreement with n1/t found from the
magnetoresistance analysis as displayed in table 5.1. Furthermore, due to reduced
scattering compared to that at any of the surfaces it is most likely that the high
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mobility channel corresponds to the unaffected bulk layer.

The state indicated by β appears above 15 T and thus it is conceivable that this
state is linked to the low mobility channel with n2. The origin of the observed 2D
surface state, trivial or nontrivial, cannot be concluded from the determination of
the Berry phase (see section 5.5.1), but the extracted larger mc at high fields being
different from bulk values hints at a topological surface state. Furthermore, it is not
clear whether this state resides at the top or bottom surface because the characteristics
of the electrostatics at both surfaces which would affect the mobility are unknown.
Assuming nTSS = k2

F/4π for a topological surface state and n2DEG = k2
F/2π for a

possible two-dimensional electron gas, the charge-carrier density related to fβ varies
between nβ,TSS=(6.7±0.3)×1012/cm2 and nβ,2DEG = (1.34±0.05)×1013/cm2, which
makes up for 20 or 40% of n2. We are careful to assume that this oscillation is
linked to one surface state since it has been earlier reported that similar nβ is present
at the opposite surface [42], provided the mobilities at both surfaces are similar.
Furthermore, as will be shown for t = 20 QL, an additional peak between α and
2α occurs which shows that additional states exist, which adds to the low mobility
charge-carrier density n2.

The picture based on the charge-carrier densities for t = 10 QL also applies for the
samples with t = 20 and 30 QL. However, the correction for the ellipsoidal asymmetry
is most probably smaller compared to the sample with t = 10 QL, which can be related
to a lower charge-carrier density [3]. Comparing the two films with t = 10 and 20 QL,
we observe oscillations (figure 5.3a) with a similar spectrum but with the presence of
an additional γ peak for t = 20 QL (figure 5.3b), which could be a signature of a state
at the surface opposite to where the channel linked to β resides. Furthermore, the
peak positions have changed, which is due to differences in charge-carrier density as
also observed in the magnetoresistance measurements. From the similarities between
these two samples, we can conclude that the thickness (i.e. bulk size) does not play a
role but it is rather the relative mobilities and charge-carrier densities in these samples
that are the decisive factors for the relative channel contributions.

For the thicker samples, as shown in figures 5.3c and 5.3d, we observe a dominant
α peak in the spectrum while the 2α, β, and γ peaks are present with a poor resolu-
tion. The reason for the decrease in amplitude is a lower signal-to-noise level of the
measured voltage which generates a background and gives rise to a larger spectral
width in the FFT spectrum. Furthermore, the oscillations show a beating pattern
where oscillations of different frequencies partially cancel each other, yielding a loss of
FFT amplitude. For the sample with t = 100 QL, we find a poor agreement between
the charge-carrier densities from the magnetoresistance and the SdH oscillations. The
bulk state (α channel) can alone account for the total charge-carrier density n1 + n2.
The poor fitting of the magnetoresistance data shows that the mobilities and charge-
carrier densities could be different from the extracted values. Furthermore, stronger
oscillations are expected for the extracted mobilities. The difference between the
fit and data could originate from additional channels with a more distinct mobility
suggesting that the two-channel model is too limited to describe the data properly.
Lastly, from AFM images (see section 5.5.1), we observe height variations across the
film surface, which might influence fitting parameters such as the effective thickness
of the transport channel and can cause changes to the bulk density n1/t on the order
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Figure 5.3: (a) The second derivative of the resistance with respect to the magnetic field –
d2Rxx/dB2 plotted vs 1/B for t = 20 QL. A clear oscillatory pattern is present with multiple
oscillations (b) Temperature dependence of the FFT spectrum (smoothed) based on the
oscillations in (a). Colors correspond to the temperatures as depicted in (a). Temperature-
dependent FFT spectra (smoothed) for (c) t = 30 QL and (d) t = 100 QL.

of 2×1017/cm3. This is in the same range of charge-carrier densities found for the 2D
states.

5.4 Conclusions

In conclusion, we find a good agreement between magnetoresistance data and the anal-
ysis of the SdH oscillations for Bi2Se3 thin films based on the extracted charge-carrier
densities. Here, the channel contributions are quite unrelated to film thickness but
rather to the mobility and charge carrier density. We find that the bulk channel has a
high mobility and is characterized by an ellipsoid Fermi pocket but a clear saturation
of the oscillation frequency in the angular dependence is absent. Due to the strong g
factor in these materials, we observe a Zeeman splitting in our oscillations which has
been observed before in optical measurements and investigations on thermoelectric
effects under high magnetic field. Furthermore, we observe a pronounced 2D state,
either topologically trivial or nontrivial, which partially accounts for the low mobil-
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ity channel’s charge-carrier density. Additional 2D states are observed but are often
masked by the limited resolution of our analysis originating from the channel mobil-
ities and charge-carrier densities. The limited resolution of the angular dependence
and the difficulties to extract parameters such as the Berry phase make it difficult to
make a definitive statement on the origin of these states.

5.5 Appendix

In this section, data in addition to the main part of this chapter will be provided.
Furthermore, I will derive the expression for the two-carrier model, discuss the details
on the analysis of the oscillations as well as on the possibilities to improve the FFT
spectra. Finally, I will present some interesting negative magnetoresistance features
and discuss weak antilocalization that we observed in our measurements.

5.5.1 Additional data

In this section, additional data can be found for all the samples including the extracted
charge-carrier densities from the SdH oscillations which can be compared with the
values extracted from the Drude modeling. Furthermore, AFM images will be shown
which give an idea about the growth quality and the error in the thickness, leading
to the error in n1/t. For t = 10 QL, we further performed a Berry phase analysis.

Additional data for sample with t = 10 QL

A typical AFM image for this sample is shown in figure 5.4a from which we assign a
maximum uncertainty in the channel thickness t of 1 QL as a conservative margin.

To understand the origin of the 2D states, we can extract the Berry phase from
the oscillations. A careful analysis has been described in [26] on how to index the
maxima and minima in dGxx/dB. For our analysis, we looked at the maxima and
minima in d2Gxx/dB2 where the maxima in d2Gxx/dB2 coincide with the minima
in Gxx (labeled with integer n) and minima in d2Gxx/dB2 correspond to maxima in
Gxx [labeled n + 1/2 (n = 1, 2, 3, ..)]2. From figure 5.4b, it can be seen that the
oscillation complies with the predicted behavior over a small range but due to the
presence of multiple oscillations the data acquires a different phase compared to the
theoretical curve. Therefore, the analysis can only be employed for the first three
maxima. Plotting 1/Bn versus n yields a phase between 0.04 and 0.38 depending on
the frequency taken; fβ = 0.277 kT is the value found from the FFT analysis, fβ =
0.285 kT corresponds to the best fit of the data and is within the error for fβ as given
in table 5.2. Due to the presence of multiple oscillations with different frequency,
the limited number of oscillations, and the error in fβ , a proper extraction of the
Berry phase value cannot be made. Furthermore, Zeeman coupling and deviations
from the linear dispersion limit the possibility to extract the Berry phase from linear
extrapolation in systems with a low mobility [17,43].

2This labeling is related to the presence of a zero-energy Landau level as introduced in section 2.2.
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Figure 5.4: (a) AFM image for sample with t = 10 QL. (b) d2Gxx/dB2 plotted vs 1/B for
Berry phase analysis (black). The red curve shows the theoretical positions of maxima and
minima in d2Gxx/dB2 with f = 0.277 kT. (c) Landau level fan diagram extracted from the
maxima and minima in the oscillatory pattern as shown in (b).

Label f (kT) nTSS, n2D (×1012/cm2) n2DEG (×1012/cm2) n3D (×1019/cm3)

α 0.115±0.005 2.8±0.1 5.6±0.2 1.26±0.07
β 0.28±0.01 6.7±0.3 13.4±0.5 4.7±0.2
n1 18±1 1.8±0.1
n2 34±2 3.4±0.2

Table 5.2: Extracted values for nTSS, n2DEG, and n3D (with kF,c/kF,b = 1.8) from the
oscillations and n1 and n2 from the magnetoresistance (as can also be found in table 5.1 in
section 5.3) for t = 10 QL.

At last, the values for nTSS = k2
F,b/4π, n2DEG = k2

F,b/2π, and n3D = k2
F,bkF,c/3π2

that we extract from the frequencies in the FFT spectra are displayed in table 5.2.
Here, we assume η=1.8 which has been reported for samples with similar charge-
carrier density by Kulbachinskii et al. [3]. These values can be compared to n1 and
n2 which are calculated for the 2D and 3D case and included in table 5.2. As also
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discussed in the main text, we observe a reasonable agreement between nα (with f
= 0.115 kT) and n1/t. It is important to realize that when considering all channels
to be 2D, the charge-carrier density from the oscillations clearly underestimates the
values found from the two channel fit. The presence of a bulk channel therefore seems
feasible and in agreement with the presence of a residual oscillation at θ = 90◦ and
a Zeeman-split bulk state. The contribution of nβ to n2 is 20% when this channel
is linked to a topological surface state. From band structure calculations [44], we
find that the next bulk band is located around 1 eV higher than the first conduction
band minimum which makes the origin of the state β to be related to a second bulk
band unlikely. In addition, the FFT spectra that we observe in comparison with the
work by Kulbachinskii et al. [3] are different such that a second bulk state is more
improbable. The presence of additional channels with an even lower mobility could
account for the difference between the values extracted from the magnetoresistance
and those from the SdH oscillations.

Additional data for sample with t = 20 QL

In figures 5.5a and 5.5b, the data and fits for the out-of-plane field dependence of the
sheet resistance Rxx and the Hall resistance Rxy for the sample with t = 20 QL are
shown. Here, a good agreement between data and fit is observed. Importantly for
this sample, the resistance has been measured for fields up to 33 T in order to include
the last clear oscillation, enhancing slightly the resolution in our FFT spectrum.

When studying the FFT range progression analysis, additional bands start to
appear already below 15 T, as shown in figure 5.5d. This is striking considering the
low extracted mobility µ2 (µB � 1) and is inconsistent with the trend observed for
the sample with t = 10 QL. A direct assignment of the mobility to the appearance
of the bands at certain fields is thus not straightforward. The larger amplitude of
the oscillation contributes to a good resolution in FFT such that the spectral peaks
already appear at lower fields. The order of appearance of the peaks as displayed in
figure 5.5d is similar to that described in the main text with the additional γ peak
starting to appear around similar fields as the harmonic peak. By reconstructing the
oscillatory pattern, as shown in figure 5.5c, fα, fβ , and fγ are found from the fit,
whereas additional inclusion of f2α does not improve the fit much and only modifies
the amplitude slightly, in agreement with the weak appearance in figure 5.5d.

Table 5.3 shows the extracted values for nTSS, n2DEG, and n3D with kF,c ≈ kF,a

Label f (kT) nTSS, n2D (×1012/cm2) n2DEG (×1012/cm2) n3D (×1019/cm3)

α 0.077±0.002 1.86±0.05 3.7±0.1 0.38±0.02
γ 0.125±0.007 3.0±0.2 6.0±0.4 0.79±0.07
β 0.186±0.005 4.5±0.2 9.0±0.3 1.43±0.06
n1 13±1 0.67±0.03
n2 24±2 1.1±0.3

Table 5.3: Extracted values for nTSS, n2DEG, and n3D (with kF,c ≈ kF,a) and n1 and n2 from
the magnetoresistance (as can also be found in table 5.1 in section 5.3) for t = 20 QL.
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Figure 5.5: (a) Out-of-plane magnetic field dependence of (a) the longitudinal sheet resistance
Rxx and (b) the Hall resistance Rxy for t = 20 QL at T = 1.4 K. The data (black) can be
fitted with the two channel model (red) in good agreement as can be seen in the insets
showing the residuals δ as defined in the main text. Oscillations in Rxx are again clearly
visible beyond 15 T. (b) The second derivative of the resistance with respect to the magnetic
field –d2Rxx/dB2 plotted vs 1/B. Beyond 16 T (0.062 T−1) the oscillatory pattern (black)
can be reconstructed from oscillations with fα = 0.078±0.004 kT, fγ = 0.118±0.004 kT, and
fβ =0.188±0.001 kT (red). (d) Magnetic field evolution of the (smoothed) FFT spectrum
analyzed for different FFT ranges starting from 11 T towards higher fields with steps of 2
T, as depicted in (c). The FFT amplitude AFFT is plotted vs frequency f where the curves
are offset by 0.07 for clarity.

as we have a lower charge-carrier density in this sample [3]. These values can be
compared to n1 and n2 as also displayed in table 5.3. We find a good agreement
between nα,3D and n1/t giving good confidence on the origin of this state. As shown
in figure 5.6a, we observe hardly any thickness variation and therefore the error in
t is expected to be small. Furthermore, we find that the channel linked to β makes
up 20% of n2, assuming it to be a topological surface state. The additional γ state
accounts for 13% of n2 which only partially explains the difference in values found
from the oscillations and the magnetoresistance.

Furthermore, we display the angular dependence for the sample with t = 20 QL
in where we see a similar behavior as for the t = 10 QL sample, i.e. all the four peaks
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Figure 5.6: (a) AFM image for sample with t = 20 QL. (b) Angular dependence of the
frequency extracted from the obtained FFT spectra. (c) Extracted cyclotron masses per
peak position based on temperature dependence of the oscillations in main text (figure 5.3a).

follow a 1/cos θ dependence up to the angles where we are able to observe oscillations,
as shown in figure 5.6b. For this sample, it is not possible to observe any remaining
bulk oscillations at 90◦, which can be related to the lower mobility compared to that
of the sample with t = 10 QL. At last, we show the cyclotron mass extracted per
peak from the temperature dependence in figure 5.6c. In agreement with the data
for t = 10 QL, we observe a steady increase in mc towards higher magnetic field but
without a structural trend as for the data for t = 10 QL. Furthermore, the cyclotron
mass seems to be slightly higher compared to the sample with t = 10 QL.

Additional data for sample with t = 30 QL

In figures 5.7a and 5.7b, the data and fits for the out-of-plane field dependence of
the sheet resistance Rxx and the Hall resistance Rxy for the sample with t = 30 QL
are shown. A good agreement between data and fit is observed. In this case, the
SdH oscillations are not as clear as seen in the previous samples. Nevertheless, upon
plotting –d2Rxx/dB2 versus 1/B, we find a clear oscillatory pattern with an increased
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Figure 5.7: Out-of-plane magnetic field dependence of (a) the longitudinal sheet resistance
Rxx and (b) the Hall resistance Rxy for t = 30 QL at T = 1.4 K. The data (black) can
be fitted with the two channel model (red) in good agreement as can be seen in the insets
showing the residuals δ as defined in the main text. (c) The second derivative of the resistance
with respect to the magnetic field –d2Rxx/dB2 plotted vs 1/B. Beyond 16 T (0.062 T−1)
the oscillatory pattern (black) can be partially reconstructed from oscillations with fα =
0.100±0.005 kT, fγ = 0.14±0.01kT, and fβ = 0.219±0.005 kT (red), but a clear deviation
from the data is present. (d) Magnetic field evolution of the (smoothed) FFT spectrum
analyzed for different FFT ranges starting from 11 T towards higher fields with steps of 2
T, as depicted in (c). The FFT amplitude AFFT is plotted vs frequency f where the curves
are offset by 0.08 for clarity.

Label f (kT) nTSS, n2D (×1012/cm2) n2DEG (×1012/cm2) n3D (×1019/cm3)

α 0.092±0.006 2.2±0.2 4.5±0.3 0.50±0.05
γ 0.13±0.01 3.2±0.3 6.4±0.5 0.9±0.1
β 0.23±0.01 5.5±0.3 10.9±0.5 1.9±0.2
n1 15±1 0.49±0.02
n2 27±1 0.91±0.03

Table 5.4: Extracted values for nTSS, n2DEG, and n3D (with kF,c ≈ kF,a) and n1 and n2 from
the magnetoresistance (as can also be found in table 5.1 in section 5.3) for t = 30 QL.
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Figure 5.8: (a) AFM image of sample with t = 30 QL from which we defined an error in the
thickness of 1 QL. Clear contamination is visible. (b) Angular dependence of the frequency
extracted from the obtained FFT spectra. (c) Temperature dependence of the oscillations.
(d) Extracted cyclotron masses per peak position based on the oscillations in (c).

noise in the signals compared to the previously discussed samples, as displayed in
figure 5.7c. This increase in noise might be linked to the contamination that we find
from the AFM image (figure 5.8a). We find that this oscillatory pattern shows three
spectral peaks but not as clearly resolvable as previous samples where the 2α peak is
missing, as shown in figure 5.7d. These three peaks can be used to fit the data, but
a clear discrepancy is observed indicating that additional channels should be present
beyond the experimental resolution. Interestingly, we observe that the appearance
of the peaks commences at rather low fields when considering the mobilities that we
find from the magnetoresistivity fitting, similar to that observed for t = 20 QL.

The presence of the peaks can be further checked by the angular dependence as
plotted in figure 5.8b. Spectral peaks α, β, and γ show a clear angular dependence
following a 1/cos θ behavior; again it is not possible to observe any remaining os-
cillation at θ = 90◦. Comparing the values extracted from the oscillations and the
magnetoresistance (table 5.4), we conclude that the α peak corresponds to the bulk
channel with density n1. The other channels contribute to a total charge-carrier den-
sity of about (1.0±0.1)×1013/cm2 which is on the same order of magnitude as n2,
thereby assuming that these states are linked to topological surface states. From the
cyclotron mass analysis (figure 5.8d), we cannot see an evolution of mc because of
the large errors and the limited number of peaks that could be analyzed due to the
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presence of a beating pattern.

Additional data for sample with t = 100 QL

In figure 5.9a, the data and fits for the out-of-plane field dependence of the sheet
resistance Rxx and the Hall resistance Rxy, respectively, for the sample with t = 100
QL are shown. Here, a disagreement is found between data and fit, which means
that for this thickness the two-channel model is too limited to describe the mag-
netoresistance. Upon plotting –d2Rxx/dB2 versus 1/B, we find a clear oscillatory
pattern with an increased noise in the signals compared to the previously discussed
samples (figure 5.9c). In figure 5.9d, we find that this oscillatory pattern contains

(a) (c)

(d)(b)

Figure 5.9: Out-of-plane magnetic field dependence of (a) the longitudinal sheet resistance
Rxx and (b) the Hall resistance Rxy for t= 100 QL at T = 1.4 K. The data (black) and the two
channel model fit (red) show disagreement, especially for Rxx as also can be seen in the insets
showing the residuals δ as defined in the main text. (c) The second derivative of the resistance
with respect to the magnetic field –d2Rxx/dB2 plotted vs 1/B. Oscillations are clearly
visible. Beyond 17 T (0.06 T−1) the oscillatory pattern (black) can partially be reconstructed
from oscillations with f = 0.110±0.005, 0.15±0.01, 0.175±0.005, and 0.272±0.005 kT (red).
(d) Evolution of the (smoothed) FFT spectrum analyzed for different regions as depicted in
(c) where the FFT amplitude AFFT is plotted vs frequency f .
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Figure 5.10: (a) AFM image (2×2µm2) of sample from where we defined an error in the
thickness of 5 QL. (b) Angular dependence of the frequency extracted from the obtained
FFT spectra for t = 100 QL. (c) Temperature dependence of the oscillations. (d) Extracted
cyclotron masses per peak position based on oscillations (c).

Label f (kT) nTSS, n2D (×1012/cm2) n2DEG (×1012/cm2) n3D (×1019/cm3)

α 0.12±0.01 2.8±0.3 5.6±0.5 0.7±0.1
γ 0.188±0.003 4.55±0.08 9.1±0.2 1.46±0.04
β 0.25±0.02 6.1±0.5 12±1 2.3±0.3
n1 27±2 0.33±0.02
n2 42±2 0.42±0.02

Table 5.5: Extracted values for nTSS, n2DEG, and n3D (with kF,c ≈ kF,a) and n1 and n2 from
the magnetoresistance (as can also be found in table 5.1 in section 5.3) for t = 100 QL.

three main spectral peaks and a weak harmonic 2α peak. By reconstructing the os-
cillatory pattern, the four given frequencies are not sufficient enough, which indicates
more channels might be present but are beyond our experimental resolution. A hint
for an additional peak is given by the presence of an additional trace in the angular
dependence as shown in figure 5.10b at a frequency f = 0.046 kT. However, this was
considered to be an artifact in the FFT analysis because of the unclear temperature
dependence in figure 5.3d in section 5.3.

Due to the beating features in the oscillation pattern (figure 5.10c), it is difficult to
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extract the cyclotron mass for this sample, as shown in figure 5.10d. Nevertheless, we
extract a cyclotron mass mc = 0.15me which increases to 0.20me after 15 T, which is in
agreement with the trend as observed for t = 10 QL. At last, we show in table 5.5 the
extracted charge-carrier densities where we observe that any extracted bulk value from
the oscillations is larger than n1/t and n2/t. As mentioned already in section 5.3, the
charge-carrier density from fα = 0.12 kT could account for n1+n2. One uncertainty
is the effective thickness t of the sample as shown in the AFM image (figure 5.10a),
where large triangular undulations are present at the surface. Nevertheless, the exact
reason for the disagreement between magnetoresistance measurements and the SdH
oscillations analysis is yet unclear.

5.5.2 Derivation of the two-carrier model

As observed in the longitudinal magnetoresistance Rxx and the Hall resistance Rxy in
section 5.3, we have parallel conduction channels with different charge-carrier densities
and mobilities. Because of the limited dataset, we can only approximate the observed
magnetoresistance with two parallel channels. In this section, a derivation of the
equations as used in section 5.3 will be given. The steady-state Drude equation of
motion of charge carriers in a material with effective mass m∗ and charge −e is given
by:

m∗v

τ
= −e (E + v ×B) , (5.5)

where τ is the scattering time, v the drift velocity, E and B the applied electric and
magnetic field, respectively. Now, the charge carriers are subject to an electric field
E = (Ex,Ey,0) and a magnetic field B = (0,0,B). This yields for v = (vx,vy,vz):

vx = − eτ
m∗

(Ex + vyB) , (5.6a)

vy = − eτ
m∗

(Ey − vxB) , (5.6b)

vz = 0 (5.6c)

Substituting (5.6b) into (5.6a) yields

vx = − eτ
m∗

[
Ex −

eτB

m∗
(Ey − vxB)

]
, (5.7a)

which gives

vx =
− eτ
m∗Ex +

(
eτ
m∗

)2
BEy

1 +
(
eτB
m∗

)2 = −Jx/ne, (5.7b)

and can be rewritten as

Jx = σxxEx + σxyEy =
neµ

1 + (µB)
2Ex −

neµ2B

1 + (µB)
2Ey, (5.7c)
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where the mobility µ is given by:

µ =
eτ

m∗
(5.7d)

By substituting the result of (5.7b), we find for vy:

vy =
−eτ
m∗

{
Ey −B

[
− eτ
m∗Ex +B

(
eτ
m∗

)2
Ey

1 +
(
eτ
m∗

)2
B2

]}
, (5.8a)

which can be simplified to

vy =
− eτ
m∗Ey −

(
eτ
m∗

)2
BEx

1 +
(
eτ
m∗

)2
B2

= −Jy
ne

(5.8b)

and yields

Jy = σyyEy + σyxEx =
neµ

1 + (µB)
2Ey +

neµ2B

1 + (µB)
2Ex (5.8c)

From this result, we can now construct the tensor σ′ for two parallel resistance chan-
nels, i.e. two conductance channels in series:

σ =

(
σ′xx σ′xy

σ′yx σ′yy

)
=

(
σ′xx −σ′yx

σ′yx σ′xx

)
(5.9a)

with

σ′xx =
n1eµ1

1 + (µ1B)
2 +

n2eµ2

1 + (µ2B)
2 (5.9b)

σ′yx =
n1eµ1

2B

1 + (µ1B)
2 +

n2eµ2
2B

1 + (µ2B)
2 (5.9c)

Now, the resistivity ρ′ and conductivity σ′ are related as ρ′ = σ′−1:

ρ =

(
ρ′xx ρ′xy
ρ′yx ρ′yy

)
=

1

σ′2xx + σ′2yx

(
σ′xx σ′yx
−σ′yx σ′xx

)
(5.10)

By accounting for the geometrical factors for a slab defined by (l,w,t), we can relate
the measured (sheet) resistances Rxx and Rxy to ρ′xx and ρ′yx:

Ex =
Vx
l

= ρ′xxJx =
ρ′xxIx
wt

, (5.11a)
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which gives

ρ′xx
t

=
Rxxw

l
(5.11b)

and

Ey =
Vy
w

= ρ′yxJx =
Ix
wt
, (5.11c)

which gives

ρ′yx
t

= Rxy (5.11d)

Note: matrix indices are defined according to the basic rules of linear algebra,
whereas indices for Rxy are inverted because in electronics the first index usually
indicates the source direction and the second index the probe direction. And thus we
find for sheet resistance Rxx and Hall resistance Rxy:

Rxx =
1

t

(
n1eµ1

1+(µ1B)2
+ n2eµ2

1+(µ2B)2

)
(

n1eµ1

1+(µ1B)2
+ n2eµ2

1+(µ2B)2

)2

+
(
n1eµ1

2B
1+(µ1B)2

+ n2eµ2
2B

1+(µ2B)2

)2 , (5.12a)

Rxy = −1

t

(
n1eµ1

2B
1+(µ1B)2

+ n2eµ2
2B

1+(µ2B)2

)
(

n1eµ1

1+(µ1B)2
+ n2eµ2

1+(µ2B)2

)2

+
(
n1eµ1

2B
1+(µ1B)2

+ n2eµ2
2B

1+(µ2B)2

)2 , (5.12b)

where the negative sign for Rxy indicates that the charge carriers are electrons. In
the measurements, the voltage probe contacts have been inverted in such a way that
this negative sign can be removed for the analysis. In our fitting procedure we used
equations (5.12) but without the correction for t such as to obtain the 2D charge-
carrier densities ni. However, the choice of 2D or 3D does not influence the final result
of extracted mobilities and charge-carrier densities. Simultaneous fitting is done via
Matlab R2016a by minimizing the sum of errors between data and fit of both Rxx and
Rxy without any weighing. Here, the weak antilocalization (WAL) feature observed
close to zero field does not affect the fitting procedure since the range over which
this is observed is less than 1% of the total field range. Furthermore, at elevated
temperatures where WAL is absent, the Drude model still shows a good agreement
with the data and therefore we can rule out any fitting errors due to the presence of
WAL. In this way, the fitting is most reliable due to inclusion of the full data set at
once.

5.5.3 Details on analysis of oscillations

In this section, we would like to briefly elaborate on the analysis procedure for the
Shubnikov–de Haas oscillations. In order to decouple the oscillations from the strong
varying background, we have taken the second derivative –d2Rxx/dB2 since from

95



Charge transport under high magnetic fields in Bi2Se3

equation (5.12) we have a B2 dependence on the resistance in the limit of high field.
By taking the second derivative, we are indeed successful to remove the background
completely, whereas the first derivative still shows a strong residual background orig-
inating from the original background, which makes the FFT analysis difficult.

Taking the second derivative requires a low noise level which can be realized by
adjacent averaging of the data. The averaging procedure is performed over 0.5 T
intervals which are much shorter compared to the oscillation period such that this
will not affect the FFT analysis; it only will slightly change the oscillation amplitude.
Furthermore, the second derivative requires equidistant intervals and this is done by
interpolation where the number of points is kept constant with respect to the original
data. This interpolation is further used before the FFT is taken (in the 1/B range),
which does not yield any artifacts because of the relatively large oscillation period in
these measurements.

5.5.4 Improvement of the FFT spectra

The sampling range ∆1/Bs in which the oscillations are observed limits the resolution
in which separate peaks in a FFT spectrum can be resolved [45]. This resolution is
denoted as waveform frequency resolution ∆RWFR = Bs, which can be described as
the fundamental minimum spacing between two adjacent frequency spectral points
that can be resolved. Furthermore, we can define the FFT resolution ∆RFFT =
fs/NFFT which defines the spacing between two data points in an FFT spectrum
where fs is the sampling frequency and NFFT the number of data points included for
the FFT analysis. In the normal case, these two resolution definitions yield the same
number.

(a) (b)

Figure 5.11: The effect of zero padding. (a) Zero-padded signal: the data has been cut off
at 0.15 T−1 and zeros have been added between 0 and 0.4 T−1. (b) Comparison of FFT
spectra of original signal for t = 100 QL (black) and the zero-padded signal (red) as shown
in (a).

However, we can ‘improve’ ∆RFFT by a process called ‘zero padding’ where zeros
are included to the data sets as to increase NFFT. This process yields an improve-
ment of the peak shapes to for example determine the peak position more accurately.
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Nevertheless, it will not allow one to observe additional frequencies because this is fun-
damentally limited by ∆RWFR. As an example, we show the effect of zero padding
on data obtained for t = 100 QL as shown in figure 5.11. Although we observe a
smoother spectrum, the amplitude changes by a factor of 4.

(a) (b)

(c) (d)

Figure 5.12: (a) Generated cosine waveform with f = 5 Hz, amplitude A = 1, sampling
frequency fs = 100 Hz over a sampling range of 0.5 s. (b) Comparison of FFT (black) and
MEM PSD (red) spectra of signal in (a). (c) Dependence order M on MEM PSD spectrum.
(d) Comparison of FFT and MEM PSD for oscillation data for t = 10 QL.

If one would want to resolve frequencies that are closer separated than ∆RWFR

and could not perform the measurements at higher fields, one has to predict how the
oscillations would evolve outside the sampling range (as to increase Bs). Motivated by
the work of Terashima [46], analysis via the Maximum Entropy Method (MEM) can
be used as a solution to increase the resolution where this method estimates how the
data evolves outside the sampling range and in this way finer spectral peaks can be
obtained. For our case, we approximated the autoregressive coefficients by the Yule–
Walker method which is included in the Matlab package. The orderM has been chosen
such that there is a good agreement with the FFT spectrum and M is usually well
below the safe maximum of N/2 with N the number of data points (M ∼0.35×N/2).
Notably, the peak heights in the FFT and MEM spectrum cannot be compared. Only
the peak positions can be determined since the MEM spectrum displays the power
spectral density (PSD) instead of amplitude. In order to demonstrate this procedure,
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we have analyzed the FFT and MEM PSD spectra of a cosine wave with f = 5 Hz,
amplitude A = 1, sampling frequency fs = 100 Hz over a sampling range of 0.5
s (see figure 5.12a). As shown in figure 5.12b, we observe that PSD gives a sharp
spectral feature around 5 Hz compared to the FFT spectrum. However, as shown in
figure 5.12c, we observe that the exact peak position is strongly dependent on the
order M which makes the analysis problematic.

Furthermore, we have compared the PSD and FFT spectrum of an oscillatory
pattern measured for t = 10 QL as shown in figure 5.12d (the smoothed version of
the FFT spectrum can be found in figure 5.1). The obtained PSD spectrum by the
MEM analysis with an optimized M = 500 (with N = 1560) shows a good agreement
with the FFT spectrum, where the MEM PSD shows slightly sharper spectral peaks.
The small difference between both methods tells us that the FFT analysis performed
already describes the oscillatory pattern very well and that extrapolation via this
method does not contribute much.

5.5.5 Negative magnetoresistance

From the angular dependence, we have observed negative magnetoresistance (NMR)
features when the sample is oriented at θ = 90◦. More specifically, these features
are only observed when the in-plane magnetic field is oriented parallel to the current
bias direction. Because of the specific Hall bar geometry that we used, the magne-
toresistance can be measured both for I ⊥ B and I ‖ B simultaneously, but has not
been measured for t = 10 QL. As an example, the MR = [Rxx(B)− Rxx(0)]/Rxx(0)
for t = 30 QL has been plotted for both I ⊥ B and I ‖ B in figure 5.13a where
a clear difference for the different orientations is present. The curves both show a
clear WAL feature at low field (see section 5.5.6) whereafter the curves saturate in
different directions. Furthermore, this NMR feature has a strong temperature depen-
dence, as shown in figure 5.13b. Here, WAL disappears and the NMR increases at
higher temperatures. Interestingly, an opposite trend is observed for t = 100 QL (fig-
ure 5.13c) where the NMR decreases with increasing temperature. Another deviation
from the observed trend for t = 30 QL is seen for t = 20 QL (figure 5.13d), where the
magnetoresistance of I ‖ B is different from I ⊥ B, but still positive. Furthermore,
the data for low temperatures show strong undulations compared to those at higher
temperatures.

Similar NMR features have been observed in the same material earlier by our
collaborators [24], other groups [47] and in clean metallic systems [48]. From these
extensive works and related theoretical works [49, 50], the current understanding is
that this NMR effect is rather related to scattering than specific properties of the band
structure (NMR has also been proposed for the axial anomaly in Weyl semimetals,
see also [51] for alternative scenarios for the topological semimetal Cd3As2). It is
important to realize that the observed features are different from experimental [52–54]
and theoretical works [55] in which NMR features are observed for both I ‖ B and
I ⊥ B, which are related to the spin texture of the surface states. Dependence
on the scattering strength in the system might explain the partial absence of NMR
features in our measurements since the measured mobilities are different from sample
to sample. However, the current dataset is too limited to make definite conclusions
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(a) (b)

(c) (d)

Figure 5.13: (a) Magnetoresistance for measurements at θ = 90◦ in the case of I ⊥ B and
I ‖ B for t = 30 QL. (b) Temperature dependence for I ‖ B for the same sample. (c)
Temperature dependence for I ‖ B for t = 100 QL. (d) Temperature dependence (solid
lines) for I ‖ B for t = 100 QL and measurement for I ⊥ B at T = 1.4 K (dashed line).

on the exact origin of this effect as could be done through the extensive studies from
previous works cited here.

5.5.6 Weak antilocalization

WAL is a manifestation of phase coherence of charge carriers in a material. For
the topological surface states, Dirac fermions gain a π Berry phase when the charge
carriers finish a closed trajectory (see section 2.2). This additional phase will lead to
destructive interference at the original position which reduces the probability of the
fermion to localize [56]. The phase of the charge carriers is usually tuned by an applied
magnetic field which can affect the obtained π Berry phase of the Dirac fermions
in such a way that the localization can be increased. Therefore, the conductance
decreases (resistance increases) upon increasing magnetic field and this effect is known
as weak antilocalization.

The theoretical framework for this effect in 2D systems has been established by
Hikami et al. [57] in which an analytic expression for the change in conductance
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∆σxx (B) due to WAL is given:

∆σxx (B) = −Ae2

πh

[
ln

(
1

τεa

)
−Ψ

(
1

2
+

1

τεa

)]
, (5.13a)

where a is given by

a =
4DeB

h̄
. (5.13b)

Plugging this into the first equation:

∆σxx (B) = −Ae2

πh

[
ln

(
h̄

4eL2
φB

)
−Ψ

(
1

2
+

h̄

4eL2
φB

)]
, (5.13c)

where τε is the energy relaxation time, Ψ the Digamma function, D the diffusion
coefficient and Lφ the phase coherence length which is similar to the diffusion length
since spin–orbit scattering plays an important role in our system. A is a coefficient
related to scattering events that can affect the phase and can ideally have three
values: 0 in case of the presence of strong magnetic scattering, 1/2 in the case of
spin–orbit scattering, and 1 in the case of absence of any scattering events or the
presence of two channels with A = 1/2. The parameter A, often referred in literature
as α, can be tuned by gating [58] and varies depending on the sample quality and
thickness [11,38,59–62].

From the measurements presented in this chapter, we find clear WAL features for
t = 10, 20, and 30 QL, whereas for t = 100 QL such features are absent. This absence
could be related to the low data point density for this sample when taking into account
the sharp feature for this thickness as observed by our collaborators [61]. The low
point density makes the fitting of equation (5.13) to the data difficult. Nevertheless,
we find Lφ between 150 and 170 nm and A of about 0.25, as shown in figure 5.14. The
obtained values for Lφ and considering the thickness t indicate that charge carriers
can scatter from one surface to the opposite surface through the bulk states diffusively
with the phase information being retained [26]. The interplay between the different
states is further displayed in the extracted values for A that do not resemble the
expected (multiples of) 0.5. This indicates that the system is not fully 2D and bulk
effects come into play [58]. In that sense, the findings from WAL are in agreement
with the information from the SdH oscillations. However, since the WAL was not the
main focus of this study and therefore the dataset is limited, we will be careful with
making definitive statements on the outcome of the WAL analysis.
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(a) (b)

(c)

Figure 5.14: WAL features for (a) t = 10 QL, (b) t = 20 QL, and (c) t=30 QL. Fits are
given by the red line.
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Chapter 6

Investigating
charge-current-induced spin
voltage signals in Bi2Se3

Chapter 6 provides an investigation of the measured voltage obtained from efforts to
electrically probe spin–momentum locking in the topological insulator Bi2Se3 using
ferromagnetic contacts. Upon inverting the magnetization of the ferromagnetic con-
tacts, we find a reversal of the measured voltage. Extensive analysis of the bias and
temperature dependence of this voltage has been performed, considering the orien-
tation of the magnetization relative to the current. Our findings indicate that the
measured voltage can arise due to fringe-field-induced Hall voltages, different from
current-induced spin polarization of the surface-state charge carriers, as reported re-
cently. Understanding the origin of the measured voltage is important for realizing
spintronic devices with topological insulators.

The main part of this chapter is published as: E. K. de Vries, A. M. Kamerbeek, N. Koirala, M.

Brahlek, M. Salehi, S. Oh, B. J. van Wees, and T. Banerjee, “Towards the understanding of the origin of

charge-current-induced spin voltage signals in the topological insulator Bi2Se3,” Physical Review B 92,

201102(R) (2015). This article was featured in Nature Physics: L. Fleet, “Makes your head spin”, Nature

Physics 11, 987 (2015).



Investigating charge-current-induced spin voltage signals in Bi2Se3

6.1 Introduction

The conservation of time-reversal symmetry gives rise to spin–momentum locking in
the surface states of topological insulators, where spin and momentum of the surface-
state charge carriers are directly related in a perpendicularly right-handed orientation
(see chapter 2 and figure 6.1b). This spin texture can be compared with that originat-
ing from Rashba spin–orbit coupling, but consists of a single Fermi circle with opposite
spin texture. This direct coupling between spin and momentum in topological insu-
lators should allow electrical injection and detection of spin currents in spintronic
structures without the need of ferromagnetic layers. In addition, the time-reversal
symmetry leads to robustness against elastic backscattering from nonmagnetic im-
purities reducing the surface state conduction dissipation. Furthermore, the surface
states are ideally located within the bulk band gap such that these can be addressed
independently from the non-spin-polarized bulk. With this combination of properties,
topological insulators provide a new platform for spintronics [1].

In our study, we use the canonical topological insulator Bi2Se3 which has a bulk
band gap of 0.3 eV (see section 2.3), making it suitable for potential applications at
room temperature. The spin–momentum locking of the surface states of Bi2Se3 has
been well investigated by angular-resolved photoemission spectroscopy (ARPES) mea-
surements where 100% spin polarization has been reported [2–4]. Additionally, the ex-
istence of spin–momentum locking in Bi2Se3 over a large temperature range has been
investigated electrically through studying spin torque ferromagnetic resonance [5–7],
current-induced magnetization switching [8–11], spin pumping from ferromagnetic
metals and insulators [12–17], spin-Seebeck effects [18], tunneling spectroscopy [19],
and local (semi-)spin-valve measurements [20–22], with bulk states contributing to
the total transport. Furthermore, experiments on electrical detection of this spin tex-
ture have been reported in which the texture was analyzed using the three-terminal
potentiometric method [23]. It has been shown that by using ferromagnetic contacts
charge-current-induced spin polarization in the topological insulator channel can be
measured by probing the potential at that contact [19,24–34]. For several topological
insulator compounds, it has been claimed in these works that the observed change in
voltage upon inverting the ferromagnet’s magnetization originates from the current-
induced spin polarization in the surface states.

Here, we report on our observations of electrically probing spin–momentum locking
on thin films of Bi2Se3, using ferromagnets to detect the spin polarization for different
magnetization directions with respect to the current bias. For this, we use a Hall-bar-
patterned device and change the polarity of the fixed current bias in the topological
insulator channel and the magnetization of the ferromagnetic detectors to obtain
similar loops in the measured voltage, as shown in similar reports [19, 24, 25, 27–34].
Additional design flexibility in our device geometry enables the decoupling of spin and
current paths, offering a unique possibility to investigate additional magnetoresistance
effects to the observed voltage in our topological insulator channel. Surprisingly, we
find that the measured voltages for a current bias applied both along and perpendic-
ular to the topological insulator channel exhibit features that cannot be ascribed to
the spin polarization of the surface states alone. Instead, similar signals can result
from Hall voltages generated by the fringe fields from the ferromagnetic detector in
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close proximity to the topological insulator channel.

6.2 Theory

In this section, concepts regarding detection of spin accumulation in the surface states
of topological insulators generated by applying a charge current using ferromagnetic
contacts will be briefly introduced. In the second part, an analytical expression for
the size of the surface-state spin polarization that can be extracted from the measured
spin voltage will be provided.

6.2.1 Detection of charge-current-induced spin accumulation
in topological insulators

The generation of a spin-polarized charge current in topological insulators and its de-
tection have been investigated in several theoretical works [1,23,35–37,37,38]. These
works mainly deal with the size of the effects and the possibility of detection of such
spin polarized currents. In the work by Burkov and Hawthorn [35], it has been
proposed that the resistance between a ferromagnetic contact and an Ohmic con-
tact placed on a spin–momentum-locked channel can be modulated by the ferromag-
net’s magnetization, neglecting any magnetoresistance effects from the ferromagnetic
layer1. Furthermore, it has been reported that the spin-relaxation time in topolog-
ical insulators is on the order of the momentum-relaxation time, making it a good
spin generator but an unsuitable spin conserver [1]. More specifically, Schwab et al.
have reported that the transport time (i.e. the effective relaxation time) is twice the
momentum relaxation time due to forbidden backscattering [37], in agreement with
another theoretical work [38]. However, the backscattering is relaxed by an angular
dependent scattering [36]. Similar to the device geometry proposed by Burkov and
Hawthorn, Schwab et al. have introduced a tunnel junction that can act as a spin
diode in the limit of a large tunneling conductance. A current-induced spin density
in a similar geometry of ∼5×1014 spins/m2 has been calculated by Culcer et al. [36],
making it detectable by for example Kerr rotation, too. In the same work, charge-
impurity scattering as well as scattering due to surface roughness on the transport has
been included and found to be dependent on the charge-carrier density of the sample.
Finally, Hong et al. have proposed a three-terminal potentiometric measurement in
order to reduce influences from the detector contact [23]. In this work, it has been
further realized that two-dimensional electron gases at the surface of a topological
insulator can contribute to the spin-polarized current via the Rashba–Edelstein ef-
fect. Furthermore, a simple expression has been given for the change in the voltage at
the ferromagnetic detector when a spin accumulation is present, where a maximum
(angular-averaged) spin polarization of 2/π is reported. However, as the aforemen-
tioned works all assume 100% spin polarization, the actual spin polarization is almost
half of that ideal value due to the strong spin–orbit coupling in these materials [40].
Furthermore, it is assumed that the Fermi level is located inside the bulk band gap,

1Later, something similar was theoretically proposed for a device where both contacts are ferro-
magnetic [39].
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Figure 6.1: (a) Spin-density of states ν(E)↑,↓ typical for 3d-transition metal ferromagnets.
The arrows for ν and those depicted inside the colored bands denote here the spin of the
carrier s that is opposite to the ferromagnet’s magnetizationM and magnetic moment of the
electron µ. Notice the difference in density of states at EF. (b) Measurement geometry used
for detection of the spin accumulation σ ∝ ν↑−ν↓ in an n-type topological insulator channel
(green). This accumulation is induced by a charge current I yielding a net momentum of the
electrons ke, as explained by the shift δk of the Fermi circle away from the center as depicted
in the top right (the arrows indicate spin again). µL,R indicate the potential on the left-hand
and right-hand side, respectively, and M indicates the magnetization of the ferromagnet
(brown). The charge current induces a splitting in the surface-state-spin potentials µ↑ and
µ↓ in topological insulators as indicated by the blue and red line. The measured voltage −eV
will be measured between the ferromagnet (positive polarity, measuring the spin potential
µ↑,↓ as indicated by the red and blue dots) and a normal metal at negative polarity (not
shown here) that measures µavg as indicated by the black dot. Figure inspired on figure
from [41].

which is not the case for n-type Bi2Se3 (section 2.3). Therefore, one has to be careful
with additional effects while measuring the surface-state spin polarization.

In order to detect the proposed spin polarization in topological insulators, ferro-
magnetic layers are used. Ferromagnets have a finite magnetization that is determined
by the difference between the majority-spin carriers (spin-down) and the minority-
spin carriers (spin-up)2. For 3d-transition metal ferromagnets such as Co, the bulk
density of states ν(E) at the Fermi level is larger for the d-electron’s minority spins
(ν(E)↑) than for the majority spins (ν(E)↓), as schematically depicted in figure 6.1a,
which is important for the transport phenomena that occur within a few meV around
the Fermi level EF. Now, this ferromagnetic layer is used as a voltage probe to mea-
sure the spin accumulation σ in a material, which is the difference in number between
spin-up and spin-down carriers, assuming n↑ > n↓.

An example of such a spin-accumulation channel is the topological surface state
where a spin accumulation σ is generated by an imbalance in the momentum due to

2Here, the terms ‘majority’ and ‘minority’ are related to the magnetic moment µ of the charge
carriers and ‘spin-up’/‘spin-down’ to the spin s of the charge carriers [42], where the s is indicated
by an arrow in this chapter. For electrons, µ and spin s are related through µ = −gµBs/h̄ and are
thus antiparallel to each other.
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a charge current of which the measurement geometry is shown in figure 6.1b. Such a
difference in number of spins can be described by a splitting of spin-chemical poten-
tials µ↑,↓. The spins in the channel can scatter into the ferromagnet, thereby raising
the Fermi level of one of the spin species and lowering the other. Due to the imbalance
in ν(E)↑,↓ at EF in the ferromagnet, the Fermi level will be stronger influenced for
the spin species (up or down) where ν(E)↑,↓ is the smallest. When ν(E)↑,↓ is small,
changes in the spin accumulation will give a larger energy difference to account for
this imbalance with respect to the density of states of the other species. Therefore, the
ferromagnet will be sensitive to the potential µ↑,↓ with spin orientation s antiparallel
to the ferromagnet’s magnetization M . When the magnetization is parallel (antipar-
allel) to σ, the measured potential ∆µ will be low (high) with respect to the average
potential, which leads to a positive (negative) change in the voltage V at that contact
since ∆µ = µ↑,↓ − µavg = qV , where q = −e. By either inverting the ferromagnet’s
magnetization or the channel’s spin accumulation by inverting the charge current, a
change in V can be obtained3. Therefore, by looking at the direction of switching, one
can determine the net orientation of the spins as well as the difference between the
number of the respective spin species, defined by the surface-state spin polarization
PSS (see section 6.2.2). In a real experiment such voltages are always to be measured
with respect to another (nonferromagnetic) contact and it actually depends on the
actual poling of the contacts whether the voltage increases or decreases. Another
important consideration is the direction of the current in topological insulators. In
n-type materials, the current is governed by electrons which flow in the opposite di-
rection with respect to the applied current that is defined for positive charge carriers.
Therefore, the polarity of the current source contacts plays an important role too. It
has to be noted that similar features are expected for p-type topological insulators
where both the velocity and the spin orientation of the charge carrier change sign [31].

Interestingly, the first work by Li et al. [24] shows the oppositely expected behavior
of the relative voltage levels upon changing the magnetization. It is observed that the
voltage at the ferromagnetic contact is low (high) when the spin and magnetization
are parallel (antiparallel) with respect to each other, which is opposite from what was
discussed here. A background voltage is observed because of the relative alignments
of the contacts which leads to a pickup of a longitudinal resistance related to charge
transport. Similar signals have been shown in subsequent works by the same group
[31, 41], where an additional negative sign with respect to the earlier discussion in
this section was introduced upon introducing the electrochemical potential to explain
the origin (and sign) of the observed signal [41]. In subsequent work by Tang et
al. [25], an opposite trend is detected in comparison to that by Li et al., but in
agreement with what is expected from the discussion earlier. In order to explain the
switching behavior, a model on the magnetic moment rather than the spin to explain
the switching has been provided. Such explanation has been taken over by several
other groups [27–30, 33, 34]. In the work by Ando [26], a three-terminal geometry
has been used where the center contact is shared between current source and voltage

3Here, we assumed a simple spin polarization picture where the tunnel barrier that is used in the
experiment is considered to be a separation layer and not contributing to the (tunneling) spin polar-
ization. From this picture, d-electrons yielding a negative spin polarization of the bulk ferromagnet
will mainly contribute to the probing of the spin accumulation.
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probe, different from the geometry as proposed by Hong et al. [23]. From the relative
signs, although not accurately described, the measurements seem to follow the picture
as described above: the resistance decreases when M is antiparallel to s because less
states for the spins are available at EF [43]. Discrepancies in the sign of the signal
could be related to the quality and function of the grown tunnel barrier that would
require concepts on tunneling spin polarization, which can induce an additional sign
to the discussion in the previous paragraph.

To summarize, the changes in voltages observed in the works by Li et al. show an
opposite trend in comparison to subsequent papers. Our work, as will be discussed in
this chapter, follows the trend as observed by Li et al. However, we cannot rule out
artifacts due to the presence of fringe fields. In the work by Li et al., the ferromagnetic
detector is placed on top of the channel and not over the channel as in most of the
other works where effects at the edges do become very crucial. Furthermore, it has
been shown that the spin voltage signals can change sign upon changes in the charge
carrier density [30], indicating that Rashba–Edelstein effects can play a considerable
role, too. The interplay between topological surface states, 2DEGs, and bulk states
is thus an important point of consideration for the origin of charge-current-induced
spin voltage signals.

6.2.2 Estimation of the charge-current-induced spin polariza-
tion

To derive an expression for the charge-current-induced spin polarization extracted
from the observed change in voltage, we start out with the expression for the electron-
current density in 3D:

J3D = −e
∫

dk

(2π)3
v(k), (6.1)

which reduces in 2D to:

J2D = −e
∫

dk

(2π)2
v(k). (6.2)

Here, v(k) is the velocity of the charge carriers. For the derivation, we assume that
the surface state with a linear dispersion is the only contributing charge-transport
channel, i.e. contributions from the bulk states or from 2DEGs due to the band
bending at the surface are not included. In the end of this section, corrections for
such contributions will be introduced by defining a conduction ratio. Since only effects
close to the Fermi circle are investigated, the components of v(k) can be approximated
by the Fermi velocity vF: (vx, vy) = (vF, vF). Upon applying a bias in the x direction,
the Fermi circle is shifted with respect to the zero bias position over a length of δk,
as depicted in figure 6.1b4. From this, we can define dkx and dky:

4Such a shift due to the collective electron motion can be visualized by a canting of the Dirac
cone as shown in literature for graphene [44] as well as for Bi2Se3 [32]. Here, it has to be realized
that the Dirac cone is hollow and therefore this linear canting occurs.
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dkx = δk cosφ, (6.3)

ky = kF sinφ⇒ dky = kF cosφ dφ, (6.4)

where kF is the Fermi wavevector and φ is the angle (in momentum space) between
the total wavevector of a nonequilibrium charge carrier and the kx axis. Using these
definitions in the expression for the current density, we obtain:

Jx =
2evF

(2π)2

∫ π/2

−π/2
δkkF cos2 φ dφ =

evFδkkF

4π
, (6.5)

where a factor of 2 was included for the contribution to the current density by the
removal of states at −kx and addition of states at +kx. In order to calculate the
associated voltage with the induced current density, the linear dispersion relation of
the topological surface states is included to the expression for the current density:

E = h̄kvF ⇒=
dk

dE
=

1

h̄vF
⇒ ∆k =

∆E

h̄vF
⇒ Jx =

e∆EkF

2h
. (6.6)

where h is the Planck constant (h̄=h/2π). The spin orientation revolves around the
Fermi circle and to calculate the spin potential µ(φ) associated with the x projection
of the spin, we have:

µ(φ) = ∆E cosφ. (6.7)

By integrating over the angle φ, one obtains:

qVspin =

∫ 2π

0

∆E cosφ cosφ dφ = π∆E. (6.8)

Switching the magnetization of the ferromagnetic detector, changing spin selectivity,
would thus lead to a voltage difference of 2π∆E/e. Substituting (6.8) into expression
(6.6) for the current density:

Jx =
e2kF∆V

4πh
⇒ ∆V =

h

e2

4π

kFW
I, (6.9)

where W is the channel width. In this expression, we have assumed pure surface-
state conduction in the topological insulator channel and 100% spin polarization of
the surface-state carriers as well as the magnetization of the ferromagnetic layer. We
correct for this by introducing the ferromagnet’s spin polarization PFM, surface-state
spin polarization PSS and conduction ratio η = nSS/ntotal. For the implemented
conduction ratio, it has been assumed that the mobility is the same for the different
channels and that those do not interact. From expression 6.9, it is clear that the
change in voltage due to spin–momentum locking in the surface states should scale
linear with the applied current.
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6.3 Results and Discussion

In this study, we have used thin films of Bi2Se3 of 20 quintuple layers (QL) which have
been grown by MBE on Al2O3(0001) substrates in a custom-designed SVTA MOS-V-
2 MBE system at a base pressure lower than 5×10−10 Torr [45]. A basic investigation
with STM shows a triangular growth pattern indicating high-quality growth of Bi2Se3

(figure 6.2a and discussed in section 2.4). Cross-sectional measurements on these
triangles reveal a step height of 1 QL. A typical plot for the sheet resistivity ρxx versus
temperature for this film (figure 6.2b) shows a decrease in resistivity upon decreasing
temperature, indicating electron–phonon scattering to be the dominant scattering
mechanism. Combining this data with standard (low-field) Hall measurements yields
a temperature-independent bulk charge-carrier density of 1.25×1019/cm3 (placing the
Fermi level in the bulk conduction band, see the value of kF below) and a mobility of
385 and 815 cm2/Vs at 300 and 1.5 K, respectively5.

-

(b)

20 μm

(c)

200 nm

IT= 1 nA, VT= -1 V, RT

0.0

9.0 nm(a)

Figure 6.2: (a) STM topography image taken at Room Temperature (RT) showing triangular
growth spirals (IT = 1 nA, VT = 1 V). (b) Resistivity ρxx vs temperature measurement for a
20 QL Bi2Se3 film. (c) Device structure with Ti/Au contacts (bright yellow) on the Bi2Se3
channel (green), etched structure (dark) and ferromagnetic contacts (brown).

5In chapter 5 it is found that the low-field data does not suffice, but the mobility found here
corresponds well to that of the high mobility channel found in that chapter. However, we attributed
this to the bulk channel and therefore the mobility of the surface states is expected to be lower.
This is usually compensated by a larger charge-carrier density such that the conduction channels
contribute equally.
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The advantage of using Bi2Se3 thin films over single crystals (with a random shape
and size) is its design flexibility that allows for the investigation of parasitic effects
on the measured voltage. In this work, the devices are first patterned with Ohmic
contacts using a combination of DUV lithography and EBL techniques. The Ohmic
contacts consist of Ti(5)/Au(70) deposited by electron-beam evaporation. Thereafter,
Hall bar structures with a channel width of 1 µm have been realized using EBL and
Ar plasma dry etching. In the last step, spin detector contacts on the topological
insulator channel are fabricated by growing tunnel barriers of TiOx(2) deposited by
evaporating Ti, followed by in-situ oxidation in an O2 atmosphere of 300 mTorr6.
The ferromagnetic layer is a Co(35) layer and is capped by Au(5). The ferromagnetic
contacts have typical lateral dimensions of 1–3 µm. The values for the resistance–area
product (RA) of the spin contacts are in the range of 3–100 kΩµm2. The resulting
device structure is as shown in figure 6.2c.

In our measurements, a current Ie, that indicates the direction of flow of the elec-
trons, is sent through the topological insulator channel along the +x direction such
that an imbalance in the momentum is created. Due to spin–momentum locking, this
imbalance in momentum leads to a net spin polarization of the surface-state charge
carriers σ perpendicular to Ie as shown in figure 6.3a. The ferromagnetic contact
with magnetization M is used to probe voltages V1 and V2 in the topological insu-
lator channel with respect to different Ohmic contacts designed outside the current
path to minimize charge-related effects. In this geometry, there is ideally no net
charge current flowing through the detector such that only the (spin) potential at the
channel is measured and barrier effects do not play a role. The magnetization of the
ferromagnetic contact, and therefore the spin sensitivity, can be inverted by applica-
tion of a magnetic field B along the y axis. The measurements are done for three
different geometries, labeled A, B, and C in which the relative orientation between the
spin polarization and magnetization is varied. The measurements are performed in a
flow-cryostat system with magnetic fields up to 1 T, using ac modulation techniques.
The results presented here are representative of multiple devices.

In the first measurement geometry, labeled as geometry A, the voltage between
the ferromagnetic contact (RA = 3 kΩµm2) and the Ohmic contacts is measured at
4 K sourcing an ac current bias of +100 µA. The voltage is recorded while sweeping
a magnetic field B from positive (in the +y direction) to negative (−y, indicated by
trace) and back (retrace) as shown in figure 6.3. Voltage V1 shows a clear switch at
∼15 mT due to magnetization inversion of the Co contacts. The voltage difference
∆V between the magnetization directions might be indicative of a spin polarization
in the topological insulator channel, as reported in related works [19, 24–34]. Upon
inverting the current bias to –100 µA, thereby inverting the spin polarization in the
channel, an opposite switch in the voltage is obtained, indicating that the spin po-
larization in the channel is indeed reversed in accordance with the surface-state spin
texture (figure 6.3c). Studying the different orientations of the magnetization M

6The oxidation of the separation layer is employed to preserve the spin information from the
topological insulator channel. The barrier further prevents charge current flowing through the ferro-
magnetic layer that could lead to spurious effects. Furthermore, it has been shown that ferromagnetic
layers with an in-plane magnetization do not break time-reversal symmetry [46–49], such that a sep-
arating barrier for this purpose would not be necessarily needed.
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Figure 6.3: (a) Measurement geometry A in which measured voltages V1 and V2 upon ap-
plication of a current Ie along the +x direction are indicated. (b) Voltage V1 vs magnetic
field B using the conventions drawn in (a) for a current Ie in the +x direction at a bias of
100 µA. Measured at T = 4 K. (c) Same measurement but at an inverted bias of –100 µA.
The insets indicate the different orientations of spin polarization σ, magnetization M and
the direction of flow of the electrons Ie.

and the surface-state spin polarization σ (inset figure 6.3b), the measured changes in
the voltage cannot be explained by the spin–momentum locking of the surface-state
charge carriers as earlier discussed (see section 6.2.1), but is similar to that reported
by works by Li et al. [24,31,41]. The background signal that is observed in the mea-
surements originates from charge-related effects and therefore does not contribute to
magnetization-dependent effects in the measured voltage. The additional small jumps
in the signal are probably due to instabilities of the ferromagnetic layer and scale with
bias. Furthermore, magnetization-dependent voltage signals were measured for fer-
romagnetic contacts with RA = 19 kΩµm2 (discussed in section 6.6.1), which show
similar features as in figure 6.3 and therefore magnetoresistance effects due to the
ferromagnetic contacts can be excluded.

To rule out any artifacts related to the geometry of the contacts, voltage V2 was
measured with respect to the opposite Ohmic contact (figure 6.12). This voltage shows
a similar switching behavior but with a different magnitude of ∆V and background
signal, while the Ohmic contact properties are the same. Subtracting V1 from V2

reveals a residual switching behavior, which indicates that the voltage at the Ohmic
contacts is affected by the magnetization switching of the ferromagnetic contacts, see
also figure 6.12. The difference between V1 and V2 might be due to a slight asymmetry
in the design of the ferromagnetic contact on both sides of the Hall bar. Any extracted
∆V is thus very sensitive to the relative alignment of the contacts.
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Assuming that the voltage difference ∆V arises due to current-induced spin po-
larization of the surface-state charge carriers, the polarization PSS can be calculated
via equation (6.9), where for η similar conductivities for bulk and surface are the

assumed. With kF =
(
3π2n3D

)1/3
= 0.072 Å−1,7 W= 1 µm, a fixed η = 0.1 (extent

of the top and bottom surface states is taken to be 2 QL [40]) and PFM ranging from
3 to 30%, we obtain values for the surface-state spin polarization of PSS ranging from
1.5 to 15%. Values of PSS ≈ 15% for low PFM are comparable to the values previously
reported for Bi2Se3 [20, 24, 27], whereas PSS ≈ 1.5 % (high PFM) is in the range of
those extracted for the counterdoped compounds [25, 26, 28] but both values are al-
ways lower than the theoretical limit for electrical transport [23,40]. Similar values of
PSS have been obtained for contacts with higher RA showing a slight increase in ∆V ,
see section 6.6.1. Contributions from bulk states or from other parallel surface-state
channels (for example two-dimensional electron gases [50]8) can change the value of
PSS significantly.

Our device design offers the flexibility to source the current along the y axis and
measure the voltage V1 and V2 between the ferromagnetic contact and lateral Ohmic
contacts as shown in figure 6.4a (labeled as geometry B). Such an investigation allows
us to know more about the origin of the measured voltage in figure 6.3, which is
attributed to spin–momentum locking in related reports [19,24,25,27–31,33,34,41]. In
this measurement geometry, the spin polarization of the surface-state charge carriers
is oriented perpendicular to the magnetization of the Co contacts, implying that these
contacts should not detect any spin polarization in the topological insulator channel.
Surprisingly, we see a clear change in V1 and V2 for this measurement geometry, too
(figure 6.4b and 6.4c).

Upon investigating the bias dependence of ∆V with applied current for geometry
B (figure 6.5a), it is observed that the extracted values are on the same order of mag-
nitude as that for the original geometry A. The voltage difference ∆V scales linearly
with current as can be expected from equation (6.9). Furthermore, the background
voltage scales linearly with current bias (not shown here) as expected from the Ohmic
background. The similarities in the magnitude and trend of the measured voltages in
both geometries A and B indicate a different origin than due to spin–momentum lock-
ing. The observed isotropy of the measured voltages for different current directions
further rules out its origin due to hexagonal warping in the topological insulator [51,52]
or effects related to a tilted magnetization of the ferromagnetic detector.

Furthermore, for the ferromagnetic contact with RA = 3 kΩµm2, the temperature
dependence of ∆V for geometries A and B has been plotted in figure 6.5b. We find
a weak temperature dependence of ∆V up to 250 K, similar to other reports. [19,24,
27,31,41]. If we assume ∆V to arise due to surface states in the topological insulator,
we can infer that the surface-state spin polarization does not change appreciably
up to 250 K while beyond 250 K its detection is mostly limited due to a change

7Using nTSS=k2F/4π would yield a Fermi level located at ∼+0.3 eV above the conduction band
edge which is unlikely in comparison to usual ARPES measurements. Therefore, it is clear that the
bulk is contributing to the transport.

8However, it was theoretically proposed that these Rashba–Edelstein contributions are an order
of magnitude smaller [40], as later experimentally observed [41]. Nevertheless, this contribution has
been shown to be able to dominate the signal [30].
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Figure 6.4: (a) Alternative geometry B in which the current is biased along the y axis and
voltages V1 and V2 are measured in the horizontal extent at both sides of the ferromagnetic
contact. (b) and (c) Measurements of respectively V1 and V2 vs magnetic field B at a bias of
–100 µA and at T = 4 K. The insets indicate the different orientations of spin polarization
σ, magnetization M and the direction of flow of the electrons Ie.

in the contact’s properties. The small decrease in ∆V for both geometries cannot
be explained fully by the temperature-dependent resistivity of Bi2Se3 (figure 6.2b)
and suggests a possible decrease in detection efficiency of the ferromagnetic contact
with increasing temperature. The wide temperature range over which the generated

(a) (b)

Figure 6.5: (a) Current bias dependence on the voltage difference ∆V for V1 in geometry
A and geometry B at T = 4 K. (b) Temperature dependence of ∆V for V1 in geometries A
and B at I = 25 µA. Dashed lines are a guide to the eye.
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spin polarization can be detected is surprising when compared to reports on the
counterdoped compounds, where signals disappear at low temperatures [25,26,28].

In yet another measurement geometry (geometry C, figure 6.6), the sample is
aligned with respect to the magnetic field such that the magnetization is directed
along the channel. In this measurement geometry, where the magnetization of the
ferromagnetic is rotated by 90◦ as compared to geometry A, the ferromagnetic con-
tacts should not detect a spin polarization in the topological insulator channel. How-
ever, we do observe a clear voltage difference ∆V , as shown in figures 6.6b and 6.6c,
when the magnetization of the ferromagnetic is switched. This differs from other re-
ports [19,24]. The linear background as observed in figure 6.6 is due to an unintended
misalignment of the device with respect to the external magnetic field. This results in
an out-of-plane field component leading to a Hall voltage (for a misalignment of 0.5◦,
we find this to be 9 µV in good agreement with the slope in the voltage measured at
0.4 T).

The similarities in the observed signals for all different measurement configurations
raise questions on their origin. Rashba spin–orbit coupling or spin Hall effects can
be excluded, since similar spin textures with the momentum perpendicularly locked
to the spin orientation should not be observed in the alternative geometries B and
C. However, the fringe fields arising due to the proximity of the ferromagnetic layer
to the topological insulator channel could mimic a similar (bulk-mediated) voltage
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Figure 6.6: (a) Alternative geometry C where the current is biased along the x axis and
voltages V1 and V2 are measured in the vertical direction with a rotated magnetization of
the detector contact. (b) Measurement of V1 vs magnetic field B at a bias of +100 µA and
T = 4 K. (c) Same measurement but at an inverted bias of –100 µA and T = 4 K. The
insets indicate the different orientations of spin polarization σ, magnetization M and the
direction of flow of the electrons Ie.
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for all the different measurement configurations as shown in figures 6.3, 6.4, and 6.6,
as also suggested in another work [32]. In order to illustrate this, we calculate the
magnetic fields in the topological insulator channel for the particular shape of the fer-
romagnetic contacts including tunnel barrier (as in figure 6.2c) which is schematically
shown in figure 6.7a. In figure 6.7b, we find a strong out-of-plane (Bz) component
at the edges of the channel which is on the order of several 100 mT. Such values are
important to take into consideration for similar works that have the ferromagnetic
contacts deposited partially on top of the topological insulator channel and thus en-
countering a large step height [25–28, 30, 33, 34]9. Furthermore, we find By fields in
the –M direction (as displayed in figure 6.7a) on the order of 100 mT. The fringe
fields in the z direction are present for all different measurement geometries and will
lead to the development of local Hall voltages perpendicular to the current due to
small geometrical misalignment of the contacts. As shown in section 6.6.2, we find
a considerable current spread in the topological insulator channel in the vicinity of
both the Ohmic and ferromagnetic contacts which could amplify the magnetoresistive
effects.

Furthermore, we have modeled the magnetic field at the interface between the
ferromagnetic contact and the channel due to the triangular growth spirals at the
Bi2Se3 (figure 6.2a). As shown in figures 6.7c and 6.7d, out-of-plane magnetic fields
Bz on the order of 50 mT can develop locally at the edges of the triangular steps.
Due to the asymmetry of these triangular features a net magnetic field will act on the
charge carriers. This will give rise to Hall voltages which we calculate to be on the
order of several tens of µV for the device structure used and is thus comparable to
the measured voltage signals. Note that in this model we neglect any irregularities in
the ferromagnetic layer which could significantly enhance the fringe fields [54]. Upon
inverting the magnetization of the ferromagnetic layer, the direction of the fringe
fields is inverted which inverts the isotropic local Hall effect and manifests itself as a
switch in the measured voltage for all geometries.

6.4 Conclusions

In summary, our detailed investigation of the measured voltages in different measure-
ment geometries along with the calculations of the fringe-field-induced voltage make
us believe that it is nontrivial to relate the measured voltage to spin polarization
of topological insulator surface states alone. Our findings clearly highlight the ne-
cessity of a careful analysis of the observed voltage in electrical measurements with
topological insulators for future spintronic devices.

6.5 Outlook

The uncertainty about the exact sign of the spin voltages and the seemingly small
differences in signal between metallic and insulating films [55], especially with respect

9Such height differences could further lead to shorts between the ferromagnetic contact and the
topological insulator channel. Only the work by Dankert et al. showed proper tunneling character-
istics [27] that could be related to the weak temperature dependence of the spin voltage [53].
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Figure 6.7: (a) Schematics of fringe fields (black line) arising due to the proximity of ferro-
magnetic contact with magnetization M (brown) on topological insulator channel (green).
Magnetic field components parallel as well as perpendicular to the magnetization are present
(indicated in red). (b) Calculation of the out-of-plane component Bz at the interface between
ferromagnetic contact (outer square) and topological insulator channel (inner cross structure,
colored false green). At the edges we find magnetic fields around 0.7 T. (c) Calculation of
the Bz component at the interface for a triangular step feature with sides of 200 nm typical
for the thin films used. (d) Calculated Bz along trace arrow indicated in (c) indicating an
asymmetry in the magnetic field.

to spin-pumping measurements and spin torque ferromagnetic resonance, cast doubts
on the origin of such signals. As became clear from our work, spurious effects such as
local Hall voltages can play an important role in mimicking the detected voltage that
supposed to originate from the spin accumulation in topological surface states. In
order to remove such effects, nonlocal device schemes where spin and charge currents
are disentangled can be an important step towards electrically detecting the spin
polarization in topological insulators10. Vaklinova et al. have reported on such a
geometry for the first time by combining the spin-generating properties of Bi2Te2Se
and the spin-preserving properties of graphene [53]. However, an investigation of the
sign of the spin polarization was not made and the sign is difficult to deduce from
the undetailed measurement geometry. Furthermore, the employed device structure

10Besides this detection method, it has been recently proposed that the stray fields coming from
the spin accumulation can be detected and disentangled from Oersted fields by modern sensing
techniques [56]. Furthermore, spin-polarized four-probe STM could provide a good alternative where
artifacts can be removed [57].
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could lead to limited reproducibility due to a random ordering of the stack in the
device.

An idea for an alternative geometry where spins can be injected/detected nonlo-
cally has been proposed by K. S. Das, member of the Physics of Nanodevices group.
The geometry is based on a metallic nonlocal spin valve [58, 59] where spins from a
permalloy (Ni80Fe20, Py) injector travel diffusively via an Al channel to the Py de-
tector without a moving charge current. Now, in between the ferromagnetic contacts
a spin-absorbing strip can be fabricated below or on top of the Al channel, which has
given insights in the origin of spin Hall effects [60–63]. Using a topological insulator
as such an absorber, a voltage in the strip will be generated upon injecting spin due
to spin–momentum locking in the surface states. The advantage of such a geometry
is that spins can be injected from the Py contact and detected by the topological
insulator and vice versa such that reciprocity can be checked, similar to the work
by Liu et al. [19]. Furthermore, such spin valves show a good reproducibility in the
channel’s spin-relaxation times and the (temperature-dependent) ferromagnet’s spin
polarization. The first steps towards realization of such a geometry are made, but the
fabrication recipe still needs optimization.

As a proof of principle, a nonlocal metallic spin valve has been fabricated on a
bare sapphire substrate that also serves as a substrate for MBE-grown Bi2Se3. After
defining the big marker pattern by DUV lithography and electron-beam evaporation,
the actual spin valve is designed by EBL. First, the ferromagnetic contacts are defined
with different aspect ratios as to tune the coercive field of the contacts. Thereafter,
layers of Ti(5) for adhesion and Py(20) have been deposited by electron-beam evapo-
ration. In the second EBL step, the Al channels including contact leads to the channel
as well as the ferromagnetic contacts are defined. Afterwards, the Py strips are cleaned
by a 30-s Ar-ion etching procedure prior to the deposition of a thick Al(80) layer to
ensure transparent interfaces. The result of such a device with different separations
between the ferromagnet contacts is shown in figure 6.8a.

In regular spin-valve measurements, a current is sourced between the ferromag-
netic contact and one end of the Al channel while the voltage is probed at the other
ferromagnetic contact with respect to the other end of the Al channel, as shown in
figure 6.8a. Depending on the relative magnetization of the ferromagnetic contacts,
that can be controlled by an external magnetic field B, the detected voltage is ei-
ther high or low probing the different spin channels. As shown in figure 6.8b, such
switches in the nonlocal resistance RNL = VNL/I are on the order of 1 mΩ at room
temperature. Unclear behavior in the bias dependence is observed that can be due
to nonlinear responses such as thermal effects. This suspicion is confirmed by the
large background resistance that can be related to thermal effects [64], which can be
due to the relatively high thermal conductivity of Al2O3. In later measurements, such
large backgrounds have not been observed which might hint at an effect related to the
‘cleanliness’ of the fabrication steps of the particular device, too. Furthermore, from
the contact-separation dependence a rough estimation of the spin-diffusion length of
700+400
−200 nm is found, which is twice as large as that found for a very similar spin valve

on a Si/SiO2 substrate [65]11.

11This is under the assumption that λN � dFM–FM. The polarization of the Py contacts is
unknown and results for larger dFM–FM are needed to make a proper fit.
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Figure 6.8: (a) Device geometry and measurement setup for nonlocal spin valve measure-
ments on a bare sapphire substrate. Per device six nonlocal spin valves are designed with the
ferromagnets (brown) having different separation over the Al channel (blue). (b) Current-
bias dependence of nonlocal resistance RNL as a function of magnetic field at room temper-
ature (RT). A typical spin valve is clearly observed. The data for I = 1 mA has been taken
earlier before the data for the other biases such that a shift is present. (c) Change in the
nonlocal resistance ∆RNL as a function of the separation between the ferromagnetic contacts
dFM–FM. An exponential fit (red line) yields a value for spin relaxation length λN of 700+400

−200

nm.

The next step is to include Bi2Se3 as spin absorber along the Al channel with large-
area, MBE-grown Bi2Se3 films as starting point. In order to isolate thin Bi2Se3 strips
(∼100 nm), etch lines have been used where fine lines in the resist are designed by EBL
and underlying Bi2Se3 is removed by reactive-ion etching very similarly as described
in section 6.3. This etching includes the areas of Bi2Se3 below the ferromagnetic
contact and the Al channel. In order to protect the strips against the Ar-ion etching
step, a small window has been created by EBL in which Al has been deposited. The
subsequent steps of fabricating the ferromagnetic contacts and the Al channel are
performed in a similar way as the first device described here. However, the adhesion
of the small Bi2Se3 strips, as one can see from figure 6.9, as well as the Al pattern is
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poor and remains a challenge at the moment of writing this thesis.

The fabrication issues have yielded a very low number of working devices, where
there was no contact possible with the Bi2Se3 strips at all. In one spin valve fabricated
from the MBE-grown Bi2Se3 films where there was no absorber strip in between, a
change in the nonlocal resistance of only ∼50 µΩ was measured at T = 4 K. This could
be related to the poor Al adhesion to the etched substrate or to the remaining Bi2Se3

that can be of large influence such that a regular spin valve hardly shows any signal
either. Since both Al2O3 and Bi2Se3 have a large thermal conductivity (see chapter 4)
and Bi2Se3 has a considerably large Seebeck coefficient [66], thermal effects might play
an important role in the functioning of the devices here, which can be an interesting
direction in studying topological insulators (see section 7.2.2). If the fabrication issues
can be overcome such that a proper interface is created between the absorber and
channel, this geometry can be very powerful in that it automatically excludes many
effects that cannot be ruled out by local geometries as used earlier. One solution to
avoid the etching step in the recipe that potentially damages the topological insulator
strip is to create a spin valve using the shadow evaporation deposition technique such
that transparent interfaces between ferromagnet and channel are created.

As mentioned earlier, there is a lot of uncertainty about the quality of the tunnel
barriers used in the different experiments which can be detrimental for the origin of
the observed signals. Furthermore, it has been seen that two-dimensional electron
gases can play a role in the transport. In order to improve on both these issues,
our collaborators have grown an In2Se3 capping layer directly after the growth of
Bi2Se3. Such a capping layer prevents doping at the surface as well as that due to
the band gap of ∼1.3 eV [67] it can serve as a tunnel barrier. From investigations by

(a) (b)

Bi2Se3

Al

Al2O3

Py
500 nm

Figure 6.9: (a) Zoom-in at a single spin valve with ferromagnets (brown) and channel and
contact leads (blue) fabricated on the Bi2Se3 (green) samples. The non-false-colored parts
indicate the substrate as well as the realized Bi2Se3 strip in line with the arrow at the
bottom. (b) Similar image of another junction but now the Bi2Se3 strip is clearly broken.
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Burema [68], tunneling characteristics have been observed for a 10 QL capping layer
(10 nm), as shown in figure 6.10a. However, from the extracted tunneling parameters
using the Simmons model, it is seen that the effective thickness of the barrier is 10%
of the grown thickness and can be partially related to the inhomogeneity of the layer
as found by atomic force microscopy (figure 6.10b). Furthermore, a barrier height
of ∼1.6 eV has been observed at low temperatures, which is in good agreement with
values from literature [67]. Such barrier characteristics could be for example enhanced
by growing an additional oxide barrier on top of the capping layer.

(a)
12 nm

0

(b)

1 µm

Figure 6.10: (a) Temperature-dependent I–V characteristics of 10 QL In2Se3 capping layer
on top of Bi2Se3 with the top contact consisting of Ti(5)/Au(70). (b) AFM image of In2Se3
capping layer grown on top of Bi2Se3.

6.6 Appendix

6.6.1 Additional Measurements

For a ferromagnetic contact with RA = 19 kΩµm2 with dimensions of 3×3.5 µm2,
similar results in the original geometry A as described in section 6.3 are obtained
but with higher ∆V and lower signal-to-noise ratio indicating that the tunnel barrier
influences the measurements. For a ferromagnetic contact with an RA of 100 kΩµm2,
the measured signals have been too noisy to observe any switches in the voltage.

Furthermore, V1, V2 and the difference signal V2 − V1 similar to those showed in
figure 6.3 are plotted for a current bias of 10 µA in figure 6.12. One can observe
the linear slope in V2 which is clearly absent in V1. The difference signal V2 − V1

shows a residual switch in the voltage around zero magnetic field, indicating that the
fringe field from the ferromagnetic layer affects the potential at the Ohmic contacts
too, which might be important for geometries where the Ohmic contact is in the
transverse direction with respect to the ferromagnetic contact [24, 31, 33, 41]. Such
effects could be studied by using a geometry as reported by Pham et al. [69], where
one could shift the relative positions of the ferromagnets to enhance/suppress such
fringe field effects at the points where the ferromagnets are in close contact. This
method assumes that the fringe fields at the other side of the ferromagnetic contact
are minimized by elongation of the contacts, by a reduced thickness of the channel,
or by a supporting layer of for example Si3N4 as used by Li et al. [24].
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Figure 6.11: Measurements for V1 using a contact with RA = 19 kΩµm2 (geometry A).

(a)
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(c)

Figure 6.12: Measurement of (a) V1, (b) V2 and (c) the differential signal V3 at a current
bias of 10 µA and T = 4 K. (d) Zoom-in of (c).

Subsequent measurements after the main results as presented above are performed
using a modified geometry where the ferromagnetic contacts are elongated in such a
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way to avoid stray fields interfering with the charge current, see figure 6.13a. Al-
though, the yield of working contacts is low and the tunnel barrier performance is
poor, it has been possible to obtain results for V1 and V2, see figure 6.13c and 6.13d,
using the encircled contact in figure 6.13a. The changes in voltage are lower compared
to those discussed above, which is related to the lower applied current bias and the
larger cross section that yield a low current density. Interestingly, it is observed that
the background for V1 and V2 are distinctly different from each other as well as that
a clear anisotropic magnetoresistance (AMR) signal is present at zero magnetic field,
most probably due to transparent barrier between Bi2Se3 and the ferromagnet, which
seems to be present at low current biases in another (dubious) work, too [34]. Remov-
ing this contribution leads to a peculiar result in which the voltage switches twice,
where the second switch occurs at large fields of ∼0.3 T (figure 6.13e). The exact
origin is unclear, and the statistics are low, but it might be that the ferromagnetic
layer is unstable such that the low voltage state switches at some point. Temperature-
dependent studies show that the behavior of the voltage, except for the charge-current
background, hardly change upon increasing temperature (not shown here) in contrast
to the results in section 6.3. This suggests that the measured voltages are purely re-
lated to magnetoresistance effects from the ferromagnetic layer rather than to probing
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Figure 6.13: (a) Device structure (100×100 µm2) with Ti/Au contacts (bright yellow) on
the Bi2Se3 channel (green), etched structure (dark) and ferromagnetic contacts (brown). (b)
Measurement geometry in which measured voltages V1 and V2 upon application of a current
Ie along the −x direction are indicated. The ferromagnetic contact (lead) used is encircled
in (a). (c) Voltage V1 vs magnetic field B using the conventions drawn in (b) at a DC current
bias of 25 µA and at T = 4.2 K. (d) ∆V2 vs B where a constant background voltage of –750
µV was subtracted. In blue a fit of the Lorentzian AMR is shown. (e) Residual signal ∆V ∗2
after subtracting the AMR fit.

125



Investigating charge-current-induced spin voltage signals in Bi2Se3

of a spin accumulations, which is expected to be more temperature dependent.

6.6.2 Modeling of current spread

In order to estimate the current density at the edges of the ferromagnetic contact,
we modeled the current density Jx around the cross section, as shown in figure 6.14.
The extracted FWHM is 1.3 µm indicating that the current density around edges of
the ferromagnetic (having a total width of 3 µm), where Bz is large, is not negligible
and can lead to the enhancement of Hall voltages. Furthermore, we find a consid-
erable current spread in the topological insulator channel in the vicinity of both the
Ohmic and ferromagnetic contacts which might influence the measured voltages as in
section 6.6.1. The presence of a Jy component experiencing a Bz field will give rise
to additional voltages in the x direction.

2 µm

0

6

Jx (GA/m2)

x

y

Figure 6.14: (left) Current density spread at cross section of Hall bar. (right) Current density
along trace arrow indicated in the left schematics. Extracted FWHM is 1.3 µm.

6.6.3 Analytical expression for fringe fields

Consider a ferromagnet placed at (0, 0, 0) with edges (±xFM,±yFM,±zFM) of which
we want to know the magnetic field at a point P with coordinates (xP, yP, zP), see
figure 6.15.

The ferromagnet is defined to have a magnetization M = M ŷ with MCo for Co
given by:

MCo = 1.72µBN = 1.72µB
ρNA

ACo
= 1.44× 106A/m. (6.10)

Every volume element dτ with respect to point P is indicated with vector r =
(x− xP, y − yP, z − zP)12. The magnetic field B can be calculated from the vector
potential A via B = ∇×A with A:

12The direction of the vector r is opposite to what has been defined in [70], which will yield a
minus sign in the final calculated magnetic field.
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Figure 6.15: Studied ferromagnetic slab with magnetization M = M ŷ and dimensions
3×3×0.035 µm3. The magnetic field is calculated at observation point P from volume
elements dτ at a position r with respect to that point.

A =
µ0

4π

∫
V

M × r̂

r2
dτ, (6.11)

where µ0 is the permeability constant and r2 = (x − xP)2 + (y − yP)2 + (z − zP)2.
Plugging in the defined vectors in equation (6.11):

M × r̂

r2
=
M (z − zP)

r3
x̂− M (x− xP)

r3
ẑ. (6.12)

Now, the curl of the vector potential ∇×A can be calculated:

∇×A|x =

{
− ∂

∂y

[
M (x− xP)

r3

]}
, (6.13a)

∇×A|y =

{
− ∂

∂x

[
M (x− xP)

r3

]
− ∂

∂z

[
M (z − zP)

r3

]}
, (6.13b)

∇×A|z =

{
− ∂

∂y

[
M (z − zP)

r3

]}
. (6.13c)

In this way, we reach to an analytical expression for B that has to be solved numeri-
cally:
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Bz = 3
µ0MCo

4π

∫
V

(z − zP) (y − yP)[
(x− xP)

2
+ (y − yP)

2
+ (z − zP)

2
]5/2 dτ. (6.14c)

For a slab with dimensions (±xFM,±yFM,±zFM)=(±1.5×10−6,±1.5×10−6,±17.5×
10−9) (in meters) and with P = (0, 0,−19.5 × 10−9), a magnetic field of around 10
mT is found from numerical calculation with Mathematica. Notice that the position
of P is 2 nm below the ferromagnet’s center to take into account the grown tunnel
barrier. Towards the edges a magnetic field of around 800 mT is found, which is in
good correspondence with the simulations as shown in figure 6.7.
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Chapter 7

Taking topological insulators
for their spin: A feasibility
study

The experiments reported in this thesis are all directed towards using Bi-based topo-
logical insulators as a platform for various applications. However, the progress in
understanding phenomena in topological insulators is still ongoing, such that applica-
bility of these materials is difficult to consider yet. Nevertheless, I would like to give
an overview of the possibilities of topological insulators in commercial applications.
Rather than calling it a ‘valorization’ chapter, I want to use the term ‘feasibility’ since
the novel properties of topological insulators still require a lot more investigation be-
fore one can even think about real applications. In the first part of this chapter, I will
discuss the requirements and the implications for producing topological insulators on
a large scale. After that, I will discuss the applicability of topological insulators for
commercial purposes where I will provide an outlook with respect to the experiments
reported in this thesis, in addition to what has been discussed in earlier chapters.



Taking topological insulators for their spin: A feasibility study

7.1 Production of topological insulator materials

For topological insulators to be used on an industrial scale, one has to look for growth
methods to fabricate large-area topological insulator films of which the electrical prop-
erties are reproducible and uniform over larger areas of several inches. Furthermore,
effects of producing topological insulators on the environment will be discussed as
this will become more important in the future.

7.1.1 Mining and purification of raw materials

A first step in the production of topological insulator materials is to inventorize the
elements’ reserves worldwide and to explore the costs of mining and purification. Most
of the topological insulator materials studied so far contain elements including Bi, Sb,
Se, and Te1. I will discuss the abundance of those elements here, mainly based on
studies by the U.S. Geological Survey National Minerals Information Center [3]. The
prices of the purified compounds are obtained from Fisher Scientific per August 2017,
which give an indication of the intensity of the purification process.

The abundance of Bi in the Earth’s crust is about 0.08 ppm by weight, making
it two times more abundant than gold, but for example ∼107 less abundant than
silicon [4]. Bi is mainly obtained from refining process residues in obtaining copper
and lead, rather than directly from its ore [5]. It is estimated from the reserves of
lead that the reserves of Bi are about 370,000 tons, whereas about 10,000 tons is
currently produced every year. This makes the reserves sufficient for another 35 years
under current production. Since Bi is obtained as a byproduct, the price of raw Bi is
relatively low (around 10 $/kg; prices can grow when the scarcity increases). In the
more purified form, Bi costs between 1400 $/kg (99.99%) and 6000 $/kg (99.999+%),
reflecting the high costs and intensity of the purification process. Interestingly, Bi has
become more popular being a nontoxic substitute for lead and thus obtaining Bi as
byproduct of lead is maybe not so feasible anymore in the future. This might change
the methods of mining and refining of Bi in the coming years. This is enhanced by
the fact that lead is currently the main component in current car batteries, which
might change with the rise of electrical cars. However, bismuth minerals are present
in insufficient quantities to realize commercial mining at the moment2. Recycling of
Bi is difficult since it is being used in small amounts for applications (e.g. solders)
thereby scattering the Bi in small amounts.

Sb is currently the main component for flame retardants and for alloying with lead
in batteries, which makes Sb easier to be recycled than Bi. This yields recycled Sb to
contribute ∼15% to the total consumption of Sb in the United States. Sb is mainly
obtained from its own ore, but can be obtained as a byproduct from copper and lead
production too. Currently, about 130,000–140,000 tons Sb per year is mined, whereas
the reserves are estimated to be around 1,500,000 tons (0.2 ppm by weight), and
might last for another ten years. The current market price of raw Sb is about 8 $/kg,
whereas purified Sb costs between 1700 $/kg (99.999%) and 2900 $/kg (99.9999%).

1A nice overview of topological insulators found/predicted up to 2013 can be found in the review
paper by Ando [1]. It was further reported that it is possible to find topological insulators in
naturally-occurring minerals, too [2].

2This is included in the aforementioned abundance, but not in the estimate for the reserves.
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Currently, Se is mostly used for (de)coloring glass and as a catalyst in electrolytic
cells for Mn winning such as to reduce the operating power. Furthermore, Se is
a human dietary supplement as well as for livestock and is promising for battery
applications [6]. Some recycling is being done on earlier photocopiers and electronics
where Se had the role of photoconductor and photoreceptor (nowadays it has been
replaced with Si or organics). However, for the rest of Se, the use is quite scattered
such that recycling is difficult. Se is mainly obtained as a byproduct of refining
mostly copper (also lead and nickel) and therefore its supply depends mainly on
the copper production. Furthermore, it depends on the request for Mn due to the
catalytic properties of Se, which has decreased over the last years. In 2016, the refinery
production was around 2,200 tons and the reserves are estimated to be about 100,000
tons (0.05 ppm by weight3), giving possibilities for new applications for another 45
years. The price of the raw material varies between 40 and 70 $/kg and the more
purified version costs about 1500 $/kg (99.999%).

Te is also mainly refined from byproducts in copper and lead production, but
Bi2Te3 ores also exist in nature. Te is mainly used for CdTe solar cell production
and for thermoelectric applications. Recycling of these products is possible, but is
currently very small because those products are relatively new. The world production
of Te in 2016 was estimated to be about 400 tons while the reserves are estimated on
25,000 tons (0.001 ppm by weight), making it abundant for another 60 years. The
price for Te is about 34 $/kg and in the more purified version the costs are between
1200 $/kg (99.999+%) and 3800 $/kg (99.9999+%).

7.1.2 Environmental impact

The described elements above are generally considered to be toxic when humans
are exposed to it via inhalation or oral exposure [information obtained from [7–12]].
There is an increased health risk for workers active in the production process of
those elements (mining, refining, etc.) and from the abundant (Se) amounts in food
which is dangerous when too high quantities are consumed. Such exposures can be
easily prevented by improving the safety regulations and protection of the workers
and by regulations on food, respectively. Furthermore, care has to be taken that the
electrical compounds are well sealed such that the consumer exposure is minimal.
Environmental effects based on toxicity for Bi and Te are unknown, but for Sb and
Se it is known that it easily pollutes the soil or waters which can affect animals on a
local scale [11]. Therefore, it is good to monitor the concentrations of these elements
in the soil and ground water to minimize pollution around the production site.

However, the main impact of these elements on the environment is by the produc-
tion process itself. In 2008, Nuss and Eckelman conducted a life cycle assessment of
most of the metals consumed nowadays [13]. First, the authors point out that, based
on a report by Graedel et al. [14], recycling rates of the studied ‘specialty metals’
are rather low: 1–10% for Sb and < 1% for Bi, Te, and Se. This is due to the fact
that such metals are usually integrated in complex products in small amounts and
therefore it is difficult to extract those metals for recycling in an economically viable
way. Furthermore, products become more durable, i.e. longer lifetimes, and therefore

3Part of which is stored in coal that is difficult to commercially refine at the moment.
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recycling shows a low rate. This finding implies that the production of Bi, Sb, Se,
and Te has to mainly come from primary production, in agreement with the studies
by the U.S. Geological Survey National Minerals Information Center.

As the assessment by Nuss and Eckelman further indicates, the purification and
refining of these metals are the most energy-intensive steps in the production process
and often require many fossil-fuel-related processes that yield a large CO2 production
already, except for Sb which is mainly a environmental burden by its mining. Looking
at the cumulative energy demand to produce the metals (especially for Bi and Te), it
can be seen that energy needed for production is relatively high compared to common
metals such as Ti, Al, Fe, Cu, and Co. For Sb and Bi, although not produced
in large amounts, the global warming potential is already rather high and requires
investigation on the environmental impact of producing future devices. However,
for future device applications only small amounts of the elements are needed (unless
there will be an application on the ‘Si scale’) such that energy costs and environmental
impact per product might be relatively low4.

7.1.3 Large-area growth

For industrial applications, large-area growth of topological insulator films is required.
One obvious candidate to grow such films is by MBE where it is possible to grow
topological insulator on wafers up to 3 inch in diameter, as shown in the thesis by
Brahlek [15]. Although relatively large wafers can be coated, the required ultra-high
vacuum in these systems and the desired low defect density limit the growth rates
of the material at the moment (the growth rate is about 1 nm per minute with the
settings used in [15]). In GaAs thin-film growth by MBE, many advances have been
made where thickness deviations over a 3-inch wafer were already found to be less than
1% in the 1980s [16]. Additionally, multiwafer systems were introduced in the 1990s
which then could coat 8,000 4-inch wafers per year [17]. Such upscaling for topological
insulators has not been reported yet and the effect of an increase in growth rate on the
sample performance is to be investigated. This performance should be benchmarked
on the mobility, the charge-carrier density, and corresponding Fermi level position of
the system in order to maximize the surface-state contribution for novel applications.
As discussed in section 2.4.1, high mobilities can be realized by MBE growth now
and is promising for future applications. However, one important limitation is the
choice of the substrate and its preparation to reach such record-high properties in Bi-
based topological insulators [18]. For example, using Al2O3 substrates yields a large
defect density and buffer layers are required prior to the growth of Bi2Se3. However,
the alternative substrate CdS(0001) could resolve the need of a buffer layer, where
reasonably high mobilities and a Fermi level inside the bulk band gap were reported
when directly grown on that substrate [19]. CdS is a semiconductor with a band gap
of ∼2.5 eV and a resistivity of 107 Ω cm, showing that the influence on the transport
properties are supposed to be small. Importantly, it seems difficult to grow topological
insulators as interlayers in more complex device architectures and thus should these
materials be the starting point/layer of a device geometry.

4One kilogram of Bi can span 10,000 m2 when a layer of 10 nm is grown, such that the number
of devices per amount of Bi might be large.
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Other growth techniques, that for example have been used for thermoelectric
applications (see also section 7.2.2), produce bulk crystals which yield an arbitrary
shape, a low mobility, or a high charge carrier density. Chemical vapor transport
growth can yield larger-area films but lack uniformity, although it has the benefit of
growing on any arbitrary substrate.

7.1.4 Conclusions

Summarizing, production of topological insulators on an industrial scale requires var-
ious considerations. The abundance of some of the elements is limited to 10 to 20
years, based on the current request and known reserves. These numbers can change
depending on the request, which might give rise to opening of new mines that sud-
denly become commercially viable. Based on the current numbers, a long-term busi-
ness model might be problematic, additionally with regard to the limited recycling
rates of the elements that are below 10%. The average costs of ∼2000 $/kg as well as
the relatively high environmental impact are mainly related to thorough purification
and refining of the elements, whereas the running costs of the actual growth of topo-
logical insulators have not yet been considered in this study. The actual growth of
topological insulators is at the moment limited by the growth rate of these materials
and more understanding is needed on the effects on charge transport by increasing
growth rates and changing substrates.

7.2 Applicability of topological insulators

In the experimental chapters of this thesis, I have touched upon (several aspects
towards) various potential applications of topological insulators which I would like
to discuss here in a bit more detail. Based on the results, I will explore the possi-
bilities of using topological insulators for commercial applications with a low power
consumption.

One point of consideration is the behavior of topological insulators when imple-
mented in a larger architecture being connected to different materials. In chapter 3,
we have investigated the interface between various metals (for contact leads) and Bi-
based topological insulators. Due to the high electron affinity of Bi2Se3 and the high
electronegativity of the terminating Se layer, it has been theoretically proposed that
a charge-accumulation layer is present at the interface with a metal. This will yield
Ohmic contacts that are required for low-dissipative device applications. However,
hybridization of the metal’s states with those of a topological insulator could mask
novel properties in the charge transport around the contacts. This problem would
require a separation layer (for example a tunnel barrier) that could increase the inter-
face resistance in turn, leading to an increase in power dissipation in future devices.
Although this has theoretically been proposed, the hybridization at the interface be-
tween a bulk metal layer and the topological insulator is difficult to investigate with
surface-sensitive techniques such as ARPES and would require transport measure-
ments to elucidate the performance of the surface-state channels. In addition, the
potential landscape at the bottom surface, where the material is in contact with a
substrate, is unknown. This leads to uncertainty in the performance of the bottom

135



Taking topological insulators for their spin: A feasibility study

surface which could affect transport through the top surface. One obvious method
to investigate the charge-transport properties of the several channels is by studying
Shubnikov–de Haas oscillations, as shown in chapter 5. However, the interpretation
of the oscillations coming from different channels is scattered in literature, where of-
ten limited data due to limitations in the magnetic field are shown to distinguish the
various channels. Furthermore, the location of the surface states (top or bottom) is
unknown and can be only distinguished in a dual-gate device, which is hampered in
turn by the limited possibilities of substrates yielding high-quality growth of topo-
logical insulators. Theoretical understanding of the interplay of the different states
could contribute to the interpretation of the oscillations from which we for example
encountered difficulties to observe a second surface state (and mainly domination by
the bulk).

In the efforts to probe the barrier at an interface between a topological insulator
and a metal (chapter 3), we observe no clear indication of an interface barrier which
would be in line with theoretical proposals and yield transparent interfaces. However,
some of the experiments are inconclusive and apparent barriers could be related to
fabrication-related issues or limited wetting of the metal under consideration on the
topological insulator surface. Nevertheless, beyond our experiments there are hardly
reports that point towards non-Ohmic behavior at the interface. One practical issue,
as observed throughout the optimization of fabrication recipes for the devices, is
that the adhesion between metals and topological insulators is generally poor and
requires adhesion layers such as Ti or Cr. Furthermore, Bi2Se3 is a soft material and
can therefore be easily damaged. This would require an in-situ-grown capping layer
that is beneficial for protection of the material against (environmental) doping at the
same time. If these issues can be overcome then it is worth to look into potential
applications.

7.2.1 Spintronic applications

Our main motivation to study topological insulators is their interesting ambipolar
charge-carrier spin texture at the interface where the momentum is locked to the
spin orientation of the carriers. This property is strongly protected by the material’s
topology and yields a decrease in backscattering, enhancing the mobility5. The sys-
tem has a lot of potential for spintronic applications because a spin accumulation can
be generated and detected by application of a current bias rather than using ferro-
magnetic layers to obtain a spin-polarized current. Such a generation of spin current
has the advantage that it is unaffected by environmental effects, such as stray fields
as is the case for adjacent ferromagnetic layers. Therefore, it allows for further minia-
turization of for instance a spin-based field-effect transistor [20], but is bound by a
critical minimum thickness at the same time [21]. In addition to the miniaturization
possibilities, a full spin polarization of the surface-state charge carriers in topological
insulators was predicted, i.e. every out-of-equilibrium charge carrier has the same spin
orientation. This would mean that, compared to conventional ferromagnetic layers

5It is to be noted that in Bi-based topological insulators the mobility is only on the order of 2,000
cm2/Vs (except for some recent results) and that the enhancement is only relative; no high-mobility
channels are automatically created.
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(with polarizations usually up to ∼40%), spin Hall systems (being 3D systems [22]),
and Rashba–Edelstein systems (having a partial cancellation of the spin texture),
topological insulators could set a new standard for spin injection. However, the spin
polarization is lower as pointed out by Hong et al. An angular-averaging factor has
to be included since transverse components contribute to the total charge current
(see also section 6.2.2). This gives rise to a maximum polarization of 2/π [23], but
is further reduced by spin–orbit interaction effects to about 50% [24]. Nevertheless,
such (ideal) values of spin polarization produced by the topological insulator’s sur-
face states are still quite high. Another advantage besides the large spin polarization
could be the fact that topological insulators are less metallic compared to ferromag-
netic metals, which could be beneficial to partly overcome the conductivity mismatch
problem [25]. This conductivity-matched spin injection can be furthermore enhanced
by eliminating any bulk contributions, leading to an increase in both the resistance
and the surface-state contribution to the spin polarization. However, this gain would
have to be weighed against the larger dissipation of the material and requires materi-
als with a higher mobility to compensate for decreasing the charge-carrier density in
order to keep the resistivity low.

As discussed in chapter 6, we have tried to detect this spin polarization in sign and
magnitude using a ferromagnet contact as detector. Although we have shown that
the origin of the observed charge-current-induced, magnetization-dependent voltages
in our experiments is unknown, the values for surface-state spin polarization vary
between 1.5 and 15%. Here, we take into account unknown factors including the fer-
romagnet’s polarization and the exact ratio between surface states and bulk states.
Nevertheless, the higher value seems to correspond well with other reported values
for Bi2Se3, but in counterdoped compounds with a higher surface-state contribution
the spin polarization is unexpectedly lower compared to metallic Bi2Se3. A better
understanding of the corrections to the ideal case such as the values of the ferromag-
net’s (tunnel) spin polarization and the bulk and surface-state contributions to the
charge transport is needed to determine the actual surface-state spin polarization.
Such an understanding can give a reason for the poor performance of the counter-
doped compounds, too. Furthermore, the temperature dependence of the spin voltage
is an interesting direction for a more detailed investigation since different dependen-
cies are reported. One way to partly overcome such uncertainties is by employing a
nonlocal geometry where charge current and spin current can be separated. In this
way, most of the spurious effects are removed and an external spin valve can be used
to determine the spin polarization of the ferromagnets (see section 6.5).

Provided that the spin polarization of the topological surface states is reasonably
large, such materials can be employed for spin-torque-induced magnetization switch-
ing in for example magnetoresistive random-access memory (MRAM) [26]6. Such
spin-transfer torque MRAM (STT-MRAM) elements have the advantage that they
can be easily downscaled and have a lower power consumption with respect to the
earlier generations of MRAM. These advantages come from the different mechanisms
that switch the magnetization of the free ferromagnetic layer that serves as the mem-
ory element within a magnetic tunnel junction structure. In the earlier generations

6The technology of MRAM is still under development towards commercial applications, mainly
because of the relatively large power consumption [27].
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of MRAM, a pair of ‘bit’ lines switch the magnetization of the free magnetic layer
by Oersted fields that are generated by application of large current densities (∼106

A/cm2, depending on the properties of the magnetic layer [28]). Besides the large
power consumption, downscaling is limited because too closely packed elements could
be influenced by adjacent Oersted fields. Furthermore, in order to generate Oersted
fields with smaller strip lines, a larger current density is needed. These issues can
be resolved by STT-MRAM where magnetization can be switched by the torque that
spins from the first ferromagnetic layer can exert on the ferromagnet’s magnetization7.
This ‘direct’ way of switching the magnetization is proposed to be more convenient
than switching by Oersted fields. The effectiveness comes from the requirement of
a smaller current density and further downscaling is possible since such switching
depends on the current density rather than the current (as for the Oersted fields)8.
Furthermore, spin-transfer torque could lead to a new generation of current-tunable
oscillators operating at the GHz regime under a static magnetic field and can be useful
for wireless on-chip communication [26]. However, this current-controlled switching
still shows a considerable inefficiency due to the large power consumption relative to
the intrinsic energy of the magnetic state to be competitive in the future [27]. There-
fore, the large spin polarization in topological insulators can play a role in order to
further lower the required current density to switch the magnetization and can lead
to more efficient spin–orbit-torque-based components [30,31].

It has been shown that topological insulators can exert a torque on a ferromagnet’s
magnetization by Mellnik et al. [32], where a spin–orbit torque in a Bi2Se3/Py het-
erostructure was measured at room temperature. The spin-torque ratio (the torque
strength per unit of charge-current density) in Bi2Se3, although shunted by the bulk,
has been shown to be an order of magnitude larger than in heavy metals such as Pt
and Ta that are relying on the spin Hall effect9. Furthermore, it has been reported
that the Oersted-field effect is negligible and that the Rashba–Edelstein effect from
trivial surface states due to band bending, if at all present, does not dominate the
signal when Py is used10. A subsequent report where bulk-insulating samples have
been used shows an even higher spin-torque ratio [36], mainly due to the suppressed
bulk contribution to the charge current. Around the same time, Fan et al. have
reported current-induced magnetization switching of a (soft) magnetic topological in-
sulator [37]. It has been shown that current densities below ∼105 A/cm2 are needed
to switch the magnetization of the magnetic topological insulator that has a rather
low anisotropy field and is only present at temperatures below 10 K. The spin-torque
ratio has been found to be another order of magnitude higher at low temperatures
compared to the result by Mellnik et al. In a subsequent paper by the same group [38],

7Spin-torque-transfer phenomena are unwanted for future read heads in hard-disk drives, though
[26].

8It is to be noted in a recent paper that Joule heating could assist an easier switching of the
magnetization [29].

9Spin Hall effects in a disordered system such as Bi2Se3 are expected to be small since such
an effect will only occur at the boundary within the mean free path length from the surface [33].
However, there are indications by a recent work that the spin Hall effect from off-stoichiometric
materials can exert a strong spin torque on a ferromagnet [34].

10However, the exact dispersion of the topological surface state at the interface with a ferromagnet
has been theoretically questioned [35].
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it has been further reported that the spin–orbit torque from the two nonequivalent
surfaces can change the magnetization within the Cr-doped topological insulator it-
self where the magnetic anisotropy as well as the torque strength can be tuned by
an electric field11. Although only possible at low temperatures, magnetic topological
insulators could therefore serve as magnetic memory element too, but the difference
in current between read and write might be an issue. More recently, Han et al. have
shown room-temperature switching of a magnetic layer with perpendicular magnetic
anisotropy [39], paving the way towards real applications. In this work, it has been
further noted that the power consumption is lower than that for spin-Hall-metal-based
switching. The outperformance of topological insulators compared to spin Hall metals
and Rashba–Edelstein systems makes topological insulators a promising candidate for
spin–orbit-torque-MRAM (SOT-MRAM) applications.

One important consideration, as mentioned in the works above, is that the resis-
tance of the topological insulator is relatively high compared to that of ferromagnetic
metals, such that main part of the charge current will be shunted through the ferro-
magnetic layer. Therefore, it is suggested that spin–orbit torque between topological
insulators and ferromagnetic insulators should be studied since this will lower the
power consumption in future devices. Another point of consideration will be ther-
moelectric effects as well as Joule-heating effects that originate from the resistive
topological insulator and that can interfere with the difference between the reading
and writing current of the bits. This will be especially an issue for surface-dominated
films where the bulk charge-carrier density is relatively low and the mobility only
moderate. Therefore, the balance between power consumption (bulk insulation will
yield higher dissipation) and the spin-torque ratio (bulk insulation will yield a larger
spin torque) has to be examined.

The actual response time can be extracted from the group velocity of the charge
carriers, similar to what has been done in the work by Kastl et al. [40]. From ARPES
measurements it is observed that the Fermi velocity for Bi2Se3 is ∼5×105 m/s which
yields response times on the order of ps when the feature size (including leads) is
about 1 µm, allowing to perform (spintronic and electronic) operations in the THz
regime that is supported by ultrafast relaxation dynamics as discussed in chapter 4.
However, spintronic operations might be limited to the response time of the magnetic
element which depends on the magnon velocity [27]12.

Another potential application of topological insulators is that of spin detection
where a spin current is injected into the topological surface states, giving rise to a
voltage build-up. Such an effect can be compared with the inverse spin Hall effect
in heavy metals and the inverse Rashba–Edelstein effect in for example Ag/Bi sys-
tems [22,41]. This spin-to-charge conversion in topological insulators is mainly studied
by spin pumping experiments in the group of Saitoh [42,43]. It is found that the bulk
states affect this conversion through spin scattering, as predicted from the short mean
free path [33]. This yields a reduced spin accumulation in the surface states and ad-

11The actual size of the torque strength has been debated recently by Yasuda et al. [29].
12This does not hold for spin-based field-effect transistor because no magnetic states are switched

in logic operations [27].
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ditionally a negligible inverse spin Hall effect13. Furthermore, the generated charge
current is easily shunted by the bulk and therefore room-temperature detection using
the topological surface states that have a high selectivity is fairly impossible. Upon
lowering the temperature, bulk-insulating samples get a more pronounced surface-
state contribution. Now, an inverse Rashba–Edelstein length14 of 0.25 nm at 10 K
can be obtained (0.03 nm at room temperature [46]). These values are similar to the
model system Ag/Bi at room temperature. More promising topological insulators
for the purpose of spin detection are α-Sn and strained HgTe, showing the highest
inverse Rashba–Edelstein lengths at room temperature reported so far [47, 48]. An-
other alternative is switching back to the quantum spin Hall insulator [49] but this
requires careful gate control and low temperatures at the moment. Depending on
the spintronic device geometry, one has to consider whether the resolution of the
spin-to-charge conversion is large enough for realizing a clear on/off-state.

7.2.2 Thermoelectric applications

The studied Bi-based topological insulator materials have been subject of research
for thermoelectric applications for decades. Thermoelectrics can be used to gener-
ate voltages from heat gradients (and vice versa) and one can think of for example
conversion of waste heat from industrial applications or from smaller device struc-
tures [50]. Materials suitable for thermoelectrics require a large Seebeck coefficient,
a large electrical conductivity, and a low thermal conductivity, yielding a high figure
of merit ZT . A large electrical conductivity can be realized from narrow band-gap
materials with a relatively high mobility. A higher charge-carrier concentration could
lead to improvement additionally but will give rise to a decrease in the Seebeck co-
efficient. Furthermore, by using heavy elements, the thermal conductivity can be
reduced due to a suppression of the phonons which are usually the main contributors
to the thermal conductivity. These requirements make Bi-based topological insula-
tors promising to study for thermoelectric applications and, indeed, compounds such
as p-type BixSb2−xTe3−ySey , Bi2Te3, and Sb2Te3 and n-type Bi2(SeyTe1−y)3 are
currently used in modern devices that operate at room temperature [51, 52]. The
next step is to investigate whether it is possible to use topological insulators for both
thermoelectric as well as spintronic applications at the same time.

In order to improve the figure of merit, thin films of crystalline topological insulator
compounds can yield an increase in the phonon relaxation due to boundary scattering
by the decreased dimensions [52], while preserving good electrical and topological
properties. However, as pointed out by Hor et al. [53], the crystallinity gives rise to
a larger thermal conductivity in bulk crystals at the same time and the competition
between miniaturization and crystallinity has to be investigated. It has to be noted
that the thermal conductivity is larger in the plane of the film compared to the
conductivity parallel to the surface normal due to a larger lattice scattering. Increased
lattice scattering can further be realized by introducing fine grains which leads to an

13However, by limiting the thickness of the topological insulator, one can observe the (bulk) inverse
spin Hall effect in Bi2Se3 at room temperature [44, 45]. The size of the effect differs considerably
between the two experiments.

14The ratio between the generated 2D charge current and the injected 3D spin current. This length
can be calculated from the velocity of the charge carriers and the scattering time [22].
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increase in ZT of Bi2Se3 [54]. However, this can eventually lead to destruction of the
topological phase [55]. Another possibility of improving ZT is by increasing disorder
in the unit cell via alloying binary compounds such as Bi2Te3 and having defects in
the crystal, which could lead to an improvement of the thermoelectric properties too.
However, this will affect the Seebeck coefficient and the conductivity at the same time
where the conductivity is being only partially compensated by weak antilocalization
effects of the surface states.

Enhancements in ZT via the topological properties have been theoretically pre-
dicted by using ultrathin films such that the top and bottom surface hybridize with
the cost of losing the novel surface states [56]. Experimental work by Kim et al.
has been performed to investigate the power factor σS2 around the Dirac point (no
hybridization), including the conductivity σ and the Seebeck coefficient S [57]. En-
hancement of the power factor has been observed around the Dirac point, but it yields
a small correction to the best-known bulk power factors for Bi2Se3. Similar results
have been obtained by using BixSb2−xTe3−ySey nanowires (to reduce the phonon scat-
tering) [58], but the absence of an electrostatic gate made it impossible to enhance
the power factor when the Fermi level is close to the Dirac point.

In summary, the competition between disorder to improve ZT and crystallinity
to probe the topological surface states with reasonably high mobility and low charge-
carrier density seems to make it difficult to find high-end topological-insulator-based
applications on the border of spintronics and caloritronics. Nevertheless, due to the
high Seebeck coefficient in these materials, heat gradients can generate and control
the spin accumulation in these materials. Such effects allow for spintronic compo-
nents that do not require application of a charge current, but rather use heat to
generate a spin accumulation. The efficiency of such applications depends on other
material parameters such as the thermal conductivity and the physical properties of
the environment including substrates or other layers in the stack with for example dif-
ferent Seebeck coefficients. Importantly, heat gradients can affect the charge-current-
induced spin polarization too; an effect that has not been studied or considered yet.
Understanding heat-related phenomena in topological insulators is crucial to evaluate
the efficiency of spintronic devices based on these materials.

7.2.3 Applications for optics

Optically accessing the surface states of topological insulators provides a means to
tune their charge and spin-transport properties and allows for future device applica-
tions linking optics (photonics) with electronics and spintronics. The initial proposal
to study the effect of optical excitation on the transport is based again on spin–
momentum locking. It has been proposed that upon excitation with helical light a
specific spin species could be excited, which would lead to a resulting photocurrent
due to the created spin imbalance. Such photocurrents are expected to move fast,
due to the high Fermi velocity, and show relaxation times on the order of picoseconds
which make topological insulators ideal for (room-temperature) THz applications.
Such an effect could already lead to implementing topological insulators for fast pho-
todetectors of circularly polarized light without the need of a bias [40]. As discussed
in this work, the current performance is orders of magnitude worse than that of
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GaAs photodetectors. This is attributed to the interfering bulk, which gives room
for improvement by for example investigating bulk-insulating compounds. Another
interesting consequence of the photogalvanic effect is that a charge current and cor-
responding spin current can be modulated. By exciting surface-state charge carriers
with a certain spin species into the bulk states, a flowing charge current in the topo-
logical surface states can be enhanced or suppressed depending on the direction of
the generated photocurrent. In this way, helical light can act as a gate in an electrical
transistor based on a topological insulator. Furthermore, when the topological insu-
lator is used as a spin generator, helical light can tailor the spin polarization without
having to change the applied current, which is useful if the speed of a spintronic
device is limited by the electrical modulation of the charge current. In addition to
that, it has been shown that spins can be modulated by optical means due to the
strong spin–orbit coupling in this material [59], which can improve the control over
the spin polarization. However, at the moment the sensitivity to light is rather low.
In the experiments reported in chapter 4 as well as in literature, helicity-dependent
photocurrents on the order of nA are generated while using reasonable fluences at
room temperature, even in bulk-insulating films. Another point of attention is the
scalability of optically-gated devices since this is limited by the laser’s spot size, as
also pointed out by Wunderlich et al. [60].

Besides these issues, it has been reported that a lot of other (bulk-related) effects
can interfere with the photogalvanic effect described in chapter 4, which might affect
the reliability of future devices. Furthermore, the current understanding of the actual
photogalvanic effect in topological insulators is limited, such that it is unclear how to
enhance the efficiency of such devices. Relaxation dynamics of excited charge carriers
will play an important role in resolving such issues to realize devices similar to the
spin Hall effect transistor [60].

Another application using optics worth mentioning is the local control of the elec-
trostatic potential by incident light, which can be realized in two ways. The first
method is to optically induce electrical polarization in a SrTiO3 substrate where the
semi-transparent topological insulator is grown on, which can be reversibly tuned by
UV light and red light [61]. Such electrostatic gating has the advantage that it does
not require any supply of voltage and is persistent for over ten hours. Furthermore,
the optical control of the local potential can be very convenient when the topological
insulator is capped with other semi-transparent layers where an electrical lead might
not be possible. This idea can be extended by creating magnetic domains locally
via laser-induced lowering of the coercivity such that the writing field of that local
domain is lower than the field to switch the magnetization of the full layer [62]. In
combination with the current-induced magnetization switching of magnetic topolog-
ical insulators as described earlier such a magnetic topological insulator can be used
for memory applications. Here, writing and erasing can be performed by a combina-
tion of laser illumination and application of a current in the topological insulator to
switch the magnetization locally. Another method to change the electrostatic poten-
tial at the top surface is by inducing a surface photovoltage by light sources that are
commercially available [63]. Such photovoltages give rise to an electrostatic potential
difference that can be read out by an ARPES-like method. In this way, data can be
stored with the memory elements that consist of patches of topological insulator and

142



References

are stable over several hours. However, a clear erasing procedure is missing at the
moment such that the memory elements are inactive until relaxed, but its relatively
short lifetime does not make it useful for data storage either. Similar to the opti-
cal induction of electrical polarization, this tool can be convenient for local gating
applications.

7.3 Conclusions

The interesting properties of Bi-based topological insulators could yield interesting
device applications at the border of optics, electronics, and spintronics. Optimizing
such materials for thermoelectric applications while maintaining the good topological
insulator properties is rather complicated due to the competition between crystallinity
and disorder. However, there might be different caloritronic effects in combination
with different materials that are worth studying to enhance device performance. Al-
though the potential of the discussed device geometries is high, a full understanding
of the material system with its multiple transport channels is lacking and therefore
estimates on the device performance are challenging. The distinction between bulk
and surface-mediated contributions due to very growth-specific effects requires more
investigation, partially due to the limited experimental techniques available.

Another challenge is the energy-intensive refining and purification of the elements
needed to construct topological insulators, leaving a considerable environmental foot-
print at the moment compared to production of common metals. The size of such a
footprint cannot be very easily estimated since real device schemes have been hardly
proposed. In addition to that, the abundance of some of the commonly used elements
for topological insulators is low and necessitates a survey to find new reserves of such
elements. Furthermore, searching for new topological insulators or similar phases of
matter could open up new possibilities. The moment that a commercial phase is
reached depends on experimental and theoretical efforts to understand the interplay
between the different transport channels as well as investigations to maintain the
growth quality while the throughput is increased.
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Appendix: Details on
fabrication

This thesis comprises of experiments with devices that require completely different
fabrication schemes. Here, I would like to give a brief overview of the recipes and
other relevant details for every fabrication step, categorized per piece of equipment.
There will be special attention to the processes that are not so often used in the
group.

DUV lithography

DUV lithography has been used in many of the devices to design millimeter-sized
features in order to reduce exposure time for EBL. The mask for these large-area
exposures has been designed by previous members of the group to pattern conducting
samples and it has two separate patterns on it. The first pattern is that of 22 contact
pads and leads, which define a writefield pattern in the center of 100×100 µm2 that
can be easily accessed by EBL. Furthermore, large markers at the corners of the
contact pattern as well as small markers around the writefield are included in order
to have a proper alignment in subsequent steps. The second pattern is the etch pattern
in order to electrically isolate the contact leads. This pattern basically consists of a
small square covering the middle of the pattern. The rest is exposed and can be etched
way in a later step. The leftover square in the center can be patterned by defining
etch lines by EBL. Additionally, there are patches masked around the contact pattern
such that characterization of the layer can be done after the full fabrication cycle is
finished.

The photoresist that is used for exposures with DUV light is PMMA, a conve-
nient polymer that has been used a lot for EBL1. Here, a 4% solution is used from
Allresist (AR-P 679.04), which under normal spincoating conditions (4000 rpm for 1
min.) results in a layer thickness of ∼300 nm. To improve the lift-off efficiency in
subsequent deposition steps, a lift-off resist (LOR-3A) is added prior to spincoating
of the photosensitive PMMA layer, which also gives a layer with thickness of about
300 nm. The baking steps in between spincoating utilize a temperature lower than

1Earlier, the photoresist ZEP520a has been used, which also serves as an e-beam resist. However,
during spincoating often bubbles appeared, pointing to contamination of the solution that can be
related to the age of the solution.
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standard (180◦C). To protect the sensitive topological insulator2, a temperature of
100◦C is used, which does not give a loss in resolution (also not when using EBL).
Then, the sample is exposed for half an hour using the EVG-620 DUV mask aligner,
available in the Nanolab cleanroom, Groningen. Typically, six contact patterns can
be designed on one 5×5 mm2 substrate. Development of the PMMA layer can be done
along the same lines as that for EBL-exposed structures, i.e. 1 minute in MIBK:IPA
(1:3) and 15 s in IPA to stop the development3. To create a proper undercut in the
non-photosensitive LOR-3A layer, the polymer is etched away by a CD26:DI (1:2)
solution in 15 s and the etching is stopped by immersing the sample in pure DI water
for about 10 s. A dilution for the etching solution is required to have a better control
and reproducibility of the etching.

UV lithography

UV lithography has been used to define Hall bar patterns as used for the high-field
magnetotransport studies as well as to realize hot-electron transistors as discussed in
chapter 3. Both masks and resulting device structures have been discussed extensively
in the corresponding chapters. The polymer PMMA is not sensitive to UV light and
therefore OiR 906-12 from Fujifilm is being used, which yields a layer thickness of
about 1.2 µm under normal spincoating conditions. Typical exposure times vary
between 5 and 30 s, but do not really lead to overexposure while using such big
structures. Development is done by immersing the sample in water-based solutions
with a low amount of TMAH (OPD 4262) for 1 min. and then is immersed in pure
DI water to stop the development for about 10 to 30 s.

As was planned for some experiments, a negative-tone photoresist was tested. For
that, I developed a recipe based on the resist Ti35ES, which can be found below:

� Bake sample at 120◦C for 10 min.

� Spincoat Ti35ES at 4000 rpm for 40 s (no HMDS was used)

� Bake sample at 95◦C for 2 min.

� UV exposure for 22 s (exact time is not crucial; not much difference with 24 s
exposure time was found)

� Outgas for 1 h on wetbench (this time was not optimized)

� Bake sample at 125◦C for 4 min. Crosslinking step. The time for this step is
detrimental for the next flood exposure step

� Flood exposure for 2.5 min.

� Development with OPD 4262 for 90 s. If the development does not work then
increase the flood exposure time, not the development time

2Optically, damage at the surface was observed when baking at 180◦C.
3Due to the optical character of the lithography step, chances on overdevelopment are rather

small.
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This process yield patterns that are not that sharply defined around the edges,
which is most probably related to the tone of the resist.

Electron-beam lithography

In order to create structures inside the 100×100 µm2 writefield of the pattern designed
by DUV lithography, EBL has been used to realize micrometer-sized geometries. For
that, PMMA 950K in 3% and 4% solutions have been used where there have not
been any issues with the resolution for the thicker solution. These e-beam resists
have been spincoated under normal circumstances and baked at 100◦C again to avoid
damage to the topological insulator. Since the material was grown on insulating
substrates, Aquasave from Mitsubishi has been used to avoid charging effects and
reduce proximity effects on the substrate when etching on the samples already has
been performed. This layer was usually spun at higher spinning speeds of 6000 rpm
to have the layer as thin as possible.

Exposure of the sensitive PMMA layer has been usually performed using a 30
kV acceleration voltage with an illumination dose of 450 µC/cm2 (unless otherwise
mentioned in the thesis). For the smallest structures, aperture sizes of 7.5 or 10 µm
were used and for larger structures sizes of 30 or 60 µm. Alignment of the different
exposure steps was performed by a 3-point alignment using the big markers and an
automated marker scan using the markers close to the writefield to optimize any small
misalignments. The markers usually consist of Ti(5)/Au(70) and are defined by DUV,
which gives a good contrast with the electron microscope inside the EBL system. For
flake-based devices as in section 3.3.2, markers were defined by EBL to localize the
flakes for later lithography steps.

Electron-beam evaporation

The layers on top of the topological insulator material are all grown by electron-beam
evaporation, mainly using the Temescal FC-2000. Simple contact leads have usually
been made from Ti(5)/Au(70) at a rate of 1–2 Å/s at pressures ≤1.5×10−6 Torr. The
pressure is manually lowered by increasing the waiting time before opening the target
shutter to deposit Ti, which acts as a getter here. Other metallic layers have been
grown with similar parameters.

Thin layers of TiOx or AlOx, serving as tunnel barriers were grown by depositing
pure Ti or Al films in steps of 0.7 Å with a rate of 0.5 Å/s and oxidized by application
of an O2 flow subsequently. In the case of when a metallic layer is directly below the
film to be grown, plasma oxidation can be used to improve the properties of the
tunnel barrier, as is done for the hot-electron transistors. The deposited thickness is
controlled by manual control of a sample shutter, taking into account the deposition
rate measured by the crystal monitor.
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Reactive-ion etching

To electrically separate patterns, parts of the Bi2Se3 were etched away by reactive-ion
etching (RIE). Bi2Se3 is a volatile material and therefore can be easily removed by
an Ar plasma. For the processes described in this thesis, an RF power of 40 W has
been used under an 13 sccm Ar flow at a pressure of 0.01 mbar, which yields an etch
rate of ∼10 nm/min. for Bi2Se3. Usually, 0.5–1 min. is additionally included to
make sure that everything it etched away. Any spurious effects on overetching with
respect to the substrate have not been observed. Considering the commonly used
polymer PMMA, the resist shows a slow etch rate under such conditions but can be
more difficult to remove afterwards due to partial crosslinking. Removal by hot NMP
instead of acetone is then recommended.

Ion-beam etching

For some trials, ion-beam etching at the MESA+ Nanolab has been performed. At an
accelerator voltage of 300 V, an etching rate of about 20 nm/min. is found for Bi2Se3,
using an orientation angle of -20◦ and rotation speed of 5 rpm. Other parameters
are largely automatically controlled and have not been optimized for my processing.
Increased yield of crosslinking of the PMMA layer is present.
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