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1. Introduction: Motivation and

description of contents

"The pen is mightier than the sword" - Edward Bulwer-Lytton, 1839.

The aim of physics is to understand and describe the world around us. To achieve this
goal physicists create preferably simple models. On a large scale (> mm), this already has
been done several hundred years ago. For example, based on Newton’s laws of the classical
mechanics one can easily describe the movement of a car or sports phenomena like the tra-
jectory of a ball in a soccer, baseball, or football match. In the field of condensed matter
physics, the relevant physics takes place on much smaller length scale. The energies in such
small dimensions usually are quantized and can be described by the Schrédinger equation for
massive particles. Paul Dirac extended the Schrodinger equation to include relativity theory.
The resulting equation is the Dirac equation for massless particles.

Due to its wide range of application, condensed matter physics is one of the largest fields
in today’s physical research. For instance, the miniaturization of switching electronics based
on the progress in solid-state transistors has made computers available to everybody and
therefore has changed our daily life completely. Another example of condensed matter physics
in our everyday life is the charge coupled device [I], which is used for image processing in
a digital camera. One of the most rapidly developing fields of research in condensed matter
physics is represented by spintronics (portmanteau meaning spin transport electronics) in
general, and research toward the realization of the quantum computer in particular [2]. At the
moment, the most advanced approach for quantum computation is based on superconducting
qubits. However, there also exist approaches on the basis of topological qubits, using either
topological superconductivity [3] or so-called chiral qubits in topological semimetals [4].

Topological materials are a new class of material [5]. Due to their rich physics, topo-
logical insulators (TIs) represent particularly interesting representatives of this class. The
first TIs have been realized in two dimensions in graphene [0] and a short time later in
mercury telluride (HgTe) quantum wells [7]. Later, the concept was extended from two to
three dimensions. The first experimental realizations of three-dimensional (3D) topological
insulators were made in bismuth antimony and were proven via angle-resolved photoemis-

sion spectroscopy (ARPES) [8]. Eventually, based on transport measurement results, tensile
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strained HgTe has proven to be a 3D TI [9]. These insulators are of major interest, since
at their interface to trivial insulators they host two-dimensional (2D) conducting surface
states, while being insulating in the bulk. Besides the massless topological surface states
(TSSs) there exists the theoretical prediction of additional massive surface states, the so-
called Volkov-Pankratov states (VPSs), named after their discoverers B. A. Volkov and O.
A. Pankratov [I0]. The massless surface states possess special transport properties, such
as forbidden backscattering due to protection by time-reversal symmetry (TRS) and spin-
momentum locking. This means that the charge carriers in these states have their spin
locked at a right-angle to their momentum. Topological insulators offer the possibility of
controllable spin transport and are therefore receiving increased attention in the research
field of spintronics. Furthermore, it is predicted that as a result of spin-momentum locking,
the symmetry-protected surface states can host Majorana particles if superconductivity is
induced on the surface of a three-dimensional TI via proximity effects [II]. In the 2D case,
the transport properties of surface states have already been investigated in detail and many
interesting effects have been discovered. Particularly noteworthy are the quantum Hall effect
(QHE) [12], the quantum spin Hall effect (QSHE) [7], and the quantum anomalous Hall effect
(QAHE) [13]. In the three-dimensional case, however, despite the experimental realization of
3D TIs more than ten years ago, the transport properties of their surface states have hardly
been studied so far. There are two main reasons for this. On the one hand, HgTe is the
only known three-dimensional material system in which the surface states are accessible in
the experiment due to the level of the Fermi energy, the high enough charge carrier mobility,
and the possibility of sufficiently defect-free growth. On the other hand, the system is more
complex due to its three-dimensionality, as multiple surface states localized at the interfaces

to trivial insulators and the bulk material can contribute simultaneously to transport.

Based on earlier measurement results of our group “Experimental Physics I11”] it has become
apparent that many physical properties of the 3D topological insulator mercury telluride
still require in-depth exploration. This thesis focuses on the systematic investigations of
the transport properties of three-dimensional HgTe-based TI samples. In addition to the
contribution of massless surface states to transport, the contribution of massive surface states,
which was not yet experimentally proven at the beginning of this PhD project, is to be studied.
The aim is to contribute toward the applicability of this material system, for example in the
field of spintronics, by extending the overall understanding of 3D TI HgTe and the possibilities
of its manipulation. In order to be able to examine the transport properties, functional
devices have to be fabricated first. Starting from the well-established lithography of two-
dimensional HgTe samples [14], the lithographic processing is revised and enhanced to the
three-dimensional case for structures ranging from hundreds of micrometers (macroscopic)
down to a few micrometers in size (microscopic). Developments of this kind are crucial, since
they are the key to exploiting the full potential of our high-quality mercury telluride layers.

The transport properties of the surface states are investigated using two different sample



designs, namely the so-called macroscopic Hall bars and microscopic H—barsﬂ

This thesis is organized as follows:

e After the introduction in chapter [1} chapter [2| deals with the fundamental character-
istics which make HgTe a prime candidate for studying the transport properties of
3D topological insulator materials. These characteristics include the band structure
of HgTe, the theoretical description of topological and massive surface states, and the
behavior of these states in the presence of an external magnetic field. This knowledge
represents an important element for the interpretation of the measurements and the
data in the subsequent chapters. Chapter [2| further outlines the state of the art of
lithography of macroscopic samples applied in our group and shows its shortcomings

by means of transport measurements.

e Chapter [3| revises the lithographic steps for the fabrication of macrostructures. The
possible origin of the observed unintentional doping of our samples during lithographic
processing is elaborated as well. This chapter further presents a model, which can be
used to predict the expected increase of the charge carrier density for a given device.
Based on the experience and knowledge documented in chapter [3] a novel, improved
standard recipe for the fabrication of macroscopic devices and a new procedure for the

characterization of wafer materials have been introduced in our group.

e Chapter [4] investigates the behavior of the magnetoresistances of our samples at high
magnetic fields (B > 4T) and extremely low temperatures (T" < 1K). The observa-
tion of unexpected magnetoresistance fluctuations of the order of £10%2k(), impeding
meaningful interpretation of the data, indicates that certain regions of the devices may
become insulating under these conditions. Chapter [4 deals with the exploration of this
phenomenon. Based on the findings documented in chapter [4 it is shown that the
unexpected signal fluctuations can be prevented by modifications regarding the growth
of the samples, the sample lithography, or the measurement-setup. In this context, the
ohmic contacts of the devices are also examined in detail. Specifically, the application
of different contact structures is investigated and a newly developed fabrication process

resulting in so-called clustering metals is specified.

e In chapter |5 magneto-transport measurements of samples containing manganese (Mn)
dopantsE| fabricated using the modified lithography introduced in chapter |4f are studied.
The results show unexpected sequences of quantum Hall plateaus. Chapter [f] describes
the so-called re-entrant quantum Hall effect. It is revealed that the re-entrant QHE
occurs due to an interplay of topological and massive surface states. It is also demon-

strated that the counter-propagating quantum Hall edge states from these surface states

!The sample design is configured like the capital letter “H”.
“Manganese functions as a paramagnetic dopant [I5], which may affect the band structure of 3D HgTe [16].
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inter-scatter and that the strength of inter-scattering is tunable via the dual-gate con-
figuration. This chapter further discusses the influence of manganese doping on the

transport properties of 3D topological insulator devices.

e Chapter |§| outlines the preference of the use of electron beam lithography (EBL) over
optical lithography for the fabrication of microscopic three-dimensional TI samples.
The necessary lithographic steps are also presented. These microstructures are required
in order to achieve sample dimensions comparable to characteristic properties of the
charge carriers involved in transport. Such properties include the mean free path and
the spin relaxation length. Particular attention is given to the definition of the mesa of
microscopic devices via etching, since this represents the most demanding fabrication
step. Two different etching techniques, namely wet etching and the novel inductively
coupled plasma etching as well as their advantages and disadvantages are discussed in
detail.

e In chapter [7] the transport properties of microscopic 3D HgTe-based topological in-
sulator devices are investigated using H-bar structures. A non-local resistance signal
can be detected in transport measurements. Chapter [7] studies the behavior of this
signal as a function of gate voltage, temperature, size of the H-bar structure, and mag-
netic field strength. It is shown that the non-local resistance signal can be attributed
to the current-induced spin polarization of the topological surface states due to spin-
momentum locking. In this context, the contribution of the massive surface states to
the observed non-local signal is examined as well. This chapter further outlines the

difference between spin transport in 2D and 3D H-shaped microstructures.

Finally, chapter [§] gives a summary of the results of this thesis.



2. The basics of the three-dimensional

topological insulator HgTe

In order to investigate the transport properties of macroscopic and microscopic three-dimen-
sional HgTe-based topological insulator samples, some basic knowledge of the material is
essential. This knowledge will be applied to analyze the transport measurements and data in
the subsequent chapters. In this context, this chapter presents the fundamentals which make
mercury telluride a prime candidate for studying the transport properties of surface states
of 3D TI materials. These fundamentals include the band structure of HgTe (Subsec. [2.1.1)),
the theoretical description of massless and massive surface states (Subsec. and Sub-
sec. , the growth of samples and the measurement-setup (Subsec. as well as
the presentation of two standard measurement techniques, namely magnetic field-dependent
(Subsec. and gate voltage-dependent measurements (Subsec. [2.2.3)).

The next step is to fabricate the relevant functional devices. The samples are fabricated
by lithographic processing. Due to the different fabrication processes, a distinction has to
be made between macroscopic and microscopic structures. Microstructures require more
challenging lithographic techniques, but are essential if the dimensions of samples are to be
comparable to the mean free path and the spin relaxation length of charge carriers in the
topological surface states (T'SSs); both parameters are typically in the pm-range. Section
describes the state of the art of lithography of macroscopic devices applied in our group and

shows its shortcomings on the basis of magneto-transport measurements.

2.1. The 1I-VI semiconductor HgTe

HgTe is a II-VI semimetal and its atoms are arranged in so-called zincblende crystal structure.
A schematic sketch of the crystal structure of HgTe is shown in Fig. The zincblende
structure consists of two face-centered cubic (fcc) sublattices with an offset of (1, 1, %)ao
in all spatial directions [I7], where ag = 6.46152 A is the lattice constant [I8]. One of the
sublattices can be assigned to the group II element (Hg) and the other to the group VI
element (Te). In order to use the semimetal mercury telluride as a semiconductor, one has
to consider its band structure. The description of the band structure of HgTe is subject of

the following subsection.
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N

Figure 2.1.: Zincblende crystal structure of HgTe. The Hg and Te atoms are represented
in green and red respectively. Adapted from [19], licensed under CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/.

2.1.1. Band structure of HgTe

The band structure of HgTe is presented in Fig. The conduction and valence bands (I's
bands) touch each other at the I' point (k = 0, with & being the wavenumber), i.e. the ma-
terial possesses no band gap. This makes mercury telluride a semimetal. The nomenclature
reflects the symmetry properties of the bands, which are determined by the constitutions of
the underlying atomic orbitals. The I'; and I's bands are constituted of the Te p-like, while
the I'g band is composed of the Hg s-like band. Due to strong spin-orbit coupling in HgTe,
the orbital character is defined by the total angular momentum quantum number j = |l + s,
where [ represents the angular momentum number and s = :I:% the spin. The projection of
Jj is given by |m;| < j. The I's band has a degeneracy of two with j = % and m; = :l:% and
is conventionally denominated as electron band. The I's band, however, has a degeneracy
of four with j = 3. The bands with m; = £2 and m; = +1 are called heavy hole (HH)
and light hole (LH) bands respectively. The I'; band is traditionally denominated as split-off
band and has a degeneracy of two (j = 2 and m; = £1) [20]. The low energy part of the
band structure of mercury telluride around the I' point can be described by the Kane model,
which can be written down either as a six band model only including the I'g and I's bands or
as an eight band model also including the I'; band [21]], depending on the desired accuracy
of the calculated band structure.

From Fig. one can see that the I'g band is lower in energy than the I's bands. Sticking
to the conventional definition of the band gap in semiconductors between the I's and I'g

bands, the band gap is defined as the energy difference AE = Ep, — Er,. In the case of
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Figure 2.2.: The inverted band structure of mercury telluride: The I'g band is lower in energy
than the I's bands. At the T" point and at the level of the Fermi energy (E = 0)
the I's bands are touching, which makes HgTe a semimetal. Reprinted with
permission from [22]. Copyright 1972 by the American Physical Society.

mercury telluride, we find AEygte &~ —300meV at the I' point. This makes HgTe a quadratic
semimetal with an inverted band ordering indicated by a negative band gap. The inverted
band structure of HgTe is caused by strong relativistic correction terms. The relativistic
correction terms are determined by the large atomic mass of the mercury atoms and the
pronounced spin-orbit interaction. The underlying mechanism is discussed in detail on the
basis of the ordinary Hamiltonian at atomic level, for example in Ref. [23]. This band in-
version is an important prerequisite for a material system to be a topological insulator. The

requirements for the semimetal HgTe to become a TI are described next.

In general, there are two requirements for a given material system to be a three-dimensional
topological insulator. First, it is necessary that the material has an inverted band structure.
This is essential so that two-dimensional surface states are formed at the interfaces to trivial
insulators, which have a non-inverted, topological trivial band ordering. A more detailed
description of the formation of surface states is given in Subsec. As already discussed,
mercury telluride has an inverted band structure. Second, the material system has to possess

a bang gap in the bulk [24]. If the level of Fermi energy lies in the band gap, the bulk is
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insulating and transport happens exclusively through the surface states. Thus, a 3D Tl is a
system that is insulating in the bulk, while having conductive states at its surfaces. As can
be seen in Fig. 2.2] in the case of HgTe, the I's bands are touching at E = 0. So there is
no band gap. One possibility to open a band gap in the band structure of three dimensional
mercury telluride is its tensile strained growth on a substrate with a larger lattice constant.
By doing so, the lattice symmetry of HgTe breaks. As a result the degeneracy of the I's LH

and HH bands is lifted. The resulting consequence is the opening of a band gap, as shown

in Fig.

Figure 2.3.: Schematics of I's and I's bands around the I' point for a) unstrained and b)
tensile strained HgTe. In the case of applied tensile strain, the degeneracy of the
I's bands is lifted and a band gap is formed. Adapted with permission from [25].
Copyright 2007 by the American Physical Society.

The substrate materials, which are used for all samples investigated in this thesis, are either
pure cadmium telluride (CdTe) or a combination of n-doped gallium arsenide (GaAs) and
cadmium telluride. To reduce the lattice mismatch of GaAs and CdTe and to avoid lattice
relaxations, an additional zinc telluride (ZnTe) interlayer is grown in between. The thickness
of this interlayer is usually only a few nanometers. Since cadmium telluride possesses a
slightly larger lattice constant (acqre = 6.4815 A [26]) compared to mercury telluride, the
resulting lattice mismatch is € = (ap—acgre)/acare = —0.3 %. Thus, we are able to apply the
required tensile strain to the HgTe layer. Based on this lattice mismatch, one can estimate
the energy of the tensile strain induced band gap at the I' point to be Fgap = Fry — Ean =
22meV [27]. At this point, it is worth mentioning that cadmium telluride has a non-inverted,
topological trivial band ordering. This means that the I'g band is higher in energy than the
I's bands.

2.1.2. Topological and massive surface states

As shown above, the band structure of HgTe is inverted, implying a negative energy gap

AFE = Ery — Ery at k = 0. For many other materials, including conventional semiconductors
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like CdTe and Cdegl_xTeﬂ with cadmium (Cd) content z = 0.7, and even for the vacuum,
the band order is not inverted and AFE > 0 applies. The energy gap of Cd,Hg;_,Te, for

instance, can be calculated via
AEcd,ng, ,Te(r) = (—0.302 + 1.93z — 0.8102% + 0.8322°) eV (2.1)

for temperature "= 0K [28]. In the case of cadmium content z = 0.7, one finds the energy
gap to be AEcyT(0.7) = 0.94eV. Naturally, if an interface of two different materials 1 and
2 with AFq - AFEy < 0 is formed, there is a continuous connection of each band and therefore
a band crossing has to take place at the interface. At this point, it is specified that in the
following the interface is to be aligned parallel to the xy-plane.

For the example of a CMT/HgTe/CMT layer sequence, the behavior of the bands is
sketched in Fig. ) With the Fermi energy lying between the I'g and I's bands, mercury
telluride is insulating in the bulk due to the band gap Eg,p,, whereas one obtains conductive
states at the interfaces to CMT. These states are called massless or topological surface states.
The charge carriers in the two-dimensional T'SSs behave like massless relativistic particles -
similar to the case of graphene, a monolayer of graphite. For this reason, the charge carriers
do not obey the Schréodinger equation, what would result in a parabolic energy dispersion,

but the Dirac equation. The energy of a topological surface state is described by the following

b)
Cdo_7Hgo‘3Te HgTe Cdo_7Hgo‘3Te
I's
E surface states
I's

Z

a)

Figure 2.4.: a) Band structure of a Cdg7Hgp3Te/HgTe/Cdy7Hgp sTe layer sequence. The
continuity condition at interfaces forces band crossings at the material edges.
The formed surface states are marked by black circles. b) A two-dimensional
electron gas with linear energy-momentum dispersion relation is developed on
each surface of a three-dimensional material slab. The linear dispersion relation
is symbolized by red-green cones. Modified with permission from [29].

Hamiltonian:

Hrsg = —ilwp @ -V, (2.2)

where ¢ is the imaginary unit, A the reduced Planck constant, vg the Fermi velocity, and

7 = (0%,0Y) in terms of the Pauli matrices 0*, 0¥, and o% [12]. The energy eigenvalues

'In the following, the abbreviation used for Cdg.7Hgo.3Te is CMT.
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resulting from this Hamiltonian are given by:

E = ﬂ:ﬁUF ‘?

, (2.3)

with ‘?‘ = |(kx, ky)| being the absolute value of the in-plane wave vector. The energy spec-
trum obtained by Eq. is the so-called Dirac cone, which is sketched in Fig. ) The
crossing point in the middle of a Dirac cone is referred to as Dirac point and represents
the transition point from electron to hole transport. If an ashlar-formed 3D TT slap like in
Fig.[2.4p) is considered, one can observe that always two surfaces of the slap have an identical
spatial orientation, i.e. the surface normals of each two surfaces point in the same direction.
Looking from a top view down on the slap, the closer surface is in the following called the
top surface and the more distant one the bottom surface. Another characteristic of charge
carriers in a TSS is the spin-momentum locking. This means that the spin of a fermion is
locked at a right-angle to its momentum due to spin-orbit coupling. The spin-momentum
locking can be read directly from Eq. and is presented in Fig. [2.5b). For instance, if a
fermion moves in the x-direction, then its spin has to point in y-direction and vice versa.
The spin-momentum locking of charge carriers in the surface states is one of the reasons why
topological insulators are of such great interest to current physical research and why they

are promising candidates for the field of spintronics. The topological surface states can be

Figure 2.5.: a) Linear energy-momentum dispersion relation of a massless relativistic fermion.
Due to its shape, the dispersion relation is called Dirac cone. b) Cut through
the Dirac cone depicting the Fermi circle from the bird’s eye view. The spin-
momentum locking is indicated by red (momentum) and black (spin) arrows.
Adapted with permission from [30]. Copyright 1969 by the Nature Publishing
Group.

made experimentally visible via angle-resolved photoemission spectroscopy (ARPES), as it
is shown for example in Refs. [ [9, [31].

A different access to the nature of interface states of a Cd,Hg;_,Te/HgTe layer stack is

10



2.1. The II-VI semiconductor HgTe

given by B. A. Volkov and O. A. Pankratov [10]. Their modeﬂ uses a four band model with
mutually inverted bands to predict the band structure of an inverted contact. One of the
obtained results is a linear dispersing non-degenerate interface state. This state, which is
independent of the cadmium content z, is called massless Volkov-Pankratov state (VPS) and
is equivalent to the T'SS described above. In addition to the massless VPS, massive surface
states at the inverted interface are reported. These massive states have a quadratic disper-
sion relation, are spin degenerate and therefore double degenerate, and are called massive
Volkov-Pankratov states. They are only formed at interfaces with a smooth variation of x.
The band structure of such a smooth inverted contact is sketched in Fig. where one
can see the conduction band and valence band like massive VPSs marked in purple. The
conduction band and valence band like Volkov-Pankratov states can be occupied by electrons

(n-type) and holes (p-type) respectively. The energy scale of the band gap of the massive

. Volkov-Pankratov states

\
. __Massless Volkov-Pankratov states
f— 1

i = topological surface states

Massive Volkov-Pankratov states

Valence band

Figure 2.6.: Shown are the massive and massless Volkov-Pankratov states at the interface
between two materials with mutually inverted bands. The massless states are
also called topological surface states. Adapted from [32], licensed under CC BY
4.0, https://creativecommons.org/licenses/by/4.0/.

VPSs is related to the thickness of the smooth transition area. For a quite narrow transition
area, as it is the case for our samples, it is expected that the massive surface states only exist
at inaccessible high energies. However, the creation mechanism of massive VPSs is extended
in Refs. [33, [34] by accounting for a smooth drop of electric potential over such an inverted
interface. It is shown that the smooth electric potential drop is equivalent to a smooth Cd
content x variation and leads to the formation of these additional massive Volkov-Pankratov
states as well.

Similar electric field induced massive surface states were found in magneto-transport mea-
surements done on compressive strained three-dimensional HgTe, which represents a Dirac
semimetal [32]. In this reference, the electron transport is assigned to the massless topolog-

ical surface states. Given that the Dirac points and the hole regimes of the TSSs are not

2The model is motivated by the material system Sn;Pb;_,Te.
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2. The basics of the three-dimensional topological insulator HgTe

accessible in magneto-transport measurements, the hole transport cannot originate from the
topological surface states. The p-type transport is explained by additional valence band like
massive Volkov-Pankratov states, which form due to an applied (negative) gate voltage. The
formation of massive VPSs is shown via 6x6 k - p calculations, which consider the applied
gate voltage by a realistic Hartree potential. The band structures of tensile and compressive
strained mercury telluride only differ slightly for small k£ and energy window around the en-
ergy where the quadratic band touching point would be for unstrained HgTe. Therefore, it is
reasonable to assume that these additional massive Volkov-Pankratov states are formed in the
three-dimensional topological insulator phase as well. In Sec. it is shown that p-type and
potentially even n-type massive VPSs can be observed in magneto-transport measurements

of tensile strained 3D mercury telluride.

At this point, it should be mentioned that in the case of high electron densities, also n-type
massive bulk states can be occupied in addition to the surface states. Note that the p-type
bulk states of our 3D TI Hg'Te samples are not accessible in the experiment and therefore have
not to be considered. Analogous to the VPSs, the massive n-bulk states have a quadratic
dispersion relation and are spin degenerate and therefore double degenerate. Due to the
possibility of an identical description of energy dispersion and spin degeneracy of n-type bulk
and Volkov-Pankratov states, in the following, solely the term n-type massive states will be
used and only if necessary a clear distinction will be made between n-bulk states and n-type
VPSs. It should be noted, however, that the Volkov-Pankratov states are surface states,
whereas the n-bulk states are localized in the bulk. If a distinction is required and it has
to be determined whether n-bulk states or n-type VPSs are occupied first when more and
more electrons are introduced into the system, then a separate consideration is necessary for
each given device. For instance, already the individual layer thicknesses of the grown layer
stack of a sample (cf. Subsec. can be decisive. Different layer thicknesses affect the
smooth drop of electric potential over the sample, which in turn influences the formation of
massive Volkov-Pankratov states. To identify which states become populated first, dedicated
self-consistent 8-orbital k-p band structure calculations are required for each wafer materia]ﬂ
A detailed description of the self-consistent k- p calculations can be found in Ref. [35]. On the
basis of these calculations, it is also possible to specify the states accessible in our experiments.
A layer sequence of Cdg 7Hgp 3Te/HgTe/Cdy 7Hgp 3 Te with typical layer thicknesses and the
maximal and minimal chemical potential, which can be achieved experimentally, are used as
inputs (cf. Appx. and cf. Sec. respectively). Since two Cdg 7Hgo 3Te/HgTe interfaces
exist, we include in our analysis two surface states referred to in the following as top and

bottom surface states.

The results of the band structure calculations, and thus the experimentally accessible

states in our three-dimensional HgTe-based samples, are presented in Fig. ) This figure

3In Chap. [5| and Chap. [7} such calculations are carried out and presented for wafer materials QC0464 and
Q2982, respectively.
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2.1. The II-VI semiconductor HgTe

uses a simplified illustration of the bands. Without taking into account any hybridization
effects between the surface states and the valence bands, the topological surface states can
be modeled using a linear dispersion relation and the massive states can be modeled using
a quadratic dispersion relation. Further, only the bands relevant for transport are shown

in Fig. ) The calculations assume a larger charge carrier density for the top TSS (in

b) c)

-2 . . . . L . . . .
%.0 01 02 03 00 01 02 03 00 01 02 03 04
k [nm™"] k[nm™ k [nm™]

Figure 2.7.: a) Illustration of the massless and massive states experimentally accessible in
our 3D TI devices. Shown are the topological surface states of the top (in red)
and bottom (in blue) surfaces as well as the double degenerate n-type (in black)
and p-type (in orange) massive Volkov-Pankratov states. The zero energy level
is indicated via a dashed gray line. b) depicts the surface states accessible on
the top surface using the experimentally accessible energy range determined by
the minimal (dashed light green line) and maximal (dashed dark green line)
achievable chemical potentials. In ¢), an analogous consideration as presented in
b) is carried out, except now the bottom surface is considered. This figure was
inspired by Ref. [35].

red) compared to the bottom one (in blue) in order to imitate our devices. This density
difference and the resulting different energy levels of the topological surface states of the
top and bottom surfaces at k = 0 are expected due to different electrostatic environments
as explained in Subsec. [2.1.3] and Subsec. [2.2.1] The additional p-type Volkov-Pankratov
states of the top surface are depicted in orange. The n-type massive states, which can
be either n-type VPSs of the top surface or n-bulk states, are exemplarily represented by
n-type Volkov-Pankratov states (in black) in Fig. Minimal and maximal achievable
chemical potentials, which are accessible in the experiment, are indicated by dashed light
and dark green lines respectively. It can be seen that on the top surface, the n-type TSS
as well as n-type and p-type massive Volkov-Pankratov states are experimentally accessible
(cf. Fig. )) On the bottom surface, however, only the n-type topological surface state
is accessible (cf. Fig. )) Hence, in the following, the Volkov-Pankratov states of the top
surface are referred to just as VPSs without explicitly mentioning that they are located at

the top surface. The different accessibility of the states located at the top and the bottom of
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2. The basics of the three-dimensional topological insulator HgTe

the 3D slab is determined by the layout of the devices. While the top surface is close to the
sample surface, the bottom surface is buried deeper in the device (cf. Subsec. making
it difficult to manipulate the level of chemical potential (cf. Subsec. [2.2.3). Since the Dirac
points of both surfaces and thus the hole regimes of the TSSs are not accessible in transport
measurements, the p-type transport in our samples is completely assigned to the p-type
massive VPSs. The n-type transport, on the other hand, is composed of the contributions
from topological surface states (top and bottom) and n-type massive Volkov-Pankratov or
bulk states. It is noted that in the experiment, the TSSs are always occupied whereas the
n-type VPSs and the n-bulk states are only populated in the case of high electron densities.

The next step is to investigate how the massless and massive states behave in the presence of
an external magnetic field which points perpendicularly to the interfaces of the CMT /HgTe/

CMT layer sequence. Hereafter, this direction is defined as the z-direction.

2.1.3. Topological and massive states in the presence of an external magnetic
field

In order to investigate the magnetic field dependence of topological and massive surface states,
firstly, the behavior of a two-dimensional electron gas (2DEG) in the presence of an external
magnetic field B is studied. Secondly, the relativistic magnetic field dependence of surface
states is examined. The knowledge gained is then used to analyze the magneto-transport
measurements described in the subsequent chapters.

Due to the restriction in z-direction, the charge carriers in the surface states defined parallel
to the xy-plane are classified as a 2DEG. The carriers of a two-dimensional electron gas, which
is perpendicularly penetrated by a magnetic ﬁeldlﬂ are forced onto cyclotron orbits by the
Lorentz force [36]. The resulting states are called Landau levels (LLs). Their energies are

quantized to
1 1., eB
Eip=(N+ 2)hw.=(N+=)h 2.4
L = (N )t = (N + 5)h— (2.4)

with N =0, 1, 2, ... being the Landau level index, w. = eB/meg the cyclotron frequency, e
the elementary charge, and meg the effective mass of the charge carriers [12]. The degeneracy
of these LLs is given by:

e
nLL = gsgvﬁB7 (2'5)

where gs is the spin degeneracy, g, the valley degeneracy, and h the Planck constant [37].
Eq. shows that the degeneracy is directly proportional to the magnetic field B. The
number of occupied Landau levels in a system is given by the so-called filling factor defined
by:

n n hl

V= — —= _——
nLL  gsgv € B

(2.6)

Tt is noted that in the case of a 3D slab (cf. Fig. ))7 always two surfaces are perpendicularly penetrated
by an external magnetic field.
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2.1. The II-VI semiconductor HgTe

with n being the charge carrier density. In a finite two-dimensional system, such as in a real
sample, the energies of the LLs are locally enhanced at the edges due to the edge potential.
This causes fully occupied Landau levels, which have lower energy values than the Fermi
energy Er in the bulk, to bend upwards. This results in crossing points with Er at the
edges of the sample. Since the crossing points are located at the edges of the sample, in the
following, these states are called edge states and edge channels respectively. The transverse
or Hall conductivity nylﬂ of the edge states is quantized and proportional to the number of

occupied LLs in the bulk. It can be written down as [35]:

Oxy = V—. (2.7)

This effect is called quantum Hall effect. The values of the Hall conductivity, which are given
by Eq. 2.7 for different v, are referred to as Hall plateaus. A more detailed description of
the QHE can be found in Ref. [12]. Given that only fully occupied states are available in the
bulk, the longitudinal conductivity oy is zero as long as the level of Fr does not coincide
with the energy of a LL. Consequently, not only the Hall conductivity, but also the transverse
or Hall resistance Ry, is quantized. For the same reason, as long as the Hall resistance is
quantized, the longitudinal resistivity pyx and thus the longitudinal resistance Ry have to
be zero, making the system a perfect conductor. If the Fermi energy and the energy of a
Landau level coincide, then backscattering in the bulk states is allowed and Ry, takes finite
values. This oscillation like behavior of the longitudinal resistance is called Shubnikov-de
Haas (SdH) oscillation and is a characteristic of the QHE as well [3§].

Now, the relativistic case is to be considered. Assuming a magnetic field pointing in z-
direction (§ = B -7, with Z being the unit vector in z-direction), for the two relevant
topological surface statesﬂ the Hamiltonian from Eq. can be written as [9]:

(2.8)

kyoY — kyo* 0
Fngs — o ( ; ) |

0 —(kxo¥ — kyo™)

This Hamiltonian can be solved with the help of creation and annihilation operators [9]. The

resulting eigen-energies for the top and bottom topological surface states are given by

Erss(B, N1ss g) = £1/2ehw2 BNrss g, (2.9)

where Ntgs g = 0, 1, 2, ... is the Landau level index of surface  and 8 = I, II represents

the two relevant surface states. Without loss of generality, in the following, we refer to

The indices x and y indicate the direction with respect to a two-dimensional Cartesian coordinate system.
The first index always indicates the direction of the current and the second index the direction of the
resulting voltage.

5 According to Subsec. the relevant surfaces states, which are perpendicularly penetrated by the mag-
netic field, are called top and bottom surface states.
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2. The basics of the three-dimensional topological insulator HgTe

surface I as the top and to surface II as the bottom surface respectively. Thus, TSS,I is
the topological surface state located at the top surface and TSS,II is the one located at the
bottom surface of the 3D topological insulator. In the two Dirac cone model for two surface
states, the Landau levels are double degenerate as long as no energy difference between these
surface states is introduced. Positive energy values describe electrons, while a negative sign
in Eq. indicates that the charge carriers are holes. As already mentioned in Subsec. [2.1.2]
the p-type transport regime of the T'SSs of our samples is not accessible in the experiment
since the Dirac point is energetically buried deep in the valence band. Therefore, Eq.
takes on only positive values. For Ntsg g = 0 applies Erss = 0. This particular LL is called

zero-level.

Considering non-relativistic and relativistic cases, the major difference between the two is
the shift by % The consequence is that in contrast to the integer plateau values of the QHE,
now half-integer values are taken. Hence, for one of the two topological surface states, the
Hall conductivity of a quantum Hall (QH) plateau can be written as afy = (Ntss,g+3)€e/h.
In an ideal 3D TI, there is no energy difference between top and bottom surface states and
the total Hall conductivity becomes U)I(Jyrn = (2Ntss1 + 1)e?/h, where Nrss1 = Nrssi
is valid. Therefore, a sequence of only odd quantum Hall plateaus should be visible in
the experiment. In real samples, however, an energy difference is expected due to unequal
electrostatic environments during measurement [9]. Hence, the total Hall conductivity has
to be given by

2 2
U}JH = (Nrss,1 + Ntss,i1 + 1)% = VTSS%a (2.10)
with vpss = Ntgs 1+ Ntgs,11 + 1 being the total filling factor of top and bottom topological

surface states.

The next step is to consider the consequence of the Zeeman effect on the model. The

Zeeman Hamiltonian for a magnetic field in z-direction is given by

i Bo? 0
Heoman = | TTSSHB20 . (2.11)
0 9grsskBBo

where gTqq is an effective g-factor for the topological surface states and pg the Bohr mag-
neton [9]. The eigen-energies of the combined Hamiltonian H = Hrss + Hzeeman can be

calculated to

FErss(B, Ntss g) = \/2€hU%‘BNTSS,,B + (ghgsuBB)?. (2.12)

For Nrgg g = 0, the result is Etss(B, Ntss,g = 0) = gpggusB. The two surface states are
degenerate as long as no energy difference is introduced between them. As mentioned before
(cf. Subsec. , it is very likely that in the real experiment there is an energy difference
0 = Ergs1(B = 0) — Erss (B = 0) between top and bottom topological surface states.
Thus, the degeneracy is lifted. This energy difference is a result of different charge carrier

densities located in each of the surface states 5. The influence of a certain carrier density
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2.1. The II-VI semiconductor HgTe

nrss,g on the energy values of Landau levels can be described by Etgs g = —hvpy/4mnrss g
[39], considering the energy at the band edges. Adding this energy shift to Eq. the

latter reads:

Erss(B, Ntss ) = \/Qeﬁv%BNTssﬂ + (g%SSMBB)Q + Erss g (2.13)

A simulation of the outcome of Eq. is shown in Fig. where the energy dispersion
of the LLs for Ntsg g < 3 is plotted as a function of the magnetic field for electron trans-
port. The parameters for the plot are gyqq = 20 and vp = 5 - 10° %, and are taken from

Refs. [40] [41]. The assumed values for the charge carrier densities of top and bottom surfaces

are nrss1 = 4 - 101! # and ntss = 2 - 101 L,

S -7 respectively.

_80 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

BI[T]

Figure 2.8.: Landau level dispersion of a two Dirac cone model in a magnetic field for electron
transport. Only the levels for Ntgs g < 3 are plotted. The different starting
energies at B = 0T are a result of different carrier densities for top (in red) and
bottom topological surface states (in black). ¢ indicates this energy difference.
The two zero levels and the Landau levels having the highest energy are marked
by their LL index Ntgs g = 0, 3.

The massive Volkov-Pankratov as well as the n-bulk states are described by the Schrodinger
equation. Considering the Zeeman effect, one obtains for the eigen-energies [15]:
1, he an

EL (B, Ny) = (N, — B+ = .upB 2.14
m( ) Hl) ( m+2)meff 2/'“3 ; ( )

with N, = 0, 1, 2, ... being the Landau level index and g, the effective g-factor for the

massive states. Note that the index m represents either VPS or bulk, depending on which
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2. The basics of the three-dimensional topological insulator HgTe

massive states are occupied. The plus-minus sign indicates that the VPSs and bulk states
are split in presence of a magnetic field due to their spin orientation (up, down). This lifts
the spin degeneracy of these states. The occupied Landau levels from the VPSs and n-bulk
states contribute to the Hall conductivity by oy, = +vme?/h, with vy, being the filling factor
of the massive states. This time, the +-sign distinguishes between n-type and p-type states.
Positive values indicate n-type VPSs or n-bulk states, while negative ones represent p-type
Volkov-Pankratov states. Again, an energy shift of the massive states is caused by the charge
carrier density n,, located in these states. The energy at the band edge for a certain carrier
density is given by Ewy o = —3h*m [nm| /meg [15]. In the case of electron transport, ny, > 0
and meg > 0 are valid, while for hole transport n,, < 0 and meg < 0 apply. Adding this
energy shift to Eq. one finds:

1. he *
En(B, Nu) = (N + =) —— B+ 9B + B . (2.15)
2 Meft 2

In Fig. [2.9] the energy dispersion of the massive states is depicted. Only the Landau levels
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Figure 2.9.: Energy dispersion of the massive states in presence of a magnetic field B. Only
the levels for Ny, < 3 are plotted. The different spin orientation (up and down)
of the subbands is represented in blue and green for electron transport and in
black and red for hole transport. The Landau levels of the spin up subbands
with indexes Ny, = 0 and Ny, = 3 are marked for the n-type regime as well as
for the p-type regime.

for Ny, < 3 are plotted as a function of the magnetic field for electron (in blue and green)
and hole transport (in black and red). The used parameters are ny, g = 2- 101t C#, Tom,hole =

—4-101 ﬁ, I = 6, meg g = 0.02m, and mef hole = —0.2m,, where me is the rest mass of
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an electron [I5].
Based on the considerations made above, one is able to conclude that the total Hall con-

ductivity oot

vy of a three-dimensional topological insulator can be noted as

2
€
oy = (vrss £ um)ﬁ, (2.16)

when the topological surface states of top and bottom surfaces as well as massive Volkov-
Pankratov or bulk states are simultaneously contributing to transport. The corresponding
total filling factor v reads v = vpss + vy, The theoretical considerations of this subsection
are utilized in Ch. 4 and Ch. 5

2.2. Preparation and transport characteristics of

three-dimensional HgTe-based samples

The following subsections describe the growth of samples, the measurement-setup, and the
two standard measurement techniques which are applied, namely magnetic field-dependent
and gate voltage-dependent measurements. In addition, it is shown how the characteristic
parameters that determine the transport behavior of the devices can be deduced from these
standard measurements. In particular, the determination of characteristic sample properties
such as charge carrier density n and mobility i is demonstrated. The knowledge of these pa-
rameters provide the basis for the further evaluation of the transport measurements described

in the subsequent chapters.

2.2.1. Growth of HgTe-based samples and measurement-setup

A sketch of the complete layer stack of our devices is given in Fig. [2.10] The sample wafer
is grown via molecular beam epitaxy (MBE). For this purpose, a substrate is planted in a
high-vacuum chamber. In the framework of this thesis, the substrate materials are either
solely CdTe or a combination of n-doped GaAs, a ZnTe interlayer, and CdTe. The doped
GaAs functions as a gate-electrode sitting beneath the HgTe layer [42]. This allows a gate
voltage to be applied to the back of the sample. For this reason, it is called back-gate (BG).
The ZnTe interlayer is used to reduce the lattice mismatch between GaAs and CdTe and to
avoid lattice relaxations. The CdTe, typically about 4 pm thick, is chosen due to its lattice
constant, which applies a tensile strain on the mercury telluride layer that is later grown on
top of it. The tensile strain is required to turn the semimetal HgTe into a 3D topological
insulator (cf. Subsec. . Before the HgTe is grown, a Cdg.7Hgg sTe buffer layer is grown
first. This buffer layer usually has a thickness between 30 nm and 100nm and passes the
strain unaltered to the layers above. Afterwards the elementary materials (Hg and Te) are
vaporized and vapor-deposited onto the buffer layer. It is also possible to replace some Hg

atoms with Mn atoms in order to create a paramagnetic doping (Hgi_,Mn,Te, with y being
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a) b)

Tio Au top-gate Au i
HfQa or Si0O2/SisN4 insulator HfO. or Si02/SisN4
CdosHgosTe cap CdosHgosTe
Hg(Mn)Te 3D TI Hg(Mn)Te
Cdo7HgosTe buffer CdosHgosTe

CdTe

T vdopeaane

Figure 2.10.: Typical layer stacks of samples used in this thesis. The substrate material is
either a) a combination of n-doped GaAs, a ZnTe interlayer, and CdTe or b)
solely CdTe. In both cases, the layer stack consists of substrate, buffer, 3D TI,
cap, insulator, and top-gate-electrode. Application of insulator and top-gate is
done during lithography, while the rest of the layer stack is MBE grown. The
layer thicknesses are not drawn to scale.

the manganese content). This special material system is discussed in chapter . The mercury
telluride layer exhibits a thickness between 60 nm and 100 nm and represents the 3D topo-
logical insulator. For this reason, the HgTe layer is also called the active layer. It is worth
mentioning that the thickness of the mercury telluride layer should not be much smaller than
60 nm, since otherwise the top and bottom surface states may interact, hybridize, and form
a two-dimensional topological insulator. On the other hand, the thickness should not greatly
exceed 100nm, as otherwise, the HgTe layer relaxes and dislocation lines are formed. To
protect the top surface from oxidation and other contaminations, another Cdg 7Hgg 3Te layer
(cap) is finally grown on top of the HgTe. The thickness of this layer typically is between
10nm and 60nm. Another advantage of the protective cap layer is that the mercury tel-
luride layer now has a similar electrostatic potential at the top and the bottom. This leads
to a symmetrization of the whole structure. Additionally, by growing a buffer and cap layer
underneath and on top of the strained HgTe layer respectively, the overall quality of the
mercury telluride layer and the charge carrier mobility in the system are increased [27]. A
more detailed description of MBE growth and the vapor-deposition of individual layers can
be found in Ref. [43].

The MBE grown wafers are then taken to a cleanroom, where the samples are processed
into their final forms. During lithography, a sample piece can be structured in almost every
desired design via physical and chemical treatment. In addition, top-gate-electrodes can be
metallized onto the devices to vary the position of the Fermi energy Er in the system. An
insulation layer is deposited between the top-gate (TG) and the cap layer to electrically sep-
arate them from each other (cf. Fig. . Chap. |3| and Chap. |§| give a detailed description

of the lithographic processing of the macrostructures and microstructures respectively.
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The transport measurements have to be done at low temperatures in order to prevent op-
tical phonons of the crystal lattice becoming relevant. Therefore, in the case of a mercury
telluride heterostructure, the measurements must be carried out at temperatures of maxi-
mum 20K [44]. In order to satisfy this condition, the measurements are performed either
in a *He bath cryostat or in a >He/*He dilution refrigerator. In the bath cryostat, one can
achieve temperatures of around T =~ 1.5 K, while in the dilution refrigerator, temperatures
of T' =~ 20mK can be attained. Both systems are equipped with strong superconducting
magnets capable of magnetic field strengths of up to B = 14T for the bath cryostat and
B = 16T for the dilution refrigerator. In the framework of this thesis, some measurements
also have been carried out in the Laboratoire National des Champs Magnétiques Intenses
(LNCMI) in Grenoble, France. In this high magnetic field laboratory, magnetic fields of up
to B = 37T can be reached.

The measurements are performed by applying a low-frequency AC-voltage excitation with
constant amplitude. The resulting voltage drops between the contacts of the devices are

measured with high impedance lock-in amplifiers. Small excitation voltages (Vexe =~ 2001V)

Vexc
Q

vref 2 Vxx 3 ny

1€
=
Vs 3I 5
Tl
J:10)
VTG
i

| &

6 600pum 5

Figure 2.11.: A schematic of a 6-terminal Hall bar and the measurement-setup applied are
shown. The six contacts of the Hall bar are numbered consecutively 1 to 6 in
clockwise order. Vi is the low-frequency excitation voltage, Rof a well-defined
reference resistor, Vg the applied top-gate voltage, and Vgg the back-gate
voltage. The TG is displayed in yellow and the BG in green. The measured
voltages are the voltage drop over the reference resistor Vi, the longitudinal
voltage Vo3 = Vi, and the Hall voltage Va5 = Viy. The size of the Hall bar
is 600 x 200 pm? and the whole structure is perpendicularly penetrated by a
magnetic field 5.

are needed to stay in the linear response regime and to prevent the sample from heating.
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2. The basics of the three-dimensional topological insulator HgTe

Low excitation frequencies of fexc = 17.73 Hz or fexc = 37 Hz are used in order to ensure that
the response of the investigated sample is only resistive. In general, the measured voltage is
proportional to the impedance Z = R+ iX, where R is the resistance, X the reactance, and
7 the imaginary unit. The reactance is due to the capacitance or inductance of the sample
and is hence negligible for low frequencies. The current running through the device can be
calculated using the voltage drop over a well-defined reference resistor with the help of Ohm’s
law I = Viet/Ryef. The measured voltages V allow the resistances R of interest to be evaluated
by the relation R = V/I. In order to characterize the samples, measurements are carried out
on a Hall bar in the so-called four-point geometry. This geometry enables currentless voltage
measurements and therefore resistance measurements utilizing lock-in amplifier techniques.
A 6-terminal Hall bar design and the typical setup of a measurement in four-point geometry
are sketched in Fig. Using this configuration, the resistances of the contact leads have
no influence on the measurement results, since no current runs through the voltage probes.
The energetic position of the Fermi energy Ex can be controlled by applying a top-gate (Vrg)
or back-gate voltage (Vag) to the gate-electrodes located on top or bottom of the structure.
This enables measurements with different charge carrier densities and types (electrons, holes)

available in the system.

2.2.2. Magneto-transport measurements

In magneto-transport measurements, the magnetic field strength is increased constantly while
the transverse and longitudinal voltages are recorded. The values of applied top-gate and
back-gate voltages are constant during the measurements. These kind of measurements
facilitate the determination of intrinsic sample properties like charge carrier density n and
mobility p. From the measurement results, one can determine which massless and massive
surface states of the 3D HgTe-based TI samples are occupied and therefore contribute to
transport. This knowledge is necessary in order to investigate the transport properties of
surface states. The procedure is exemplified with magneto-transport measurements of sample
QC04611. Details of this sample and wafer material QC0461 are given in Appx. and
Appx. respectively. This sample has a slight manganese doping Hgi_,Mn,Te, with
y = 0.011. The possible influence of the Mn dopants is discussed in Ch. The magneto-
transport measurements of sample QC04611 for applied top-gate voltages Vpg = 0V and
Vrg = —1V are presented in Fig. ) and b) respectively. Both figures display the
dependence of transverse resistance Ryy (in red) and longitudinal resistance Ry (in black)
as a function of the magnetic field B. It is noted that the back-gate was grounded during
the measurements. The top-gate voltages were chosen in such a way that the electrons are
the dominant carrier type with Vpg = 0V and the holes the dominant carrier type with
Vg =—1V.

Examining the n-type transport first, one is able to observe that the Hall resistance Ryy

forms a positive linear slope for small magnetic fields before quantum effects become visible
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Figure 2.12.: Magneto-transport measurements of sample QC04611 for a) Vpg = 0V and
b) Vrg = —1V at T~ 100mK. The transverse resistance Ry, (in red) and
longitudinal resistance Ry (in black) are presented as a function of magnetic
field B. In a), the linear slope of the semi-classical Hall regime for B < 1T and
the value of the longitudinal resistance at zero field Ry (B = 0T) are indicated
by a straigh green line and a blue circle respectively. The expected QH plateau
values for v =15, 18, 19, 23, 28, 30 are delineated by dashed blue lines. In b),
Ry, = 0 is depicted via a dashed blue line. A sufficiently linear dependence on
the magnetic field around 1T used for the evaluation is marked by a straight
green line.

for B > 1.5 T. This means that the transverse resistance develops quantum Hall plateaus,
which are indicated by dashed blue lines. Not every plateau for each filling factor v is
visible. Missing quantum Hall plateaus imply the coexistence of at least two independent
two-dimensional charge carrier systems, which are contributing to transport [9, 45]. Inferring
from references [35] and [46], we assume that these systems are the T'SSs of top and bottom
surfaces and n-type massive states. Furthermore, only quantum Hall plateaus possessing
large filling factors v are depicted in Fig. ) This implies that the resistance values of
the QH plateaus are very close to each other and hence it is difficult to resolve every single one
in the measurement. The longitudinal resistance Ryx shows oscillations, which have minima
if Ryy resides on a quantum Hall plateau and maxima if the transverse resistance performs a
transition between two plateaus. These oscillations can be identified as Shubnikov-de Haas
oscillations. Note that some minima of the SdH oscillations are non-zero. Each 2D charge
carrier system involved in transport forms SdH oscillations, which develop their maxima and
minima at different magnetic fields. If the oscillations are superimposed, then the minima
can exhibit non-zero resistance values. Thus, the Hall resistance as well as the longitudinal

resistance show the expected behavior described in Subsec. [2.1.3]
The semi-classical low magnetic field regime (B < 1T) can be used to determine the charge

carrier density n and mobility p of the sample. It is worth mentioning that the mobility u

constitutes a good figure of merit for the quality of a device, since it is a measure for the
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2. The basics of the three-dimensional topological insulator HgTe

amount of impurities in the sample. The density n indicates how many charge carriers are
present in the system. In addition, the influences of the top-gate and the back-gate on the
mercury telluride layer can be investigated based on the changes in carrier density. In this
thesis, electron densities are defined as positive, while hole densities are negative. To extract

n and p from magneto-transport measurements, the Drude model is used [36].

The resistivity p(B) of a Hall bar in dependence of a magnetic field B can be written as

Pxx ny L B
p= — o me | (2.17)
( —Bay e ) ( —ne 7

where 09 = oy (B = 0T) = neu represents the conductivity without magnetic field [36].
One can obtain from Eq. that the semi-classical Hall resistance Ry, has to be:

1
Ry = —B. (2.18)

By fitting the linear slope of the transverse resistance Ry, in the semi-classical low magnetic
field regime (cf. green line in Fig.[2.12h)) and using Eq. the charge carrier density n can
thus be determined. Putting in the numbers, we find the carrier density of sample QC0461 I
to be n =14.1- 10" L3 at Vpg =0 V.

m2

The longitudinal resistivity at zero magnetic field pyxx(B = 0T) is also given by Eq.
and reads ) )
px(B=0T) = - = nep (2.19)
The connection between the longitudinal resistivity pxx and the longitudinal resistance Ryx
is given by
Ry = é * Pxx (2.20)
where [/b is the ratio of sample length [ to sample width b, also known as aspect ratio AR.
For the Hall bar design presented in Fig. this ratio is equal to three. However, other
aspect ratios are possible for different sample designs. With the help of Eq. Eq. 2:20]
and the carrier density n, one can calculate the mobility p of the system. The value of the
longitudinal resistance at zero magnetic field is marked by a blue circle in Fig. ) Hence,
we find the mobility to be p = 14.2 - 10* C\%Q at Vrg = 0V. The mobility not only contains
information about the amount of scattering in the sample, but also about the band structure
of the material itself. This is evident in the relaxation time approximation for the mobility

given by:

p=—-, (2.21)

with 7 being the relaxation time. The effective mass meg is the renormalized mass accounting
for the movement of a charge carrier through a crystal instead of vacuum and is given by the

curvature of the respective band [35].
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2.2. Preparation and transport characteristics of three-dimensional HgTe-based samples

Another method for determining the charge carrier density is given by the analysis of the
SdH oscillations. The inverse spacing of the Shubnikov-de Haas oscillation peaks A (1/B)
can be used together with the definition of the filling factor v (cf. Eq. to identify the

carrier density by
1 € Jsgv
Al=]=- . 2.22
<B ) h n (222)

If the longitudinal resistance Ry is plotted against the inverse magnetic field instead of the

magnetic field, one can use a mathematical tool such as fast Fourier transformation (FFT)
and Eq. to determine n. Ref. [35] expands on the FFT analysis technique regarding
the usage of different FFT-windows and selected boundary conditions. The fast Fourier
transformation analysis provides the densities of all charge carrier systems (n-type and p-type
surface states, n-bulk states) contributing to transport, since each carrier system involved in
transport develops SAH oscillations. The frequencies of the oscillations depend on the charge
carrier densities of the respective massless and massive states. In contrast, the method of
linear fitting of the Hall slope gives only the total density niq of the system, i.e. the combined
density of all charge carrier systems involved in transport. In order to perform a meaningful
FFT analysis, pronounced SdH oscillations are required. However, these only occur when
a sufficient number of charge carriers are located in the massless and massive states and
the sample possesses sufficient electron and hole mobilities. Therefore, the method of FFT
analysis cannot always be applied (cf. e.g. Sec. .

To evaluate the magneto-transport measurement of sample QC04611 at Vrg = 0V using
the fast Fourier transformation analysis, the longitudinal resistance Ry has to be plotted as
a function of inverse magnetic field B~!. The measured data points in the experiment are
equidistant in B. For the purpose of a distinct FF'T, the data points should be equidistant in
B!, For this reason, the Ry, data are linearly interpolated in B~! to provide the necessary
equidistant sampling points for the numerical FFT. The result is shown in Fig. ) for a
magnetic field range of 0.25T < B < 5T. The data points for B < 0.25T are removed from
the evaluation, since in this regime the SAH oscillations are not resolved in the measurement.
The fast Fourier transformation of this data gives a spectrum of the individual frequencies
frrT of the Shubnikov-de Haas oscillations in B~'. In this case, frpr has the unit of the
magnetic field strength. For a more convenient presentation of the results, frpr can be trans-
formed into the more intuitive charge carrier density n by means of n = 7 fprr. The outcome
of the FFT analysis as a function of n is presented in Fig.[2.13p). At this point, a remark is to
be made: To be able to convert the x-axis of the fast Fourier transformation spectrum using
n = 1 frrT, non-degenerate bands have to be assumed. This implies that the valley and spin
degeneracy are set g, = gs = 1. In the case of Hg(Mn)Te, all relevant bands are situated at
the I' point, which prevents any valley degeneracy, resulting in g, = 1. However, the value of
the spin degeneracy g5 depends on the type of the underlying band. It can be either g3 = 1

for the topological surface states or gs = 2 for the massive (Volkov-Pankratov and n-bulk)

25



2. The basics of the three-dimensional topological insulator HgTe

a) b)
140 . . . 4
— 2
120 S 3] ]
S,
o o
%100 52 1
Dc 5
80 £l 3 4 ]
o 2 4 6 8 10

BT n[10" cm?]

Figure 2.13.: a) The longitudinal resistance Ry of sample QC04611 at Vg = 0V is linearly
interpolated to be equidistant in B~' and plotted in dependence on inverse mag-
netic field B~1. b) shows the fast Fourier transformation spectrum of the data
from a) as a function of density n. The most pronounced peaks are numbered
consecutively by 1, 2, 3, and 4.

states, if their spin degeneracy is not lifted. For the case of lifted spin degeneracy, gs = 1 also
holds for the massive states. This means that one has to consider the degeneracy of the un-
derlying band when determining the carrier density of a particular state using FFT analysis.
If the underlying band is double degenerate the corresponding charge carrier density has to
be doubled. The fast Fourier transformation spectrum of sample QC0461 1 shows four pro-
nounced peaks. According to Subsec. we expect that these peaks represent the carrier
densities originating from the TSSs (top, bottom) and either the n-type Volkov-Pankratov or

n-bulk states with lifted spin degeneracy. The corresponding densities are n; = 1.4- 10 5

cm
ny = 2.2 - 1011 %, nsy = 4.2 - 101 %7 and ng = 6.4 - 101 %7 resulting in a total carrier
cm cm cm
density of niot = n1 + no + ng +ng = 14.2 - 101 ﬁ Additional higher order peaks with

1
cm?2

the second order peak of n;. Using this total density and Eq. 2.19] we find the mobility to
be p=14.1- 10% % The obtained results for total carrier density niot as well as mobility p

much smaller amplitudes are observed, for example at n = 2.8 - 10!} which represents

are in good agreement with the results obtained from the analysis of the Hall slope for small

magnetic fields (n = 14.1 - 10! cr112’ p=14.2-104 %), making both methods valid tools to

characterize samples.

Next, the p-type transport is to be studied. Fig. ) displays the magneto-transport
measurement of sample QC04611 at V¢ = —1V and Vg = 0V. By altering the applied
top-gate voltage, the energy position of the Fermi level in the system is changed, which may
result in different charge carrier systems contributing to transport. When examining the
transverse resistance (red curve in Fig. [2.12b), one is able to observe the distinct behavior

of two different kinds of carriers, recognizable by the inversion of the Hall slope at low mag-
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2.2. Preparation and transport characteristics of three-dimensional HgTe-based samples

netic fields, B < 2T. According to a two-band Drude model [47], the low field regime is
dominated by highly mobile electrons. In this regime one can see a distinct n-type behavior
up to B =~ 0.5T, then p-type carriers are responsible for the formation of p-type quantum
Hall states. Inferring from reference [48] and Subsec. we assume that in the regime
where we observe the p-type quantum Hall effect at high magnetic fields, three charge carrier
systems are present in our samples: two n-type conducting topological surface states (top and
bottom) and one (dominating) p-type massive Volkov-Pankratov state. The less-pronounced
quantum Hall plateaus in p-type transport indicate the lower mobility of holes compared to
electrons. For the same reason, the SAH oscillations of the longitudinal resistance (black curve
in Fig. )) are suppressed and it is difficult to identify resolved individual oscillations
in the measurement. For this reason, the magneto-transport measurement at Vg = —1V
cannot be evaluated using FFT analysis. In addition, it is also difficult to trace a linear slope
in the Ryy-signal for small magnetic fields, since at B ~ 0.5T the dominant charge carrier
type changes from electrons to holes and thus a reversal of slope occurs. For slightly larger
magnetic fields (around 1T), however, the Hall resistance exhibits a sufficient linear mag-
netic field dependence (cf. straight green line in Fig.[2.12p)), which in a good approximation
represents the charge carrier density of the device. Using this slope and equations [2.18]
and [2.20] we are able to determine n and u. For sample QC04611 and Vg = —1V, we find
Moy = —4.2- 101 L and pp = 2.8 - 10% 92,

Depending on applied top-gate voltage, different charge carrier systems can contribute to
transport. This can be shown exemplarily based on fast Fourier transformation spectra
of Ry (B™1) for different TG voltages. The spectra of sample QC04611 for Vrg = 0V,
Vrg = —0.5V, and Vpg = —0.6 V are presented in Fig. a), b), and ¢), respectively. Fig.[2.14h)
is a replot of Fig. ) to enable a direct comparison of all three FF'T spectra. The BG
was grounded for all measurements and the x-axes are transformed from frequency frpr into
charge carrier density n assuming non-degenerate bands. First, the charge carrier densities
obtained from the fast Fourier transformation spectra are to be compared to those deduced
from the linear Hall slope Ryy(B) for small magnetic fields. For Vpg = 0V, this comparison
has already been carried out above using Fig.) and Fig. ) Now, the FFT spectra
from Fig. [2.14b) and ¢) (Vrg = —0.5V and Vpg = —0.6 V) are to be evaluated in the same
way. For Vg = —-0.5V,

1 1
Ntot, FFT = N1 + N + 1z +ngy = (05+09+14+23) — =51—
cm cm
and 7ot Hal = 5.0 ﬁ For Vg = —0.6 V, we find
1 1
Ngot,FET = N1 + ngr = (1.0 + 1.3) —5 = 2.3 —
cm cm

and niot, Han = 2.4 Cﬁ Note that in determining not FrT, it is assumed that all massless and
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Figure 2.14.: The FFT spectra of Ry (B~ 1) fora) Vog =0V, b) Vg = —0.5V, and ¢) Vg =
—0.6'V are shown in black, red, and blue respectively as function of charge
carrier density n. The most pronounced peaks are numbered consecutively by
a) 1,2, 3,and 4, b) 1/, 2/, 3, and 4, and ¢) 1” and 2”.

massive states involved in transport are n-type and non-degenerate. Overall, it can be stated
that the charge carrier densities obtained from both methods are in good agreement. Second,
the positions of the peaks change when applied TG voltage is altered. This implies that the
number of charge carriers occupying the respective transport channels changes. By applying
a negative top-gate voltage, the number of electrons populating the n-type massless and
massive states is decreased. Below a certain top-gate voltage, some states are depopulated
to the point that they no longer contribute to transport. This is the case for Vpg = —0.6 V,
at which only two peaks appear in the FFT spectrum. Since in our systems the topological
surface states are always occupied by electrons within the experimentally accessible range of
maximal and minimal achievable chemical potential (cf. Fig. , it is quite likely that the
two T'SSs (top, bottom) are the remaining transport channels. Note that for Vo = —0.6 V,
the densities located at top and bottom surfaces are similar, wherefore the positions of the
peaks in the fast Fourier transformation spectrum are very close to each other. This maintains
to the double peak structure visible in Fig. [2.14f).

Given that we are able to tune the level of the Fermi energy Er in the system via altering

the applied top-gate or back-gate voltage, in the following subsection, TG-dependent and BG-
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2.2. Preparation and transport characteristics of three-dimensional HgTe-based samples

dependent measurements are investigated and analyzed. On the basis of these measurements
one can determine, for instance, the level of Fermi energy Ep, at which the transition from

n-type to p-type dominated transport occurs.

2.2.3. Gate voltage-dependent measurements

The general functionalities of top-gate and back-gate are shown in Fig.[2.15h) and b), respec-
tively. The longitudinal resistances Ryx are presented as a function of top-gate Vg and back-

gate voltage Vg for B = 0'T. Note that in each case the other gate voltage is set to zero. The
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Figure 2.15.: The longitudinal resistance Ryy is presented for B = 0T as a function of a)

top-gate voltage Vpg and b) back-gate voltage Vpg at T ~ 100mK. In a),
the expected value of Vg for zero total density is depicted by a dashed olive
line. The change in carrier density depending on applied TG and BG voltage
is displayed in ¢) and d) respectively. Black circles represent the voltage values
at which ny.t was determined. The non-analyzable top-gate range is marked in
gray and the corresponding data points are drawn as gray circles. The dashed
red lines indicate linear fits to determine the gate actions Grg and Gpg of TG
and BG respectively. In c), the top-gate voltage for zero total density estimated
by the linear fit is shown as a dashed olive line.
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applied TG voltage can vary the value of Ryy from Ry (Vrg = 0V) & 160 to a maximum of
Ry (Vrg = —1.08 V) = 2.0k before it drops again to Ry (Vrg = —1.2V) = 1.9kQ. How-
ever, the applied BG voltage only alters Ry in a range between Ry (Vg = 10V) =~ 130Q
and Ry (Vg = —10V) =~ 200Q. The influence of the back-gate on the topological and
massive states is therefore much smaller than the one of the top-gate. This corresponds
to our sample structure: For sample QCO04611, the spatial distance between active layer
(Hgi—yMn, Te) and top-gate is around 30nm. The distance between active layer and back-
gate though is roughly 4um (cf. Subsec. . A positive top-gate or back-gate voltage
increases the number of electrons in the n-type massless and massive states contributing to
transport. These additional carriers lead to a decrease in longitudinal resistance. By apply-
ing a more and more negative TG or BG voltage, the number of electrons in the transport
channels is reduced, resulting in a growing Ryy. For the special case of the top-gate, when
the applied negative voltage reaches a certain value, holes are introduced into the system
and p-type Volkov-Pankratov states become populated. This is the case at Vpg = —0.65 'V,
where a shoulder is visible in the Ry.-signal. At a slightly higher negative top-gate voltage,
the number of electrons is equal to the number of holes. At this gate voltage, a transition
happens and holes become the dominant carrier type. Henceforth, the transport is dominated
by p-type massive Volkov-Pankratov states. In case of sample QC0461 I, this transition from
n-type to p-type conductance occurs at Vpg = —0.73 'V as indicated by a dashed olive line in
Fig.[2.15p). It is notable that the transition point is not aligned with the maximum of Ryy.
A possible explanation may be given by the different mobilities of electrons and holes. While
the electrons are highly mobile, the mobility of the holes is rather small. By increasing the
applied negative top-gate voltage, the number of highly mobile electrons decreases whereas
the density of inert holes increases. This may cause a shift of the minimum of the longitudinal
conductivity oy, equivalent to a shift of the maximum of the longitudinal resistance Ry,
towards higher negative gate voltages. By increasing the applied negative top-gate voltage
even further, the amount of holes in the system is also enhanced more and more, which at
some point leads to a decreasing Ry again. This behavior can be observed in Fig. 2.15h) for
Vra < —1.08 V.

These changes in longitudinal resistances occur with varying total charge carrier densities
from nget (Vg = 0V) = 14.1- 101 L3 to nio(Vrg = —1.2V) = —8.3- 10! _L; for the TG
and from ngot(Vee = 10V) = 15.4 - 10 Ly 0 nget(Vee = —10V) = 12.6 - 10" 5 for
the BG as shown in Fig. ) and d), respectively. For each gate voltage indicated by a
black circle, the total carrier density niot was determined by a linear fit of the semi-classical
Hall regime for small magnetic fields (0T < B < 1.2T) as described in Subsec. At a
certain value of top-gate voltage, holes become the dominant carrier type in the system and
the Hall resistance Ry, has to change its sign from positive to negative. This means that
in the case of a continuous top-gate voltage-dependent measurement Ry, performs a zero-

crossing. For this reason, it seems like that the absolute value of total density |nio| increases
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enormously around this transition point Vpg = —0.73 V, which is indicated by a dashed olive
line. However, this is only an artifact of the used evaluation method (cf. Eq. . The
non-analyzable top-gate voltage range of —0.81 V < Vg < —0.59V is marked as a gray area
in Fig. ) and the corresponding data points are shown as gray instead of black circles.
The calculated densities allow the influence of the gates defined as Grg = Angot/ AV for
the top-gate and Gpg = Anyot/AVpg for the back-gate to be determined by using a linear
fit. The linear fit is plotted in Fig. 2.15c) and d) as a dashed red line. It is noted that the
top-gate voltages within the gray area are excluded from the fit. The obtained gate actions
are Gpe = 18.6 - 101! Vclmg and Gpg = 0.14 - 10! Vo2 for TG and BG respectively. The

linear fit in Fig. ) gives Vg = —0.74'V for the charge neutrality point, which is in good
agreement with the experimental observation (Vpg = —0.73V). The ratio of top-gate to

back-gate efficiency Fyate = Grg/Grc = 132.9 is almost identical to the factor of the inverse
spatial distances of TG and BG from the active layer Fgistance = 4 1m/30nm = 133.3. This
strengthens the assumption that the different gate actions are predetermined by the diverse
spatial arrangements of top-gate and back-gate.

In addition, we assume that the TG mainly influences the massless and massive states
located at the top surface, while the BG only affects the topological surface states located
at the bottom surfacd’} This assumption is based on the idea that the carriers located
at top surface screen the electrostatic potential of the top-gate and therefore the charge
carriers at the bottom surface only perceive a negligible change in potential when the TG
voltage is altered. In the same manner, the carriers located at the bottom surface screen the
electrostatic potential of the back-gate. This phenomenon is called Dirac-screening and is
discussed in detail in Ref. [45].

2.3. Shortcomings in the state of the art of lithography of 3D

HgTe-based devices revealed by transport measurements

Besides the theoretical knowledge about massless and massive surface states gained in the
previous sections and the introduction of the standard measurement techniques, the fab-
rication of three-dimensional HgTe-based topological insulator samples represents another
important cornerstone for the investigation of the transport properties. The MBE grown
wafer has to be structured into the desired design through physical and chemical treatment.
While the lithography of samples should meet the structural and experimental specifications
as precisely as possible, the lithographic processing should change the intrinsic characteristics
and properties of wafer materials in the least possible way. Only a predictable, reproducible,
and well performing lithography can lead to devices which are able to contribute to the un-

derstanding of the material system Hg(Mn)Te in such a way as to enable the development

"The massive states at the bottom surface are not accessible in the experiment due to the small gate action
of the back-gate (cf. Fig. .
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of potential future applications. In order to achieve this goal, each individual fabrication
step, like etching of the sample structure and metallization of certain sample areas, has to
be optimized. In the past decade, great progress has been achieved in improving the lithog-
raphy of Hg(Mn)Te samples. This holds especially for two-dimensional mercury telluride
structures [14]. For the 3D case, however, the lithography has not yet been optimized and
there is still potential for improvement.

The state of the art of lithography in our group starts from the standard recipe for the
fabrication of macroscopic Hg(Mn)Te devices, the so-called old 6-terminal standard recipe
(cf. Appx. . It is emphasized that this standard recipe has now been replaced by a new
one based on the knowledge gained in this thesis. The lithographic details and techniques
of the old 6-terminal standard recipe are precisely described in chapter [3] Here only a brief

overview is given. The recipe consists basically of three major steps:

e Definition of the mesa: In this step, the mesa of the sample is defined by etching
off all wafer material around the desired mesa structure (cf. Fig. 2.16p)).

e Insulator and top-gate application: A gate insulator is applied on top of the mesa
before the top-gate-electrode consisting of a titanium (Ti) sticking and a gold (Au)

layer is metallized. The insulator acts as an additional dielectric layer between gate
metals and Hg(Mn)Te layer (cf. Fig. [2.16p)).

e Metallization of contact areas: The contact areas of the sample are shortly etched
to improve the metal-semiconductor contact and afterwards a gold germanium (AuGe)
and a gold layer are subsequently applied on top (cf. Fig. ))-

Finally, the sample is glued into a chip-carrier so that it can be mounted in the measurement-
setup. There are two types of glue for this purpose. The first type is the non-conductive
GE Varnish, which has the advantage of drying quickly (approximately 10h) and can be
used directly from the storage vessel. The second type is a conductive silver glue, which has
to be prepared from the components EPO-TEK E4110-KIT 1 OZ Part A and EPO-TEK
E4110-KIT 1 OZ Part B in the ratio of 10:1. This glue is used for samples with back-gate, as
its conductivity enables contacting the back-gate-electrode. However, due to the high liquid
content, about 48h are required for drying. The electrical connection between chip-carrier

and sample is usually achieved via wedge-wedge bonding with a gold wire.

Sample QC04611 was fabricated using the old 6-terminal standard recipe with one minor

variance: It has a hafnium oxide (HanED gate-dielectric instead of an insulator consisting

8The atomic layer deposition of hafnium and oxide is performed at a temperature of T = 303K. At this
temperature, Hf can have an oxidation number of +2 or +4. Along with the oxidation number of oxygen
(-2), HfO or HfO3 can be formed during the deposition process. Until now, the exact chemical compound
that is formed in our ALD-machine has not yet been investigated. Therefore, in the following, hafnium
oxide is written with the index a, with a = 1 or 2.
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c)

Figure 2.16.: The three major lithography steps for macroscopic sample fabrication. The
steps are: a) definition of the mesa, b) insulator and top-gate application, and
c) metallization of contact areas. In a), the defined 2 x 2mm? mesa (light
brown) can be distinguished from the etched substrate (khaki brown) by its
color difference. The mesa design consists of two 6-terminal Hall bars of different
size. Their dimensions are 600 x 200 pm? and 30 x 10 pm?. In b), the top-gate-
electrode is recognizable by its golden color. The insulator is visible as the
black layer underneath the top-gate. In c), the contact areas are metallized
with 50nm AuGe and 50 nm Au.

of a silicon oxide/silicon nitride (SiO2/SigNy4) superlattice. Fig. 2.17h) shows the same mea-
surement as in Fig. [2.12h) up to a higher magnetic field B (16 T). This measurement shows
two peculiarities, which are described below:

First, the longitudinal Ry (in black) as well as the transverse resistance Ry, (in red) deviate
strongly from the expectation for magnetic fields B > 5T. Ry takes negative values and the
Shubnikov-de Haas oscillations are noisy and deformed. The Hall resistance exhibits noisy
and suppressed plateaus in the range 5T < B < 8T and starts to rise at B ~ 8T reaching
resistance values larger than 70k{). Even more striking, for magnetic fields B > 12T,
both magnetoresistance signals unexpectedly fluctuate in the +10%k-range. Fluctuations
having such a large amplitude and showing both positive as well as negative values indicate
a vanishingly small current flowing through the sample. Fig. ) presents the raw data
of this measurement. Longitudinal voltage Vi (in black), transverse voltage Viy (in red) as
well as the current I passing through the device (in blue) are displayed. As the magnetic
field increases, the current approaches zero. For B > 12T, the current through the device
is hardly measurable. This observation coincides well with the observed strong fluctuations
in this magnetic field regime. Such low currents indicate that certain parts of the sample
exhibit an insulating character under the given conditions (B > 12T and T ~ 100 mK).
The second peculiarity of this measurement is not immediately recognizable. However, if we
determine the charge carrier density of sample QC04611 for Vrg = Vg = 0V, we obtain
n~ 14 - 10" %g This value is remarkable, as the wafer QC0461 was grown without the

intention of doping. Undoped HgTe-based samples grown in our MBE typically possess
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Figure 2.17.: a) Magneto-transport measurement of sample QC04611 at Vg = Vg = 0V
and 7" ~ 100mK. Longitudinal resistance Ry and transverse resistance Ry
are shown in dependence of magnetic field B and displayed in black and red re-
spectively. The inset depicts Ry and Ry in higher magnification for B <8.5T
and uses identical axis labels. b) presents the raw data of this measurement.
The current I passing through the sample is plotted in blue, while longitudinal
voltage Vi and Hall voltage Vi, are depicted in black and red respectively.

1

ouz» Which is several times smaller than

charge carrier densities in the range of |n| < 3- 10!
the density determined in the experiment. Since no gate voltage was applied to the sample
during measurement and the carrier density of the device was therefore not manipulated, it
is reasonable to assume that at least one of the lithographic processing steps causes n-type
doping of the material system Hg(Mn)Te.

High n-type densities in the samples at Vrg = Vg = 0V complicate the experimental
accessibility of the p-type surface states. Strong unexpected magnetoresistance fluctuations
occurring at high magnetic fields make it impossible to evaluate the transport in the high
field regime in a meaningful way. Therefore, before the transport properties of surface states
of 3D Hg(Mn)Te devices can be studied and thus a deeper understanding of the material
system can be obtained, these two phenomena have to be examined and explained first. In
order to find the origin of the n-type doping and to be able to suggest possible solutions,
the lithographic processing steps of the old 6-terminal standard recipe will be systematically

investigated and revised. This is the topic of Chap. [3]
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processing

As shown in the previous chapter, the lithography of three-dimensional HgTe-based samples
still exhibits shortcomings. Before the transport properties of our devices can be studied in
the most effective manner, the lithographic processing has to be optimized and its possible
consequences for the material system Hg(Mn)Te have to be understood first. One of the ob-
served phenomena is an unexpectedly high n-type charge carrier density of the devices, which
occurs without manipulating the level of the Fermi energy via the dual-gate configuration
(Vrg = Vg = 0V). The high electron densities complicate the experimental accessibility of
the p-type surface states and may thus affect the investigability of the transport properties
of these states. For this reason, this phenomenon is to be studied.

Since the wafer materials are grown without any in situ doping, it is reasonable to assume
that the n-type doping happens during lithographic processing. To verify this assumption,
each individual fabrication step of the samples is scrutinized (Sec. . Based on the in-
depth consideration of the lithographic processing of macroscopic 3D HgTe-based devices,
many improvements for fabrication have been introduced. A listing of these improvements
is given in Sec. . The last section (Sec. of this chapter deals with the explanation of
the lithography-induced increase of the electron density.

3.1. Examination of the lithographic processing of HgTe-based
macrostructures to identify the doping-causing fabrication

step

The recipe in question is the old 6-terminal standard recipe (cf. Appx. . The starting
point of the investigation is an untreated sample piece. The charge carrier density of this
sample piece gives the density of the MBE grown wafer and is the benchmark of all subsequent
analysis. The measurement method used for this was invented by Leo J. van der Pauw [49]
and is topic of Subsec. Each of the following subsections deals with the examination
of devices which are fabricated up to a certain lithography step and measured subsequently

in order to determine their densities. These steps are (i) definition of the mesa structure via
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3. Unintentional increase of the n-type carrier density induced by lithographic processing

etching, (ii) fabrication of the ohmic contacts, and (iii) application of gate-dielectric and top-
gate-electrode, and are described in detail in Subsec. Subsec. and Subsec.
respectively. It is noted that here, compared to the old 6-terminal standard recipe, steps (ii)
and (iii) are presented in reverse order. The reason for this is that for some specific sam-
ples, due to their special designs, the ohmics have to be processed prior to the application of
gate insulator and top-gate metals. By comparing the charge carrier densities of the wafer
material and those of the samples at the various stages, the doping-causing lithography step
can be identified. In addition, this procedure allows the magnitude of doping to be specified.
Three different wafers QC0438, QC0478, and QC0479 were used in order to obtain enough

data for the evaluation. Details of the wafer materials, such as their layer stacks, can be

found in Appx. [A2]

Optical lithography is used to fabricate macroscopic structures measuring a few hundred mi-
crometers in size. For the optical lithography, two types of photoresist are available, namely
negative and positive. Our group uses the negative photoresist denoted by ARN 4340 and
the positive resist denoted by ECI 3012. The usage of both types of photoresist is presented

in the following:

Negative resist: This resist consists of short molecule chains, which cross link under
illumination and by applying heat. First, a drop of negative resist has to be spin-coated
homogeneously across the sample surface. The spin-coating is done at 6000 rpm for 20s.
Afterwards, the resist is baked at 80°C for 2min to evaporate the solvent. The sample
covered with negative resist is put in a mask-aligner. A thin layer of chromium manufactured
on a glass plate represents the desired structures, which are supposed to be transferred onto
the sample. This plate is put in between the sample and a mercury vapor lamp (A = 310 nm
to 440 nm). Only the uncovered parts of the glass are transparent, keeping the resist directly
below the chromium unaffected. After a 20s exposure (P = 8 W), the sample receives a post
exposure baking (PEB) for 6 min at 80 °C. Throughout the PEB the exposure-activated short
polymer chains are cross linked. The resist at the non-exposed areas beneath the chromium
is then stripped during the 40s development in AR 300-47, while the resist at previously
exposed areas remains. Now, the negative resist is a negative image of the structure on the

mask.

Positive resist: This resist consists of long molecule chains, which decay under illumi-
nation and can then be resolved by a proper developer, usually based on tetramethylammo-
nium hydroxid. Again, the first process step is to spin-coat a drop of positive resist across
the sample surface at 6000 rpm for 20s. In addition, the subsequent baking at 80°C for
2min remains the same. The difference between positive and negative resist takes place in
the mask-aligner and throughout development. The long polymer chains decay during the
7s exposure (P = 8 W). The resist at the exposed areas is then stripped during the 22s

development in AZ 726 MIF. Resist at non-exposed areas remains. Note that for positive
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resist no PEB is needed. At the end, the positive resist is a positive image of the structure
on the mask.

If we assume that both photoresists are mechanically and chemically stable, anything done
to the sample surface only affects the non-covered parts. After dissolving the remaining
resist, the formerly covered parts of the sample are unaffected. The dissolving happens for

both resist types chemically with acetone.

3.1.1. Van der Pauw method

First, untreated samples are investigated with the help of the van der Pauw (vdP) method.
In order to use the vdP method, 3 x 3 mm? sample pieces have to be separated from the wafer
materials, glued into chip-carriers with non-conductive glue (GE Varnish), and bonded with
indium lumps and gold wires. By placing one bond in each of the corners, we obtain devices
with four contacts. An example of such a sample can be seen in Fig. In this figure,
the contacts are numbered consecutively counter-clockwise by 1, 2, 3, and 4. Care should
be taken to ensure that the shape of the sample piece is as close to a square as possible to
increase the accuracy of the van der Pauw method. In addition, the indium dots used for
attaching the Au wires should be as small as feasible and they should be positioned right in
the corners of the quadratic sample piece. In reality, however, this goal can only be achieved
to a limited extent, since the bonding procedure involves thermal heating and hardening of

Indium, which is difficult to control.

Figure 3.1.: Sample fabricated to determine the density n of wafer material QC0478 using
the van der Pauw method. The quadratic sample is silhouetted in brown against
the dark background. Indium lumps can be spotted at each of the four corners
as black dots, with one of them marked by a red circle. An example of an Au
wire, which connects the sample to the chip-carrier, is marked by a green circle.
The corners are numbered consecutively counter-clockwise by 1, 2, 3, and 4.

To determine the charge carrier density n of samples using the van der Pauw method, two

sets of measurements have to be carried out: one with a perpendicular magnetic field pointing
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wafer  density n [10" 1]

QC0438 2.8
QC0478 2.6
QC0479 2.6

Table 3.1.: Charge carrier densities n determined using the vdP method for samples of wafer

materials QC0438, QC0478, and QC0479.

in positive z-direction (+B) and one with a magnetic field of the same strength pointing in
negative z-direction (—B). For each measurement, one has to send a current from one contact
to another and measure the resulting voltage difference between the remaining two contacts.
Both contact pairs should be arranged diagonally across the sample. By using the numbering
of the contacts introduced in Fig. [3.1] one can, for instance, send a current from contact 1 to
3 (I13) and measure the voltage difference between 2 and 4 (Vog = V5 — Vy). This represents
one possible measurement configuration. In order to increase the accuracy of the vdP method
more configurations can be measured. For this thesis, four configurations are used for each
magnetic field direction to calculate the carrier density n. These configurations are (I24,V31),
(I31,Va2), (I142,Vi3), and (I13,V24). Note that the absolute value of the current should be the
same for all measurements. By doing so, |I13] = |I24| = |I31| = |Is2] = I holds. The voltage
differences V;;, with ij being 13, 24, 31, or 42, have to be measured twice, once for +B and
once for —B. Then, the difference between these voltage differences for opposite magnetic
field directions is calculated using the relation AV;; = Vj;(+B)—V;;j(—B). The charge carrier
density n is finally determined by

8 IB
DAV e

n =

(3.1)

One should note that the sign of > S AVj; indicates the dominant carrier type in the system. If
> AV;; <0, the material is n-type, while positive values imply p-type conductance [49, 50].
Untreated samples of wafer materials QC0438, QC0478 and, QCO0479 are investigated

according to the van der Pauw method and Eq. These wafers were grown without the

intention of doping, i.e. they should possess carrier densities of the order of |n| < 3-10%! C#

The results are summarized in Tab. One finds that the charge carrier densities of all

1
cm?2)?

this reason, as already assumed, the increase in n-type density has to happen during the

samples are below 3 - 10! which is within the expected range for undoped wafers. For

lithographic processing of samples.

3.1.2. Definition of the mesa structure via etching

The first step of the sample fabrication process is the definition of the mesa. Most mesas
are shaped as Hall bars, as this design facilitates the determination of sample properties of

interest such as charge carrier density n and mobility u. However, in principle, arbitrary

38



3.1. Examination of the lithographic processing of HgTe-based macrostructures to identify
the doping-causing fabrication step

b)

Figure 3.2.: Comparison of three different masks for Hall bar fabrication. The Hall bar design
of the old 6-terminal standard recipe is shown in a), while b) displays an older 8-
terminal design. In c), the novel 8-terminal Hall bar design is presented. Instead
of two Hall bars of different sizes (600 x 200 pm? and 30 x 10 pm?) next to each
other, the old and novel 8-terminal designs consist of two equally sized Hall bars
(600 x 200 1m? and 540 x 180 um? respectively) in series.

device designs can be realized. For the evaluations of this chapter, we choose the Hall bar
design. Since we have to bond the samples with indium lumps and gold wires, as described in
Subsec. the standard 2 x 2mm? Hall bar design of the old 6-terminal standard recipe
cannot be used. The reason for this is given by the extent of an indium lump used for bonding.
The diameter of such a lump is approximately 300 pm to 500 pm (cf. Fig. . However, the
width of a contact pad of the standard Hall bar design is only about 300 pm and the distance
between two adjacent pads is 30 um (cf. Fig. |3.2h)). Hence, the indium lumps would short
cut the contacts of the sample. Instead, an older 8-terminal Hall bar design that is shown
in Fig. [3.2b) is used. This design consists of two equally sized Hall bars (600 x 200 pm?) in
series. The contact pads have a diameter of 400 pm and the distance to an adjacent one is
200 um, which allows for indium bonding. Another advantage of the design is the Hall bar
duplication. Thus, the homogeneity of the sample piece can be determined by comparing the
charge carrier densities and mobilities of both Hall bar structures. On the other hand, the
dimensions of the 8-terminal design are larger (4 x 1.8 mm?), which implies that less samples
can be fabricated of a given wafer. For this reason, and based on the experience gained from
the investigations of this section, a novel 8-terminal Hall bar design has been developed (cf.
Sec. . The novel design retains all advantages of the old 8-terminal design, however, it is
reduced in size (2.5 x 1.4mm?). This is presented in Fig. )
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To obtain the desired mesa structure the sample material around the design has to be
removed at a certain height. The height of the mesa is determined by the thickness of
the layer stack buffer/active layer/cap, which typically is less than 200nm for our 3D TI
Hg(Mn)Te samples. The removal of material is achieved via etching. All samples presented
in this thesis are etched down to the substrate, i.e. the samples are etched completely
through the cap, active, and buffer layer (cf. Fig. . There are three options for etch-
inﬂ ion beam etching (IBE) with high-energy argon ions (Ar™), wet etching (WE) with
a KI 4154:12 0.1g:HBr 125 m1:H20 37.5m1 solution, which is diluted in 200 ml deionized water
(DIW), and the newly established inductively coupled plasma (ICP) etching with low-energy
argon ions and reactive methane (CHy). In the following, all three etching techniques are

described.

Ion beam etching:

IBE uses accelerated ArT-ions to physically sputter material. The ion milling process usu-
ally is carried out for about three minutes in a high vacuum chamber at a base pressure
of around 1 - 10" mbar. The chamber is equipped with an ion gun, which is operated
at an acceleration voltage of 1kV and a total current of 8 mA. The exact etching time
has to be calculated for each sample individually and depends on the thicknesses of cap
deap, active dygam)re; and buffer layer dyufier. For our tool, it can be determined via
tIBE = %(Qdcap + dug(Mn)Te + 2dbufter) 7+ A 100nm thick barium fluoride (Balz) etch mask
is applied on top of the sample to protect the desired mesa design. The application of the
etch mask is accomplished by the use of negative photoresist and subsequent deposition of
100 nm BaFs in a high vacuum chamber. After etching, the barium fluoride mask is removed
with DIW. It is worth mentioning that ion beam etching is almost completely anisotropic,
i.e. the pattern of the etching mask is transferred unaltered to the sample. In addition, the
etching is uniform across the whole sample piece and highly reproducible. Samples of the

same wafer etched for the same amount of time possess similar etching profiles.

A schematic sketch of the IBE etching process with Art-ions is given in Fig. [3.3p) to c).
Since sputtered material hits the side surface of the active layer, it can be damaged during the
etching process resulting in the formation of impurities along the whole side surface. These
impurities disturb the potential landscape and can introduce backscattering of charge carriers
in the surface states reducing their overall mobility. However, it has been shown that damage
caused by ion beam etching depends strongly on the sample size and therefore usually has a
greater effect on microscopic structures measuring a few micrometers in size [14]. This can
be explained by the different side surface to volume ratio of the active layer for macroscopic
and microscopic Hall bar devices. Due to reduced dimensions in x-direction and y-direction

and an equal thickness of the Hg(Mn)Te layer (z-direction), this ratio is larger by a factor of

'Note that in the old 6-terminal standard recipe (cf. Appx.|[B.1) only ion beam etching is mentioned, since
IBE was the standard etching technique at that time.
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about 200 for microstructures. This means that as the sample size decreases, an increasing
proportion of the active layer is damaged by the nearby etching with lateral impact, implying

that the carrier mobility scales with the device size. In addition, numerous publications such
Ar*

UL

b)

4—

trench
1.

3

substrate substrate substrate

Figure 3.3.: A schematic of the IBE process is sketched in a) and b). The accelerated high-
energy argon ions are indicated with green arrows and dots. The desired mesa
structure is protected via a BaFs etch mask. The incoming Ar*-ions (I.) hit the
sample surface, sputter material, and are reflected afterwards (II. and III.). Vi-
olet arrows depict the sputtered material. Close-by the mesa structure, trenches
are formed in the process (IV.). Argon ions hitting the BaFs mask do not sputter
sample material (V.). c) displays the mesa structure after etching and removal
of BaF,. Optical microscope images of samples showing the BaFs etch mask and
the etched mesa are presented in d) and e), respectively. In f), an SEM image of
the etching profile is exhibited.

as [51] or [52] refer to the doping of (Cd,Hg)Te by ion milling. It is reported that the doping
occurs due to Hg inter-diffusion. For our macroscopic three-dimensional samples, however,
no IBE-related doping has been observed so far.

Close-by the mesa structure, not only incoming ions are hitting the sample surface, but
also Art-ions that are reflected at the side surface of the mesa. This increases the number of
impacting ions per time unit at these areas, which results in the formation of characteristic
trenches around the mesa. Optical microscope images of a sample covered with a BaFy mask
and an etched mesa are shown in Fig. [3.3d) and e), respectively. Fig.[3.3f) displays a scanning
electron microscope (SEM) image of an IBE profile, where the characteristic trench is visible

as well.
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Wet etching:

WE relies on purely chemical etching. The use of an aqueous solution of KI:Is:HBr as an
etchant for (Cd,Hg)Te has first been reported by Refs. [53] 54]. The etch rate is highly af-
fected by variables such as temperature, activation energy of reaction, oxidation potential of
the sample, viscosity of the etching solution, and composition of the etchant. The underly-
ing chemistry process involves redox reaction, i.e. the exchange of charges between the etch

solution and the sample surface. Electrons are being released after the oxidation of telluride

) H ”
Va [ I
tube
ECI 3012
\ KI:1,:HBr : H,0
CdyHg,:Te
cdg_7Hgo_3Te
substrate substrate

Figure 3.4.: A schematic of the wet etching process is shown in a). The aqueous solution
KI:I5:HBr performs redox reactions with Te, Cd, and Hg, and is pumped through
a tube toward the sample surface. An etch mask consisting of photoresist ECI
3012 protects the desired mesa. In b), the etched mesa structure after resist
removal is depicted. Adapted with permission from [I4], licensed under CC BY-
SA 4.0, https://creativecommons.org/licenses/by-sa/4.0/deed.de. Opti-
cal microscope images of samples showing the etch mask and the etched mesa
are presented in ¢) and d), respectively. If the flow of fresh etchant is not parallel
to the surface normal but impinges on the sample surface at an angle, a shadow-
like pattern is formed around the mesa (d)). In f), an SEM image of the etching
profile is exhibited. The particles located in the background are leftovers from
sample preparation.

(Te?~) by triiodide (I3) and consumed in the reduction of the metal ions Hg?* and Cd*T.

Afterwards, the metal ions are chemically dissolved in hydrobromic acid (HBr). It has been
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shown that the etch rate is strongly dependent on the iodine concentration of the etching
solution. A higher iodine concentration results in a higher etch rate [55]. The concentration
of our solution is KI 4.15g:I2 0.1g:HBr 125 m1:H20 37.5m1. In addition, the etchant is diluted in
200 ml deionized water. To achieve a constant flow of fresh etching solution towards the sam-
ple surface, the so-called pumping method is used. For this purpose, the etchant is pumped
through a tube from a reservoir to the sample holder. The outlet of the tube should be
placed directly above the sample and the elongation of the tube should be aligned parallel to
the surface normal of the sample. Thus, the most uniform and reproducible etching result
is obtained. The desired mesa structure is protected via an etch mask consisting of positive
photoresist ECI 3012, which can be removed with acetone after etching. A schematic sketch
of the wet etching process is depicted in Fig. ) and b), while optical images of devices are
shown in ¢) and d). Fig. ) displays an SEM image of a wet etching profile. It is noted that
the etching time for the presented sample was increased to exhibit the profile more explicit.

Compared to IBE, less lithography steps are required as the photoresist can be used as
an etch mask. In addition, the side surfaces of samples cannot be damaged, since no physi-
cal etching component is involved during WE, making it a non-damaging etching technique.
However, wet etching is a diffusion-controlled process. This means that the etch rate de-
pends on the width of the structure to be etched due to diffusive trenching. Wide structures
exhibit a lower etch rate compared to narrow ones. A calculated shape of an etched medium
formed by the convection of a diffusion-controlled etch regime is presented in Fig. |3.5h). In
Fig. 3.5b), a schematic of the etch depth dependence on the width of the etched structure
is presented. Hence, it is difficult to set up a formula for the etching time. The best results
can be achieved when the etching time is determined individually for each wafer and sam-
ple design via etching tests. As a rough estimate, it can be stated that for 3D Hg(Mn)Te

macroscopic samples an etching time of 70s leads to a depth of about 200 nm. Based on the

a) b) etch mask
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Figure 3.5.: a) shows the calculated etch profile of a diffusive controlled etch process.
Reprintet with permission from [56], license granted by Copyright Clearance
Center, Inc. In b), a schematic of the etch depth dependence on the width
of the etched structure as a result of diffusive trenching is presented. Based
on the isotropic nature of WE, lateral etching under the resist mask occurs.
Adapted with permission from [I4], licensed under CC BY-SA 4.0, https:
//creativecommons.org/licenses/by-sa/4.0/deed.de.

isotropic nature of WE, lateral etching under the resist mask occurs. Considering an isotropic
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etching of about 200 nm, macroscopic structures possessing sample sizes of several hundred
micrometers are almost unaffected by this phenomenon. In addition, since wet etching relies
on many variables like the composition of the solution, temperature, and alignment of the

tube, it is difficult to reproduce an etching result exactly.

Inductively coupled plasma etching:

Contrary to IBE and WE, which purely rely on physical and chemical etching respectively,
ICP etching is a combination of physical and chemical etching. In a high vacuum chamber,
argon atoms are ionized to an Art-plasma in the presence of an electric field, which is induc-
tively coupled to a magnetic field. The latter is generated by a radio frequencyEl (RF) voltage

source, which powers a so-called ICP coil. The density of the plasma can be altered and is

a) b) Art c)
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Figure 3.6.: The structure of an ICP etching chamber is sketched in a). Adapted with per-
mission from [57]. In b), a schematic of the etching process is shown. Art-ions
(blue arrows and dots) are accelerated toward the sample surface and dissoci-
ate the CHy molecules (green area). The dissociation products CH;, CH;, Ho,
and CHS react with Hg, Cd, and Te. To protect the desired mesa structure, a
BaFy/Ti etch mask is applied. c) displays the mesa structure after removal of
the etch mask. Optical microscope images of samples showing the etch mask and
the etched mesa are presented in d) and e), respectively. In f), an SEM image of
the etching profile is exhibited. The small particles on the mesa are most likely
residues of the BaFy/Ti mask.

2The used frequency is 13.56 MHz.
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controlled by the RF source. Free lightweight electrons are attracted by a second RF voltage
source located beneath the ICP coil, whenever its half period is positive. Due to capacitive
coupling, electrons reaching the electrode of the radio frequency source remain there. This
leads to negative DC bias in the mean over a period. This direct current bias usually has
a value between 20V and 30V and accelerates the argon ions toward the sample surface,
where they sputter sample material. However, the energy of the ArT-ions used for physical
ICP etching is much lower than the energy of argon ions used for IBE, resulting in a more
gentle process and less damage to the sample. In addition, the energy can be controlled by
the power applied to the second RF source. The Ar'-ions also dissociate the reaction gas
CHy, that is inserted into the high vacuum chamber via a ring located below the ICP coil,
and supply energy to the sample surface. The latter acts as a catalyst for chemical reactions
of the dissociation products of methamﬂ with Hg, Cd, and Te. The resulting reaction prod-
ucts Hg(CHz)a, Te(CHs)a, Cd(CHs)a, and TeHs are removed from the chamber by pumping.
During etching, the sample is located on a chiller, which is kept at a constant temperature of
0°C to increase the sensitivity of chemical etching and reduce thermal load. The structure
of an ICP etching tool is sketched in Fig. )

To protect the desired mesa, a etch mask consisting of 100nm BaFs and 10nm titanium
is used. The application of the etch mask is accomplished by the use of negative photoresist
and the subsequent sequential deposition of BaFy and Ti in a high vacuum chamber. Barium
fluoride is deposited by thermal evaporation, whereas titanium is evaporated by an e-gun.
After etching for about 60s, the mask is removed with DIW. Again, the exact etching time
is depending on the thicknesses of cap, active, and buffer layer. The times for our ICP tool
can be calculated via ticp & (2dcap + dhg(Mn)Te + 2dbuffer) /5.76 1. A schematic sketch of
the ICP etching process is presented in Fig. [3.6b) and c¢), while optical images of samples are
shown in d) and e). In Fig. )7 an SEM image of an ICP etching profile is displayed.

Like ion beam etching, inductively coupled plasma etching is almost completely anisotropic,

uniform across the whole sample piece, and highly reproducible.

After etching, the samples are bonded with heated indium lumps and gold wires. All three
etching techniques are examined for the wafer materials QCO43EE|7 QC0478, and QC0479. As
an example, the resulting samples fabricated of wafer QC0479 are shown in Fig. ), b),
and c), representing IBE, WE, and ICP etching respectively. Magneto-transport measure-
ments are performed to obtain the charge carrier densities n of the devices. The densities
are determined by the linear slope of the semi-classical Hall resistance for small magnetic
fields as described in Subsec. 22221 The results are summarized in Tab. 3.2l One is able
to observe that the charge carrier densities n for samples fabricated of the same wafer ma-

terial are almost identical independent of the etching technique. Therefore, a mean density

3These are CH;, CHj; , Hz, and the methyl radical CHS.
4Only IBE and WE samples were fabricated of wafer QC0438 due to lack of wafer material.
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Teteh = (n1BE + nwg + nicp)/3 is calculated for each wafer and used for the subsequent
investigations. Compared to the densities of untreated samples obtained by the vdP method,
minor deviations can be found. However, none of the samples exhibits a carrier density larger
than 10-10" 15 as it is the case for sample QC04611 (n ~ 14-10"" L, at Vg = Vg = 0V)

cm?’ cm?

observed in Sec. [2.3] Since the density deviations of the etched samples from the untreated
1

wafers are rather small (< 1- 10! -.z), the minor variations are probably due to inhomo-
geneities within the underlying wafer materials. The distribution of impurities and the defect
density is non-constant across the whole MBE grown wafer. As a result of this inhomogeneity,
samples fabricated of the same wafer material may possess slightly different mobilities and
densities. By comparing several identically built devices, it has been determined that the
charge carrier density within a wafer can vary by about 1-10!! C—nllg All deviations found are
in the range of this intrinsic density variation of a wafer. For this reason, it has to be assumed
that etching does not affect the charge carrier density of samples. This means that one of
the remaining two lithography steps is responsible for the increase of the electron density in

the system. The next subsection covers the fabrication of the ohmic contacts.

a) b)

1mm

1mm

Ly iy Ty

Figure 3.7.: Mesa structures fabricated using ion beam, wet, and inductively coupled plasma
etching are shown in a), b), and ¢) respectively. The bonding is achieved via
heated indium lumps and gold wires.

density n [101 —L;]
BE WE ICP Tig vdP
QCo0438 2.9 2.7 - 28 28
QCo478 2.6 27 2.7 27 26
QC0479 32 34 3 3.2 26

waler

Table 3.2.: Determined charge carrier densities n for IBE, WE, and ICP etched samples fabri-
cated of wafer materials QC0438, QC0478, and QC0479. The mean density Metch
for the three etching techniques and the densities of untreated samples obtained
by the vdP method are also noted.
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3.1.3. Fabrication of the ohmic contacts

During this lithography step, the ohmics are fabricated. For this purpose, a photomask
consisting of negative resist is applied so that only the areas of the later ohmic contacts
are affected in the following processes. First, an ion-milling step is carried out. The same
high vacuum chamber as for IBE is used. This time, the ion gun is operated at only 0.4kV
and a total current of 8 mA resulting in an etch rate of 0.8 = for CMT. The aim is to etch
approximately 20nm close to the active layer, before 50 nm of gold germanium and 50 nm
gold are deposited. The remaining cap layer thickness of 20nm is chosen, since electrical
characteristics of Hg(Mn)Te/CMT /Au interfaces are dominated by the indiffusion of Au into
the semiconductors, thus doping the CMT p-type and forming an ohmic contact, as long as
the thickness of the cap layer is not too large [58]. More detailed examinations of the metal-
semiconductor contact CMT/Au can be found in Refs. [59, [60]. If the cap layer thickness
of a sample is below 20nm, then the etching time is set to 3s to perform a short interface
cleaning before the contact metals are deposited. The subsequent deposition of AuGe and Au
happens in-situ, i.e. without exposing the sample to air to prevent any contaminations. The
additional AuGe layer is required, since gold on its own exhibits a weak adhesion on CMT.
Both metals are evaporated by an e-gun and deposited onto the sample. The beam of metal
atoms is aligned parallel to the surface normal of the sample. It is worth mentioning that this
method of metallization can lead to discontinuities of the metal layers over the mesa edges
as shown in Fig. [3.8] since the height of the mesa is about 200 nm and only 100 nm of metal
is deposited. The discontinuity of the metal layers can result in an electrical disconnection
between the metal layers located on substrate and mesa respectively. After metallization,
the lift-off process is carried out for 5min in acetone at 50°C. On the device, the metal
layer remains solely at the areas of the ohmic contacts. Optical images of a sample showing
the photomask and the metallized contacts are presented in Fig. |3.9n) and b) respectively.
Due to the AuGe/Au layer, bonding of the samples can be performed using standard wedge-
wedge bonding techniques with an Au-wire, thus avoiding the necessity of indium bonding.
Therefore, the 6-terminal Hall bar design (cf. Fig. [3.2a)), which is the standard design in
the old 6-terminal standard recipe, can be used for the investigation of this lithography step.
This design is bonded directly on the ohmic contacts, preventing any influences of potential
discontinuities of metal layers over the mesa edges. However, direct bonding on the contacts
might damage them in the process and thus reduce their overall quality.

Before magneto-transport measurements of samples possessing metallized ohmic contacts
are carried out, a short introduction to cross-sectioning techniques is to be given. An example
of a cross-section at the mesa edge is shown in Fig. [3.8 The realization of cross-sections is
achieved in a high vacuum chamber equipped with a dual-beam system, consisting of an
electron and a gallium (Ga) ion source. First, during a preparation step, two platinum (Pt)
layers are deposited onto the area of interest. Platinum deposition occurs by decomposing

an organic platinum gas in either the electron beam (first layer) or the Ga-ion beam (second
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Figure 3.8.: SEM image of a cross-section of a metallized ohmic contact at the mesa edge.
The inset shows the mesa edge at higher magnification. A clear discontinuity
of the metal layers over the mesa edge can be observed (indicated by a red
oval). During metallization, an additional 5nm Ti layer was deposited between
the AuGe and Au layers to clearly distinguish them from each other. The two
protective Pt layers were applied onto the sample throughout a preparation step.

Figure 3.9.: Fabrication of the ohmic contacts: a) shows the applied photomask. Dark brown
regions are covered with photoresist. b) displays the sample after ion milling,
subsequent deposition of 50 nm AuGe and 50 nm Au, and removal of the remain-
ing photoresist.
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layer), while the beams are scanned over the preselected pattern. The e-beam source is
operated at 2kV and a total current of 2.7nA, while the ion beam source is operated at
30kV and 93 pA. This step is required, as the Pt layers protect the area of the later cross-
section from abrasion by the gallium ion beam. To cut the sample next to the Pt layers open,
a focused ion beam (FIB) of Ga-ions is used to mill the sample material. The parameters
of the ion source used for this step are 30kV and 0.28 nA. Subsequently, a polishing step of
the cross-section is carried out. For this purpose, the Ga-ion beam is scanned slowly over a
preselected pattern and the ion source is operated at 30kV and a total current of only 28 pA.
Finally, one is able to investigate the cross-section with the help of the electron beam, which
is orientated under an angle of 52 ° respective to the surface normal of the sample. The best
results are achieved if the electron source is operated at 5kV and a total current of 43 pA. A

detailed description of the FIB cross-sectioning technique can be found in Ref. [61].

Again, the wafer materials QC0438, QC0478, and QC0479 are investigated. It has been
shown in subsection that the charge carrier density does not depend on the etching

technique. Therefore, only one sample per wafer material has to be examined.

Magneto-transport measurements are carried out to obtain the carrier densities of these
samples. The charge carrier density is determined analog to Subsec. [3.1.2] The results are
presented in Tab. In comparison to the carrier densities of untreated samples (vdP)
and the mean densities of etched mesa samples (Tieten), one can find a slight increase in
carrier density. However, since the Hall bar structure is protected by a layer of photoresist
during the fabrication of the ohmic contacts (cf. Fig. , it is unlikely that this lithog-
raphy step induces the unintentional n-type doping. We thus assume that, analogous to
Subsec. [3.1.2] inhomogeneities within the underlying wafer materials are responsible for the
density variations. Since there is only one processing step left to complete the samples, this
step has to cause the accumulation of electrons in the system resulting in observed densities
> 10 - 10 # at Vrag = Vea = 0V. In the following subsection, the final fabrication step,

C
application of gate insulator and top-gate metals, is investigated.

density n [10*! ﬁ]

wafer
ohmic contacts Teten, vdP
QC0438 3.0 2.8 2.8
QC0478 2.7 2.7 2.6
QC0479 3.4 3.2 2.6

Table 3.3.: Determined charge carrier densities for samples of wafer materials QC0438,
QC0478, and QC0479 after the fabrication of the ohmic contacts. Teten and the
densities of untreated samples (vdP) are noted as well.

49



3. Unintentional increase of the n-type carrier density induced by lithographic processing

3.1.4. Application of gate-dielectric and top-gate-electrode

In order to control the level of the Fermi energy Ew in the system, a gate-electrode on top of
the structure can be used. First, a gate-dielectric has to be applied in order to separate the
electrode from the sample structure electrically. There are two possible options: A super-
lattice consisting of eleven alternating 10 nm thick SiO9 and SigNy4 layers, which are applied
to the sample via plasma enhanced chemical vapor deposition (PECVD), and a 15nm thick
atomic layer deposition (ALD) grown layer of HfO,. The latter represents a novel method
of insulator application in our group. In the following, both insulator types are described in
detail.

Before a SiO5/SigNy superlattice is deposited onto a sample, a short reactive ion etching
using an oxygen plasma is performed to remove resist residues from the sample surface,
which might have remained after mesa etch and fabrication of the ohmic contacts. In the
following, this short cleaning step is referred to as miniclean. The PECVD of the insulator
happens in a high vacuum chamber. To deposit the first 10 nm SiO» layer, the reaction gases
silane (SiH4) and nitrous oxide (N2O) are injected into the chamber and dissociated in the
presence of an electron plasma. The crucial dissociation products are silylene (SiH3) and
atomic oxygen (O). In addition to the radicals formed this way, the electron plasma also gen-
erates ions, which - together with the radicals - cause the deposition of silicon dioxide onto
the sample by diffusion along the surface. To enable the diffusion process, the sample has to
be heated to 80 °C. The other reaction products Hy and N9 are removed from the chamber via
pumping. In an analogous manner, the first 10nm SisNy4 layer is deposited. This time, the
reaction gases are silane and ammonia (NH3) and the reaction products are Hy and SizNy,
which is deposited onto the SiOs layer at 80°C. The whole procedure is repeated until six
layers of SiO9 and five of SigsNy are deposited. Note that the insulator is not only applied to
the area of the later top-gate-electrode, but across the whole sample piece. The reason for
this is that due to the thickness (110nm) and fracture toughness of the SiOy/SizNy super-
lattice, the necessary lift-off process of the photomask would not be sufficiently feasible with

this type of dielectric on top.

After insulator deposition, a photomask consisting of negative resist is applied. The se-
quential metallization of 5nm Ti and 100 nm Au happens in a high vacuum chamber. Both
metals are evaporated by an e-gun and deposited onto the sample. The beam of metal atoms
is aligned parallel to the surface normal of the sample. This can once again lead to discontinu-
ities of the metal layers over the mesa edges, which might disconnect the metal layer located
on top of the Hall bar structure from the metal layer located on the substrate representing
the bond pads of the top-gate-electrode. This implies the possibility that the top-gate cannot
be used in measurements. The following lift-off process is carried out for 5min in acetone
at 50 °C. Optical images of a sample showing the applied SiO5/SisNy insulator and the met-
allized gate-electrode are presented in Fig. |3.10p) and b) respectively. After metallization,
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Figure 3.10.: Top-gate-electrode application process using a dielectric consisting of a 110 nm
Si02/SigNy superlattice. a) shows the insulator covering the whole sample. In
optical images, the SiO9/SigNy superlattice can be recognized by its dark blue
color. In b), the TG-electrode after metallization of 5nm Ti and 100nm Au
is displayed. c) presents the sample after removal of excess insulator material
covering the ohmic contacts.

the gate-dielectric has to be removed from the area of the ohmic contacts so that bonding
is enabled. This is done by dipping the sample in hydrofluoric acid (HF) for 13s. The used
HF consists of concentrated hydrofluoric acid mixed with DIW in the ratio 1:1. To protect
the insulator located beneath the top-gate-metals, a photomask consisting of positive resist
is utilized. After etching, the photomask is stripped in acetone for about 5min. An optical

image of a completed sample is shown in Fig. [3.10k).

Before the HfO, dielectric can be deposited onto the sample, a photomask consisting of
negative resist has to be applied first, so that only the area of the later top-gate-electrode is
covered with insulator. Then, a short miniclean is performed to remove any resist residues.
Afterwards, the sample is taken to the high vacuum ALD chamber. To initiate the HfO,
insulator growth, the first gaseous precursor (H20O) is injected into the reactor of the ALD
chamber by a short pulse (200ms). The HyO-molecules react with the sample surface in a
self-limiting way, so that the reaction terminates once all reactive sites on the surface are
consumed (surface-saturation). In the process, hydroxy (OH) molecules are deposited onto
the sample. Note that the reactor is heated to avoid precursor condensation and side reac-
tions at the chamber wall. The sample stage, however, is kept constant at 30 °C via a liquid
cooling system with thermal oil to reduce thermal load. Thereafter, the remaining precursor
is purged by injecting an inert gas (Ar) into the reactor for 100s. Now, a 50 ms pulse of the
second precursor tetrakis(dimethylamido)hafnium(IV)ﬂ is inserted into the reactor. Again,
the [(CHz)2N|4Hf molecules react with the hydroxy molecules in a self-limiting way until the
surface is saturated. This results in the first HfO, layer on the sample surface. As already
mentioned in Sec. 2.3 during the reaction either HfO or HfOy can form. The thickness

°[(CHj3)2N]4Hf
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3. Unintentional increase of the n-type carrier density induced by lithographic processing

Figure 3.11.: Top-gate-electrode application process using an insulator consisting of 15nm
HfO,. a) shows the applied photomask. The area of the sample that is not
covered with photoresist can be identified by a lighter brown shade. In b), the
sample after insulator growth is presented. c) displays the TG-electrode after
metallization with 5nm Ti as well as 100 nm Au and removal of the photomask.

of the HfO, layer is about 1.7 A. Once more, the remaining precursor is purged from the
reactor by argon gas, which is injected into the chamber for 100s. Now, the first growth
cycle is completed. Since 90 cycles have to be grown in this manner, the whole process is
quite time-consuming (about 6h). Therefore, the growth of 15nm HfO, insulator is usually

accomplished overnight.

After HfO, deposition, the sample can be metallized with 5nm Ti and 100nm Au. This
step is done in the same way as described for PECVD. The following lift-off process is carried
out for 30 min in acetone at 50 °C. Optical images of a sample showing the applied photomask,
the HfO, insulator, and the metallized top-gate-electrode are presented in Fig. [3.11p), b),
and c) respectively. Note that this time no insulator removal step is necessary, i.e. less
lithography steps are required to fabricate the top-gate-electrode. Another advantage of the
atomic layer deposition over the plasma enhanced chemical vapor deposition can be found
by comparing their process temperatures. The ALD growth is carried out at 30 °C, whereas
the PECVD is performed at 80 °C, which implies higher thermal load for the samples.

Finally, the samples are bonded via standard wedge-wedge bonding techniques with an Au-
wire and are investigated in magneto-transport measurements. In the case of SiOg/SizNy
insulator type, for each wafer material (QC0438, QC0478, and QC0479) one sample was
fabricated. However, in total, only one sample possessing a HfO, insulator was built of these
wafers (QC0478) due to the lack of material. The ICP etching technique was used to define
the mesa of this particular device. Since the BaFs-crucible was emptied during the deposi-
tion, less than 100 nm barium fluoride were applied onto the sample and the BaFy etch mask
was perforated with tiny holes. Therefore, it is possible that parts of the Hall bar structure

were exposed and hence affected throughout the etching process. On this account, the data
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obtained from this particular sample are not trustworthy.
The charge carrier densities of the devices are determined analog to Subsec. and are
presented in Tab.[3:4] In addition, the results are visualized in Fig.[3.12] It is noted that the

density n [10M! —L;]
cm
wafer insulator and top-gate-electrode

ohmic contacts Tt vdP

Si0,/SisNy HfO,
QC0438 11.7 - 3.0 28 28
QC0478 11.8 17.9 2.7 27 26
QC0479 12.1 - 3.4 32 26

Table 3.4.: Determined carrier densities n for samples of wafer materials QC0438, QC0478,
and QC0479 after insulator deposition (SiO2/SisNy superlattice or HfO,) and
top-gate-electrode application. The results from the previous subsections [3.1.1

(vdP), (Tetch), and (ohmic contacts) are also given.

top-gate was grounded in each measurement. This ensures that the experimentally observed
increase of the n-type carrier density results solely from the lithographic treatment of the
samples and is not caused by the application of a (positive) top-gate voltage. All devices pos-
sessing a SiO4/SigNy insulator and a top-gate-electrode show a significantly increased charge

carrier density compared to the samples without top-gate. The increase of the n-type density

1
cm?

300 %) for all wafer materials under investigation, resulting in carrier densities > 10-10*!

caused by the final lithography step is approximately An ~ 9 - 10! (increase of about

1
cm?”

The device possessing a HfO, dielectric exhibits an even larger increase of the charge car-

rier density (An ~ 15 - 10! ﬁ) However, as mentioned earlier, the data obtained from
this particular sample are not trustworthy. The investigation of more devices featuring an
ALD grown insulator reveals that these samples show similar behavior to devices possessing
a SiO2/SigNy superlattice and fabricated of the same wafer (cf. Sec.[3.3). For this reason, it
can be concluded that the lithography step of insulator and top-gate-electrode application is

responsible for the increase of the n-type carrier density in the system.

In the investigations of Sec. the lithography of macroscopic 3D HgTe-based samples
was examined in detail and numerous possibilities for improvement were revealed in this
context. This led to a revision of the old 6-terminal standard recipe. The following section
lists the enhancements that eventually resulted in two new standard sample recipes for the
fabrication of macroscopic mercury telluride devices. The subsequent Sec. addresses the
identification of the underlying mechanism leading to the lithography-induced increase of the

n-type density.
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Figure 3.12.: The change in charge carrier density n during lithography is shown. Untreated
samples (vdP) and the lithographic processing steps of mesa etching, ohmic
contacts fabrication, and insulator (SiO2/SisN4 or HfO,) and top-gate-electrode
application were investigated. The samples were built of wafers QC0438 (black
squares), QC0478 (red circles), and QC0479 (green triangles).

3.2. The novel 8-terminal standard recipes for the fabrication

of macroscopic HgTe-based samples

The investigations of the previous section have revealed that the old 6-terminal standard
recipe for the fabrication of macroscopic three-dimensional HgTe-based devices can be op-
timized. Such optimizations are crucial for the research in our group, since they are the
key to exploiting the full potential of our high-quality molecular beam epitaxy grown CMT/
Hg(Mn)Te/CMT heterostructures. The enhancements, which have been elaborated within
the framework of this thesis, are presented in the following. Ultimately, this resulted in the
development of two novel sample recipes, which are also presented below. These recipes

represent the new standard recipes for the fabrication of macroscopic devices in our group.

e The novel 2.5 x 1.4mm? 8-terminal Hall bar design (cf. Fig. [3.2)) consists of two
equally sized Hall bars (540 x 180 11m?) in series, which enhances the space for bonding.
In addition, it allows the homogeneity of a sample piece to be determined by comparing
the charge carrier densities and mobilities of both Hall bars. Due to the reduced di-

mensions of the novel design, more samples can now be fabricated of a given wafer.

e Given that physical etching can damage the Hg(Mn)Te layer, the novel standard recipes

use the non-damaging wet etching technique. This etching technique is particularly
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suitable for macroscopic devices, since the disadvantages of WE (cf. Subsec. [3.1.2) are
negligible for structures of such size. In addition, wet etching requires less lithography
steps than ion beam etching or inductively coupled plasma etching. The results are an

increase in overall sample quality and a shortening of the fabrication process.

e Before the area of the later ohmic contacts is etched 20 nm close to the active layer,
now an additional miniclean step is performed to remove resist residues. Using a larger
mask for ohmic contact fabrication, which exceeds the dimensions of the mesa, allows
for bonding on the substrate. This prevents possible damage to the ohmic contacts
caused by bonding. To preclude discontinuities of metal layers over the mesa edges, the
contact metals AuGe and Au are deposited under an alternating angle of +40°. The

angle is altered every 10 nm of deposited metal.

e Since the application of insulator and top-gate-electrode increases the n-type carrier
density in the system, samples for characterization purposes are fabricated without a
top-gate. Now, the intrinsic properties of wafer materials, such as charge carrier density
and mobility, can be determined in magneto-transport measurements. The quality of
wafer materials determined in this manner provides important feedback for the growers.
In addition, it can be specified whether a wafer material meets the requirements of the
envisaged experiment. Due to their characterization purpose, these samples are called
characterization Hall bars. The corresponding novel 8-terminal characterization Hall
bar recipe can be found in Appx. [B:3] and represents one of the two newly established

standard recipes.

e From now on, samples possessing a top-gate-electrode use an atomic layer deposition
grown insulator as dielectric. The reduced thermal load and the fact that less lithog-

raphy steps are required for fabrication make HfO, the superior insulator type.

e Once again, to prevent discontinuities of metal layers over the mesa edges during top-
gate metallization with 5nm Ti and 100nm Au, the metals are deposited under an

alternating angle of +40°.

All these changes are included in the new 8-terminal standard recipe, which can be found
in Appx. and represents the second newly established standard recipe. Optical images
of samples fabricated according to the novel standard recipes are shown in Fig. Figure
) displays a sample with top-gate-electrode (new 8-terminal standard recipe) and b) one

without (8-terminal characterization Hall bar recipe).
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b)

Figure 3.13.: Optical images of samples fabricated according to the novel standard recipes.
a) shows a device with top-gate-electrode and b) one without. In addition,
bonding on the metal layer located on the substrate is demonstrated in b).

3.3. Modeling of the lithography-induced increase of the

n-type carrier density

This section is dedicated to the exploration of the underlying mechanism leading to the
increase of the n-type carrier density in the system caused by lithography. The first step is
the introduction of a purely classical model that describes the electrostatics in the system.
In this context, it is assumed that the application of dielectric and top-gate-electrode on its
own changes the electrostatics of the sample in such a way that electrons are accumulated
in the active layer. The large work functions of the top-gate metals Ti and Au (compared
to HgTe), which might affect the active layer similar to an applied positive top-gate voltage,

play a decisive role here. This toy model is in the following called model I and is presented

in Subsec. B.3.11

3.3.1. Increase of the electron density due to the large work functions of the
top-gate metals: model |

To model the electrostatics in our system, we use the energy potential U (z) sketched in
Fig. B:14 Note that z is the growth direction. At the position of the top-gate electrode
(z = z1g), the energy potential is denoted by Upg. Upg can be caused by the application
of a top-gate voltage or - as assumed in the context of model I - by the difference between
the work functions of HgTe and the gate metalsﬂ (AW = Whgte — Wriau). The energy
potential U (z) drops across the sample structure and takes the value U; at the interface
Hg(Mn)Te/CMT (z = ztop = 0.5dT1, Where ziop is the z-coordinate of the top surface of
the Hg(Mn)Te layer and dry is the thickness of the 3D TI). It should be mentioned that
the slope of the drop is different for cap (CMT) and insulator layer (SiO2/SizNy or HfO,),

since the relative permittivities €, of both materials are different. We assume that the spatial

5The values of the work functions of HgTe, Ti, and Au can be found in Tab.
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extent dggt of the probability density of the surface states localized at the top surface reaches

10 nm into the active layer. This assumption is inferred from Ref. [45], where the probability

z
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Figure 3.14.: Energy potential U(z) and charge density p(z) used to model the electrostatics
in our devices are presented in blue and red, respectively. The charge density
is constant (p(z) = pgsT) in a region of thickness dggr at the top surface of the
3D TT layer and zero otherwise. The energy potential is quadratic in this region
and takes the value U; at the interface. At the position of the top-gate-electrode
(z = 2z1a), U(2) = Urg holds.

densities of the top and bottom surface state wave functions are calculated for different values
of top-gate voltage. In addition, it is assumed that the energy potential U; is effectively
screened by the mobile carriers located at the top surface [45]. Due to Dirac-screening, U (z)
takes the value zero for all z < 0.5dpr — dsgT. The energy potential U; at the interface causes
a change in the number of charge carriers located in the top surface states. This variation
in charge density is denoted as pggT. Since there are no free charge carriers in the cap and
insulator layer and the bottom surface state is screened, only the charge density in the top
surface states is manipulated and p(z) equals zero elsewhere. If a negative energy potential
Urc is applied to the sample, as shown in Fig. the number of electrons populating
the top surface states is increased, implying psst < 0. Analogous, Upg > 0 would lead to
pssT > 0. Note that the charge density p(z) gives the variation of the amount of charge per
unit volume. However, we are interested in the change in carrier density An. The relation

between p (z) and An is given by

An = —/p(z) dz, (3.2)

o7
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where z; and zy are the coordinates of the bottom and top of the sample structure, respec-
tively. Due to
psst  0.5dT1 — dssT < 2z < 0.5d77

p(z) = =

0 elsewhere

we define An = Anggr.

Now, we can use Maxwell’s first equation (Gauss’ law) to describe the electrostatics for
our model. The association of electric field ﬁ to charge density p is defined by VB = p,
involving the electric displacement field B = 6051«@, where ¢ is the vacuum permittivity.
The electric potential V' (z) satisfies B = —VV. The corresponding energy potential equals
U (z) = —eV (z). With the help of previous equations we find the Poisson equation for U (z):

0.[ex () 0.U (2)] = gp(@ . (3.3)

The solution of the Poisson equation can be obtained by two-fold integration

!

_ ¢ [ o1 / " "
U(z) = - /dz =) /dz p(2"), (3.4)
20 Zé

where zg and z(/) are arbitrary constants. In order to find a unique solution, we need to fix
the two integration constants. This is done by imposing suitable boundary conditions. In
the context of model I, we set zg = ZE) = Zpot, Where zpor = —0.5d71 is the z-coordinate of the
bottom surface of the 3D TI. Since the bottom surface is screened by the mobile carriers at
the top surface, energy potential and electric field are set to zero at this location, resulting
in U (zpot) = 0 and 9,U (2pot) = 0, respectively. Thus, we are able to rewrite Eq. to

z

U(z):—ezA;ZSST / a7 <) (3.5)

Zbot

with ¢ (z) being a coefficient depending on the shape of p (). If we choose the density profile
to be uniform in the top surface region, i.e. p(z) = —eAnggr/dsst for 0.5d — dssT < z <
0.5d1, and p (z) = 0 elsewhere, as sketched in Fig. we find

1 0.5d711 < 2z < z1@@
c(2)=q3 05dr —dssr <z < 0.5drs -
0 2z <0.5d711 — dssT

For this choice of p (z), the energy potential U (z) is quadratic in the region of the top surface
and linear for 0.5d11 < 2z < z1g. Eq. can be used to calculate the energy potential U; at
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the interface Hg(Mn)Te/CMT:

1 e?Anggt

Ui =U (0.5dT1) = dSSTa (3.6)

2 £pEssT

where eggr is the relative permittivity of the top surface states. Given that there are no free
charge carriers in the cap and insulator layer, the displacement field is constant for z > 0.5dy.
Putting the top-gate-electrode on top of the insulator (z = zpg = 0.5d71 + doymT + dins, With
dov and ding being the thicknesses of cap and insulator layer respectively), we thus find the

energy potential at the top-gate to be

Urg =U (21¢) = —

2A 1d d din
e® Anggr ( SST CMT+S>7 (37)

€0 2€E$ST  ECMT  Eins

where ecpm and i are the relative permittivities of cap and insulator materials, respec-
tively. Eq. [3.7 defines the relation between change in carrier density Anggr and energy
potential Urg.

Model I is based on the assumption that the energy potential at the position of the TG is
a result of the application of the top-gate metals titanium and gold. Its value is determined
by the difference between the work functions of HgTe and Ti/Au (AW = Wygre — Wi Au)-

Hence, equation [3.7] can be rewritten as

(3.8)

W e*Wi u 1d d din -1
ATLSST:_ﬁo( HeT: Ti,Au) < st demr | s> .

e? 2E88T  ECMT  Eins

Due to AW < 0, Anggt > 0 applies, i.e. electrons are accumulated in the active layer.
To experimentally determine the increase of the n-type density, two samples were fabricated
for each wafer material under investigation, one with top-gate-electrode and one without,
and measured afterwards. Since the value of diys/eins is different for SiOy/SisNy and HfO,
insulator, both insulator types were used as gate-dielectric. The charge carrier densities of
the samples are identified by magneto-transport measurements as described in Subsec. [2:2.2]
The density change is calculated via AngsT = Nwith TG — Mwithout TG- Note that for samples
possessing a top-gate-electrode, the TG was grounded during the measurements so that the
change in carrier density can be attributed solely to the top-gate fabrication process. In
total 17 different wafer materials are analyzed. The used wafers and their corresponding
cap layer thicknesses dcyir are listed in Appx. It should be mentioned that due to
the shortage of some wafer materials not both insulator types can be investigated for all
wafers. For sufficiently available wafer materials, more than one sample having a specific
insulator type is examined to obtain more data and to verify reproducibility. Analogous
to Subsec. a density variance of 1 - 10! ﬁ within a wafer due to its growth-related

inhomogeneity is assumed. For this reason, an error of 1 - 10! C# is applied to both the
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3. Unintentional increase of the n-type carrier density induced by lithographic processing

description material thickness d relative work function
[nm] permittivity e, W |eV]
top-gate Ti/Au 5/100 4.33/5.1
insulator type 1 Si04/SigNy 60/50 3.9/7.5
insulator type 2 HfO, 15 23.9
cap CMT 12.44
top surface states ~ Hg(Mn)Te 10 3 4.13

Table 3.5.: Parameters used to model the electrostatics in our devices. The thickness of the
cap layer dcyr is a variable depending on the underlying wafer (cf. Appx. .

value of nyith Tq and the value of Nyithout TG- The error of Anggr results from Gaussian error
propagation. Note that we are not able to specify the exact work function Wrj s, of a metal
stack consisting of 5nm Ti and 100nm Au. However, as a first validity test of model I, it is
sufficient to determine Angst min and Angst max and to check if the experimental obtained
data are within this range. To calculate AngsT min and Angst max the work functions of
pure titanium Wr; and gold W, are used, respectively. The actual value of Wrj o, has to
be between these two. For a given insulator type, the only variable in Eq. [3.8] that differs
from wafer to wafer is the thickness of the cap layer. Therefore, to apply model I to the
experimentally obtained data, a plot of Anggt over doymr is applied. All other parameters
required for Eq. are listed in Tab. The contribution of a SiO9/SigNy superlattice
dielectric can be determined via dins/cins = dsio, /€si0, + dsigNi, /ESisNi,- 1t is noted that,
inferred from Ref. [45], we do not use the relative permittivity of bulk HgTe (epgre = 21) for
the permittivity of the top surface states, but set eggT = 3. Some of the used wafer materials
possess Mn dopants in the HgTe layer. Since the manganese content is less than 3 % for all

of them, we assume that essT HeMnTe =~ €5ST,HeTe and WigTe & WhgMnTe are valid.

The results for samples with HfO, and SiO5/SizNy insulators are shown as black squares
in Fig.|3.15h) and b), respectively. Given that the device possessing a hafnium oxide insula-
tor, which was fabricated of wafer QQC0478, encountered issues during fabrication (cf. Sub-
sec. , its corresponding data point is displayed as a gray diamond and removed from
the evaluation. In both figures, AngsT max and Angst min calculated according to Eq. @ are
drawn as a solid and dashed light green line respectively. Taking their errors into account, all
data points for samples with HfO, insulator are within AngsTt max and Angst min. However,
to consider model I as a satisfactory explanation for the experimentally observed increase
of the n-type density, the data of the samples with SiO2/SigNy insulator have to be within
ANgST max and Angst min as well. As can be seen from Fig. [3.15p), this is not the case. For
devices possessing a SiOg/SigNy insulator, there is only one data point within this range,
even taking into account the errors. In the context of model I, a smaller n-type doping is
expected for samples having a SiOy/SizNy dielectric due to the greater layer thickness of the

superlattice (110 nm) compared to the HfO, insulator (15nm). In the experiment, however,
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it is revealed that the increase of electron density is comparable for both insulator types. For
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Figure 3.15.: Increase of the charge carrier density Angst caused by top-gate application for
a) HfO, and b) SiO9/SizNy insulators in dependence on the cap layer thickness
deyvr. The data points (black squares) are plotted together with their cor-
responding errors determined by Gaussian error propagation. AngsT max and
AngsT min are calculated according to Eq. and drawn as a solid and dashed
light green line respectively. The data point removed from the evaluation is
displayed as a gray diamond.

this reason, model I has to be discarded as a possible explanation for the lithography-related
doping of our devices. The fact that the increase of the charge carrier density is only slightly
(or possibly not at all) dependent on the type of insulator suggests that a (still unknown)
mechanism underneath the dielectric layer contributes significantly to the accumulation of
electrons in the active layer. This approach is discussed using a model extended to include
quantum mechanical aspects in Subsec. In particular, the extension includes the pos-
sible tunneling of electrons through the cap into the Hg(Mn)Te layer.

Although model T fails in determining the actual density of gated samples at Vpg = 0V,
it may be possible to correctly predict the change of the charge carrier density Anggr for
Vg # 0 using the introduced description of electrostatics. More precisely, model I may allow
us to calculate the response of the carrier density to an applied top-gate voltage. For this
purpose, the same modeling and assumptions as before can be used. Thus, together with the
relation Urqg = —eVq, Eq. can be rewritten as:

+
2€E$ST  ECMT  Eins

eoVra <1dSST . deur dins>1 (3.9)

Note that Anggt = n (Vrg) —n (0 V) now describes the change in density in dependence on
applied top-gate voltage Vpg. Based on Eq. a theoretical top-gate action Grg can be
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Figure 3.16.: Top-gate action An/AVrg in dependence on the thickness of the cap layer doyr
for samples with a) HfO, and b) SiO2/SigN, insulators. The experimentally
determined data points are shown in black. The TG action predicted by Eq.
is displayed as a red line in both graphs. The data point removed from the
evaluation is depicted as a gray diamond.

derived for the samples as a function of insulator type and cap layer thickness:

(3.10)

2ESST  ECMT  Eins

An o (ldsst  demr | ding\
Gra = =0z
r6= gy =2 ( 4 dovr | ,

where An = n(Vrg2) — n(Vrg,1) is the response of the carrier density to an altered top-
gate voltage AVrg = Vrga2 — Vrg1. It is noted that An is independent of n (0V) due
to the consideration of differences. Again, a reduced effect is expected for the SiOy/SigNy
superlattice due to the greater thickness of this insulator layer. In order to be able to compare
Eq. 3.10] with experimental data, the same samples considered above are examined. For this
purpose, the TG action Grg is determined for each device possessing a top-gate-electrode
as described in Subsec. [2.2.3] The parameters required for the theoretical prediction of the
top-gate actions can be found in Tab. and Appx.

The results for samples with HfO, and SiO5/SizN, insulators are shown as black squares in
Fig.|3.16p) and b), respectively. The corresponding errors of the experimentally obtained data
are calculated by Gaussian error propagation. The top-gate action Grg (dovt) predicted
by Eq. [3.10] is delineated as a red line in both graphs. One is able to observe that the
experimentally obtained data and the model prediction coincide for both insulator types in
good manner. This is especially the case if the error bars are taken into account. As expected,
based on Eq. the measured samples having a SiO9/SigNy dielectric exhibit lower top-
gate actions due to the greater thickness of the superlattice. However, it is conspicuous that
some of the samples with hafnium oxide insulator exhibit a slightly larger top-gate action
than it is predicted by model I. An explanation for this observation might be given by the
used thickness of the HfO, dielectric layer djns = 15 nm. After its growth in an ALD chamber,

62



3.3. Modeling of the lithography-induced increase of the n-type carrier density

the insulator should have a thickness of 15nm. However, tests have shown that the actual
thickness of the insulator lies between 13nm and 15nm. A reduced value of di,s in Eq.
would result in increased values of Grq.

Analogous to the top-gate action, the back-gate action Gpg of samples grown on n-doped
GaAs substrates can be determined by describing the electrostatics in the system. For this
purpose, the same modeling and assumptions can be used. In this case, the relevant layers
of the device to model the electrostatics when a back-gate voltage Vpg is applied are ZnTe
interlayer, CdTe substrate, CMT buffer, and the active layer (cf. Subsec. . Furthermore,
it is assumed that the spatial extent dggg of the probability density of the surface state
located at the bottom surface reaches 10 nm into the Hg(Mn)Te layer as well. The relative
permittivity of the bottom surface state is set in analogy to the one of the top surface states
to egsp = 3. Thus, the back-gate action can be calculated by (cf. Eq.

Gie = 7or = -

3.11
AVea e \2essB ECMT ECdTe  €ZnTe (3-11)

An & <1dSSB demr butfer | dodre dZnTe)_l
+ + :
with An =n (Vg 2) —n (VBa,1) being the response of the charge carrier density to an altered
back-gate voltage AVeag = VBa,2 — VBa,1, doMT buffer ~ 10nm the thickness of the CMT
buffer layer, dcqre =~ 41m the thickness of the CdTe substrate with relative permittivity
€cdte = 10.2, and dznTe ~ nm the thickness of the ZnTe interlayer with relative permittivity
€znTe = 10.4. Since dcqre > dssB, doMT buffer, dznTe applies, Eq. can be simplified to

€0€
Gpo ~ —-CdTe, (3.12)

edcdre
Therefore, the BG action of our three-dimensional topological insulator samples is almost
independent of the thickness of the buffer layer and hence nearly independent of the under-
lying wafer. Small deviations between devices fabricated of different wafer materials can be

derived from the differences in buffer and cadmium telluride layer thicknesses. By substi-

1
Vem?

is in good agreement with the experimental determined BG action of sample QC04611 (cf.
Subsec. [2.2.3)). In fact, both values are identical.

tuting the numbers, we find the back-gate action to be Gpg ~ 0.14 - 10! This value

3.3.2. Increase of the charge carrier density via tunneling electrons: model Il

The next step in explaining the lithography-induced density increase is to extend model 1
to include quantum mechanical aspects. In this context, we assume that quasi-unbound
electrons at the interface CMT /insulator, which are generated by the application of dielectric
and top-gate-electrode, can tunnel through the cap into the active layer. The positively
charged atomic cores left behind at the interface cause an accumulation of electrons in the
mercury telluride layer, similar to an applied positive top-gate voltage. This toy model,

hereinafter referred to as model II, is described in detail below:
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3. Unintentional increase of the n-type carrier density induced by lithographic processing

Since the CMT cap layer of each sample possesses a finite extent, there are dangling bonds
at the surface of the layer. If the CMT layer is not covered by a different material, surface
reconstructions take place to minimize the internal energy of the system. However, if the cap
is covered by another material, like the top-gate-dielectrics HfO, and SiO4/SigNy, the surface
reconstructions are disturbed and the dangling bonds remain at the interface CMT /insulator.
The formation of covalent bonds between tellurium and either hydroxy (ALD) or silylene
(PECVD) results in an unpaired electron per Te atom. These electrons are referred to as
quasi-free radicals and are easy to remove from the tellurium atom. The disentanglement
may be enabled by the changed electrostatic environment after application of the top-gate
metals titanium and gold or by thermal excitation. During the lithographic fabrication
process, macroscopic as well as microscopic samples are heated to 80°C (cf. Appx. |B| and
Appx. [C)), which is equivalent to applying a thermal excitation of about Fipermal &~ 30 meV.
In the context of model II, we assume that the quasi-free electrons (QFE) are able to tunnel
through the CMT cap into the active layer leaving behind positively charged atomic cores
at the interface. Tunneling back is extremely unlikely and therefore negligible. The result
of this mechanism is similar to an applied positive top-gate voltage and leads to an increase
of the electron density in the Hg(Mn)Te layer. Given that charge carriers can be trapped at
the interface CMT /insulator due to the existence of dangling bonds and positively charged
atomic cores, the states at this interface are referred to as trap states (T'S) in the following.

The positively charged atoms left behind lead to an energy potential Upg < 0 at the TS.

To model the electrostatics in the system, the energy potential sketched in Fig. is used.
Note that z still indicates the growth direction. The comparison of the energy potentials U (z)
used for the modeling of the electrostatics for model I and model II (cf. Figs. and |3.17)
shows similar profiles in the regions of cap and active layer. The difference is that in model II
the energy potential U; at the interface Hg(Mn)Te/CMT (z = 0.5d7y) is determined by Urs
at the position of the trap states (z = zps = 0.5d11 + domr) instead of Upg at z = z7q.
In addition, since the TS are located at the interface CMT /insulator, it is not required
to include the dielectric layer in the consideration. It is noted that the value of Upg may
nevertheless depend on the insulator type, as the number and transmission probability of
quasi-free electrons may be different for HfO, and SiOs/SigNy4. One possible explanation for
the difference would be that the unpaired electrons are bound slightly differently to the Te
atoms. Using the same assumptions made for model I, we are able to calculate the increase
of the charge carrier density Anggt due to application of gate-dielectric and top-gate metals
as a function of energy potential Urg to (cf. Eq.

Anggy = — (3.13)

eoUrs <1 dssT dCMT> !
2 9 + ’
e 2essT  EcMT

The next step is to determine the energy potential Urg. Given that Urg is related to tunneling

electrons, we need to calculate the tunnel probability. For this purpose, some simplifying
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Figure 3.17.: Energy potential U(z) and charge density p(z) used to model the electrostatics
for model II are shown in blue and red, respectively. The charge density is
constant (p(z) = pgst) in a region of thickness dgst at the top surface of the
3D TI layer and zero otherwise. The energy potential is quadratic in this region
and takes the value U; at the interface 3D T1/cap layer. At the position of the
trap states (z = zr1g), U(z) = Urg holds.

assumptions are made. First, we assume that all quasi-free electrons that are able to tunnel
have exactly the same energy Eqrg. We use this energy as an energetic reference point for
our calculations and set Eqrg = 0. In the case of a rectangular potential barrier of height

Ug,o, the transmission probability 1" is in good approximation given by

T ~ e~ #V2men(Us o= E)d, (3.14)
where d is the thickness of the tunnel barrier, meg is the effective mass, and E the energy
of the tunneling particle. To calculate the transmission probability of an arbitrary shaped
potential barrier Ug (z), the so-called Wentzel-Kramers-Brillouin (WKB) approximation is
used [62]. The arbitrary potential is approached by placing many narrow rectangles one be-
hind the other. Using an infinite amount of infinitesimal rectangles, we find the transmission

probability to be
T o o= 2 J§ \/2menlUs (s)—Eldz. (3.15)

The next simplifying assumption to be made is that the potential barrier Ug (z) has the
same height for all tunneling quasi-free electrons. In the actual device, the height of Ug (z)
changes with each tunneled electron, i.e., by choosing an invariant potential barrier, we
basically use an averaged barrier height. Since the quasi-free electrons tunnel from the trap
states through the CMT cap into the active layer, the potential barrier is located in the
region 0.5d7; < z < zpg and its height is denoted by Ecyr. Due to the linear drop of Ecyr
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3. Unintentional increase of the n-type carrier density induced by lithographic processing

across the cap layer, we obtain a triangular shaped potential barrier, which can be written

as
_ Ecwmr

~ dow
At this point it should be mentioned that the value of Ecyt may differ slightly for both

U (2)

(z — 0.5dT171). (3.16)

insulator types. The reason for this is that the energy of the quasi-free electrons Eqrg may
depend on the choice of dielectric and the height of the potential barrier is considered relative
to this energy. As the quasi-free electrons originate from tellurium atoms of the CMT layer,
which is also the tunnel barrier, we expect the barrier height to be significantly smaller
than, for example, the band edge offset between CMT and HgTe (= 0.5eV [63]), i.e. that
FEoumt < 0.5€eV applies. In addition, we assume that the tunnel mechanism is independent of
the manganese content y in the active layer, as long as y < 3% holds. Thus, after integration,
we are able to rewrite Eq. to

T ~ ¢~ VZrerBonrdonr — o—kdonr (3.17)

with meg being the effective mass of the quasi-free electrons and k = 4v/2meg Ecyr/(3R) a
constant wave number. The number of tunneling electrons Niynnel is determined by Nyynnel =
NiotalT', where Niotan is the total number of quasi-free electrons that are able to tunnel through
the cap into the active layer. Each tunneled particle leaves behind a positively charged atomic
core. The top layers of the sample can now be considered as a capacitor, whereat the TS
represent one plate, the top surface states the other and the CMT layer the dielectric in
between. Then the relation between energy potential Urg and the number of positively

charged atomic cores is given by

(3.18)

with C' being the capacitance of the capacitor. This capacitance can be calculated via

1d d -1
C = oA ( ST CMT) , (3.19)
2essT  ECMT

where A is the area of the capacitor. Thus, we find the energy potential to be

2

1d d

UTS = _intotal ( 55T + CMT> eideMT7 (320)
€0 2essT  ECMT

with ngotal = Niotal/A being the density of quasi-free electrons that are able to tunnel through
the cap into the Hg(Mn)Te layer. Substituting Eq. into Eq. we get

ANSST = Niogare doMT (3.21)

According to model II, the number of tunneling particles is directly proportional to the ac-
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Figure 3.18.: Application of model II to the experimentally obtained data already presented
in Fig. The dependence of the lithography-induced density increase Anggt
for a) HfO, and b) SiO2/Si3N, insulators on the cap layer thickness dour is
shown. Fits according to Eq. [3.21| are displayed as blue lines.

fit parameter
Ntotal [1011 Cr}g] k [ﬁ]
HfO, 12.96+0.86 0.0239+0.0025
Si02/SigNy 11.80+0.41 0.0210+0.0013

insulator

Table 3.6.: List of the parameters used to fit the experimentally obtained data according to

Eq.

cumulation of electrons in the active layer. Such a result is in line with our expectation,
since each quasi-free electron that tunnels through the cap into the Hg(Mn)Te layer increases
the carrier density in the latter by one. The next step is to apply this toy model to the
experimentally obtained data. For this purpose, the same data already presented in Sub-
sec. m (cf. Fig. are used. It should be mentioned that the values of niy, and k are
unknown and may differ for the two insulator types. For this reason, the data are fitted by
exponential functions, whereat we set appropriate upper and lower bounds for the parameters
Niotal and k. For all samples possessing the same dielectric, the fit parameters have to be
identical, since the mechanisms at the interface CMT /insulator are independent of the layer
thicknesses underneath and thus of the wafer material used.

The outcome is shown in Fig. [3.18a) and b) for samples with HfO, and SiOy/SigNy in-
sulators, respectively. The values of the fit parameters for both insulator types are listed
in Tab. It can be seen that, taking into account the errors, all data points are on the
fit curve. This is valid for both types of dielectric. Since the experimental data can be de-
scribed in a good manner by model II, the fit parameters obtained are to be analyzed next.
As expected, the values of nyoa and k are slightly different for HfO, and SiO2/SigNy insu-

lators. We speculate that the unpaired electrons, which are generated when the dielectrics
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are applied to the sample, are bound to the Te atoms to slightly different degrees depend-
ing on the insulator type. This can lead to a minor deviation in density and energy of the
quasi-free electrons, which in turn would affect the values of niota1 and Ecyr. By means
of the relation k = 4v/2megEcyt/(3R) the height of the tunnel barrier can be derived. If
the effective mass of the electrons is set in analogy to Subsec. 2.1.3 meg = 0.02m,, then
E&2s = (0.61 +0.13) meV and E(Sjil\(/[)QT/Si‘q’l\I4 = (0.474 £ 0.059) meV are obtained. The calcu-
lated barrier heights are therefore about three orders of magnitude smaller than typical band
edge offsets in our devices, which is in line with the expectation as well. Based on the crystal
structure of HgTe (cf. Sec. and Fig. , the density of the tellurium atoms at the surface
of the CMT layer can be roughly estimated to nr, =~ a62 =2.4-10" ﬁ Since it is extremely
unlikely that every unpaired electron per Te atom turns into a quasi-free electron with suffi-
cient energy for tunneling, niota < nre should be valid. Tab. shows that npe/ntotal ~ 200
applies and therefore niota < mre is also fulfilled. Hence, we suppose that electrons can
tunnel from the trap states, which form at the interface CMT /insulator, through the cap
into the Hg(Mn)Te layer. The application of this hypothesis allows a qualitative plausible
description and a correct quantitative prediction of the experimentally found lithography-
induced density increase in our devices. The underlying tunnel mechanism is described by
model IT using simplifying assumptions. Since the increase of the carrier density can therefore
be attributed solely to physical processes, we conclude that the lithographic fabrication steps
do not unintentionally react chemically with our heterostructures, thus avoiding a reduction

in the quality of the active layer.

By determining the fit parameters ni., and k, another method for verifying the appli-
cability of model II is given. For this purpose, the experimentally obtained values for the
energy potential Urg have to be compared with those calculated by the model. To find the
former, one can use Eq. and substitute for Anggr the experimentally derived density
increase of each investigated wafer due to gate-dielectric and top-gate-electrode application.
The model prediction is specified via Eq. The required parameters can be found in
Tab. 3.5] and Tab. 3.6] The quantities subject to error are the measured increase of the
charge carrier density and the thickness of the CMT cap layelﬂ The error of the energy
potential results from Gaussian error propagation. In Fig. [3.19] Urg is plotted as a function
of the cap layer thickness doyr. a) shows the experimentally obtained data (black squares)
for HfO, insulator, while b) presents the data for SiOy/SizNy dielectric. The prediction of
model II calculated according to Eq.[3:20]is drawn as a blue line in both graphs. It can be seen
that model II again coincides well with the experimentally obtained data within the limits of
the errors. Since the energy potential can be written as Urg = cre~kdomT oo dog e Fdomr
(cf. Eq. , where ¢; and co are two negative constants, |Urg| increases for small doyr

and approaches zero for doyr — o0o. This characteristic is given by the counteracting of

"It is assumed that the X-ray measurement, which is used to determine the thickness of the CMT layer, has
an inaccuracy of 1nm.
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Figure 3.19.: Energy potential Urg at the trap states in dependence on the thickness of the
cap layer doyr for samples with a) HfO, and b) SiO9/SigNy dielectrics. The
experimentally obtained data points are presented in black. The prediction of
model II calculated according to Eq. [3:20]is displayed by a blue line. The data
point removed from the evaluation is depicted as a gray diamond.

the inverse capacitance C~! of the capacitor TS/top surface states (increases with dcy)
and the transmission probability T of the quasi-free electrons (decreases with dcyr), as
|Urs| ~ TC~! (cf. Eq. applies. The fact that this behavior can also be observed for
the experimentally determined values of Urg is another indication that model II is likely to
be a simplified description of the actual mechanism leading to the n-type density increase in

our devices due to lithographic processing.

To reduce the lithography-induced n-type doping, one can grow thicker cap layers. As
it is shown in Fig. the increase of the density Anggt decreases with increasing cap
thickness doyr. For example, the value of Anggr is already halved when the thickness of
the CMT layer is changed from 14 nm to about 40 nm. This applies to both insulator types.
In addition, according to reference [57], an increased doymt also improves the overall qual-
ity of three-dimensional HgTe layers. This improvement results in enhanced charge carrier
mobilities of the samples. Hence, the growth of an at least 30 nm thick cap layer is sug-
gested. One has to consider, however, that the 3D topological insulator phase can only be
realized when a tensile strain is applied to the Hg(Mn)Te layer (cf. Subsec. 2.1.1)). Once
the active layer reaches a certain critical thickness, strain is released by the formation of
different types of lattice defects such as dislocations lines. It has been shown that the total
thickness of the layer stack CMT/Hg(Mn)Te/CMT grown on a CdTe substrate should not
exceed 250 nm [64]. Therefore, for a typical active layer thickness of 70 nm, a CMT cap layer

of the order of 100 nm should be feasible without strain relaxation.

Another experimental indication of the existence of trap states can be found in the so-called

hysteresis behavior of top-gate voltage-dependent measurements. For this purpose, we once
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Figure 3.20.: a) Top-gate voltage-dependent measurements of sample QC04611 at T~ 1.5 K.
The longitudinal resistance Ry is presented as a function of Vpg. The black
curve displays Ryx measured for 0V — —1.4V, while the blue curve shows
the inverse sweep direction (—=1.4V — 0V). b) depicts the dependence of the
charge carrier density n of sample Q298211 on the applied TG voltage Vrg.

again examine sample QC0461 1. The longitudinal resistance Ry is presented as a function
of TG voltage Vg for Vgg = 0V and B = 0T in Fig. [3.20n). The black curve represents
Ry« for a continuous decrease in Vg from 0 to —1.4\@ while the blue curve depicts the
longitudinal resistance for the inverse sweep direction. One can observe that both curves are
slightly shifted against each other. This phenomenon is called hysteresis behavior and can
be explained by filling and depleting of the T'S with charge carriers. When an increasingly
negative TG voltage (black curve) is applied, not only is the n-type density in the active
layer reduced and the p-type density increased respectively, but positive charge carriers are
accumulated in the trap states as well. The filling depends heavily on the applied top-gate
voltage. Higher negative TG voltages lead to a stronger charging of the T'S. This results in an
alteration of the energy potential AUrg (Vrg) located at the trap states. The trapped charge
carriers remain there after the measurement is finished. If the TG voltage is then increased
again (blue curve), the positive charge carriers located in the trap states partially screen the
energy potential of the top-gate. This means that the active layer perceives a less negative
effective top-gate voltage V{% (Vrg) = Vg + AVps (Vrg), where AVpg = —AUrps/e > 0
and Vrg < 0. The consequence is a shift of the Ry (Vrg) curve by —AVryg. As the TG
voltage increases, the TS are slowly depleted, i.e. foé approaches Vrg again. In order to
empty the trap states completely, it may be necessary to apply positive top-gate voltages.
It should be noted that in the case of high positive or negative applied top-gate voltages,
VTeg can become constant. An increase in applied TG voltage above a certain positive or

negative value only leads to an increasing filling of the TS, which completely screens the

8Tt is noted that the sample experienced several thermal cycles between the identical measurements repre-
sented by Fig. [2.15h) and Fig. [3.20h) (black curve). As a result, the shape and the maximum value of the
longitudinal resistance have slightly changed.
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3.3. Modeling of the lithography-induced increase of the n-type carrier density

change in energy potential of the top-gate-electrode. In this case, Vfg and therefore the
carrier density in the Hg(Mn)Te layer remain unchanged despite the alteration of Vipg. This
phenomenon can be observed in Fig. [3.20p) starting from Vpg < —0.8 V. Fig. [3.20p) shows
the charge carrier density n of sample Q298211 in dependence on applied top-gate voltage
V. Details about this sample can be found in Appx. [A:1] The densities were determined
by magneto-transport measurements at 7' ~ 1.5 K as described in Subsec. In contrast,
since the filling of the trap states is strongly dependent on the applied top-gate voltage,
Vfé ~ V@ applies in good approximation for a certain TG voltage range. In this window,
the response of the carrier density An to a change in top-gate voltage AVpg is approximately
linear (cf. Fig. ) for Vpg > —0.6 V). Thus, within this TG voltage range, the trap states
do not affect the gate actions of the samples and the descriptions of Grg and Gpg introduced
in the context of model I (cf. Subsec. hence remain valid. The corresponding top-gate
voltage window is also referred to as hysteresis-free region and can be of particular interest

for TG voltage-dependent measurements.

In this chapter, the state of the art of macroscopic sample fabrication in our group was
revised and improvements were introduced along the way. Particularly noteworthy are the
development of an optimized 8-terminal Hall bar design, the change from ion beam etching
to non-damaging wet etching, and the metallization of the samples at an angle in order to
avoid discontinuities of the metal layers over the mesa edges. This ultimately led to the intro-
duction of a new procedure for the characterization of wafer materials and a novel standard
recipe for the lithographic processing of HgTe-based macrostructures in our group. Due to
the enhancements of this recipe, all macroscopic devices analyzed in the subsequent chapters

were fabricated according to the novel standard recipe, unless otherwise specified.

In addition, it was shown that the gate actions of our samples are influenced by the
type of gate-dielectric used as well as by the layer stack. Furthermore, it was found that
trap states, which form at the interface CMT /insulator due to the fabrication of the top-
gate, are responsible for the unintentional increase of the n-type density in the Hg(Mn)Te
layer. The magnitude of this doping depends on the thickness of the CMT cap layer and
can therefore be reduced by the growth of thicker caps. Lastly, it was established that the
lithographic fabrication steps do not unintentionally react chemically with our MBE grown

heterostructures, thus avoiding a degradation of the quality of the active layer.

The next step is to explore the origin of the strong, unexpected magnetoresistance fluc-
tuations occurring at high magnetic fields (cf. Sec. and Fig. . Understanding this
phenomenon is crucial so that developments to avoid the appearance of these fluctuations
can be introduced. This is necessary to enable a meaningful investigation and evaluation of

the high-field transport behavior of our 3D TI samples. The implementation is carried out
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in the following chapter.
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fields and at low temperatures

As shown by preliminary transport measurements (cf. Sec. and Fig. , under cer-
tain experimental conditions our devices can exhibit strong, unexpected magnetoresistance
fluctuations, impeding a meaningful evaluation of the high magnetic field data. First, the
issues related to the magnetoresistance signals observed at high magnetic fields and low tem-
peratures are to be described in detail. In transport measurements performed under these

conditions,

e the Ryy-signal may be strongly non-zero or negative even in the regions of magnetic

field where the Hall resistance is quantized,
e the SAH oscillations may be noisy and deformed,
e the R,y -signal may be noisy and exhibit suppressed quantum Hall plateaus,
e the quantum Hall plateaus formed may deviate significantly from the expected values,

e and in the extreme case, both magnetoresistance signals may show fluctuations, which

can possess amplitudes of the order of +£102 k().

In the following, the occurrence of one or more of these features is referred to as signal issues.
In order to investigate the high magnetic field transport properties of our samples in a mean-
ingful way, the origin of the signal issues has to be found so that preventive measures can be
developed. Two possibilities, which were considered the source of these issues, were explored
in parallel. On the one hand, we assumed that the leads to the ohmic contacts may become
insulating at high magnetic fields and low temperatures due to the low charge carrier density
in these regions. The measurements which led to this assumption and the resulting conclu-
sions are presented in Sec. . In the following section (Sec. , modifications regarding
the growth of samples, the lithographic processing of samples, and the measurement-setup
leading to an increase of the carrier density in the leads are described. On the other hand,
we suspected that in the presence of strong magnetic fields and at low temperatures, the
contacting of our devices using the standard contact structure AuGe/Au might be insuffi-
cient. In Sec. the application of the alternative contact structures Ti/Au, In/Ti/Au,
and Al/Ti/Au is examined. Inspired by gallium arsenide samples where the contact qual-

ity is significantly improved when indiffusion of contact metals into the mesa occurs [65],
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4. Magnetoresistances in high magnetic fields and at low temperatures

Sec. [4.3] additionally presents a novel lithographic process for the fabrication of the ohmics

that reproduces this behavior with our standard contact structure.

4.1. Low charge carrier densities in the contact leads as origin

of the signal issues

To identify the origin of the signal issues, various measurement parameters such as tempera-
ture and applied top-gate and back-gate voltages were varied in order to study the dependency
of the issues on these parameters. First, the temperature dependence is investigated. Fig.[4.]]
shows two magnetotransport measurements of sample QC0461 I, one was carried out in a *He
bath cryostat at T~ 1.5 K (Fig. )) and the other one in a *He/*He dilution refrigerator
at T ~ 100mK (Fig. [4.1p)). To ensure the comparability of the measurements, the applied
TG voltage was adjusted for the measurements, so that the total charge carrier densities are
approximately 6- 10! ﬁ in both cases. Note that the back-gate was grounded during these
measurements. It can be recognized that only the measurement performed in the *He/*He
dilution refrigerator exhibits signal issues. Similar to the characterization measurement of
sample QCO04611 (cf. Fig. , the signal issues start to emerge at about B ~ 5.5T. This
means that the occurrence of the issues related to the magnetoresistances is temperature-

dependent and therefore they are only observable at extremely low temperatures (7T < 1K).
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Figure 4.1.: Magneto-transport measurements of sample QC04611. a) was carried out in a
“He bath cryostat at 7'~ 1.5K and b) in a *He/*He dilution refrigerator at
T ~ 100 mK.

The dependency of magnetoresistance on applied top-gate voltage is tested by maintaining
the applied BG voltage (Vg = 10V) while altering the TG voltage in magnetotransport
measurements. The examination of the dependence on the back-gate is carried out exactly
the other way around (Vpg = —1V). To keep the graphs clearly laid out, only the signals

of the transverse resistances are plotted in the following, since it is easier to localize the
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Figure 4.2.: Magneto-transport measurements of sample QC0461 I for different values of ap-
plied a) top-gate voltage Vg and b) back-gate voltage Vpg at T ~ 100 mK.
The applied values of TG and BG voltages are given (in the unit of volt) in the
graphs.

magnetic field Bs at which the signal issues start to emerge in Ry,. The results can be
found in Fig. 4.2h) and b), respectively. It is noted that in Fig. ) Vg = —0.2V is not
displayed to keep the graph clearly laid out and readable. First, it can be detected that the
signal issues are visible for all applied top-gate and back-gate voltages and occur in n-type
as well as p-type transport. According to Eq. (cf. Subsec. , the filling factor v can
be calculated from the ratio between charge carrier density n and Landau level degeneracy
nyr. Thus, for a given carrier density, the filling factor and the corresponding quantum Hall
plateau are determined for each value of magnetic field. By is identified as the magnetic field
at which the transverse resistance Ry, starts to deviate from the expected quantum Hall
plateau. The values of Bg can be extracted for the top-gate and back-gate voltages under
consideration from Fig. ) and b), respectively. Due to finite spacing between acquired
data points and the difficulty of pinpointing the exact magnetic field at which Ry, deviates
from the expected plateau (Bs is taken from the graphs by eye), we assume an error in
reading of 3% (ABs = 3B;/100). The outcomes are shown in Tab. and Tab. for the
dependency on TG and BG respectively. For each voltage applied, the corresponding total
charge carrier density ni is also given. The values of niy are determined as described in
Subsec. and represent the carrier densities located in the sample structure underneath
the top-gate-electrode. It is noted that this density may not be present in all regions of the
device. One is able to recognize that Bg remains almost constant when the applied top-gate
voltage Vrq is altered, despite changing the total carrier density from 15.89 - 10! ﬁ to
—8.62 - 101! ﬁ Only for low densities |nt| < 2.01 - 101 ﬁ, we find a minor deviation
in Bs. These two outliers will be discussed later in more detail. If, in the first instance,
the outliers are removed from evaluation and it is taken into account that the values of
By are only determined by eye, then it is very likely that the magnetic field, at which the
signal issues start to emerge, is independent of applied TG voltage for sample QC04611. In

75



4. Magnetoresistances in high magnetic fields and at low temperatures

Vra [V 0 0.2 -04 -06 -08 -1 -1.2 -14

neot [10M 5] || 15.89 13.12 882 5.08 1.99 -2.01 -527 -8.62
cm

By |T] 11.2 111 11.2 11.0 106 10.6 11.1 11.0

Table 4.1.: Dependence of the magnetic field By at which the signal issues start to emerge
on the applied top-gate voltage Vrqg. For each value of Vg, the corresponding
charge carrier density niqt is also noted.

Via [V] 10 4 0 -4
Nt [10M 5] || -2.01 -2.71 -3.22 -3.47
B [T] 106 7.7 56 45

Table 4.2.: Dependence of By on the applied back-gate voltage Va. For each value of Vi,
the corresponding carrier density niot is also noted.

contrast, By strongly depends on applied BG voltage. To explain the different dependencies
on the two gate types, we have to consider the distinct layout of top-gate and back-gate. As
already mentioned in Subsec. 2.2.3] TG mainly influences the surface states located at the
top of the Hg(Mn)Te layer, while BG mainly affects the surface states at the bottom of this
layer. However, what is more, top-gate and back-gate possess different spatial dimensions.
Since the n-doped substrate GaAs functions as a BG, the back-gate is a global gate. This
means that the whole mesa structure is influenced by the BG. The TG, on the other hand,
covers and therefore affects only the Hall bar structure and small parts of the contact leads.
Hence, there are regions of the mesa that are neither covered by the top-gate metals titanium
and gold nor by the contact metals gold germanium and gold. In the following, these areas
are referred to as ungated regions (UR) and can be seen in Fig. 4.3 (marked by a green
rectangle). It is noted that the old 6-terminal standard recipe (cf. Appx. as well as
the new 8-terminal standard recipe (cf. Appx. feature ungated regions in their designs.
Given that the UR are not influenced by the top-gate but by the back-gate, we assume that
the signal issues are related to these regions. This assumption is based on the consideration
that the ohmic contacts covered by AuGe/Au are ideal, which implies that they are excellent

conductors [66] and therefore can be excluded as the originator of the signal issues.

We know from the investigations of Sec. that the untreated wafer material QC0461
possesses a charge carrier density of ng = 1.02 - 10! ﬁ Since application of gate-dielectric
and top-gate metals is the only lithographic step which alters the density in the system
(cf. Sec. and the ungated regions are not affected by this step, we assume that the
UR of sample QC04611 still exhibit a carrier density of nyr = ng = 1.02 - 101 ﬁ Note
that nyg may deviate strongly from the carrier density located in the Hall bar structure niq
depending on applied top-gate voltage. Surface states having such low electron densities enter
their quantum limit already at magnetic field strengths readily accessible in the experiment.

In the quantum limit of 3D TIT samples, only the lowest (= zeroth) Landau level of each
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600 um
—

Figure 4.3.: Device fabricated according to the new 8-terminal standard recipe. All standard
sample designs used in our group can be divided into three areas relevant to this
chapter: the ohmic contacts (blue rectangle), the Hall bar structure (red rectan-
gle), and the contact leads also referred to as ungated regions (green rectangle).

topological surface state (T'SS,I and TSS,II) is occupied [35} 39]. This results in a total filling
factor of v = vpgg = 1 (cf. Subsec. and in the formation of one edge state (oxy = €2/h).
Note that a filled zeroth Landau level contributes to oy by €?/(2h) and an empty zeroth LL
by —e?/(2h) [67]. If the spin and valley degeneracies are considered to be gs = gy = 1, the
required magnetic field strength Bqr, to enter the quantum limit can be estimated by (cf.

Eq.

B ="n. (4.1)
For the ungated regions of sample QC0461 I, we find Bqp, ~ 4.2T. When the applied magnetic
field strength is increased beyond Bqy,, we assume that one of the topological surface states
starts to be depopulated. At a certain magnetic field (> Bgqp), the TSS is completely
depopulated (associated zeroth LL is empty), turning the total filling factor into v = vpgg = 0
and introducing a compensation of the edge channel conductivity [oxy, = (1/2—1/2)e?/h]| |15,
68]. At this point, transport can happen exclusively through the bulk material, since the
surface states are insulating. The assumption is supported by references [69] and [70], in which
magnetic field-induced insulating states in graphene are reported. According to references [9]
and [45], however, we expect HgTe to be a surface-dominated topological insulator system
with suppressed bulk conductance. This is particularly the case, when the temperature in
the system is extremely low (7' < 1K) and therefore the bulk carriers should freeze out [71].
Thus, they are unable to contribute to transport in this temperature regime. It is plausible
that this behavior explains the temperature-dependent occurrence of the signal issues (cf.
Fig. : It is only at sufficiently low temperatures (7' < 1K) that bulk conduction due to

thermally activated bulk dopants can be completely excluded and the transport properties
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4. Magnetoresistances in high magnetic fields and at low temperatures

of the system are determined solely by the surface states.

Starting from the magnetic field Bqr,, an increase in magnetic field strength results in
an increasing depopulation of one of the TSS, which, in combination with extremely low
temperatures, leads to a rapidly decreasing conductance in the ungated regions. Poorly
conducting ungated regions result in an extremely low current flowing through the sample
(cf. Fig. . Moreover, the ungated regions are part of the trajectories of the edge
states. This means that the measuring signals have to be transported through the UR, since
the ungated regions connect the Hall bar structure to the ohmic contacts. Therefore, poorly
conducting UR can lead to transverse resistance Ry, and longitudinal resistance Ry, deviating
from expectations, being extremely noisy, and forming suppressed plateaus and deformed
SdH oscillations. Above a certain magnetic field, the depopulation of one of the lowest
Landau levels is sufficiently advanced so that the ungated regions exhibit an almost insulating
behavior. In this regime, the magnetoresistance fluctuations of the order of +102 k{2 occur.
The value of magnetic field Bs at which the signal issues start to emerge should coincide
with a certain critical value of the filling factor 0 < v, < 1. At this point, the depopulation
of the topological surface state has progressed to a sufficient extent so that the quality of
the measurement is affected. Obviously, Bs > Bqi, has to be valid. In addition, it should
be mentioned that the same chain of thought can be applied to the case of low p-type
densities located in the ungated regions. Then, in the quantum limit, only the lowest LL
of the p-type Volkov-Pankratov state (VPS) is occupied. The corresponding total filling
factor can be written as v = —vypg = —1. Again, we assume that this Volkov-Pankratov
state starts to become depopulated when the applied magnetic field exceeds Bqy,, leading
to a significant decrease in conductance in the ungated regions. When the Landau level is
completely depopulated, v = 0 is valid and the surface state becomes insulating. This time,

0 > v, > —1 applies to the critical filling factor v..

The considerations made above are not only true for low charge carrier densities nygr
located in the UR, they apply equally to low carrier densities not located in the Hall bar
structure. The conductance of the Hall bar itself can be decreased enormously when the
magnetic field strength exceeds a critical value, since the lowest occupied Landau level starts
to be depopulated. This LL can be either one of the zeroth Landau levels of the TSSs
(v = 1) or the lowest LL of the p-type VPS (v = —1), depending on the sign of nge.
For this reason, the origin of the deviations from expected values of Ry and Ry, observed
in magnetotransport-measurements may also be found in the Hall bar structure. Under
the condition |ngt| < |nur|, the Hg(Mn)Te layer of the Hall bar structure will enter the
quantum limit first (BqQr, Hallbar < BqL,ur) and therefore the signal issues start to emerge
at smaller magnetic fields than expected from the ungated regions. In order to ensure that
no signal issues occur in the measurement, B < min (Bqr, Hall bar; Bqr,ur) has to apply due
to the edge transport. Based on the dependence of Bqr, on the charge carrier density (cf.
Eq. [4.1)), it is reasonable to assume that By depends on min (|nget|, [nur|) as well. A larger

78



4.1. Low charge carrier densities in the contact leads as origin of the signal issues

min (|ngot| , [nUR|) results in higher values of By and vice versa. Given the spatial dimensions
of top-gate and back-gate, it is known that ni can be manipulated by both gates, whereas

nyur is only back-gate-tunable.

In order to verify our assumption, we determine not, nUR, Ve, and Bgqy, for each value of
applied back-gate voltage and compare the latter to Bs. The carrier density of the ungated
regions is calculated by the relation (cf. Subsec. [2.2.3))

1 1
nur = no + GaVaa = (1.02 + 0.14 v V)10t —

5 (4.2)

and Bqr, according to Eq. . The critical filling factor v, can be estimated using (cf.
Eq. :

hn
eBs’

(4.3)

Ve =

In Eq. as well as Eq. n is either substituted by nygr or niet, depending on the one
which possesses the smaller absolute value. In determining n (cf. Subsec. , we assume
an inaccuracy of An = 0.1-10" -1, o2+ The resulting error of v, is calculated using Gaussian
error propagation. If our assumption of the depopulation of the lowest Landau levels being
responsible for the signal issues is correct, the required magnetic field strength to enter the
quantum limit Bqy, should be smaller than Bs. However, both values should not deviate
largely, i.e. they should be within the same order of magnitude. The case Vg = —1V
and Vg = 0V (green curve in Fig. |4.2b)) is considered as an example. The density in
the Hall bar structure equals ngo; = —3.22 - 101 % Since no BG voltage was applied
during the measurement, the density in the ungated regions is nyg = 1.02 - 1011 . With
nur < |not|, Bqr ~ 4.2T is obtained. The magnetic field strength at which the signal
issues start to emerge in the measurements is 5.6 T. This agrees well with our assumption.
The calculated value of the critical filling factor is v, = 0.753 £ 0.084. Other values of the
back-gate voltage listed in Tab. are investigated analogously. The results are shown in
Tab. [£.3] In the case of very low carrier densities located in the two topological surface

states (top and bottom), i.e. nrss = nrssy + nrss < 1-10M the response of the

cm2 9
electron density to an applied negative BG voltage might differ from the expected value of
back-gate action Ggg. This can be recognized by the variation of the carrier density in the
Hall bar structure nyo, when changing the back-gate voltage from Vgg =0V to Vgg = —4 V.
The measured change in charge carrier density (Angs = —0.25 - 10! #) is smaller than
expected from Gpg = 0.14 - 1011

the back-gate voltage Vpg = —4 V, we assume that the same density change occurs in the

. Nevertheless, in order to be able to specify nygr for

ungated regions as in the Hall bar structure when going from 0V to -4 V. Thus, we obtain
nir (Veg = —4V) = 0.77 - 10t 12, which, together with the resulting values of BQL and

v}, is also listed in Tab. 4.3] - Note that these values are used for the subsequent evaluations.

For the top-gate voltages investigated (cf. Tab. , Veg = —10V, nyg = 2.42- 101! C#,
and Bqr,ur = 10.0T. As long as |n.t| > nyr holds, we expect the same value for By, since
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Vea [V] meet [10" L] nug [10M L3] Bqu [T] B [T] Ve
10 -2.01 2.42 8.3 10.6  -(0.78440.088)
4 -2.71 1.56 6.5 7.7 0.838+0.093
0 -3.22 1.02 4.2 5.6 0.753+0.084
-4 -3.47 0.46 1.9 4.5 0.42340.047
0.77 3.2 0.708+0.079

Table 4.3.: Dependence of Bg on the applied back-gate voltage Vpg. For each value of Vpg,
the carrier densities located in the Hall bar structure ny. and the ungated regions
nuR, the associated value of Bgr,, and the critical filling factor v, are noted. The
last row represents the adjusted values of ny, BaL, and v} for Vpg = —4 V.

nur is independent of Vpg. This is in fact the case within the scope of error (assumed error
in reading ABg = 3B;/100), as can be seen from Tab. Now, we are able to explain why
the values of By for Vg = —0.8V and Vg = —1.0V show a minor deviation from those of
the other TG voltages. For these two particular top-gate voltages, |niot| < nur is valid. This
in turn results in a smaller value of Bqp, and thus of Bs compared to the other Vrg. Since
Niot A 6-1011 ﬁ and nyr = 1.02-10"! ﬁ (Bqr,ur = 4.2T) apply in the magneto-transport
measurement of Fig. ), according to Tab. Bs should be approximately 5.6 T. This

can indeed be observed in the measurement.

Hence, we find Bqi, < Bs for all examined top-gate and back-gate voltages. The difference
By — Bq, ranges from 1.0 T to 2.3T, which is significantly less than an order of magnitude
and therefore within the expected range. Moreover, a larger value of min (|n|, |nur|) and
thus of Bqr, results in higher Bs. The absolute value of the critical filling factor |v.| reads
about 0.8 for all investigated back-gate voltages (cf. Tab. . This applies regardless of
whether the lowest Landau levels are n-type or p-type. It thus seems that only the occupation
of the lowest LLs is decisive. As soon as the occupation drops to approximately 80 %, the

signal issues start to emerge in the measurements.

Overall, it can be stated that every magneto-transport measurement of sample QC0461 1,
which was carried out in a *He/*He dilution refrigerator, shows quite good agreement with
our assumption. This means that it is likely that low charge carrier densities located in cer-
tain regions of the sample (Hall bar structure, ungated regions) are responsible for the issues
related to the magnetoresistance signals observed at high magnetic fields and extremely low
temperatures. The requirement of extremely low temperatures (7' < 1K) is due to the result-
ing suppression of bulk conduction and thus to the presence of pure surface state transport.
Low carrier densities, on the other hand, lead to depopulation of the lowest Landau levels
with associated filling factors v = 41 initiating already at magnetic field strengths readily
accessible in the experiment. As the magnetic field continues to increases, the relevant sur-

face states are continuously depopulated, resulting in the conductance of these regions to
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decrease more and more. As soon as the absolute value of the filling factor becomes smaller
than a critical value (|v.| &~ 0.8), the signal issues can be observed. Above a certain magnetic
field, the conductance of these regions is sufficiently low so that the sample exhibits an insu-
lating behavior. In this regime, the resistance fluctuations featuring amplitudes of the order
of £10%2kQ occur. Other 3D TI devices, which were fabricated of different wafer materials
and possess ungated regions in their designs, show the idem qualitative behavior and an
analogous evaluation leads to comparable results. This further strengthens our assumption.

Since we are able to identify that the occurrence of the signal issues is closely related to low
filling factors at high magnetic fields, the next step is to find possible solutions to the signal
issues. Due to the low charge carrier densities in the ungated regions, these issues often occur
before the filling factor of the Hall bar structure reaches its critical value (cf. Eq. , as in
most cases |niot| > [nur| applies. For this reason, methods for increasing the carrier density
in the UR and thus Bg are presented in the following section. These developments are crucial

so that the high magnetic field data of our samples can be evaluated in a meaningful way.

4.2. Possible solutions to the signal issues

Our devices should naturally be measurable under the experimental conditions of high mag-
netic fields (B > 10 T) and extremely low temperatures (7' < 1K) in order to exploit the full
potential of our measurement-setups. Since these are the experimental conditions at which
we observe the signal issues, modifications affecting the growth of samples (MBE), their
fabrication process (lithography), or the measurement-setup have to be developed. These
modifications ensure that our samples are functional under the given conditions and are dis-

cussed in detail below.

MBE growth:

Instead of using commercial CdTe substrates, the samples can be grown on a combination
of n-doped GaAs, a ZnTe interlayer, and CdTe. Due to the doping, the GaAs functions as
a back-gate-electrode (cf. Subsec. . As described above, the BG is a global gate and
enables the manipulation of the charge carrier density nyr located in the ungated regions.
This allows Bqr, and thus Bg to be shifted towards higher values of magnetic field. However,
it should be considered that since the back-gate is a global gate, an applied BG voltage affects
the carrier density nyo located in the Hall bar structure as well.

Another possibility to improve the signal quality at high magnetic fields is given through
the growth of additional modulation doping layers. A modulation doping layer is an approx-
imately 10 nm thick CMT layer in which some of the tellurium atoms are replaced by iodine
atoms. Since tellurium only has six and iodine seven valence electrons, the latter acts as
an electron donor, which means that positive charges accumulate in the CMT:I layer. This

results in a negative energy potential at the doping layer [72], that leads to an increased
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electron density in the active layer. This is reminiscent of the effect of a gate-electrode, how-
ever, the modulation doping induces a static density shift that cannot be changed in-situ.
The CMT:I layer can be grown beneath, on top of, or symmetrically around the Hg(Mn)Te.
Experiments have shown that each doping layer increases the carrier density in the active
layer by about 1-10'! C# to 2-10'! C# The doping layers are grown across the whole wafer,
therefore they affect the entire mesa structure including the ungated regions. Hence, both
ntot and nygr are enhanced. For example, in a simple picture, a CMT:I layer sitting beneath
the Hg(Mn)Te layer can be seen as a back-gate to which a positive voltage is applied. A more
detailed discussion on modulation doping and magneto-transport measurements of devices

possessing CMT:I layers can be found in Refs.[35] [57].

Lithography:

If the spatial dimension of the T'G is enlarged so that the top-gate-electrode overlaps with the
ohmic contacts, there are no more ungated regions in the sample design. Then, nyr becomes
equal to nyo and as in the case of the back-gate, Bqr, and Bs can now be controlled via the
applied TG voltage. For this purpose, the only change to be made during sample fabrication
is the use of an enlarged gate-mask. Since (at the moment) no sufficiently large mask-design
exists to obtain an overlapping top-gate for the novel 8-terminal standard Hall bar, the old
6-terminal standard Hall bar was used instead for this project. The recipe to fabricate sam-
ples possessing an overlapping top-gate-electrode can be found in Appx. [B:4] This recipe is
referred to as 6-terminal overlapping top-gate recipe and is identical to the new 8-terminal
standard recipe (cf. Appx. except for two minor differences: The first difference is the
usage of a 6-terminal Hall bar design instead of the novel 8-terminal design. The second
difference is that the ohmic contacts and the top-gate are fabricated in reverse order. To
obtain an overlapping layout, the ohmics have to be fabricated first. For the non-overlapping
case, the top-gate-electrode can be applied first to reduce the amount of lithography that
the Hall bar structure undergoes before the protective insulator layer is deposited. Sample
QC0464 OG I was built according to the 6-terminal overlapping top-gate recipe with one mi-
nor exception: the definition of the mesa was accomplished via inductively coupled plasma
etching instead of wet etching. Optical images of sample QC0464 OG I showing the enlarged
top-gate-mask and the completed device are shown in Fig. ) and b), respectively. The
details of this sample are listed in Appx. [A]

The magneto-transport measurements carried out on sample QC0464 OG1I are used in or-
der to verify if our assumptions from Sec.[4.]is also valid for devices possessing an overlapping
top-gate. In section it is conjectured that the depopulation of the lowest Landau levels
with associated filling factors v = £1 progressing with increasing magnetic field is responsible
for the observed signal issues. In this regard, the measured signals of the longitudinal resis-
tance Ry and the transverse resistance Ry, should not exhibit any issues until the applied

magnetic field exceeds Bqp, by a certain extent. In addition, we should not be able to ob-
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Figure 4.4.: Optical images of sample QC0464 OG I showing a) the enlarged top-gate mask
indicated by a red arrow and b) the completed device. Both insets present the
overlapping TG design more explicitly.

serve signal issues starting to emerge before the v = +1 quantum Hall plateau develops. The
corresponding total carrier densities nto for each value of applied top-gate voltage Vg are
determined as described in Subsec. These densities can be used together with Eq.
to calculate Bqr,. In addition, the critical filling factor v, is determined for each applied TG
voltage on the basis of n, Bs, and Eq. Figure ) shows magneto-transport measure-
ment results carried out on sample QC0464 OGI for applied top-gate voltages in the range
of —1.2V < Vg < 0V. The corresponding total charge carrier densities are in the range of
—9.12- 10"t C# < ngor < 13.31- 10 C# The back-gate was grounded during all measure-
ments. It is noted that not all top-gate voltages investigated are presented in Fig. 4.5p) and
only the transverse resistance Ry is displayed to keep the graph clearly laid out and readable.
The measurements were carried out in a *He/4He dilution refrigerator at around 100 mK and
at magnetic fields of up to 16 T. To have access to even higher magnetic fields, we travelled to
France to measure at the Laboratoire National des Champs Magnétiques Intenses (LNCMI)
in Grenoble. There, magnetic field strengths of up to 30T are available. Again, the mea-
surements were performed without applying a back-gate voltage and at T" ~ 100 mK. The
1 1

measured total carrier densities are in the range of —6.31-10'! =7 < Nt < 11,93 101 g

The measurements carried out at the LNCMI are presented in Fig. )

Before we evaluate the measurements regarding signal issues, it is relevant to mention
another important phenomenon first. The curves of some p-type densities show an unexpected
behavior. Since the absolute value of the filling factor |v| of each surface state that contributes
to transport is proportional to 1/B (cf. Subssec. and Eq. [2.6), one would expect that

the total filling factor decreases with increasing magnetic field B (as it is the case for all

n-type measurements). However, if we examine the orange curve (nyt = —3.54 - 1011 ﬁ)
in Fig. 4.5p), we find a v = —1 quantum Hall plateau that develops at about 3T which

unexpectedly turns into a v = —2 QH plateau for magnetic fields B > 6 T and then re-enters
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Figure 4.5.: Magneto-transport measurements of sample QC0464 OGI carried out in a)
Wiirzburg and b) Grenoble at T ~ 100mK. The transverse resistance Ryy is
shown in dependence on the magnetic field B for different values of total charge
carrier density nyo;. The densities are given in the unit of 101! C# in both graphs.

The theoretical values of quantum Hall plateaus with filling factors v = —2, -1,

1, and 2 are indicated by dashed gray lines.

uo?fot%] 1331 652 321 229 170 122 -210 -354 -4.76 -9.12

Bqu, [T 55.1  27.0 13.3 9.5 7.0 5.0 8.7 14.6 19.7 377
By [T] >16 >16 >16 12.0 9.0 6.8 10.9 >16 >16 >16

Ve - - - 0.789 0.781 0.742 -(0.797 - - -
+ + + +
0.088 0.087 0.083 0.089)

Table 4.4.: Dependence of B on the total carrier density nio located in the active layer. The
values of Bqr, and v, are determined according to Eq. [.Tjand Eq. 4.3} respectively.
The data presented in this table were recorded in Wiirzburg.

mioy [10M 25 || 11,93 7.33 -2.76 -3.75 -5.03 -6.31
Bqu [T] 493 30.3 11.4 15.5 20.8 26.1
By [T] >293 >30 13.1 17.7 27.1 > 30

Ve - - -(0.871%0.097) -(0.876:£0.098) -(0.768£0.086) -

Table 4.5.: Dependence of Bs on the total density niot located in the active layer. The values
of Bqr, and v, are calculated according to Eq. and Eq. respectively. The
data presented in this table were recorded in Grenoble.
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the v = —1 state for fields B > 9T. The same behavior can be found in Fig. [4.5b). The dark

green curve (ngy = —2.76 - 101 ﬁ), for example, shows a v = —1 QH plateau developing
at approximately B ~ 3T that turns into a v = —2 quantum Hall plateau for B > 5.5T and
re-enters the v = —1 state for B > 7.5T. In the following, this phenomenon is referred to as

re-entrant quantum Hall effect and its explanation is topic of Chap. [

Now, we present the evaluation referring to Fig. We start by calculating the magnetic
field strengths for sample QC0464 OG I required to be in the quantum limit Bqr, (n¢o). These
values can be compared to the magnetic field By at which the signal issues start to emerge.
In addition, we calculate the critical filling factors v, (niet, Bs) and compare these values
to the ones of sample QC0461 1. The results of the measurements carried out in Wiirzburg
and Grenoble are presented in Tab. [£:4] and Tab. [£.5] respectively. It is noted that if B
cannot be determined because it exceeds the maximum magnetic field strength available in
the measurement-setup, then v, cannot be determined either. The corresponding cells in
Tab. [£.4 and Tab. are marked by “-” signs. One is able to observe that for most values of
total charge carrier density ntot no signal issues can be identified in the measurements. For
the experimental setup in Wiirzburg, the signal issues in the measurements can be detected

1

only if |ng| < 2.29 - 101 oz For the experimental setup in Grenoble, |ni| has to be
1

< 5.03 - 10! P for the signal issues to be observed. Since Bqr, < B holds, this can
be explained by the fact that Bqy, is directly proportional to |ni.| and therefore, for high
absolute values of total carrier density, By may exceed the maximum available magnetic field
strength of the measurement-setup (16 T in Wiirzburg, 30 T in Grenoble). In the low-density
regime, the behavior of By is correlated to |niot|. Larger absolute values of no imply higher
values of By and vice versa. In addition, the absolute values of the critical filling factor are
approximately the same for all investigated top-gate voltages. Analogous to sample QC0461 I,
we find |ve| = 0.8. This observation is to be clarified by plotting |v. (n)| against the charge
carrier density n. The result is shown in Fig. [£.6l The data points of sample QC04611
(cf. Tab. are presented in black, while the data points of sample QC0464 OGII (cf.
Tabs. and are depicted in red. It can be recognized that all values of |v.| are close
to each other. A horizontal linear fit of the data points (dashed blue line in Fig. 4.6)) results
in |velg = 0.786 & 0.016. Within the scope of their errors, all experimentally determined
values of the critical filling factor are compatible with |vc|g, = 0.786. Thus, independent of
the top-gate design used, underlying sample, and carrier type (n-type or p-type), the signal
issues start to emerge as soon as the population of the lowest LLs drops to around 80 %
with increasing magnetic field. Consequently, for samples possessing an overlapping top-gate
layout, Bg can be predicted by (cf. Eq.

h

B.~ —
®770.8e

[ntot ], (4.4)

when the total charge carrier density nio is known. Furthermore, signal issues are only
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Figure 4.6.: Absolute value of the critical filling factor |v.| in dependency of the charge carrier
density n. The black squares represent data points of sample QC0461 I, while
red ones depict data points of sample QC0464 OGII. |vc|g, = 0.786 is indicated
via a dashed blue line.

observable when the transverse resistance has already developed the quantum Hall plateau

with associated filling factor v = £1. This also corroborates our assumption.

Overall, sample QC0464 OG II featuring an overlapping top-gate confirms our explanation
for the signal issues observed at high magnetic fields and extremely low temperatures (cf.
Sec. 4.1). Under these experimental conditions, an overlapping TG ensures that the magne-
toresistance signals Ry, and Ry, can be meaningfully evaluated until the device enters the

low-density regime and becomes a poor conductor itself in the presence of strong magnetic
fields.

Measurement-setup:

The last modification that can be made is related to the measurement-setup. Investigations
have shown that the charge carrier density in the active layer can be altered by light-emitting
diode (LED) illumination [73]. The photon energy of such a LED is approximately between
1eV and 3eV depending on its color. Since this energy is much larger than the bandgap
between conduction band and valence band of HgTe (= 22meV), charge carriers can be ex-
cited by photons and contribute to transport. To enable this method, one has to mount a
LED in the cryostat directly above the sample. Fig. [1.7 shows the change in carrier density
as a function of the illumination time for a sample with a top-gate-electrode (blue squares)
and one without a top-gate-electrode (red squares). The device possessing a top-gate was

illuminated by a blue LED to which a voltage of 3.9V was applied. The sample without a

86



4.2. Possible solutions to the signal issues

80 - =
| |

— 60 !
>
5

< 401 = -
IS
<

20| .

OF m | B

0 2 4 6 8 10
tillumination [S]

Figure 4.7.: Change of the charge carrier density An/nga.x as a function of the illumination
time #jjlumination for samples with and without top-gate-electrode. The device
possessing a TG (blue squares) was illuminated by a blue LED, while the sample
without top-gate (red squares) was illuminated by a red LED. The data points
were taken with permission from [73].

top-gate was illuminated by a red LED operated at a voltage of 1.9 V. The illumination times
chosen were 1s, 2s, 5s, and 10s. The change in charge carrier density is calculated using
An = nLED — Ndark, Where npgp is the carrier density in the active layer after illumination
and ngak is the density without illumination. It can be established that the carrier density
in the active layer does not change significantly during illumination if the Hall bar structure
is covered by a top-gate-electrode, i.e. An/ngu,x =~ 0 for all measured illumination times
tillumination- 1his can be explained by the screening effect of the top-gate, since it is quite
unlikely that a photon is able to penetrate the Ti and Au layers and reach the Hg(Mn)Te
layer underneath. However, in the absence of a top-gate-electrode, the carrier density of
the sample strongly depends on #ijjumination- With increasing illumination duration, the den-
sity in the active layer also increases until a saturation is reached. In our case, we find

NLED,max ~ 1.8Ndark. Thus, the charge carrier density of the device can approximately be
doubled.

Given that the ungated regions are not covered by top-gate metals, LED illumination
increases the density located in these regions, whereas the charge carrier density in the Hall
bar structure, which is covered by top-gate-electrode, is not significantly affected. For this
reason, one is able to enhance nygr and therefore Bg to a certain extent without altering the

level of Fermi energy Ep in the Hall bar structure to be investigated.

87



4. Magnetoresistances in high magnetic fields and at low temperatures

4.3. Clustering metals in the ohmic contacts

In the previous two sections it was shown that the signal issues observed at high magnetic
fields and extremely low temperatures can be attributed to low filling factors |v| < 1 in the
leads to the ohmic contacts or the Hall bar structure. Therefore, it can be concluded that
the standard contact structure AuGe/Au is fully functional within the experimental limits
of our measurement-setups. Nevertheless, the research concerning our ohmics carried out in
parallel to the investigations described in Sec. f.I] and Sec. f.2]is to be presented. Sec.[4.3]is
intended to demonstrate what is possible when fabricating the ohmic contacts and to provide
an excellent starting point for future research.

First, it is to be specified why we considered the ohmic contacts as a possible source of
the signal issues emerging at high magnetic fields and extremely low temperatures. We
suspected that a possible cause for the observed issues might be magnetic freeze-out [74],
which strongly decreases the conductance of the ohmics under these conditions and, in the
extreme case, makes them completely insulating. Hence, in order to improve the quality
of the ohmic contacts and to prevent the possibility of magnetic freeze-out, two diverse
approaches were taken. First, different contact metals replacing the standard AuGe/Au
layer stack were tested. Second, new lithographic processes for the fabrication of the ohmics
were investigated. The aim was to reproduce the condition of the contacts of gallium arsenide
(GaAs) samples: The heating of GaAs devices to over 400 °C results in an annealing of the
contact metals leading to an intermixing of the metal layers and strong indiffusion of metal
into the GaAs layer [75]. The indiffusion is even visible in SEM images in the form of metal-
fingers 10 nm to 50 nm thick, which penetrate into the GaAs bulk. Hence, in the following,
this phenomenon is referred to as fingering. Fig. [1.§ shows the intermixing and fingering
of Pt/Ti/Pt/Au contact structures on GaAs. Figures a) to c¢) represent a series of heating
temperatures (450 °C to 490 °C), which in turn generate intermixing and fingering of different
intensity. From the figures, it can be deduced that the strength of both effects increases
with increasing temperature. For the material system GaAs, only through intermixing and
fingering of metal ohmic contacts are obtained. It has been shown that the contact quality
is significantly improved by the annealing procedure [65]. Hereafter, we will refer to the
combination of intermixing of metal layers and fingering of metal into the bulk solely as
clustering metals (CM).

It is recalled that the standard process for contacting our samples as described in Sub-
sec [3.1.3| neither leads to noticeable intermixing of the AuGe and Au layers nor shows visible
fingering of metal into the mesa (cf. Fig.|3.8). Therefore, we attempted to obtain clustering
metals by applying the tow approaches mentioned above. It is emphasized that in the case
of our Hg;_,Cd, Te heterostructures, the heating and annealing of contact metals to temper-
atures T > 400 °C is not an option because mercury tends to evaporate out of the material

for temperatures above 80 °C [29].
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c)

490°C

Figure 4.8.: Cross-section images of a GaAs device showing the condition of the contacts for
different heating temperatures of a) 450 °C, b) 470°C, and c) 490 °C . Annealing
of contact structures at 450 °C causes the reaction of Pt with components Ga and
As and the formation of Pt-Ga-As interlayers. Annealing at 470°C and 490 °C
results in an intermixing of metal layers and fingering of metal into the GaAs
layer (visible as dark spots in the bright GaAs bulk). Reprinted with permission
from [75], license granted by John Wiley & Sons and Copyright Clearance Center,
Inc.

In the following, the results obtained by use of different metals for contacts are presented.
The contacts were fabricated as explained in Subsec. [3.1.3] However, the e-gun evaporation
of 50nm AuGe and 50nm Au described in this subsection was replaced by the evaporation
of different metals. The alternative contact structures are Ti/Au (30nm/70nm), In/Ti/Au
(70nm/5nm/25nm), and Al/Ti/Au (70nm/5nm/25nm). The additional 5nm Ti layers
have been chosen in analogy to the contact structure of GaAs samples. They also facilitate
the differentiation of each individual metal layer in SEM images. For the condition of the
contacts to be examined, SEM images of cross-sections are taken. The results are presented
in Fig. [4.9n) to c), where the contact structures Ti/Au, In/Ti/Au, and Al/Ti/Au are dis-
played in a), b), and c) respectively. Since the metals were not deposited under an angle
(cf. Sec. , all samples show discontinuities of the metal layers over the mesa edges. In
addition, the deposition of indium (Fig. £.9p)) and aluminum (Fig. [£.9k)) does not result in
a smooth layer, but exhibits a layer that varies in thickness across the sample surface. Last
and most important, none of the samples shows indications of the desired clustering metals
at all. From the above it can be concluded that it was not possible for us to create CM by

the use of different contact metals.

The second approach of developing new fabrication techniques for the ohmic contacts is
based on the attempt to create clustering metals through chemical processes and reactions.
In the following, we present and discuss the sample recipe, which creates clustering AuGe and
Au layers on the mesa. This recipe is called 8-terminal Hall bar clustering metals recipe and

can be found in Appx. Two fundamental conditions are necessary to obtain clustering
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Figure 4.9.: Cross-section images of devices possessing different contact structures. The struc-
tures are a) Ti/Au (30nm/70nm), b) In/Ti/Au (70nm/5nm/25nm), and c)
Al/Ti/Au (70nm/5nm/25nm).

metals:

e The wafer material has to contain a modulation doping layer, which is grown on top of

the active layer. The presence of iodine atoms is of particular importance here.

e Those areas of the mesa, on which clustering should take place afterwards, have to be
in direct contact with titanium, that in turn has to be stripped later using hydrofluoric
acid (HF).

The exact chemical and physical mechanisms behind the formation of clustering metals are
not yet fully understood. However, for this thesis, the result is of major interest. For this rea-
son, the 8-terminal Hall bar clustering metals recipe is discussed below using sample Q3097 I1
with the relevant optical and SEM images. In addition, a sample specimen Q3097 VI fabri-
cated according to the new 8-terminal standard recipe (Appx. is compared to the sample
Q3097 1T in order to highlight the differences between the two recipes. Details regarding wafer
material Q3097 and the above-mentioned devices can be found in Appx. and Appx.
respectively. Since this wafer material possesses a modulation doping layer containing iodine
grown on top of the active layer, it satisfies the first condition stated above.

We now consider the second condition. The simplest method to get the sample surface
in direct contact with titanium is the usage of a titanium etch mask to define the mesa.
However, the entire mesa structure and not only the areas of the ohmics would be affected
by the chemical and physical processes causing clustering metals. In order to reduce the
amount of lithography to which the Hall bar structure is subjected and to protect its surface,
a 10nm thick SiOs is applied across the whole sample piece at the beginning of processing.
This layer is called sacrificial layer (SL) and its vapor deposition is performed in the PECVD
(cf. Subsec. . To remove the SL from the areas of the later ohmics, a mask consisting of
positive photoresist is used to expose these areas. Afterwards, the sample is dipped for 10s
into buffered oxide etch (BOEﬂ), also known as buffered HF, whereby the removal happens.

'The BOE we use is diluted in deionized water at a ratio of 1:7.
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b)

Figure 4.10.: a) optical and b) SEM images of sample Q3097 IT showing the sacrificial layer,
which has been removed from the areas of the later ohmic contacts. Using an
optical microscope, the SL can hardly be distinguished from the sample surface.
In an electron microscope, the SiO9 (light gray) stands out clearly from the dark
sample surface. In the top left corner of b), the clamp keeping the device in
position is observable.

The lift-off is carried out for 5min in acetone at 50°C. An optical and a scanning electron
microscope image showing the SL are presented in Fig.|4.10h) and b), respectively. In the next
step, the 15nm thick titanium etch mask is deposited. For this purpose, a mask consisting
of negative photoresist is used. Again, the lift-off process is carried out for 5 min in acetone
at 50°C. An optical image of sample Q3097 II presenting the titanium etch mask is shown
in Fig. It is clearly visible at which areas of the mesa design the sacrificial layer was
removed before Ti deposition. To enable the mesa etch, the sacrificial layer has to be removed
around the titanium mask. This step can be achieved in our ICP tool. Since titanium is
not a sufficient etch mask for wet etching, ion beam etching or inductively coupled plasma
etchinﬂ have to be used. The etching is done as described in Subsec. Stripping of
the titanium etch mask happens by placing the sample for 45s in hydrofluoric acid, which
is diluted in deionized water (DIW) at a ratio of 1:10. An optical image showing the etched
mesa of sample Q309711 is presented in Fig. ) The wet etched mesa of the comparison
specimen is depicted in Fig. 4.12b). On closer inspection and additional adjustment of
brightness, contrast, and saturation, a difference between the two samples can be detected.
While the surface condition of sample Q3097 VI is uniform across the entire area of the later
ohmics, the surface texture of Q3097II varies across the contacts. The transition line, at
which the surface condition starts to change, coincide with the boundary of the sacrificial
layer. At those areas, where the sacrificial layer was removed before deposition of the Ti-
mask, the mesa possesses a different surface texture. This is a first indication that the later

ohmic contacts of sample Q3097 II are of diverse appearance and condition. It is noted that

290 far, only IBE has been tested, however, comparable results should be obtainable via ICP etching.
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Figure 4.11.: Optical image of sample Q3097 II showing the titanium etch mask. One of the
areas where the sacrificial layer was removed before the application of Ti is
marked by a dashed white rectangle. The Ti deposited directly on the sample
surface is brighter than the Ti deposited on top of the SL.

Figure 4.12.: Optical images of the mesa structures of devices a) Q30971II and b) Q3097 VI.
For each sample, one contact is magnified and the brightness, contrast, and
saturation have been changed to present the difference between the devices more
clearly. The point at which the surface condition of sample Q3097 II changes is
marked by a green arrow and can be recognized by a slight variation in color.
In b), an impurity of the wafer (indicated by an orange arrow) can be seen.
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Figure 4.13.: Optical images showing the completed samples a) Q309711 and b) Q3097 VI.
The positions, at which cross-sections were made, are marked by blue stripes.
The corresponding cross-section images are depicted in c), d), and e).

the diverse appearances of the Hall bar structures of devices Q309711 and Q3097 VI result
from the different operating modes that were used to take the pictures. Fig. ) shows
the unaltered optical image, while in Fig. |4.12b) the so-called Nomarski interference contrast
mode was applied. This mode, by using two Wollaston prisms and two polarizing filters,
gives the two-dimensional image a three-dimensional character.

The subsequent lithographic steps “fabrication of ohmic contacts” and “gate-dielectric and
top-gate application” (cf. Subsec. Subsec. and Sec. are identical for samples
Q309711 and Q3097 VI except for one minor deviation: The difference can be found during
metallization of the contacts. In the 8-terminal Hall bar clustering metals recipe, an addi-
tional 5nm Ti layer is deposited between the 50 nm AuGe and 50 nm Au layers. Again, this
additional layer is chosen on account of the contact structure of GaAs samples and facilitates
the differentiation of each individual metal layer in SEM images of cross-sections. Optical
images of the completed devices Q3097 II and Q3097 VI are presented in Fig. ) and
b), respectively. The different conditions of the ohmics of these two samples can already be
detected based on their optical pictures. Since the optical microscope utilizes the principle
of specular reflectance for imaging, smooth surfaces appear brighter than rough ones. If the
surface is smooth, it is likely that the incoming photons are reflected back to the objective

lens. However, if the surface is rough, the incoming photons are reflected in different di-
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c) d)

Figure 4.14.: SEM images of cross-sections of four dummy samples showing the conditions
of the ohmic contacts. The depicted layers are (from bottom to top): mesa

structure, 50nm AuGe, 5nm Ti, 50nm Au, Pt (e-beam deposition), and Pt
(Ga-ion beam deposition). The scale presented in d) is valid for all images.

a) b)

rections and less photons reach the objective lens. For this reason, in optical pictures, the
roughened metal layers of clustering metals appear darker than the smooth metal layers of
non-clustering ones. The different conditions of the ohmic contacts is also visible in the cor-
responding SEM images of cross-sections. Sample Q3097 II built according to 8-terminal Hall
bar clustering metals recipe shows CM (cf. Fig )), whereas sample Q3097 VI fabricated
according to new 8-terminal standard recipe exhibits neither intermixing of metal layers nor
fingering of metal into the mesa (cf. Fig. )) The effect of the SiO9 sacrificial layer with
its protective function can be seen in Fig. [4.13(): Despite the usage of a wafer possessing
a modulation doping layer grown on top of the active layer, a titanium etch mask, and hy-
drofluoric acid, the surface quality of the Hall bar structure remains smooth and unchanged.
Thus, we have been able to develop a sample recipe that only modifies the condition of the
ohmic contacts and preserves the rest of the device structure in an unaltered state.

The necessity of the presence of the two fundamental conditions (modulation doping layer
containing iodine above active layer and titanium etch mask) to obtain clustering metals is
presented in Fig.|4.14] Figure ) to ¢) depict devices fabricated of the same wafer material
which contains a modulation doping layer grown on top of the active layer. The layer stack of
the sample that is displayed in d) does not contain this additional doping layer, i.e. no iodine
atoms are existent above the HgTe layer. Samples a) and d) were built exactly according
to the 8-terminal Hall bar clustering metals recipe, whereas the fabrication processes of the
devices presented in b) and c) were slightly altered at a certain point of this recipe. In b), the
sacrificial layer was not removed before Ti deposition and in ¢), the titanium etch mask was
replaced by a BaF, etch mask. One can observe that only the ohmic contacts of the sample,
which was fabricated exactly according to the 8-terminal Hall bar clustering metals recipe

and contains a modulation doping layer grown on top of the active layer, exhibit clustering
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metals.

The next logical step would be to test the novel contacts in comparison to our standard
contacts to figure out if an improved contact quality is obtained. For this purpose, two sam-
ples have to be built of the same wafer material, one according to the 8-terminal Hall bar
clustering metals recipe and the other one according to the new 8-terminal standard recipe.
Subsequently, the quality of magneto-transport measurements of these two devices can be
compared with each other. However, these tests have not been carried out to date. There are
two reasons: First, after all the attempts necessary to achieve clustering metals, there was no
sufficient wafer material left to fabricate more samples possessing CM. The only completed
sample showing clustering metals (Q3097II) should not be used for examinations, as this
sample was exposed several times to high-energy electrons and ions and its mesa was cut
open at several places. Second, in the meantime, we have been able to establish that the
signal issues emerging at high magnetic fields and extremely low temperatures are caused by
low filling factors |v| < 1 in the leads or the Hall bar structure and not by the ohmics (cf.
Sec. . Since the assumption of ohmic contacts being responsible for this signal issues was
the main motivation for the creation of clustering metals, the interest in modifying our stan-
dard contact structure diminished. If it should become necessary to improve the quality of
the ohmics in the future after all, then the investigations and results of this section represent

an excellent starting point for further research.

In this chapter, the behavior of the magnetoresistances of our three-dimensional HgTe-based
devices at high magnetic fields and extremely low temperatures was investigated. Based on
the magnetoresistance signals it could be demonstrated that the leads to the ohmic contacts
may become insulating under these conditions due to the low charge carrier density present
there. As soon as the population of the lowest Landau levels reaches a critical point, a strong
reduction of the conductance of the leads occurs, impeding a meaningful evaluation of the
high-field data of our samples. The absolute value of the critical filling factor |v.| ~ 0.8 was
found to be independent of the devices under consideration and the type (n-type or p-type)
of the lowest LLs. In addition, it was shown that the carrier density in the leads can be in-
creased by the growth of modulation doping layers, a back-gate-electrode, LED illumination,

and the application of an overlapping top-gate design.

In order to improve the quality of our ohmics, alternative contact structures were inves-
tigated. However, no improvement compared to the standard contact structure AuGe/Au
was found. Furthermore, inspired by the condition of the contacts in GaAs samples, a litho-
graphic process was developed causing an intermixing of the AuGe and Au layers as well as
fingering of metal into the mesa. The extent of the quality of the ohmic contacts possessing

these so-called clustering metals has yet to be fully established. The innovations presented
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in this thesis concerning the ohmics are therefore to be considered as an excellent starting
point for future research.

The revised lithographic processing of macroscopic 3D HgTe-based devices and the related
development of improvements make it possible to study the transport properties of our high-
quality MBE grown heterostructures to a new extent. For this purpose, based on the results
of this chapter, the full potential of our measurement-setups can now be utilized. The next
chapter (Chap. deals with the contributions of topological and massive states to trans-
port. In particular, results of magneto-transport measurements carried out on 3D Hg(Mn)Te

macrostructures will be consistently explained.
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between quantum Hall edge states from

topological and massive surface states
in Hg(Mn)Te

Based on magneto-transport measurements, it was already demonstrated in Chap. [2| that
in our three-dimensional HgTe-based devices several independent charge carrier systems can
contribute to transport simultaneously. The indications were missing quantum Hall plateaus
in the measurements and the inversion of the Hall slope at low magnetic fields for p-type
dominated transport (cf. Subsec. . Now, we want to develop a method that allows
us to determine the occupied topological and massive surface states in a sample for a given
level of Fermi energy accurately. In addition, the interplay of topological surface states and
Volkov-Pankratov states (Sec. and a possible inter-scattering of these transport channels
is to be investigated (Sec. . The inter-scattering could result from counter-propagating
n-type and p-type quantum Hall edge states in the Hg(Mn)Te layer due to imposed opposite
chirality of electrons and holes. This knowledge could give us access to previously unexplained
transport phenomena.

An example of such an unexplained transport phenomenon was introduced in the previous
chapter. There, an unexpected sequencing of QH plateaus is observed. In the p-type regime,
for certain top-gate voltages, the magneto-transport measurements of sample QC0464 OG I
show a sequence of the filling factor v of —1 — —2 — —1 with increasing magnetic field
strength (cf. Sec. and Fig. . This phenomenon is referred to as re-entrant quantum
Hall effect. A similar behavior is known from HgTe/CMT double quantum wells [76], but
our observation is the first regarding three-dimensional topological insulators and therefore
is to be investigated in detail.

A further difference to previously studied double quantum wells is that sample QC0464 OG 1
is doped with manganese. Magnetic dopants like Mn affect the band structure of HgTe as
investigated in early times in bulk materials [16] and recently in quantum wells [77]. An
altered band structure compared to undoped HgTe devices might lead to a different popu-
lation of n-type and p-type states and thus to changed transport properties of the system.
For this reason, it is to be determined whether manganese doping is required in order to

observe the re-entrant quantum Hall effect. Note that the essence of topology, the band
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inversion of the I's and I's bands (cf. Subsec. , is preserved as long as the manganese
concentration does not exceed a critical value of y ~ 7.5 % [78]. In general, magnetic dopants
are able to create profound effects, since they can break time-reversal symmetry. In contrast
to magnetically doped bismuth-based topological insulators [79], Hgi—,Mn,Te is isoelectric
and paramagnetic, and therefore, in the absence of an applied external magnetic field B,
the magnetization is zero [78|. In the presence of (large) external magnetic fields, however,
doping with manganese atoms leads to an enhanced Zeeman effect. In 2D HgTe-based sam-
ples, the resulting increased energetic splitting of the Landau levels causes an early onset
of the v = —1 quantum Hall plateau already at onset fields as low as 50mT [77]. In this
context, the influence of magnetic doping in the form of manganese atoms on the transport
properties of macroscopic three-dimensional HgTe-based Hall bar structures is to be studied
using magneto-transport measurements.

It should be noted that parts of the following data and results are prepared for publication
and based on the collaboration with Valentin Miiller documented elsewhere (Ref. [57]).

5.1. Re-entrant quantum Hall effect

To investigate the re-entrant quantum Hall effect in more detail, we examine the manganese-
doped sample QC0464 OG I. First, top-gate voltage-dependent and magneto-transport mea-
surements carried out at different applied magnetic fields and TG voltages respectively are
to be considered. Both measurements are shown in Fig. [5.1] It is noted that the back-gate
was grounded for all measurements and that in Fig. |5.1b), only the transverse resistance
R,y is displayed to keep the graph clearly laid out and readable. One can observe that the
top-gate-dependent as well as the magneto-transport measurements exhibit the expected be-
havior as it is qualitatively described in Subsec. and Subsec. [2.2.2] respectively. The
Ry (B = 3T, V) trace (red curve in Fig. [5.1p)) represents a convenient method to de-
termine the value of the top-gate voltage, at which the transition from n-type to p-type
conductance occurs. Around the transition point, one of the carrier types predominates the
transport on either side, implying that the transverse resistance possesses different signs.
At this point, Ry, = 0 has to be valid. This can be unambiguously identified in the mea-
surement. In our case, we find the transition voltage to be —0.77 V. On this account, we
introduce Vi, which is calculated via Vi, = Vrg + 0.77V. Now, the charge neutrality
point is aligned to Vi = 0V. The n-type regime of QC0464 OGI (Vi > 0V) shows well-
defined quantization, manifesting the good quality of this sample. Whereas for V5 <0V,
the transverse resistance exhibits the expected coexistence of n-type and p-type carriers. The
behavior at small magnetic fields (B < 0.5T) is dominated by highly mobile electrons, while
at high fields (B > 2T), holes featuring lower mobility are the dominant carrier type. Us-
ing a two-band Drude model [47], we estimate the mobilities to be ug = 12.6 - 10* % and
Lhole = 2.9 - 10* % As described in Subsec. , this leads to less-pronounced quantum
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5.1. Re-entrant quantum Hall effect

077 017 " y=1

—0.57 -0.23
0.37—-0.43 i
—027 ;b )

1.8¢

121

0.6

00209 106 03 00 0 2 4 6 8 10 12 14 16

Vi [V] B[T]

Figure 5.1.: Transport measurements of sample QC0464 OGI at T' ~ 100mK. a) shows the
longitudinal resistance Ryx at B = 0T (in black) and the transverse resistance
Ry, at B = 3T (in red) as a function of applied top-gate voltage Vpg. The
blue dashed line indicates the transition from n-type to p-type conductance. b)
displays magneto-transport measurements at different values of Vpg. The applied
values are denoted in the unit of volt. The dashed gray lines mark the theoretical
predictions of Ryy = h/(e?v) for QH plateaus with filling factors v =-5, -4, -3,
-2,1,2,3,4,5, and 6.

Hall plateaus in p-type transport. The first observation to be made is that the doping with
manganese atoms does not destroy the sample quality. In addition, one is able to find that
none of the Ryy-traces shows signal issues (cf. chap. |4]) despite measuring at extremely low
temperatures (7" ~ 100 mK) and magnetic fields of up to 16 T. The explanation is given by
the design of sample QC0464 OG I. Since this sample was fabricated with an overlapping top-
gate, the quality of the measurement signals solely depends on the total charge carrier density
located in the active layer (cf. Sec. . The smallest value of |n] is taken at Viig = 0.17V
(niot (Vi = 0.17V) = 3.3 - 10" L) Thus, we find Bqr (ner = 3.3- 10" 1) = 13.6T
and By (neor = 3.3- 10" L) ~ 17.1 T(cf. Eq.[1.1]and Eq. [1.4). Since By ~ 17.1T is valid,
we do not expect to observe signal issues when measuring up to 16 T.

At certain top-gate voltages (Vg < 0V), we find an unexpected behavior of the transverse
resistance. Fig. ) displays the magneto-transport measurement at a top-gate voltage of
Vie = —0.17V. The back-gate was grounded during this measurement. The corresponding
total charge carrier in the Hg(Mn)Te layer is equal to ny = —3.2 - 101 ﬁ One is able to
observe that the v = —1 quantum Hall plateau develops at about 4T which unexpectedly
turns into a v = —2 QH plateau for fields B > 6 T and then re-enters the v = —1 state for
fields B > 11T. As already mentioned in Subsec. 2.2.2] we assume that in the regime where
we observe the p-type QHE at high magnetic fields, three carrier systems are present in our
samples: two n-type conducting topological surface states (TSS,I and TSS,IT) and one p-type
massive Volkov-Pankratov state (VPS). Given such an unusual phenomenon and a negative

top-gate voltage, we expect these three surface states to contribute to the total filling factor v.
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Figure 5.2.: Typical re-entrance of v = —1 displayed in transverse resistance Ry as a function
of magnetic field B at different values of V3 and Vg, measured at T' ~ 20 mK.
In a), Vg = —0.17V is valid. The inset depicts cartoons to illustrate the

evolution of quantum Hall edge states on a slab-like sample subject to a per-
pendicular magnetic field. b) presents top-gate tuning of Ry, as a function of
B, evenly stepped (step size 0.02V) from -0.11V (navy) to -0.25V (dark red).
c) shows back-gate tuning of Ry, as a function of B, evenly stepped (step size
2V) from -10V (dark red) to 10V (navy). In all graphs, the theoretical values
of the QH plateaus with filling factors ¥ = —2 and -1 are indicated via dotted

gray lines.
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5.1. Re-entrant quantum Hall effect

PS? i%>7 PS? i%>7
and }F 7 :l:%>) k - p calculations for this sample. Thus, the level of the Fermi energy Er in

To verify our assumption, we perform self-consistent 8-orbital (‘FG, i%>,

the system and which massless and massive states are occupied and therefore contribute to
transport can be determined for defined values of applied top-gate voltage. The investigated
values of Vi, are 0.27V, 0.12V, 0.07V, and -0.03 V. The results are presented in Fig. ),
b), ¢), and d), respectively. In a), the band structure for applied energy potential U; = 0 meV
at the interface Hg(Mn)Te/CMT is shown. For this energy potential, all states are double
degenerate. The corresponding value of Vi, reads 0.27 V. It is noted that it is necessary to
apply a negative top-gate voltage to the sample (Vg = Vi — 0.77V = —0.5V) to obtain
U; = O0meV, since the application of gate-dielectric and top-gate-electrode itself creates an
energy potential Upg < 0 (cf. Subsec. , which has to be removed first. In addition, one
is able to recognize that the valence band maximum is not at the I' point, but occurs at finite
momentum due to the combined effects of band inversion and hybridization [45, [77], referred
to as camel back [48]. As the top-gate voltage decreases (Fig.[5.3b)), electrons from the top
topological surface state (T'SS,I) will be depleted gradually, while the bottom TSS (TSS,II)
is expected to remain almost unaffected due to the screening effect (cf. Subsec. . At a
certain TG voltage Vi < 0.07V (Fig. ) and d)), a massive p-conducting VPS will appear
at the top surface and contribute to transport. The large density of states of the Volkov-
Pankratov state leads to a pinning of the Fermi level to this state from now on [57]. This
means that applied top-gate voltages Vi < 0.07V will mainly affect the number of charge
carriers in the VPS, while the occupation of TSS,I remains nearly unaffected. This effect
is also known as Fermi level pinning [42]. Thus, our assumption of three carrier systems
being involved in transport at Vi, = —0.17V is supported by the k - p calculations. By
using the back-gate electrode, the population of the surface states on the bottom surface
can be influenced. However, since the efficiency of the BG is much lower (Gpg < GTG)EL
the bottom surface states can only be manipulated to a certain degree (cf. Subsec. .

We find n¢ot (VBG,max) — Mot (VBG,min) ~ 1.8 - 101! Cép. Hence, in the experiment, only the

topological surface state is accessible at the bottom surface (cf. Subsec. [2.1.2)).

Now, we want to examine actual top-gate-dependent and back-gate-dependent measure-
ments of sample QC0464 OGI. The corresponding measurements are presented in Fig. |5.2b)
and c) for TG and BG dependency respectively. Starting at a top-gate voltage of Vi, =
—0.11V, where the low-field v = —1 plateau is well-developed, the applied TG voltage is
tuned to Vi, = —0.25V while keeping the back-gate grounded. For lower top-gate volt-
ages, the low-field v = —1 plateau gradually vanishes and at the same time, the transition
from v = —2 to high-field v = —1 moves to higher magnetic fields. Both observations can
be explained with the knowledge gained above and on basis of Eq. (v ~ Nt B~ =
(nrss1 + nrssi + nyvps)B71). When the top-gate voltage is decreasing from —0.11V to

!The top-gate and back-gate actions of sample QC0464 OGI are Grg = 18.2 - 10! Vclrn2 and Gpg =
0.12- 10" 2

Vem?2 ®
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Figure 5.3.: Band structures from 8-orbital k - p calculations for sample QC0464 OG1 using
different applied energy potentials U; at the interface Hg(Mn)Te/cap layer. The
energy potentials under consideration are a) 0 meV, b) 60 meV, ¢) 80 meV, and d)
120 meV. The corresponding values of Vi are also noted. In addition, indicated
are top and bottom surface states (TSS,I and TSS,II), the respective Dirac points
(DP,I and DP,II), Volkov-Pankratov states (VPS), the Fermi energy Er via a
dashed black line, and a color code (legend in b)), which depicts the wave function
location (expectation value (z)): top surface (red), bottom surface (blue) or

elsewhere (gray).
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5.1. Re-entrant quantum Hall effect

—0.25V, more and more holes are introduced into the system and the occupation of the
VPS is increased, whereas the n-type densities located in TSS,I and TSS,II are almost un-
affected. Consequently, higher Volkov-Pankratov Landau levels will become populated and
the low-field v = —1 quantum Hall plateau will gradually disappear. In addition, the higher
population of the VPS shifts the transition to the high-field v = —1 state to higher magnetic
fields. In Fig. ), the TG was fixed at Vi, = —0.14V while the BG was varied between
-10V and 10 V. It can be seen that positive back-gate voltages broaden the low-field v = —1
quantum Hall plateau, while negative BG voltages narrow the low-field v = —1 plateau.
Since the back-gate mainly affects the T'SS,II (cf. Subsec. , nyps as well as ntggy are
nearly constant during these measurements. An applied positive BG voltage increases the
occupation of the bottom TSS, while a negative one decreases ntgsyi. A higher electron
density will elongate the low-field v = —1 QH plateau up to higher fields. On the contrary,
a lower electron density within the bottom surface state will cause an early depopulation of
the topological surface states, which favors the dominance of the p-type Volkov-Pankratov

state (v = —vypg = —2) at lower magnetic fields.

Taking the above theoretical calculations and experimental evidences into account, it is
clear that an interplay of three surface states can give rise to the re-entrant behavior. As
we already know, in a 3D TT system, in which two topological surface states as well as one
p-type massive Volkov-Pankratov state are occupied, the quantized total Hall conductivity
can be written as O')t(g),t =
(cf. Subsec. . Intuitively, this may readily explain the appearance of the low-field

v = —1 plateau as a combination of contributions from VPS (vyps = 2), TSS,I and TSS,II

(v1ss — vvps)e?/h, with integer total filling factor v = vrgg — Vyvps

(vrss = 1) to the total 09" = ve?/h. Analogous to the assumptions made in chapter (cf.
Sec. , we speculate that one of the TSSs becomes depopulated, turning the associated
filling factor into vrgg = 0 and introducing a compensation of the topological edge channel
conductivity, when the magnetic field continues to increase. Therewith, solely the massive
VPS is responsible for the observed quantum Hall effect, v = 0 — 2 = —2. At even higher
magnetic fields, the second lowest Landau level from the massive Volkov-Pankratov state is
expected to be depopulated, completing the transition from the v = —2 to the v = —1 QH

plateau, as schematically sketched in Fig. [5.2a) by a cartoon.

An experimental method to make the occupied Landau levels of a given three-dimensional TI
system visible is facilitated by the so-called Landau level fan-chart (LLF). To generate a LLF,
for each value of applied magnetic field B one has to perform a top-gate voltage-dependent
measurement. The back-gate voltage Vag should be fixed during these measurements. The
closer two adjacent magnetic field values are to each other, the better the Landau level fan-
chart will be resolved. Typically, the step size of the magnetic field is chosen to be between
20mT and 40 mT. Thus, by interpolating the data points, one is able to determine Ry, Ry,

Oxx, and oyy at each point in the (Vj4,B) parameter space. The longitudinal and transverse
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conductivities can be determined by

RXX
AR
Opx = 528 (5.1)
RZ,
AR? + R>2<y
and R
Oxy — RZ, = 5 (52)
AR? + ny

respectively, where AR is the aspect ratio of the sample (cf. Subsec. . The measured
LLF of device QC0464 OGT is shown in Fig. In Fig. p.4h) and Fig. [5.4b), the values
of Ryx and 0'>1<;/(3 are displayed at each point in the (Vi,B) parameter space with the help
of a color code. The representation of the longitudinal resistance Ry shows the regimes of
top-gate voltage Vi and magnetic field B, in which the surface states of the sample become
insulating. In the measurement, this behavior is manifested by resistance values much larger
than 200 k2. It is noted that by using high impedance lock-in amplifiers, we are not equipped
to measure such large resistances. Therefore, output resistances in the triple-digit k{2-range
indicate an insulating behavior of the sample. This is in good agreement with the previous
chapter. We find the regimes to be at low charge carrier densities (around Vi, = 0V)
and high magnetic fields (B > 8.5T). Larger values of |ni| (increased |Vi|) lead to
higher required magnetic fields to enter the insulating surface states. On the other hand, the

/3

representation of aix is chosen to depict the positions of the occupied Landau levels. Large

values of 031()/(3 (yellow and green) represent the positions of occupied LLs contributing to

transport, while 0)10/(3 = 0 (blue) indicates the positions of quantum Hall plateaus. The cubic
root is chosen to display the Landau levels in the graph more clearly. Since for small magnetic
fields (B < 2T) adjacent LLs are close to each other in energy (cf. Subsec.[2.1.3)), it is difficult

to resolve all Landau levels in the measurement in this magnetic field regime. Due to the low

mobility of holes (upole = 2.9 - 104 C{}f ), the regime of high p-type densities (Vi < —0.2V)

also exhibits poor resolution. Thus, in the following evaluations, we will focus on the well-
resolved parts of the LL fan-chart. The crossing points of electrochemical potential u (B)
and Landau levels indicate a change in the total filling factor of quantum Hall plateaus by
Av = 41, depending on whether a p-type or an n-type LL is crossed. For instance, if we
examine Viiy = —0.17V (dashed black line in Fig. |5.4b)), we find crossings at B ~ 11.2T,
6.3T, and 4.2T (from high to low magnetic fields). The latter crossing point is difficult to
determine, since the poor resolutions of the regimes of low magnetic fields and high p-type
densities already start to occur. At these values of magnetic field, the transverse resistance
R,y should perform a transition between two QH plateaus. Considering the corresponding
magneto-transport measurement (cf. Fig. |[5.2h)), we find the transitions between quantum
Hall plateaus to be at B ~ 11.0T, 6.2T, and 3.9T, which coincide well with the values
determined from the LLF. On the basis of this magneto-transport measurement, one is able
to identify the positions of the high-field v = —1 and v = —2 QH plateaus in the Landau
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Figure 5.4.: Landau level fan-chart of sample QC0464 OGI measured at T ~ 100 mK and

Vee = 0V. The color code represents the value of a) Ry and b) 0)1(43 at each

point in the (V{,,B) parameter space. In b), the positions of the high-field v =
—1 and v = —2 quantum Hall plateaus are indicated in white. Vi, = —0.17V
is delineated by a dashed black line. In both graphs, two measurement artifacts
are visible: First, since the step size of the magnetic field was increased at about
4.3'T to reduce the total measuring time, a vertical line is observable at this field.
Secondly, a dislocation line is apparent at B ~ 9.6 T due to the fact that the
LLF is composed of two sets of measurements.

level fan-chart. At this point, however, we are not able to assign the observed Landau levels
to their underlying carrier systems. An n-type LL, for instance, can originate from n-bulk
states, n-type VPSs, TSS,I or TSS,II (cf. Subsec. . Therefore it is not possible to
identify which transport channel contributes to transport and thus to the total filling factor

V.

Hence, in order to gain detailed insight into the transport properties of the three-dimen-
sional topological insulator Hg(Mn)Te, we have developed a toy model. We denote this
model four-band model since four carrier systems are included in the calculations: the two
topological surface states, one p-type Volkov-Pankratov state, and one n-type massive state,
which can be either an additional VPS or a bulk state. In the following, we want to describe
how the model works before it is applied to sample QC0464 OG I. First, we assume the Landau
level dispersion for massless Dirac fermions for TSS,I and TSS,II and the LL dispersion

for conventional parabolic-bands for Volkov-Pankratov and bulk states. The corresponding
equations for the eigen-energies are given by (cf. Subsec. [2.1.3] Eq. and Eq. [2.15))

Erss(B, Ntss,g) = \/2€hv%BNTss,6 + (gpgskBB)? — hupy/4mntss g (5.3)
and . 2
1. he gr s
B (B, Nu) = (N + =) B+ 9m g ul, 5.4
( ) = (Nm + 2)meﬁ 5 1B e |70 (5.4)
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for topological surface and massive states, respectively. Here, for simplicity, we do not con-
sider any coupling between n-type and p-type surface states. In addition, it is easily justifiable
that the top and bottom T'SSs do not hybridize in our 3D systems, since the thickness of the
active layer (dugmnte ~ 70nm) is much larger than the localization lengths of the surface
states [39]. Furthermore, we consider an impurity-induced broadening of the Landau levels
at a given magnetic field B via a Gaussian function F' (E). The total density of states DOS
of the system is then described by

Be _(B-Ey)?

Be
DOS(E):hZK:qF(E):MZK:Qe 27, (5.5)

where o defines the broadening of the Gaussian function in units of energy and the sum runs
over all Landau levels ¢ with associated energy FEy,. This includes the LLs from topological
surface states as well as massive states. ¢, is a constant reflecting the character of the
underlying Landau level. ¢, = 1 for all LLs except the Ntgs 3 = 0 Landau levels for the
TSSs. The lowest LL of a topological surface state is responsible for the half-integer filling
factor (cf. Subsec. . Therefore, we use ¢y = % for these particular Landau levels. For
simplicity, we set o constant in a varying magnetic field and assume the same ¢ for all LLs.
For further calculations, we need to define an evenly spaced grid of (F, B) first and carry out
calculations throughout this grid. To define the grid, the intervals of F and B are set to be
1meV and 25mT, respectively. Given the carrier densities from each state, we immediately

know the total charge carrier density niot as follows:
—t —t
Ntot = NTSST + Nrss I+ npy S 0¢ +ng, OPF, (5.6)

with nrss 1, nrss, nhy P > 0 and b "P® < 0 being valid. We can use nyo; to define the
electrochemical potential p for the entire system. This step includes the calculation of the

integrated density of states IDOS (F) as a function of energy:

/

IDOS (E) = /E DOSrss.1 <E) dE + /E DOSrsst (E) dE - +/OODOS§1_WP6 (E) dE
. s B

E
+ / DOSPtvpe (E) dE, (5.7)

where DOSf refers to the part of Eq. which includes only Landau levels from the TSSs
(TSS,I or TSS,II), p-type massive VPS, or n-type massive state (n-type Volkov-Pankratov or
n-bulk state). We calculate IDOS (E) for each B point on the defined grid and therefore ob-
tain the value of IDOS (E, B) at each point of the grid. To find the electrochemical potential
p (B) as a function of magnetic field B, we need to solve the equation IDOS (i, B) = ngot
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5.1. Re-entrant quantum Hall effect

at each B point. Now, we can derive the Landau levels crossed by the electrochemical po-
tential 4 (B) and thus know which bands are occupied at a given magnetic field B. Instead
of plotting Landau levels in energy, one is able to plot LLs in density n by converting energy
values to density values one by one via IDOS (E,B) = n(FE) at each B point. Then it
is straightforward to determine the crossings of the electrochemical potential with the LLs,
since the position of the electrochemical potential is given by n = nyet. If we feed the carrier

WPe and nB P into our model as inputs at each top-gate volt-

densities nyss 1, PSS, I1, m
age Vg, a plot of Landau levels in the (Vpg,B) parameter space can be constructed. This
plot corresponds to the experimentally obtained Landau level fan-chart. Obviously, one has
to be able to determine the respective charge carrier densities for each TG voltage of interest
and the finer the steps between adjacent top-gate voltages are chosen, the more accurate the

model becomes.

Now, the four-band model is to be applied to sample QC0464 OG . For this purpose, we

—t
YP€ and nh, "P°. These charge

first have to determine the values of nrgs1, nrss 1, na "
carrier densities can be extracted from fast Fourier transformation (FFT) analysis based
on the periodicity of Shubnikov-de Haas oscillations in B~! as described in Subsec. [2.2.2
Fig. B-5] shows the results of the FFT analysis for this sample. When considering the fast
Fourier transformation analysis of sample QC0464 OG I, one can observe a different quality
for n-type (Vje > 0V) and p-type (Vi < 0V). For high n-type densities (Vi > 0.47V),
four pronounced peaks are visible representing the carrier systems of the two TSSs and the
n-type massive state (Volkov-Pankratov or n-bulk state) with lifted spin degeneracy. If the
top-gate voltage is decreased below Vi = 0.47V, two of the peaks disappear gradually. Once
only two peaks remain in the spectrum, only the carriers in TSS,I and TSS,II contribute to
transport. In contrast, in p-type, it is difficult to recognize a well-resolved peak at all. The

CI‘Il2

reason can be found in the low hole mobility (pole = 2.9 - 10* Vo) of this sample and in

the combination of a moderate electron mobility (ug = 12.6 - 104 %) paired with the fact
that for Vo < 0V, only a small number of electrons are involved in transport. Hence,
the SAH oscillations for small magnetic fields B < 2T (mainly caused by electrons) as well
as those for larger fields B > 2T (mainly caused by holes) are poorly resolved. Without
pronounced Shubnikov-de Haas oscillations, a FFT analysis will most likely not provide any
usable results. Since we are most interested in top-gate voltages Vi, < 0V to recreate the
experimentally observed re-entrant quantum Hall effect with the help of our model, the best
we can do is to guess reasonable values of nrgs 1, nTss 11, and nP WP for a top-gate voltage
at which we observe the re-entrant QHE in the measurement. As already mentioned above,
only three carrier system contribute to transport for Vi, < 0V and therefore we do not
have to include the n-type massive state in our considerations. The estimation of reasonable
values of nrss 1, nTss 11, and nP P is done taking into account the findings of undoped 3D
HgTe-based devices for which we were able to determine the individual carrier densities in the

p-type regime. nrssy = 0.2 - 101 ﬁ, nrss,n = 1.0 - 101 ﬁ, and nf, WP¢ = —3.5. 10! ﬁ
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Figure 5.5.: The fast Fourier transformation analysis of sample QC0464 OG1 is shown as a
function of density n. The investigated top-gate voltages range from Vi, =
0.77V to Vig = —0.43V in steps of 0.01 V. An offset of 0.02 is used between
adjacent curves to make the graph more readable. For the same reason, six

curves are highlighted in red.

108



5.1. Re-entrant quantum Hall effect

represent such a set of charge carrier densities. Using Eq. we find ngor = —2.3 - 1011 ﬁ
This total charge carrier density is associated to Vi, = —0.12V in the experiment. Since
the re-entrant quantum Hall effect can be observed at this top-gate voltage (cf Fig. |5.2b)),
we use the densities given above as input to feed the four-band model. Now, we are able to
calculate the Landau level dispersion at this top-gate voltage. The results are presented in
Fig.[5.6h) and b). a) shows the position of Landau levels in the (E,B) parameter space, while
in b), the energy F has been converted into total carrier density nio. Since the number of
occupied LLs approaches infinity at low magnetic fields, we need to set a cut-off field B=1T
to perform the calculation numerically. This means we carry out the calculation in the range
1T to 16 T. The parameters used for the calculation are vp = 5 - 10° o 91ss = 28, gm = 6,
meg = —0.2me, and 0 = 1meV and are taken from Ref. [I5]. The large effective g-factor
91gg is assumed due to the doping with manganese. On the basis of these plots, we can
determine the occupied Landau levels and therefore the total filling factor at each value of
magnetic field B. With increasing field, whenever the electrochemical potential p (B) crosses
with LLs, the total filling factor changes by -1 or +1, depending on whether an n-type or a p-
type Landau level is crossed, respectively. We find the high-field crossing to be at B = 3.8 T,
59T, 6.7T, and 9.8 T. In the regime of small magnetic fields (B < 3.8 T), the crossings of
the electrochemical potential with LLs are too close to each other to carry out a meaningful
evaluation. Thus, we can specify the value of the total filling factor v = vrgg — vyps as
a function of the magnetic field B as follows: v =1 -3 = =2 for 3.8T < B < 59T,
v=1-2=—-1frb59T < B< 67T, v =0—-2=-2for 67T < B < 98T, and
v =0—1= —1 for magnetic fields B > 9.8 T. At this point, one is already able to recognize
that our model successfully recreated the re-entrant quantum Hall effect behavior observed

in the experiment.

To compare the result of our model with the experimentally obtained data of sample
QC0464 OGI, we can use the Landau level fan-chart (cf. Fig.[5.6k)) as well as the magneto-
transport measurement, for which Vi, =~ —0.12'V applies (cf. Fig.|5.2b)). Since we only have
one set of densities (n7ss,1, nrss.11, and nby ¥P°) to feed the model, it can recreate just one top-
gate voltage (Vi = —0.12V) of the LLF. If we compare the calculated high-field crossings
of i (B) with Landau levels (marked as colored circles in Fig. [5.6c)) with the positions of the
LLs in the Landau level fan-chart, we find a good agreement. This is especially the case if
it is taken into account that the input charge carrier densities are only estimated values and
the real densities may deviate slightly. Furthermore, we are able to compare the simulated
positions of the quantum Hall plateaus and their associated values of the total filling factor
with those found in the experiment. For this purpose, we consider Fig. |5.2b). The TG
voltages Vo = —0.11V (navy curve) and Vi, = —0.13V (blue curve) are of most interest,
since they are the closest to Vi = —0.12 V. Examining Vi, = —0.13 'V, for instance, we find
v=—1for3.6T<B<48T,v=-2for70T <B<81Tandv =—1for B>9.9T. The
comparison to the calculations (v = —1for 59T < B<6.7T, v =—-2for 6.7T < B < 9.8 T,
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Figure 5.6.: Landau level dispersions in the a) (E,B), b) (nt,B), and ¢) (Vi,B) parameter
space. a) and b) are results of the four-band model obtained from input densities
nrssy = 0.2+ 101 Ly npggnr = 1.0 101 L5 and nb PP = —3.5- 101 L
The colors used in a) and b) are associated to the underlying carrier system as
follows: TSS,I (red), TSS,IT (blue), VPS spin-up (green), and VPS spin-down
(vellow). The electrochemical potential is delineated as a black line. c) re-
presents the experimentally obtained LLF of sample QC0464 OG I from Fig.[5.4p)
with reduced range of top-gate voltage V5. Vig = —0.12V is indicated by a
dashed black line. The calculated positions of the high-field crossings of the
electrochemical potential with Landau levels are extracted from b) and sketched
in ¢) using the same colors.

110



5.1. Re-entrant quantum Hall effect

and v = —1 for B > 9.8 T) shows a satisfactory match between model and measurement.
This is particularly noticeable by the good alignment of the high-field v = —2 and v = —1
quantum Hall plateaus. The different elongation of the v = —2 QH plateau can be explained
by thermal and impurity-induced broadening of the Landau levels in the experiment. For
this reason, a smooth transition between adjacent plateaus within a finite extent of magnetic
field is performed in the measurement. However, when evaluating the calculations of the four-
band model, a specific magnetic field value was taken for each of the crossings of u (B) with
the LLs. This would correspond to a step-shaped transition between adjacent quantum Hall
plateaus and thus result in longer elongations of plateaus. The deviation of the positions of
the low-field v = —1 plateaus may be the result of estimated input densities varying slightly
from the unknown actual values at Vg = —0.12V. In addition, slightly different top-gate
voltages are considered (Vijiy = —0.12V and Vi, = —0.13V, respectively), which may also

lead to small deviations between model result and magneto-transport measurement.

Thus, we can conclude that our four-band model is able to recreate the experimentally
observed re-entrant quantum Hall effect. The comparison between simulation and actual
data shows a satisfactory match. In this context, the model is not only able to determine the
positions of the Landau levels, but it also allows the assignment of each LL to its underlying
topological or massive state. It can be demonstrated, for instance, that in order to obtain
the re-entrant QH effect, first a Landau level originating from the TSS,I and subsequently
one originating from the p-type VPS with spin-down have to be crossed (cf. Fig. [5.6c)).
Furthermore, the contribution of each carrier system to the total filling factor v = vpgs £ vy
can be determined, since the four-band model allows the number and type of the occupied
LLs for each point in the (Vrqg,B) parameter space to be identified. Hence, it can be verified
that, as assumed, the re-entrant QHE results from an interplay of two topological surface
states and one p-type massive Volkov-Pankratov state. However, there are also small devi-
ations between model and experimental results. These deviations may be explained by the
fact that our model neglects any influence of temperature and is fed by parameters vg, g74q,
gy, and meg, which may not be known exactly for a given 3D TI system. In addition, the
broadening of the Landau levels observed in the experiment results in a smooth transition
between quantum Hall plateaus and thus in less elongated plateaus compared to the model
prediction. Lastly, the fast Fourier transformation analysis of sample QC0464 OG I shows no
evaluable results in the interesting top-gate voltage regime (Vi < 0V), wherefore the re-
quired input charge carrier densities cannot be determined. Instead, estimated values, which

may differ from the actual ones, were used.

The next step would be to apply our four-band model to a high mobility sample that ex-
hibits pronounced Shubnikov-de Haas oscillations in the entire range of top-gate voltage in
magneto-transport measurements. Thus, one is able to determine the input densities ntgss 1,

yp p—type

NTSS, I, nnm*t ¢ and nh, for all values of top-gate voltage and therefore the whole Landau
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level fan-chart can be reconstructed. In Ref. [57], the model is applied to a high mobility 3D
TI sample (averaged carrier mobility is of the order of y =~ 60 - 10* %), which, additionally,
has a CMT:I modulation doping layer grown beneath the active layer to increase the electron
density in TSS,IT (cf. Sec. . Since this topological surface state is almost unaffected by
the top-gate, it is ensured that a sufficient number of electrons, which contribute to transport,
are available for each value of applied top-gate voltage. The combination of high mobility
and doping layer leads to pronounced SdH oscillations in magneto-transport measurements,
which can be evaluated by FFT analysis to extract the required input densities. Also for
this sample, the LLF simulated using the four-band model shows good agreement with its
experimentally obtained counterpart. The positions of the Landau levels in the (Vpg,B)
parameter space as well as the values of the total filling factor v coincide satisfactorily. In
addition, the model is able to recreate the re-entrant QH effects appearing in the magneto-
transport measurements of the high-mobility device. Thus, our toy model is sufficient to
provide a qualitative understanding of the experimental results. Obviously, it is not a per-
fect quantitative match. A better fit would certainly require a more computationally heavy
approach based on fully self-consistent k - p calculations. The analysis of the measurements
of the Mn-doped (QC0464 OG1I) and the high-mobility samples confirm our assumption that
the re-entrant QHE is actually a phenomenological result of alternating population and de-
population of LLs originating from n-type topological surface states and a p-type massive
Volkov-Pankratov state. Therefore, we are able to conclude that the observed re-entrance
of quantum Hall plateaus is a direct consequence of the interplay of massless and massive
surface states. In addition, using the four-band model, we are able to determine the oc-
cupied states in the device for each level of Fermi energy Er. The associated knowledge
of the corresponding filling factors (vrss, Vm) allows us to gain a profound understanding
of magneto-transport measurements and the possibility of accessing previously unexplained

transport phenomena of three-dimensional HgTe-based TT samples.

The high-mobility sample investigated in Ref. [57] also shows the re-entrant quantum Hall
effect, which can be explained by the contribution of three independent charge carrier sys-
tems (T'SSs of top and bottom surfaces and p-type VPS) to transport. Since this sample is
not doped with manganese atoms, Mn-doping can be excluded as the origin of the re-entrant
QHE. However, in three-dimensional manganese-doped devices, we observed a particularly
pronounced re-entrant quantum Hall effect featuring a —1 — —2 — —1 sequencing of QH
plateaus. We therefore speculate that this distinctive plateau sequencing originates from the
band structure of HgTe being affected by magnetic dopants. Especially the enhanced Zeeman
splitting in the presence of an external magnetic field may be a decisive factor here. In con-
trast to the 3D case, the influence of Mn-doping has already been proven in two-dimensional
HgTe samples [77]. There, the increased Zeeman effect resulting from the doping causes a

stronger splitting of the Landau levels, leading to an early onset of the v = —1 quantum
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Hall plateau. The observation of the pronounced —1 — —2 — —1 re-entrant QHE in three-
dimensional Hgj_,Mn,Te samples is discussed as the condensed-matter realization of the

parity anomaly in 3D topological insulators [15], 80].

To keep the four-band model as simple as possible, we assumed that there is no coupling
between the Landau levels originating from the different carrier systems. In addition, it has
not been taken into account so far that the n-type and p-type states, which propagate in
opposite directions at the edge of a sample due to imposed opposite chirality of electrons
and holes, may inter-scatter into each other. Therefore, in the following section, the inter-
scattering between n-type and p-type quantum Hall edge states is to be investigated. For
this purpose, a scattering model based on Biittiker’s original idea, the Landauer-Biittiker
formalism [66, 81], is introduced. Thus, by comparing equal and unequal numbers of edge
states in each direction, we gain insights into the formation of counter-propagating quantum

Hall edge states.

5.2. Tunable inter-scattering between counter-propagating

quantum Hall edge states

A complex scattering model to describe the tunable inter-scattering between counter-propa-
gating quantum Hall edge states can be found in Ref. [82]. Here, we solely want to present
a simplified description of the modeling and emphasize on the results.

To describe the transport in the quantum Hall regime, one has to consider the Landauer-
Biittiker formalism. The basic input for this formalism are the transmission probabilities T’
between voltage probes, which in our case are represented by the six contacts of the Hall
bar device QC0464 OGI. Within the general Landauer-Biittiker formalism, in the case of
edge channel transport, the current-energy potential relationship in a 6-terminal Hall bar

structure can be expressed as

(&
J

where I; is the current flowing out of the ith electrode into the sample, U; (Uj) is the energy
potential on the ith (jth) electrode, T}; (7Tj;) is the transmission probability and Nj; (Vi) is
the number of QH edge channel propagating from the ith (jth) to the jth (ith) electrode [81],
83]. It is noted that at this point, to keep the model simple, we assume that all quantum Hall
edge channels propagating in the same direction between two adjacent electrodes have the
same transmission probability. If all QH edge channels contributing to transport propagate
in the same direction, then 7' = 1 is valid due to the lack of reverse-propagating channels [66].
In contrast, referring to Ref. [82], we know that inter-scattering between counter-propagating

states can have a pronounced influence on the transmission probabilities, resulting in 7" < 1.
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If neither j =¢—1 nor j = i+ 1 applies, i.e. the electrodes are not adjacent ones, then T'= 0
holds. Without loss of generality, we refer to counter-clockwise moving quantum Hall edge
channels as forward-moving (index f) and to clockwise moving edge channels as backward-
moving (index b). In addition, for the sake of simplicity, we assume that forward-moving
QH edge channels possess the same transmission probability T between all six electrodes.
An analogous assumption is made for the transmission probabilities T; of the backward-
moving edge channels. By doing so, we neglect the fact that the distance between adjacent
electrodes of the Hall bar device can vary (cf. Fig. , which in turn may affect the
transmission probability. Obviously, the number of forward-moving and backward-moving
quantum Hall edge states is unchanged across the Hall bar structure. The relation between
energy potential and electric potential is given by U = —eV'. Taking the considerations made

above into account, we are able to rewrite Eq. to

I a B 0 0 0 v %1
I vy a g 0 0 0 Vs
I3 _ ej 0O v a B 0 0 V3 ’ (5.9)
1y h 0 0 v a pf O Vi
I 0 00 v a Vs
Ig 8 0 0 0 v « Vi

with a = —N¢Ty — NyTy, 8 = NyTy, and v = NT},. Using the definition of contact numbers
introduced in Fig. [2.T7] in our experiments, we send the current I from electrode 1 to 4. This
implies that Iy = —I, Iy = I, and I;2; 4 = 0. Putting these values into Eq. 5.9} we find the

longitudinal and the transverse resistance to be

 Ve—Vs _h NN,

XX - 9 .1
r I e (NyTy)? + (NoTp)? (5.10)
and
Vo— Vs  h N;T; — N,T,,
ny = == 3 7 , (5.11)
I e (Nfo) + (NbTb) NfoNbTb

respectively. On the basis of Eq. and Eq. we are able to determine the longitudinal
and transverse conductivities as follows (cf. Eq. and Eq. :

2 (NyTP) NWT, + N¢Tp(NpTp)*

e
Oxx = — 5.12
h (Nfo)4 + (NbTb)4 - (NfoNbTb)2 ( )
d
o e? (N;Ty)5 — (NpTp)? — (N;Ty)3(NyTy)? + (N T5)%(NyTp)?
oy = LS (R4 )" (N to rLr)"(No o)™ (5.13)
Yook (N¢Tp)* + (NoTp)* — (N Ty NpT)2

The next step is to compare the results obtained from the model (Eq. and Eq. [5.13)
with the experimental results. For this purpose, we once more examine the data of sample
QC0464 OGI. Fig. shows oy, at each point in the (Vgq,Vi) parameter space at fixed
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Figure 5.7.: 0y is presented for sample QC0464 OGI at each point in the (Veg,Vig) pa-
rameter space at B = 8T by means of a color code. The total filling factor v,
vrss, and vyps are displayed in the form v(vrsg, vypg) for each quantum Hall
plateau visible in the measurement. The data plotted in Fig. are extracted
at Vg = 10V (marked by red line and arrow). A black dot indicates the point
(10V,—0.14 V).

magnetic field B = 8T and temperature T" ~ 100mK using a color code. The value of
the total filling factor v at each point in the (Vpa,Vjs) parameter space can be determined
by oy = ve?/h. In order to identify which carrier systems contribute to transport and
thus to the total filling factor in each case, the evaluations of the previous section can be
used. In studying the re-entrant quantum Hall effect, it was found that at Vi, = —0.14V,
Ve =10V, and B = 8T (cf. Fig. , the two n-type topological surface states (TSS,I and
TSS,II) and one p-type massive Volkov-Pankratov state are occupied. The corresponding
filling factors are vpgs = 1 and vyps = 2. Based on this point (marked as a black dot in
Fig. , vrss as well as vypg and therefore the total filling factor v = vpgs — vyps can be
specified for each QH plateau. Since the back-gate mainly affects the topological surface state
at the bottom surface (T'SS,II), a reduced applied BG voltage leads to a depopulation of this
state. Thus, it can be found that the applied back-gate voltage determines the presence of
the n-type quantum Hall edge state (vpsg = 0, 1). The top-gate on the other hand mainly
influences the surface states at the top surface. By changing the applied TG voltage it is
possible to alter the population of the VPS and therefore modulate the number of p-type
QH edge states involved in transport (vvps = 0, 1, 2). The reason that the top-gate-
electrode almost exclusively affects the population of the massive Volkov-Pankratov state is
the pinning of the Fermi level to this state (cf. Sec. , which takes place in the investigated
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Figure 5.8.: Longitudinal conductivity o« (in black) and transverse conductivity oxy (in red)
as a function of top-gate voltage V7, at fixed back-gate voltage Vg = 10V. For
each quantum Hall plateau, the total filling factor v, vrsg, and vypg are displayed
in the form v(vrsg, vyps). Dashed gray lines indicate integer values of oyy.

range of top-gate voltage. Hence, it can be recognized that the occupations of topological and
massive surface states, and thus vrgg and vypg, are independently tunable by the dual-gate
configuration. It is noted that due to the independent manipulation of n-type and p-type
states, it is possible to obtain identical total filling factors based on different values of vpgg
and vyps. For example, v = 0 can be derived from vprgs = 1 and vypg = 1 or from vpgg =0
and vypg = 0 (cf. Fig. . The varying transport properties of these two states are discussed
in detail in Ref. [82].

In order to compare the model with the experimental results, traces of oy, as function of
top-gate voltage have to be extracted from Fig. for different values of back-gate voltage.
Fig. for instance, shows oyy (Vjg) for Veg = 10V. In addition, the associated trace
of oy (Vi) is plotted. The traces of oy as well as oy, appear edged due to the spacing
between two adjacent points in top-gate voltage being 0.01 V. Vg = 10V is chosen since the
transverse conductivity exhibits all three cases of interest: First, quantum Hall edge states
propagating exclusively in the same direction (1,0); second, an equal number of counter-
propagating edge states (1,1); third, an unequal number of counter-propagating QH edge
states (1,2). At this point, we associate forward-moving edge states with n-type bands and
backward-moving states with p-type bands. Thus, in the case of all quantum Hall edge
states propagating in the same direction (1,0) we get Ny = 1 and N, = 0. Due to the lack
of reverse-propagating channels, we set Tf = T}, = 1 and obtain (oxx, oxy) = (0,1)e?/h from
Eq. and Eq. . In the experiment, we find (0xx, 0xy) = (0.01,1.03)e?/h, which is in
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good agreement with the prediction of the model.

Next, consider the case of an equal number of counter-propagating quantum Hall edge
states (1,1). If we assume perfect transmission (7 = T}, = 1), the calculation with Ny =1
and N, = 1 results in (0xx,0xy) = (2,0)e?/h. This situation is reminiscent of the quan-
tum spin Hall effect [7] already mentioned in chapter . There, the elastic back-scattering
between the two counter-propagating edge states with spin polarized oppositely is strongly
suppressed due to spin conservation [84], leading to the 4-terminal conductivity of 2e?/h.
The experimentally found values, however, are (0xx,0xy) = (0.25,—0.04)e?/h. While the
transverse conductivity is close to zero as well, the value of the longitudinal conductivity de-
viates strongly from 2e2/h. Motivated by Refs. [85, [86], in which the possibility of inelastic
scattering between counter-propagating edge states in a TI system have been investigated,
we believe that it is necessary to introduce inter-scattering between counter-propagating QH
edge states to explain the observed oyy. In contrast to the quantum spin Hall state, we
therefore allow the carrier systems to inter-scatter without restriction. An introduced inter-
scattering will decrease the values of the transmission probabilities Ty and Tj. The trans-
mission probabilities can be determined by comparing the experimental data with equations
and For the case of Ny = Ny, = 1, we find Ty = 0.12 and T}, = 0.13. Since these
values are significantly smaller than one, there has to be strong inter-scattering between
the two counter-propagating QH edge states. According to our simplified model, the edge
states in the case under consideration possess an average transmission probability between
the electrodes of only about 10 %. In addition, we find T ~ Tj. This suggests that the two
transmission probabilities are correlated, i.e. the inter-scattering affects both simultaneously

and to the same extent.

The last case is represented by an unequal number of counter-propagating edge channels
(1,2), implying Ny = 1 and N, = 2. Assuming perfect transmission, the model predicts
(0xx, Oxy) = (18/13,—27/13)e?/h, which again differs strongly from the experimental values
(0xx, 0xy) = (0.06,—1.05)e?/h. This time, an estimation of the transmission probabilities
results in Ty = 0.06 and T}, = 0.52. Thus, there is one forward-moving quantum Hall edge
channel with Tr = 0.06 and two backward-moving edge channels with T, = 0.52. The system
as a whole therefore behaves as if one p-type (NyT = 1.04) and no n-type quantum Hall
edge channel (N¢Ty = 0.06) contribute to transport. This behavior can also be found in the
experimentally measured values of oy and oyy. It seems that one forward-moving and one
backward-moving edge channel cancel each other and only the unpaired QH edge channel
determines the transport properties. In fact, investigations of other three-dimensional TI
samples and considerations of different unequal numbers of counter-propagating edge states
have yielded the same result [82]: It seems that | Ny — Ny| unpaired quantum Hall edge states
propagate dissipationless along the edge despite intense inter-scattering occurring between
paired others. In a simple picture, an equal amount of forward-moving and backward-moving

channels cancel each other and only the net number of states Ny — IV, determines the transport
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properties of the 3D topological insulator system as a whole. Hence, it appears that the
strength of inter-scattering is robust against changing the number of unpaired QH edge
channels.

It is noted that the scattering model described in this thesis represents a simplified model.
A more specific model to address inter-scattering exclusively is given in Ref. [82]. There,
for instance, the spatial variation of scattering probabilities is included. In contrast, in our
model, a constant transmission probability between adjacent electrodes, independent of the
distance between them, is assumed. In addition, the physical mechanism behind the inter-
scattering is yet unknown. Therefore, more dedicated theoretical and experimental work may
be required in the future to resolve the underlying microscopic inter-scattering mechanism.

At this point, there is need to make a remark regarding the validity of our four-band
model (cf. Sec. considering the possible inter-scattering of n-type and p-type states.
In all three cases, namely quantum Hall edge states propagating exclusively in the same
direction, an equal number of counter-propagating edge states, and an unequal number of
counter-propagating QH edge states, the transverse conductivity measured in the experiment
is equal to (Ny — Np)e?/h. Hence, the conductance of the 3D TI system as a whole is only
determined by the difference between the numbers of occupied n-type and p-type states.
This result facilitates the applicability of the four-band model, since our model basically also
counts the numbers of populated electron and hole systems and adds them u;ﬂ to identify
the total filling factor at a given magnetic field.

In this chapter, we were able to develop a toy model, the so-called four-band model, al-
lowing us to reconstruct experimentally obtained Landau level fan-charts. In addition, the
model enables us to assign each LL to its underlying topological or massive state and to
determine the contribution of all populated carrier systems to transport. Thus, we could
identify the re-entrant quantum Hall effect observed for the first time in three-dimensional
topological insulator samples as an interplay of n-type topological and p-type massive sur-
face states. In Mn-doped devices, an early onset of the v = —1 QH plateau giving rise to a
particularly pronounced —1 — —2 — —1 re-entrant quantum Hall effect was observed. This
observation is discussed in Ref. [I5] in the context of the parity anomaly.

In addition, it was shown that due to imposed opposite chirality of electrons and holes,
inter-scattering occurs between counter-propagating n-type and p-type quantum Hall edge
states. By using a simplified scattering model based on the Landauer-Biittiker formalism,
we were able to demonstrate that the strength of inter-scattering depends on the numbers
of occupied electron and hole systems. It was found that an equal amount of n-type and

p-type edge channels cancel each other and the transport properties of the 3D TI system as a

2Note that p-type states are given a negative sign.
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whole are determined solely by the unpaired QH edge states. In this context, the possibility of
independent manipulation of the populations of the surface states of top and bottom surfaces
by means of the dual-gate configuration was demonstrated as well.

Based on the investigation of macroscopic Hall bars, this chapter has documented the
gained knowledge that has fundamentally enhanced our understanding of magneto-transport
measurements of three-dimensional topological insulator samples. We are now able to accu-
rately describe the experimentally obtained results and have access to previously unexplained
transport phenomena (e.g. re-entrant quantum Hall effect). The next step is the analysis of
our high-quality heterostructures in terms of transport properties, for which the mean free
path or the spin relaxation length of the charge carriers are decisive. Since these values are
typically only a few micrometers, microscopic devices are required for this purpose. Chapter

[6] presents the lithographic realization of such structures.
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6. Lithography of three-dimensional

HgTe-based microstructures

Since the charge carriers in the surface states are subject to spin-momentum locking (cf.
Subsec. , the investigation of our devices regarding spin-associated transport phenomena
is also of particular interest. However, macroscopic structures, which can be fabricated
using easy-to-use optical lithography (cf. Chap. [3) and which are not susceptible to sample
impuritiesﬂ are inapplicable for this purpose. The reason for this is that to be able to observe
these phenomena experimentally, the dimensions of the devices should not exceed the spin
relaxation length A\s of the charge carriers. Given that Ag is typically in the range of a few
micrometers, structures of several hundred micrometers in size cannot be used. Therefore,
the lithographic processing of microscopic three-dimensional HgTe-based devices is to be
introduced. In analogy, such structures can be used to study the ballistic transport regime
of our high-quality samples, as in clean systems the mean free path of the charge carriers is
comparable to their spin relaxation length [87].

The detailed steps required for the lithographic fabrication of microstructures are described
in Sec. [6.1] Particular emphasis is given to the definition of the mesa via etching, as this is
the most demanding lithography step. In Sec. wet etching (WE) and inductively coupled
plasma etching (ICP)EI are discussed alongside their advantages and disadvantages. It is noted
that all developments and improvements which have been developed for the fabrication of
macroscopic devices (cf. Sec. , are also applied to the processing of microstructures as

far as they are applicable.

6.1. Processing steps for the fabrication of microscopic samples

Analogous to the lithography of macroscopic devices, the lithography of microscopic struc-
tures uses masks so that only intended areas of the sample are affected by a certain fabrication
step. Since each step involves the usage of a mask, its application process is described first.
Given that the inaccuracy of our optical mask-aligner is around one micron, which is ap-
proximately the dimension of microstructures, optical lithography cannot be used. Instead,

electron beam lithography (EBL) is utilized. The procedure, however, is similar: First, a drop

Due to the large size of macroscopic devices, the measurements are independent of isolated defects and
impurities affecting the transport only locally.
2The reason why ion beam etching is excluded from the beginning is given in this section as well.
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6. Lithography of three-dimensional HgTe-based microstructures

of polymethyl methacrylate (PMMA) e-beam resist is spin-coated homogeneously across the
sample surface. The spin-coating is done for 40s and the revolutions per minute depend
on the underlying PMMA resist. For microscopic sample fabrication, we use either PMMA
950K 3 % or PMMA 600K 6 %. The first number indicates the molar mass, while the second
one describes the solids content. PMMA 950K 3% is spin-coated at 7000 rpm and PMMA
600K 6% at 5000 rpm. After spin-coating, the resist is baked at 80°C for 8 min (PMMA
950K 3 %) or 10 min (PMMA 600K 6 %) to evaporate the solvent. Now, the electron beam
exposure takes place in a high vacuum chamber. Both resists consist of long molecule chains,
which decay under e-beam exposure. Note that only positive electron beam resists are used
in our group. As a result, the e-beam designs have to be adapted accordingly. The exact
parameters used for exposure are given in Appx. [C] The resist at the exposed areas of the
device is then stripped during the 1min (PMMA 950K 3%) or 1min 10s (PMMA 600K
6 %) development in AR 600-56, which is diluted in isopropyl alcohol (IPA) at a ratio of
1:1. Resist at non-exposed areas remains. Analogous to the optical photoresists, we assume
that e-beam resists are mechanically and chemically stable, i.e. anything done to the sample
surface only affects the non-covered parts. After dissolving the remaining resist, the formerly
covered parts of the device are unaffected. Acetone is used to dissolve both PMMA 950K 3 %
as well as PMMA 600K 6 % chemically. Since the exposure using a focused electron beam
is time-consuming, only designs within a 204.8 x 204.8 pm? writing field are exposed. In the
following, we refer to all structures within this writing field as inner part of the sample. The
width of the contacts of the inner part of the device is only about 50 pm, which is not enough
for reliable wedge-wedge bonding. For this reason, the contacts are expanded and enlarged

within an area of 2 x 2mm?, the outer part of the sample, using optical lithography.

The lithographic steps for the fabrication of microscopic devices presented below are ex-
emplified using optical images of H-bars that are shaped like the capital letter “H”. This
particular sample design has been chosen, because such structures are ideally suitable for the

investigation of spin-associated transport phenomena (cf. Chap. .

Definition of the inner mesa:

The first step to fabricate a microscopic device is the definition of the inner mesa. During
this step, an arbitrary mesa design is transferred from a computer onto a sample piece using
PMMA 950K 3%, e-beam exposure, and either wet etching or inductively coupled plasma
etching. As described above, the combined usage of PMMA resist and electron beam expo-
sure creates a polymethyl methacrylate mask. While in the case of WE, this mask can be
used directly as an etch mask, in the case of ICP etching, the PMMA mask is required to
fabricate an etch mask consisting of 100nm BaFy and 10nm Ti. Hence, the same sample
design requires different e-beam designs for each of the two etching techniques. In a simple
picture, the electron beam design used for WE is the negative one used for ICP etching. In

addition, both etching techniques require different processing steps:
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6.1. Processing steps for the fabrication of microscopic samples

Figure 6.1.: Optical microscope images showing a) the PMMA etch mask (blue) and b) the
etched inner mesa. Brighter areas present mesa, while darker ones are etched.
The contrast lines are mesa rims. The insets of both pictures display the H-bar
in the center of the 204.8 x 204.8 ym? writing field in higher magnification. The
so-called alignment marks, which are required for the correct alignment of the
sample in subsequent e-beam exposures, are visible in all four corners of the
writing field.

After applying the PMMA mask and just before wet etching, the sample piece has to be
dipped for 50 s in hydrofluoric acid, which is diluted in deionized water at a ratio of 1:400, in
order to remove any oxidations from the device surface. The sample is then wet etched using
a KI:Io:HBr solution and the pumping method (cf. Subsec. . The desired inner mesa
is protected by the polymethyl methacrylate mask, which can be removed with acetone post
etching. Optical images showing the PMMA mask and the etched inner mesa are presented
in Fig. [6.1p) and b), respectively.

In the case of inductively coupled plasma etching, after application of the PMMA mask,
the sample is transferred into a high vacuum chamber. There, the sequential deposition of
100 nm barium fluoride and 5 nm titanium is accomplished via thermal and e-gun evaporation,
respectively. The subsequent lift-off process is carried out for 5 min in acetone at 50 °C. Then,
the device is etched in an ICP tool (cf. Subsec. . The stripping of the BaFy/Ti etch
mask happens by putting the sample in deionized water (DIW) for 15min at 50 °C. Optical
images displaying the PMMA mask, the BaF2/Ti etch mask, and the etched inner mesa are
presented in Fig.[6.2h), b) and c), respectively. It is noted that the polymethyl methacrylate
mask in Fig. [6.2a) possesses a different color compared to the PMMA mask in Fig. [6.1]).
This can be explained by the different modes, in which the optical microscope was operated in
each case. Since the polymethyl methacrylate is unsuitable as an etch mask for ICP etching,
additional lithography steps, namely the application of the BaFy/Ti etch mask and removal
of the PMMA mask, are required.

A detailed consideration of both etching techniques and the requirements for the respective
e-beam designs is given in Sec. In this context, the advantages and disadvantages of wet
and inductively coupled plasma etching to define the inner mesa structures of microscopic

three-dimensional devices are specified as well.
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6. Lithography of three-dimensional HgTe-based microstructures

Figure 6.2.: Optical microscope images showing a) the PMMA mask (green), b) the BaFy/Ti
etch mask (dark gray), and c) the etched inner mesa, which stands out clearly
from the darker etched areas. The insets in all three pictures present the H-bar
in higher magnification.

Definition of the outer mesa:

Since the PMMA mask is directly used as an etch mask for WE, only the inner mesa within
the 204.8 x 204.8 pm? writing field is etched. The outer part of the sample is covered with
polymethyl methacrylate and therefore remains unetched. For this reason, the extensions
of the contacts have to be defined in an additional step. To protect the already etched in-
ner mesa and the desired outer mesa, a photomask consisting of positive resist ECI 3012 is
used. The application of photoresist and the etching process is carried out as described in
Sec. [31] After etching, the mask is removed with acetone. Optical images presenting the
photomask and the etched outer mesa are shown in Fig. ) and b), respectively. The mask
which is utilized to define the outer mesa features 18 contacts. However, all of the inner mesa
structures presented in this thesis (H-bars and microscopic 6-terminal Hall bars) possess only
nine contacts. The nine contacts consist of eight ohmics (cf. Fig. and Fig. and one
additional contact to contact the top-gate-electrode, which will be fabricated later. Hence,
two inner structures can be contacted simultaneously. When defining the inner mesa, the two
desired structures have to be written next to each other at a distance of 200 pm. By using
the same inner structure twice, one is able to receive a backup device, whereas the definition
of different inner mesa structures allows two diverse samples on the same wafer piece to be
positioned. The device shown in Fig. [6.3] for instance, features two differently sized H-bars:
The lengths of the connecting pieces between the two legs of the H-bars are 1 pm and 500 nm,
respectively.

In the case of inductively coupled plasma etching, not the PMMA but a BaFg/Ti mask
is used as an etching mask. Hence, the polymethyl methacrylate mask is removed before
etching and the whole wafer piece, exclusive of the two inner mesa structures, is etched in
the process. Therefore, it is not necessary to define an outer mesa in an additional fabrication

step.
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6.1. Processing steps for the fabrication of microscopic samples

b)

Figure 6.3.: Optical microscope images showing a) the photomask (dark areas) and b) the
etched outer mesa. A shadow-like pattern around the outer mesa is formed
during the wet etching process (cf. Subsec. . The insets present the inner
structures in higher magnification. The inner mesa on the left corresponds to the
upper inset and the one on the right to the lower inset. In a), it can be seen that
the inner mesa is protected by photoresist during etching. In b), the different
lengths of the connecting pieces between the two legs of the H-bars (1 pm and
500 nm) are visible.

Fabrication of the inner contacts:

The last three fabrication steps (fabrication of the inner contacts, application of gate-dielectric
and top-gate-electrode, and fabrication of the outer contact leads) are identical for both
etching techniques. Thus, in the following, no distinction is required and optical images of

inductively coupled plasma etched samples are used for visualization purposes.

To fabricate the inner contacts, a polymethyl methacrylate mask consisting of PMMA 600K
6 % is used. Afterwards, a short miniclean step (cf. Subsec. is performed to remove any
resist residues from the device surface. Except for one adjustment, the ion milling step as well
as the in-situ metallization with 50nm AuGe and 50 nm Au are carried out as described in
Subsec. To prevent discontinuities of the metal layers over the mesa edges, the contact
metals are deposited under an alternating angle of £40°. The angle is altered every 10 nm
of deposited metal. The subsequent lift-off process takes place in acetone at 50 °C for 5 min.
Optical images showing the PMMA mask and the metallized ohmic contacts are presented
in Fig. [6.4h) and b), respectively.

It is noted that during this lithography step, since nearly arbitrarily shaped masks can be
created using PMMA resists and e-beam exposure, one can determine how close the metal-
lized contacts should be positioned to the microscopic structure in the center of the writing
field, depending on the investigations to be carried out on the sample. The device shown
in Fig. for instance, possesses a distance of 8 um between H-bar and metallized con-
tacts. This distance enables an overlapping as well as a non-overlapping top-gate-layout to
be achieved (cf. Sec. , depending on the dimensions of the top-gate-electrode that is
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6. Lithography of three-dimensional HgTe-based microstructures

a)

Figure 6.4.: Optical microscope images showing a) the PMMA mask (purple) and b) the
metallized inner contacts. The insets of both pictures present the H-bar in higher
magnification.

applied in the next fabrication step.

Application of gate-dielectric and top-gate-electrode:

Just before the application of gate-dielectric and top-gate-electrode, the sample piece has to
be placed in methyl isobutyl ketone (MIBK) at 50 °C for one night in order to remove resist
residues from the surface, which might have remained after the mesa etch and the fabrication
of the ohmics. This step is necessary to ensure that the device surface is as clean as possible
before the gate insulator is applied. After application of a polymethyl methacrylate mask
consisting of PMMA 600K 6 %, a short miniclean step is performed. Then, the sample piece
can be taken to the high vacuum atomic layer deposition (ALD) chamber. The growth of 90
cycles HfO, insulator as well as the subsequent metallization with 5nm Ti and 100nm Au in
another high vacuum chamber are carried out as described in Subsec. The deposition
of the top-gate metals titanium and gold is performed utilizing angular deposition to prevent
discontinuities of the metal layers over the mesa edges. The angle is altered for every 10 nm
of deposited metal from +40° to -40 ° and vice versa. The following lift-off process is accom-
plished for 30 min in acetone at 50 °C. Optical images of a sample showing the PMMA mask,
the 15 nm thick HfO, insulator layer, and the metallized top-gate-electrode are presented in
Fig. ), b) and c), respectively. Depending on the dimensions of the e-beam design for the
top-gate-electrode, one can define whether the top-gate overlaps with the metallized contacts
or not (cf. Sec. . Both cases are presented in Fig. ) This picture is made up of two
optical images of H-bars, which are put together in the middle of the H-bar structures. To
make it more convenient to distinguish between the two devices, the brightness of the up-
per H-bar has been increased slightly. The upper structure features an overlapping top-gate

layout, while the lower one displays the non-overlapping design.

At this point, it should be mentioned that an overlapping top-gate layout in microstructures
increases the chances of a short circuit between the gate-electrode and the ohmic contacts.

When a top-gate voltage is applied, the electrical field strengths are particularly high at
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6.1. Processing steps for the fabrication of microscopic samples

Figure 6.5.:

Figure 6.6.:

Optical microscope images showing a) the PMMA mask covering the whole sam-
ple except for the area of the top-gate-electrode and its leads (light brown), b)
the sample after the growth of 15 nm HfO, insulator, and c) the metallized top-
gate after removal of the PMMA mask. The insets of the pictures present the
H-bar in higher magnification. The device displayed possesses an overlapping
top-gate design.

a) presents optical images of two H-bar structures, which are put together in
the middle of the H-bars. The top-gate-electrode of the upper structure has the
dimensions 24 x 28 pm?, while the size of the top-gate of the lower one is only
18 x 22pm?. b) displays an SEM image of a microscopic Hall bar (3 x 1m?)
possessing an overlapping top-gate design. The metallized ohmic contacts are
marked in green, while the top-gate-electrode and its leads are highlighted in
yellow. The black rectangle indicates the area of the device shown in higher
magnification in the inset. It can be recognized that parts of the gate metals
have peeled off from the sample (marked by a red oval), which has led to a short
circuit between top-gate and ohmic contacts. b) was kindly provided by Pragya
Shekhar and adapted afterwards.
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6. Lithography of three-dimensional HgTe-based microstructures

the corners and edges of the top-gate-electrode. At these positions, the high electric field
strengths can cause parts of the gate metals, including the insulator underneath, to be blown
off the sample. This may allow gate metals and contact metals to come into direct contact,
which in turn leads to a short circuit. In such a case, the device can no longer be gated.
This phenomenon occurs more frequently in microscopic samples, since the dimensions of
their top-gate-electrodes are smaller and thus higher electric field strengths are present. It
is noted, however, that these short circuits are not a direct consequence of the lithographic
processing of microstructures, but happen in the laboratory during mounting of the devices
into the measurement-setups or during measurement. An SEM image of a relevant sample
is shown in Fig. ) This figure shows a microscopic 6-terminal Hall bar structure. Such
structures represent the microscopic equivalents of the macroscopic Hall bars which were
considered in Chap. [} [ and[5] In order to reduce the risk of a short circuit, the overlapping
design should only be used when necessary, for instance if the device is going to be measured
at high magnetic fields (B > 4T) and extremely low temperatures (I' < 1K). Under these
conditions, an overlapping top-gate-electrode should be used so that the issues related to the

magnetoresistance signals described in Chap. [4 do not occur.

Fabrication of the outer contact leads:

During the last fabrication step, the ohmic contacts are expanded and enlarged within an

area of 2 x 2mm? to enable wedge-wedge bonding. For this purpose, a photomask consisting

%

a)
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Figure 6.7.: Optical microscope images showing a) the photomask (darker areas) and b) the
metallized outer contact leads after removal of the photomask. The insets present
one of the inner mesa structures in higher magnification. In a), one of the eight
interfaces between inner ohmic contacts and outer contact leads is marked in
blue, while the interface between inner top-gate lead and outer contact lead is
highlighted in light green.

of negative resist ARN 4340 is utilized. Before metallization, a short miniclean step is carried
out to remove resist residues. Afterwards, an additional cleaning of the interfaces between
inner ohmic contacts and outer contact leads as well as inner top-gate lead and outer contact

lead is performed in a high vacuum chamber. There, an ion gun is operated at 0.4kV and
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6.2. Etching techniques for defining microscopic mesa structures

a total current of 8mA for about 10s to remove any contaminations from the interfaces.
The subsequent in-situ metallization with 80 nm AuGe and 80 nm Au happens using angular
deposition to prevent discontinuities of the metal layers over the mesa edges. The lift-off
process is carried out for 5min in acetone at 50 °C. Optical images showing the photomask
and the metallized outer contact leads are presented in Fig.|6.7h) and b), respectively. Now,

the samples can be glued into a chip carrier, bonded, and measured.

These five fabrication steps provide the necessary tools for the lithographic processing of
microscopic devices. In this context, two different etching techniques (wet and inductively
coupled plasma etching) are considered as well. The advantages and disadvantages of both
techniques and the resulting limitations for the envisaged microscopic designs are specified
in Sec. The fabrication steps described in Sec. are summarized in the form of two
sample recipes for WE and ICP etching in Appx. [C:I] and Appx. [C-2] respectively.

6.2. Etching techniques for defining microscopic mesa

structures

In Chap. [3] three etching techniques, namely ion beam etching, wet etching, and inductively
coupled plasma etching, to define the mesas of macroscopic devices are presented. To fabricate
microscopic samples, however, only WE and ICP etching are suitable. In Subsec. 312} it
is found that the quality of ion beam etched structures strongly depends on the device
size. More precisely, the carrier mobility scales with sample size. Larger structures exhibit
higher mobilities and vice versa. It has been shown that the mobilities of macroscopic and
microscopic ion beam etched HgTe-based devices built of the same wafer material differ by up
to eight times [14]. For this reason, we will focus exclusively on wet and inductively coupled
plasma etching in the following.

First, the dependence of charge carrier mobility on device size of WE and ICP etched
samples is to be investigated to determine if a similar correlation exists for these etching
techniques as for IBE etched structures. In Fig. the mobilities of six devices built of
the same wafer material QC0461 (cf. Appx. are plotted versus charge carrier density.
All samples are structured into 6-terminal Hall bars and two each possess the dimensions
600 x 200 pm?, 30 x 10pm?, and 6 x 2pm?. The devices fabricated using WE and ICP
etching are presented in Fig. [6.88) and b), respectively. One is able to recognize that the
mobilities vary slightly with sample size. This applies to wet etching as well as to inductively
coupled plasma etching. However, neither of the two etching techniques shows a systematic
dependency of p on the device size. In fact, the medium-sized structures (30 x 10pm?)
exhibit the maximum mobilities (N%%,}n?ax =10.7-10% %, u%ggigax =9.9-10* %) Hence,
we assume that the carrier mobility of WE and ICP etched microscopic devices does not

depend on the size of the structures, but rather depends on the impurity density of the
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Figure 6.8.: Charge carrier mobilities p of a) wet etched and b) inductively coupled plasma
etched 6-terminal Hall bar devices of different sizes as a function of carrier density
n. The data points are connected by linear interpolation. To ensure comparabil-
ity, all samples were fabricated of the same wafer QC0461 (cf. Appx. and
measured at 7'~ 1.5 K.

underlying sample piece. A higher impurity density leads to lower mobilities and vice versa.
Since this density is not homogeneous across the whole wafer, devices fabricated of the same
wafer can exhibit different mobilities. The two 30 x 10pm? Hall bar structures were built
from adjacent pieces of wafer material QC0461. Thus, a particularly low impurity density
in the corresponding region of the wafer may possibly explain the relatively high p of these
two samples. The comparison of wet and inductively coupled plasma etched devices shows
that the usage of both etching techniques results in similar charge carrier mobilities. In
principle, WE samples should exhibit slightly higher charge carrier mobilities, since ICP
etching involves a physical etching component, which may damage the side surfaces of the
active layer during the process and therefore might reduce p (cf. Subsec. . The energy
of the Ar'-ions used for physical ICP etching, however, is much lower than the energy of the
argon ions used for IBE, resulting in a more gentle process and less damage to the sample. If
we compare the maxima of the remaining two Hall bar sizes, we find u%?,%’fnﬁgg =17.9-10% %,
u?g%f‘rrzlg?{ =28.0-10* C\%z, u%\?‘}imax =7.3-104 C{}f, and M?()](F%,max =7.3-104 % In fact, there
is hardly any difference between wet and inductively coupled plasma etched devices of the

same size.

Since the results of the two etching techniques are comparable and independent of the size
of the structure to be etched, we are able to state that wet etching as well as inductively cou-
pled plasma etching can be used to define the inner mesas of microscopic samples. However,
both etching techniques possess advantages and disadvantages, wherefore it depends on the
envisaged experiment which technique is to be preferred. The wet and inductively coupled

plasma etching techniques are considered in detail below.
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6.2. Etching techniques for defining microscopic mesa structures

Wet etching:

Since WE is an isotropic etching process, lateral etching under the PMMA mask occurs. For
macroscopic samples, this phenomenon does not require any additional attention, as lateral
etching in the order of a few hundred nanometer can be neglected compared to structure
sizes of several hundred micrometer. In the case of microscopic devices, however, the lateral
etching component has already to be taken into account when preparing the e-beam design.
Fig. ) presents an SEM image of a wet etched H-bar mesa. This dummy sample was fab-
ricated of wafer QC0460 (cf. Appx.[A.2). The center of the 204.8 x 204.8 pm? writing field is
shown in high magnification. Blue areas mark the e-beam design, which was used to define
the mesa. Based on the isotropic nature of WE, lateral etching in the order of approximately
200nm occurs (cf. inset in Fig. [6.9a)). For this reason, trenches featuring a width of less
than 500 nm are difficult to realize, since the desired etch depth is also etched laterally. A
trench 100 nm wide on the PMMA mask, for instance, is already about 500 nm wide after
being etched 200nm deep. Mesa structures between two trenches, on the other hand, can
easily be processed to a width of 100 nm to 200 nm by taking advantage of the lateral etching
of the adjacent trenches. In order to obtain precisely defined structural dimensions, the E-
beam design has to be adapted accordingly. This may be necessary to ensure comparability
between samples or to determine the exact length of edge channels. In our case, the design
was chosen so that both legs of the H-bar and the connecting piece in between exhibit widths

of 2pm and 1 pm after etching, respectively.

In addition, it can be seen that corners and edges of the e-beam design are rounded off
during etching and that the etch rate depends on the width of the structure to be etched. The
reason for the latter is that wet etching is a diffusion-controlled process (cf. Subsec. .
This means that the etch rate is determined by the width of the structure to be etched due to
diffusive trenching. Wide structures exhibit a lower etch rate compared to narrow ones. This
can be recognized, for instance, by the extent of the legs of the H-bar. While the legs are
widest in the middle, their width decreases towards the outside as the etch rate, including the
lateral component, increases there due to the pattern of the e-beam design (cf. Fig. ))
The diffusion-controlled nature of WE can also be observed by examining measurements of
etching profiles. An optical image of the same dummy sample is shown in Fig. ) The
etch depth was determined at six positions (marked by colored stripes), two of which possess
the same width (approximately 20 pm, 10 pm, and 5pm). Fig. ) presents the etching
profiles at these six positions. One is able to observe that the etch rate strongly depends on
the width of the trench. The narrowest structures exhibit an average etch depth of about
270 nm, the medium ones of 210nm, and the widest of 160nm. The combined thickness
of buffer, active, and cap layer for wafer QC0460 is 146 nm. Therefore, during the etching
process, care was taken to ensure that all structures within the 204.8 x 204.8 pm? writing
field have an etch depth of at least 150nm. By doing so, however, one has to take into

account that the narrowest structures in the center of the writing field are possibly etched to
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Figure 6.9.: a) SEM image of a wet etched H-bar mesa. Bright contrast lines represent mesa
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rims. The e-beam design used to create the PMMA etch mask is marked in blue,
representing the areas where the WE happened. b) optical image of the same
sample. The positions, at which the etch depths were measured, are indicated
by colored stripes. Arrows specify the measuring direction. The insets in a) and
b) show parts of the sample in higher magnification. The 300 nm wide frame
defined around the 204.8 x 204.8 pm? writing field is marked by a purple oval.
c¢) etch depth in dependence on the width of the structure to be etched. The
same colors as in b) are used.



6.2. Etching techniques for defining microscopic mesa structures

a depth of more than 300nm. Hence, the top-gate metals should always be applied utilizing
angular deposition (cf. Sec. , as otherwise discontinuities of the metal layers over such
high mesa structures are likely to occur. The measurements of the narrowest (black and
orange curves) and medium trenches (red and blue curves) shown in Fig. [6.9¢) exhibit the
typical etching profiles that result from wet etching described in Subsec. and Fig. )
The asymmetrical appearances of the widest structures (olive and light green curves) are

probably caused by the selected measuring direction and speed.

The two largest areas of the writing field to be etched are those on which the inner leads
to the top-gate-electrode will later be metallized. Therefore, due to the diffusion-controlled
nature of wet etching, these areas exhibit significantly lower etch rates. In order to obtain
a similar etching result for the entire inner mesa structure, these areas should be divided
into several separate strips (cf. Fig. )), so that all trenches of the inner structure to
be etched have comparable widths. Furthermore, based on Fig. ), one can see that wet
etching is a process, which is difficult to reproduce. Even identical structures on the same
sample exhibit slightly different etch depths and profiles. Throughout the development of
the WE process, it has been shown that the active layer is an etch barrier [14]. This means
that the Hg(Mn)Te layer exhibits a lower etch rate than the CMT buffer and cap layers.
Selectively etched through the active layer in some spots, the underlying CMT buffer layer
etches faster and an overhang remains. This effect is distinct, if the inner mesa is connected
to the outer part of the device. In order to decouple the inner writing field from the outer
part of the sample electrically, a 200 nm wide frame defined around the writing field is used.
As the narrowest structure, the frame is etched first and deepest due to diffusive trenching.
Since the inner writing field is now electrically decoupled, in the redox reaction, the electrons
available from the oxidation remain within the to-be-etched Hg(Mn)Te layer of the inner
mesa and participate in the reduction so that the active as well as the buffer layer are etched
uniformly. As results, the Hg(Mn)Te layer is not outstanding, the rims are smooth, and the
mesa edges sharp. The etched frame is visible in Fig. ) (marked by a purple oval). As wet
etching is a process that is difficult to control precisely and all points mentioned above have
to be considered, it is recommended to perform an etch test series for each wafer material

and envisaged microscopic sample design in order to obtain the best possible result.

The main advantage of wet etching is its non-damaging process due to pure chemical etch-
ing. The resulting preservation of the crystal structure of the side surfaces of the active layer
should result in the best overall sample qualities. This is particularly crucial for microscopic
devices to be investigated regarding edge channel transport (e.g. observation of the quantum
spin Hall effect). In addition, the polymethyl methacrylate mask can be used directly as an

etch mask, leading to a reduced amount of lithographic treatment of the inner mesa structure.
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Inductively coupled plasma etching:

Due to the anisotropic nature of ICP etching, no lateral component occurs during etching.
Fig.6.10p) shows an SEM image of an ICP etched H-bar mesa. The same dimensions of the
H-bar and the same wafer material (QC0460) as for wet etching (cf. Fig.[6.9p)) were chosen
to ensure the best possible comparability of both etching techniques. Again, blue areas mark
the e-beam design used to define the inner mesa. This time, however, the e-beam design
does not represent the areas where the etching happens, but displays the position of the
BaFy/Ti etch mask, i.e. the shape of the mesa structure. One is able to recognize that the
e-beam design aligns perfectly with the mesa edges. Thus, due to the nonexistence of lateral
etching, the desired microscopic sample structure can be realized without any adjustments
to the e-beam design. Again, the electron beam design was chosen so that both legs of the
H-bar and the connecting piece in between possess widths of 2 pm and 1jpm after etching,
respectively. Since in the case of wet etching, trenches significantly narrower than 500 nm
are hardly realizable, no trench structures having widths less than 500 nm have been inves-
tigated for inductively coupled plasma etching in the framework of this thesis. However, it
may well be that narrower trenches can be fabricated using ICP etching. The limiting factor
is probably the lift-off process of the BaFy/Ti etch mask (cf. Sec. , which might run

incompletely for structures that are too small in size or too close to each other.

Now, the dependence of the etch rate on the width of the microscopic structure to be
etched for ICP etching is to be investigated. Fig. |6.10b) shows an optical image of the
same dummy sample displayed in figure ) Using this inner mesa structure, the etching
profiles were determined at six positions (marked by colored stripes). Again, two trenches
each possess the same width. The widths are approximately 20 pm, 10 pm, and 5 pm. The
result of the measurements are presented in Fig. ). All trenches exhibit the same etch
depth independent of their width. Therefore, the etch depth does not depend on the design of
inner the mesa structure, but solely on the etching time and the layer stack of the underlying
wafer material. According to Appx. the thicknesses of buffer, active, and cap layer
of wafer QC0460 are 70nm, 62nm, and 14nm, respectively. Using the formula tjcp =~
(2dcap + 2dpufer + drg(Mn)Te)/5-76 1o (cf. Subsec. , an etching time of about 40s can
be calculated. To ensure that etching is carried out through all three layers, the time was
increased by five additional seconds, i.e. a total of 45s. Fig. [6.10c) reveals that the mesa
height of this sample is around 160 nm uniformly across the entire inner structure. Thus,
the required etching time for arbitrarily shaped microscopic devices can be determined quite
easily without having to perform etch tests beforehand. All measurements show the box-
shaped profile typical for ICP etching described in Subsec. and Fig. ) Due to
the uniformity of ICP etching, large areas exhibit the same etch rate as narrow trenches.
Therefore, the e-beam design of the inner structure does not require any adjustments in this
regard. Furthermore, inductively coupled plasma etching is highly reproducible. Samples of

the same wafer etched for the same amount of time will result in identical etching profiles.
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6.2. Etching techniques for defining microscopic mesa structures
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Figure 6.10.: a) SEM image of an inductively coupled plasma etched H-bar mesa. Bright con-
trast lines represent mesa rims. The e-beam design used to create the BaFy/Ti
mask and thus to define the inner mesa is highlighted in blue. The inset shows
part of the device in higher magnification. b) optical image of the same sample.
The positions, at which the etching profiles were measured, are indicated by
colored stripes. Arrows give the measuring direction. c) etch depth in depen-
dence on the width of the structure to be etched. The same colors as in b) are
used.
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6. Lithography of three-dimensional HgTe-based microstructures

Since the individual layers of devices (CMT buffer, Hg(Mn)Te, and CMT cap) are etched
uniformly, no additional frame has to be added to the electron beam design. This makes
inductively coupled plasma etching the more reproducible, controllable, and easier to handle
etching technique compared to wet etching. In addition, increased structural fidelity can be
achieved using ICP etching due to its anisotropic nature. This is of particular importance

for samples used to study size-dependent effects.

The most noteworthy disadvantage of ICP etching is its physical etching component (cf.
Subsec. . The resulting damage to the side surfaces of the active layer may lead to
the formation of impurities along these surfaces. The impurities may disturb the potential
landscape and introduce additional scattering of charge carriers in the surface states reducing
their overall mobility. As the additional scattering may have a detrimental effect on edge
channel transport, WE is the preferred etching technique for microscopic devices intended to
be investigated in this regard. However, no detectable systematic reduction in charge carrier
mobility could be found in ICP etched microstructures used for this thesis. Furthermore,
an additional lithographic step is required for inductively coupled plasma etching, since the
PMMA mask is not suitable as an etch mask. Due to the increased lithographic treatment
of the surface of the inner mesa structure, the risk of sample contamination is increased as

well.

In this chapter, the realization of microscopic three-dimensional HgTe-based topological in-
sulator devices was discussed. Based on the described five fabrication steps and the etching
procedures, in principle nearly any desired microscopic sample can be realized as long as
no trenches significantly narrower than 500 nm are included in the design. In addition, it
was found that wet and inductively coupled plasma etching result in comparable carrier mo-
bilities for microstructures. It was observed that wet etching preserves the quality of the
side surfaces of the active layer best, but is difficult to reproduce, and due to its isotropic
nature, structural fidelity is hindered. ICP etching, on the other hand, is characterized by an
easy handling, high reproducibility, and an excellent structural fidelity. However, a physical
etching component is included, which may damage the crystal structure of the side surfaces,
resulting in the formation of impurities. Since both etching techniques have important ad-
vantages and disadvantages, it is the task of the experimenter to make the more appropriate

choice for the envisaged experiment.

The lithography described in this chapter is optimized for microscopic Hall bars and H-
bars. This means that the recipes given in this thesis (cf. Appx and Appx. are only
be considered as a basis for differently shaped three-dimensional HgTe-based microstructures.
Each microscopic device may feature individual requirements that are specific to the under-

lying design and which may cause issues during lithographic realization. These issues might
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6.2. Etching techniques for defining microscopic mesa structures

be novel and unique and are therefore not covered in this thesis. Nevertheless, the knowledge
gained in this chapter should represent an excellent starting point for the realization of future
arbitrarily shaped microscopic 3D sample structures.

Using the H-bars presented in this chapter, the next chapter (Chap. [7) will focus on
whether spin-associated transport phenomena can be detected in three-dimensional HgTe-

based topological insulator devices.
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7. Spin polarization induced non-local

signals in microscopic H-bar structures

In order to be able to investigate our MBE grown heterostructures regarding spin-associated
transport phenomena, a suitable sample design is required. In two-dimensional HgTe-based
quantum wells, the existence of both the intrinsic spin Hall effect (SHE) and inverse spin
Hall effect (ISHE) has been demonstrated using microscopic H-bar structures [88]. For this
purpose, so-called non-local measurements were performed on H-shaped structures, i.e. a
current was sent through one leg of the H-bar (current-carrying leg) and the resulting voltage
difference on the other leg (detection leg) was measured. The non-local signal observed in
the detection leg depending on applied top-gate voltage has been explained by the interplay
of intrinsic SHE and ISHE.

Inspired by this observation from a decade ago, we also choose microscopic H-bars (cf.
e.g. Fig. )) to investigate spin transport in our 3D HgTe-based devices. The following
section describes why microscopic H-bar structures are well-suited for the identification of this
type of transport. In this context, two different measurement configurations are introduced,
namely the so-called Hall-like (Subsec. and non-local measurements (Subsec. [7.1.2).
The explanation of the non-local signal detected in our three-dimensional samples is subject
of Sec. In the process, the different origins of the non-local signals in 2D and 3D H-bar

devices are discussed as well.

7.1. Microscopic H-bar samples

H-bar structures are excellent for investigating non-local signals, since the H-shape strongly
suppresses the spreading of the local signal (voltage drop) across the connecting piece [88].
Microscopic dimensions are required, as the size of the structures should not be larger than
the spin relaxation length Ag of the charge carriers (cf. Chap. @) Fig. shows SEM images
of both H-bars located on sample Q2982 spindetectionIl (cf. Appx. . The difference
between the two structures is the length of the connecting piece, which is 1 um and 0.5 pm,
respectively. Fig. ) displays the larger H-bar and b) the smaller one. In order to obtain
the most accurate structural fidelity and well-defined device dimensions, the inductively
coupled plasma etching technique was chosen (cf. Sec. [6.2]). In addition, both structures
located on sample Q2982 spindetection II possess an overlapping top-gate design to enable

the determination of magnetoresistances even in the presence of high magnetic fields (cf.
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Figure 7.1.: SEM images of both H-bar structures located on sample Q2982 spindetection II.
a) displays the H-bar possessing a 1 pm connecting piece from the side view. The
metallized ohmic contacts are highlighted in green, while the top-gate-electrode
and its leads are marked in yellow. b) presents the smaller structure (0.5 pm)
from the bird’s eye view. The dimensions of this H-bar are given in the unit
of micrometer. The contact configuration used to describe the measurements is
defined by consecutive numbering from 1 to 8.

Sec. . Using the contact configuration introduced in Fig. ), the H-shape suppresses,
for instance, any residual voltage between contacts 8 and 5 resulting from spreading of the
potential difference applied between contacts 1 and 4 and vice versa.

As the first step to evaluate the non-local measurements, Hall-like measurements were
carried out in order to determine the electron and hole densities as well as their mobilities
for each applied top-gate voltage. This knowledge is required to identify all carrier systems
contributing to transport, giving us insight into the spin transport behavior of our devices.

It is noted that unless specified otherwise, all measurements shown in Chap. [7| were per-
formed at T' = 1.5 K, without applying an external magnetic ﬁeldﬂ and on sample Q2982 spin-
detection I using the H-bar possessing the shorter connecting piece. The dimensions of this
structure are given in Fig. [7.1p).

7.1.1. Hall-like measurements

We can employ the H-bar structure to estimate the transverse resistance Ry, by a certain
configuration. If we presuppose that the current I is homogenous in the current-carrying
leg and is sent from contact 1 to contact 4, then Ry, can be obtained by a combination of
Ri4,28 = Vag/I and the longitudinal resistance Ryyx = Ry4,23 as follows (cf. Fig. [7.1)

Ri423

ny = —R14728 + T (71)

It is assumed that all contacts of the detection leg (5, 6, 7, and 8) are at the same potential

during the magneto-transport measurement. The right side of the H-bar device can therefore

!The Hall-like measurements presented in Subsec. were made with an applied external magnetic field.
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7.1. Microscopic H-bar samples

be seen as one voltage probe. The negative sign of 21428 in Eq. @ is a consequence of the
direction of the magnetic field in our measurement-setup (cf. Subsec. and Fig. .
Since the transverse resistance in H-shaped structures cannot be determined directly, we refer
to measurements performed in the configuration described above allowing us to estimate Ry
as Hall-like measurements. Fig.[7.2]shows the results of the magneto-transport measurements
of sample Q2982 spindetectionII at different values of top-gate voltage V7. It is noted that,
analogous to Chap. 5| Vi is introduced so that Vi, = 0V applies to the transition point
from n-type to p-type conductance. It is calculated by Vi, = Vrg + 0.38 V. One is able
to observe that the transverse resistance Ry, calculated by means of —Ri498 (Fig. |7.2p)),
Riy423 (Fig.[7.2b)), and Eq. rests on several quantized values well at high magnetic fields
(cf. Fig. )). This can be seen, for instance, for a top-gate voltage of Vjy = —0.12V,
where the v = —4 quantum Hall plateau is formed at B = 3T. Meanwhile, Ry, is linearly
dependent on B at lower fields and changes its sign at B = 0 (Rxy (B =0) = 0). All these
evidences substantiate our method to extract an appropriate transverse resistance in a H-bar

structure.

Using Fig.[7.2b), ¢), and a two-band Drude model [47], we are able to estimate the electron
densities ng and mobilities pg as well as those of the holes (|nyole| and ppole) for each applied
top-gate voltage V. The results are presented in Fig. [7.2d). Note that for the aspect
ratio of H-bar samples AR = 4 applies (cf. Fig.[7.1p)). Since the transition point between
n-type and p-type conductance is at Vi, = 0V, the massive p-type Volkov-Pankratov state
is not occupied for Vi, > 0.08 V and the transport is dominated by electrons. Starting from
Vie < —0.02V, however, the occupation of the p-type VPS and its contribution to transport
is visible in the measurements. The number of holes in the system increases with decreasing
top-gate voltage. The n-type charge carrier density in the bottom topological surface state
(TSS,II) is approximately constant for all applied values of Vi due to Dirac-screening (cf.
Subsec. . The density in TSS,I increases linearly with increasing Vi for Vs > 0.08 V
and is nearly constant as long as the Fermi energy is pinned to the p-type massive VPS
(Ve < —0.02V). For high p-type densities (Vg < —0.4V), the same effect that has
already been observed for the macroscopic Hall bar fabricated of the same wafer material
Q2982 (cf. Subsec. and Fig. [3.20p)) is visible: Due to the filling of the trap states with
positive charge carriers, the energy potential of the top-gate is increasingly screened with
increasing negative applied gate voltage until the effective top-gate voltage V{%, which the
active layer perceives, takes a constant value. For this reason, the charge carrier density and

mobility of the system no longer changes for Vi, < —0.4V. In this regime, the values of

1

hole and electron densities are approximately npole = —5.7 - 101 C# and np = 1.3- 10 ol

respectively. The majority of these electrons is located in TSS,II. In addition, we find an
average electron mobility of about up = 12.8-10* % and an average hole mobility of around
fihole = 2.5 - 104 9%,

From of Fig.|7.2d), we are able to specify electron and hole densities for each top-gate volt-
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Figure 7.2.: Measured resistances a) —Ris28 and b) Ry 23 are presented as a function of
magnetic field B for different top-gate voltages V4. Vi is stepped from -0.62 V
(dark red) to 0.78 V (dark blue) in 0.1V steps. The contact configuration used
for the measurements is given as an inset in b). ¢) Hall resistance Ry, calculated
according to Eq. In a) and c), the theoretical values of the QH plateaus
with filling factors v = =5, -4, -3, -2, 2, 3, 4, and 5 are indicated via dotted
gray lines. The insets depict the low-field regime in higher magnification and
use identical axis labels. —Ry428 = 0 and Ry, = 0 are drawn by black dashed
lines. d) Electron densities ng and mobilities ug as a function of Viq are shown
as red circles and squares respectively. Hole densities |npole| and mobilities ppole
are displayed using the same symbols in black.
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7.1. Microscopic H-bar samples

age Viq. This knowledge is an important part of understanding the non-local measurements

presented in the following subsection.

7.1.2. Non-local measurements

A non-local transport measurement is the measurement of a potential difference between
two electrodes, neither of which is on the current path. Using the contact configuration
introduced in Fig. ), we send a current I from contact 1 to contact 4 and measure
the non-local potential difference Vg5 between contacts 8 and 5. The resulting resistance
Ri485 = Vgs/114 is defined as the non-local signal Ry,). Fig. [7.3| presents the non-local signal
Ri485 (in blue) as a function of the applied top-gate voltage V. It can be seen that Ri4zgs
is negative for all values of Vj, and develops a clear minimum at approximately Vi, =
0.2V. The signal strength at the minimum is about —3.9Q. Around Vi, = 0.2V, |Ry
diminishes for increasing as well as for decreasing top-gate voltages. Since for Vi, < —0.4V,
the effective top-gate voltage VTeg, which the active layer perceives, no longer changes (cf.
Subsec. , the non-local signal is also nearly constant in this regime. Furthermore, the
non-local signal is more pronounced for n-type conductance (Vi, > 0V). Fig. also
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Figure 7.3.: Non-local signals Ry, (in blue and green) and longitudinal (“local”) resistance Ry
(in black) as a function of top-gate voltage Vi. The inset displays the contact
configuration.

shows the longitudinal (“local”) resistance Ry = Ri423 (in black) as a function of top-gate
voltage V1. The longitudinal resistance is rather typical for a three-dimensional topological
insulator as discussed in detail in Subsec. 2.2.3] Again, due to an almost constant effective

top-gate voltage foé, the value of Ry, hardly changes for Vi, < —0.4V.
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7. Spin polarization induced non-local signals in microscopic H-bar structures

First, the robustness of the underlying experiment is to be tested. For this purpose, the
so-called Onsager reciprocal relations for linear response can be used [89]. To verify the
Onsager reciprocal relations, or more precisely to show the equality of the ratio between
flow (non-local signal on the detection leg of the H-bar) and force (current sent through the
current-carrying leg), the non-local measurement has to be performed with reversed contact
configuration [90]: This time, the current is sent from contact 8 to contact 5 and the non-
local potential difference is measured between contacts 1 and 4. The non-local signal Rgs 14
(green curve) is also plotted in Fig. It can be seen that the two non-local signals R4 g5
and Rgs14 match well. They exhibit the same characteristics at identical top-gate voltages
(e.g. clear minimum at Vi, = 0.2V). Hence, the Onsager reciprocal relations for linear
response are fulfilled and the system is in local equilibrium, demonstrating the robustness of

our experiment.

The next step is to investigate the physical mechanism responsible for the non-local signals
observed in microscopic three-dimensional HgTe-based topological insulators. In this context,
the differences between 2D and 3D cases are to be discussed as well. Based on Ref. [88] (2D)
and Fig. (3D), it can be determined that in three-dimensional devices, the non-local
signal is more pronounced for n-type conductance and shows a clear minimum, while in
two-dimensional samples, the value of |Ry| is larger in the p-type regime. Furthermore, the
non-local signal does not exhibit an extremum but continues to rise as long as the number
of holes in the system is increased, reaching signal strengths of more than 1k{. Thus, in
the two-dimensional case, the non-local resistance signal is about two orders of magnitude
larger. For this reason, we assume that different physical mechanisms are responsible for the
detected non-local signals in 2D and 3D H-bar devices. In the following section, we will focus

on the origin of the non-local resistance signals found in our three-dimensional samples.

7.2. Non-local signals derived from spin-polarized charge

carriers in topological surface states

We assume that a current-induced spin polarization of the topological surface states is re-
sponsible for the experimentally observed non-local resistance signal R;;. As described in
Chap. [2| (cf. Subsec. , the charge carriers in the topological surface states exhibit spin-
momentum locking. Thus, the spin direction of a carrier is perpendicularly coupled to its
momentum direction. To determine the spin polarization <§> of the system, the integral

along the Fermi circle C has to be calculated (cf. Fig. [2.5b)):

S
&)={[ s |) =g p300aR. 72)

c
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7.2. Non-local signals derived from spin-polarized charge carriers in topological surface
states

Induced spin S || ky Induced spin S ky

Figure 7.4.: a) illustrates the spin texture of the topological surface states having opposite

helicities on both sides of the Dirac cone. b) An applied electric field ﬁ along ky
generates a charge current 7 in the same direction, shifting the Fermi surface
by Ak in the —ky-direction. The occupations of the Dirac cone states in the
n-type and p-type regimes under the influence of charge currents are shown in c)
and d), respectively. Irrespective of the carrier type, a current along ky always

makes the || ky branch more populated, leading to a net spin polarization
‘<?>‘ > 0 in the ky-direction. Adapted with permission from [9I]. Copyright
2016 by the American Physical Society.

where the absolute value of the Fermi wave vector kg is the radius of the Fermi circle, ?
_>

the spin of a charge carrier located in the T'SSs, and k the wave vector. If the system is in

equilibrium, i.e. there is no driving current, then the many carrier spins point randomly in

()]

of zero. However, if the system is brought out of equilibrium, for instance by applying an

all directions as to cancel out as a whole. The consequence is a net spin polarization

external excitation voltage, then an imbalance in the orientation of the individual spins is
created due to spin-momentum locking. This effect is demonstrated by sketches in Fig. [7.4]
Note that in our devices the hole regimes of the T'SSs are not accessible in the experiment (cf.
Subsec. . From Fig. [7.4] it can be seen that a charge current along ky-direction leads
to a current-induced net spin polarization ‘<?>’ > 0 in the ky-direction. The next step
is to consider a three-dimensional topological insulator, which has two topological surface
states TSS,I and TSS,II localized at the opposite surfaces (top and bottom) of the TI (cf.
Subsec. . As before, the normals to the surfaces are to point in the z-direction. In this

case, the orientation of the spins ? of the electrons perpendicular to their momentum can
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7. Spin polarization induced non-local signals in microscopic H-bar structures

be described by ?(?) (? )
X 7
EE LR o

%
with k = (kg, ky) being the in-plane wave vector of the charge carriers and z the unit vector
in z-direction [92]. The £-sign indicates the opposite helicities of T'SS,I and TSS,II.

Now, the formalism described above is to be applied to sample Q2982 spindetection II.
The two surfaces of this device are examined individually, since both topological surface
states are assumed to contribute to conductance in parallel without interaction. At the top
surface, when a current is sent from contact 1 to contact 4 (technical direction of current),

the electrons located in the current-carrying leg of the H-bar structure receive a momentum
—
change A k in the —Fky-direction as illustrated in Fig. According to Eq. and Eq.

topgate

y

Figure 7.5.: Sketch of the origin of the negative non-local resistance signal observed in our 3D
TI samples. Shown are the top-gate-electrode (in yellow), top surface (in red),
bottom surface (in blue), technical direction of current (I to I_), and contact
configuration introduced in Fig. n (1, 4, 5, 8). The spin-polarized electrons in
the current-carrying leg due to the momentum change A k are represented by
black dots and arrows. The spin current I = Iy induced by this spin polar-
ization is displayed in green. As a result of the spin current, a spin polarization
is generated in the detection leg, leading to a net movement of electrons (purple
dots and arrows) to contact 8.

the change in momentum leads to a current-induced spin polarization of this leg in the ky-
direction. As long as the length of the connecting piece is shorter than the spin relaxation
length Ag of the charge carriers, the spin polarization is transferred to the detection leg due
to the magnetization of the electrons located in the connecting piece. This implies that a
spin current Iy is induced between the two legs of the H-bar structure. In clean systems, Ag

can be determined based on the mean free path A, of the charge carriers, since both values
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are comparable [87]. Using a Drude model, we can estimate the mean free path to be
h
Amfp & n 47 |n|. (7.4)

By means of the data from Fig. [7.2d), we are able to calculate that A, is in the range of a
few micrometers for T'SS,I. Note, however, that for microscopic devices, due to the unknown
crystal structure, the determination of the mean free path using a Drude model should only
be considered as an indicator and not as an exact measure of the actual value. Nevertheless,
our result agrees well with Ref. [93]. There, the spin relaxation length As of charge carriers
in the topological surface state of a HgTe-based sample has also been estimated to be in the
range of a few microns. As the length of the connecting piece (0.5 pm) is shorter than A,
we assume that a transfer of spin polarization from the current-carrying to the detection leg
occurs via a spin current. Since the spin distribution in the latter is now also driven out of
equilibrium, the electrons moving in the —ky-direction are favored over those moving in the
kx-direction due to spin-momentum locking. This leads to an inverse effect: in the detection
leg, the spin polarization in the ky-direction generates a charge current in the —ky-direction,
finally resulting in a negative non-local voltage drop Vgs = Vg — V5 < 0 between contacts 8
and 5. In combination with the defined direction of the current I = I;4 > 0, the consequence

is a negative non-local resistance signal Ry = Ria85 = Vgs/I < 0.

The consideration of the bottom surface is carried out analogously. Again, the current
sent from contact 1 to contact 4 (technical direction of current) causes the electrons located
on the current-carrying leg to receive a change in momentum A? in the —ky-direction (cf.
Fig. . This time, due to the opposite helicities of the two surface states (cf. Eq. , A?
leads to a current-induced spin polarization of this leg in the —Fky-direction. Using Eq. @
nrssa ~ 1101 ﬁ7 and up ~ 13-10* % (cf. Fig. )), the mean free path of the charge
carriers in TSS,II can be estimated to Apg, &~ 1 pm. Since the mean free path is comparable
to the spin realization length \g, we assume that at the bottom surface the spin polarization
is also transferred from the current-carrying to the detection leg by means of a spin current
I passing through the short connecting piece (0.51um). The spin polarization induced in
the detection leg in the —ky-direction results in an accumulation of electrons at contact 8
due to the spin-momentum locking of charge carriers in a topological surface state. Thus,
analogous to the top surface, a negative non-local resistance signal Ry = Ris85 = Vgs5/1 < 0
is obtained. Since we only determine potential differences and not the spin orientation of
the charge carriers, the opposite helicities of the electrons at top and bottom surfaces has
no relevance for the measured non-local signal. One can say that the two topological surface
states contribute independently to the non-local resistance signal with the same sign. Hence,
the total effect is a combination of the contributions of TSS,I and TSS,II resulting in an

enhanced |Ry|.

So far, we have generally considered which non-local signal to expect when two topological
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7. Spin polarization induced non-local signals in microscopic H-bar structures

surface states are involved in transport. Now, the influence of the top-gate-electrode is
to be investigated, so that the non-local measurement of sample Q2982 spindetectionIT (cf.
Fig. can be described. Depending on the applied top-gate voltage, the level of the
Fermi energy in the system changes and thus the populated transport channels. According
to Subsec. 2.1.2] we know that the electron regime of our devices can be composed of the
contributions of the T'SSs (TSS,I and TSS,II) and n-type massive states (Volkov-Pankratov
or bulk states). The p-type transport, on the other hand, is assigned exclusively to the p-type
massive VPS. Furthermore, it is known that at the bottom surface only TSS,II is accessible
in the experiment. Due to Dirac-screening (cf. Subsec. , this surface is assumed to be
unaffected by a change in top-gate voltage, resulting in a constant contribution to R, during
the non-local measurement. TSS,I is also occupied for all values of V7, as a result of Fermi
level pinning (cf. Sec. , however, the population of this state depends on applied TG
voltage. To determine which massive states are occupied for each applied top-gate voltage
and hence contribute to transport, several 8-orbital k-p calculations are performed for sample
Q2982 spindetection II. The main results are shown in Fig. Above a top-gate voltage of
approximately Vs ~ 0.6V, n-type bulk states are populated (cf. Fig. [7.6a)). In the gate
voltage range 0.14V < Vi, < 0.6V, only electrons located in the topological surface states
contribute to transport (cf. Fig.|7.6b)). Starting at a top-gate voltage of about 0.14V,
holes are introduced into the system (cf. Fig.[7.6c)). As soon as Vi < 0V applies, holes
become the dominant carrier type. In this regime, the p-type massive VPS is occupied (cf.
Fig. [7.6d)). An overview of which charge carrier systems contribute to transport at which

top-gate voltages is shown in Fig. [7.7]

First, the voltage range 0.14V < Vi, < 0.6V is to be considered. In this regime, solely
the two topological surface states are populated. Since the occupation of TSS,I depends on
the top-gate voltage, we assume that the magnitude of the net spin polarization of T'SS,I
obtained when an external electric field is applied depends on Vi as well. A change in the
magnitude of the net spin polarization should in turn affect the strength of the non-local
resistance signal. According to Ref. [04], for a topological insulator surface in the xy-plane,
the relation between electric current operator j and spin-density operator S can be decribed
as

7 = erd x 2. (7.5)

In the case of a current density jx in the x-direction, we thus obtain
Jx = EUFRSy, (7.6)

with sy being the current-induced spin density in the ky-direction. To obtain a figure of merit
for the spin polarization of the charge carriers in a T'SS, the ratio between the current-induced
spin density sy and carrier density n is taken. Now, the theoretical analysis described above

is applied to our case. Since we only detect potential differences and not the spin orientation
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Figure 7.6.: Band structures from 8-orbital k-p calculations for sample Q2982 spindetection I1
at different applied electrostatic potentials U; at the interface HgTe/cap layer.
The energy potentials under consideration are a) -100meV, b) -20meV, c)
20meV, and d) 50meV. The corresponding values of Vi are also noted. In
addition, indicated are top and bottom surface states (TSS,I and TSS,II), the
Volkov-Pankratov state (VPS), the Fermi energy Er via a dashed black line, and
a color code (legend in b)), which depicts the wave function location (expecta-
tion value (z)): top surface (red), bottom surface (dark blue) or elsewhere (light

blue).
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Figure 7.7.: The data of the non-local measurement of Fig. are re-presented. The top-gate
voltage Vi is subdivided into regions in which certain charge carrier systems
contribute to transport. These regions are: n-bulk states, TSS,I and TSS,II
(marked in yellow), T'SS,I and TSS,II (marked in red), and p-type VPS, TSS,I
and TSS,IT (marked in gray). Between the red and gray region is the region where
holes are introduced into the system. The ratio between the current-induced spin
density sy and the total charge carrier density nqt calculated according to Eq. @
is displayed by black squares for different values of V.

of the charge carriers, we combine the opposite orientations of the spin polarizations in k-
direction of TSS,I and TSS,II simply as polarization perpendicular to the current direction.
Due to this simplification, the total electron density ntot comprising the densities of top
nrgs,1 and bottom surface states nrgs 11 (ntor = nrss1+n71ss 1) can be used as input density.
Furthermore, the current density can be derived from the total current /74 flowing through
the sample. Utilizing jx = I14/w, where w = 2 pm is the width of the current-carrying leg of
the H-bar (cf. Fig.[7.1p)), we are able to determine the ratio between current-induced spin
density and total electron density by the relation
Sy I 14

- (7.7)

Ntot ECWUFTNtot

Eq. [7.7)is only applicable in the case of pure topological surface state transport, i.e. in the
voltage range under consideration (0.14V < Vi, < 0.6 V). Using the Hall-like measurements
(cf. Fig. , Ntot can be determined for several top-gate voltages in this regime. This allows
us to calculate the ratio sy/nio, which provides a good estimate for the magnitude of spin
polarization of the TSSs, as a function of V5. Analogous to Subsec. and Sec.
we set vp = 5 - 10° %. The results are shown in Fig. . As expected, one is able to
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recognize that a larger magnitude of spin polarization also leads to a more pronounced non-
local resistance signal R,;. Overall, it can be stated that the curves of spin polarization and
|Ry| are quite comparable, suggesting a tight connection. This strengthens our assumption
that the experimentally observed non-local signal is caused by spin-polarized electrons in the
topological surface states. At this point, it should be mentioned that the T'SSs are much
more effective spin polarization generators than a regular two-dimensional electron gas. For

a Rashba-coupled 2DEG, the current-induced spin density can be calculated by the relation

Jx
= 20—, 7.8
Sy evp (7.8)
with 6 = Ay /Er < 1 being the ratio between spin-orbit energy Ay, and Fermi energy
Er [95]. The comparison of Eq. and Eq. results in a current-induced spin density
being larger by a factor of 1/(26) > 1 for a topological surface state. Even stronger spin
polarizations can be obtained in ferro/normal hybrid systems [94]. However, these systems

do not offer the possibility of gate voltage control.

We next, consider the range of top-gate voltage (Vi < 0.14 V) where holes are present in
the system. To identify whether current-induced spin polarization also occurs in the Volkov-
Pankratov state when an external excitation voltage is applied, the spin texture of this state
has to be determined. The spin texture of the surface states at the Fermi level for a top-gate
voltage of Vi, = —0.02V for sample Q2982 spindetectionII is shown in Fig. m The black
dashed line in this figure coincides with the black dashed line in Fig. [7.6d). It can be seen
that the topological surface states TSS,I and TSS,IT exhibit large spin expectation values
(represented by blue and green arrows, respectively) due to spin-momentum locking. The
spin expectation values of the populated VPS (turquoise arrows), on the other hand, are
significantly smaller in the regions of the Fermi contour. Indeed, the Rashba effect imposed
by the electrostatic top-gate (inversion symmetry breaking) can lift the spin degeneracy
of the massive Volkov-Pankratov states. However, these states are very flat and close in
energy. This leads to a considerable inter-band scattering, giving rise to much smaller spin
expectation values in comparison to the topological surface states. Therefore, we expect
only a weak current-induced spin polarization of the VPS to occur when an external electric
field is applied to the device. Since holes possess a lower mobility, their mean free path and
thus Ag are reduced. Using Eq. Nhole ~ —5 - 1011 ﬁ, and ppole ~ 2.5 - 104 % (cf.
Fig. [7.2d)), the mean free path of the holes can be estimated to Apg, ~ 0.4pm, which is
shorter than the length of the connecting piece. Hence, it can be supposed that the weak
current-induced spin polarization of the Volkov-Pankratov state is not transferred to the
detection leg. Hence, due to the connection between spin polarization and non-local signal,
we assume that the contribution of the VPS to the experimentally observed R, is negligible.
On the contrary, based on Sec. [5.2] we know that inter-scattering between n-type and p-

type states can occur in our samples. The possibility of inter-scattering largely enhances the
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Figure 7.8.: Spin texture of topological and massive surface states at the Fermi level Er for
an applied top-gate voltage of Vi, = —0.02V. The occupied surface states in
the momentum space are marked by red dots. To facilitate the differentiation,
the T'SSs are highlighted via circles in the colors also used in Fig. [7.6d): T'SS,I
(in red) and TSS,II (in blue). All other populated states are assigned to the p-
type massive VPS. The spin expectation value for each point in the momentum
space is indicated by an arrow: TSS.I (in blue), TSS,II (in green), and VPS (in
turquoise). Larger arrows specify higher values and vice versa. ky = 0 is drawn
as a dashed black line.

likelihood of spin-flipping of electrons in the topological surface states. The more holes are
present in the system, the more pronounced this effect becomes. The result is a reduction of
the spin polarization of the T'SSs and therefore a smaller non-local signal. We expect effects
of inter-scattering to become discernable as soon as holes are introduced into the system.
Thus, |Ry| should decrease significantly starting from a top-gate voltage of approximately
0.14 V. This behavior can in fact be observed in the non-local measurement (cf. Fig. [7.7)).
Lastly, the region of high electron densities (Vg > 0.6 V) is considered. In this region,
n-bulk states, TSS,I and TSS,II contribute to transport. According to Subsec. the
bulk states in the n-type regime are spin-degenerate. Therefore, these states cannot exhibit
current-induced spin polarization and are not expected to contribute to the non-local resis-
tance signal Ry;. Furthermore, we assume that, in a simple picture, the addition of electrons

without spin polarization into the system dilutes the contributions of spin-polarized electrons
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from T'SS,I and TSS,IT as a whole. This means that the n-bulk states provide a large unpo-
larized electron background, resulting in a decrease in the non-local signal |Ry| as soon as
the bulk states are occupied [96]. The behavior described above can be observed in Fig.

as well.

It is noted that the non-local measurement of sample Q2982 spindetectionIT (Fig. [7.7]) ex-
hibits additional features such as another local maximum in [Ry (Vig)| at Vig = 0V. A
complete explanation of all details of the measurement curves may require further dedicated

research.

It can be concluded that the non-local measurement of sample Q2982 spindetectionIl can
be well described by our assumption that spin-polarized topological surface states are re-
sponsible for the observed non-local resistance signal. The massive states (p-type VPS and
n-type bulk states) can hardly contribute to Ry in our proposed mechanism. On the con-
trary, due to possible inter-scattering or the addition of an unpolarized electron background,
|Rn| decreases as the Fermi energy is moved into the valence band or conduction band,
respectively. To verify our assumption to a greater extent, the behavior of the non-local
signal is investigated as a function of temperature, the length of the connecting piece, and
in the presence of an external magnetic field. When the temperature is increased in the
system of a three-dimensional topological insulator, two effects are observed [97]: First, the
bulk conduction increases due to thermally activated bulk dopants. As already discussed
above, this leads to an enhanced unpolarized electron background diluting the contributions
of the spin-polarized topological surface states. Second, an increase in temperature results
in an enhancement of inelastic scatterings such as phonon scatterings. This in turn in-
creases the likelihood of spin-flipping events, leading to a decrease in spin polarization of the
TSSs. Thus, we assume that both effects cause a reduction of the non-local resistance sig-
nal |Ryj|. The temperature-dependent non-local measurements are presented in Fig. [7.9h).
As expected, the peak strength decreases continuously with increasing temperature from
|Ru (T =1.5K)| ~3.9Q to | Ry (T = 46K)| ~ 2.0Q.

As the length of the connecting piece increases, the magnitude of induced spin polarization
in the detection leg decreases, since the magnetization of the electrons declines over the
extent of the connecting piece. This reduced spin polarization immediately gives rise to a
weaker non-local voltage drop. To verify this statement, two identical H-bars were fabricated
on the same sample piece (Q2982 spindetection IT) at a distance of 400 pm, differing only in
the length of their connecting piece (0.5pm and 1pm). The non-local measurement on the
smaller structure can be found in Fig. [7.7] The equivalent measurement on the larger H-bar
is shown in Fig. ) In general, it can be observed that the two non-local resistance signals
exhibit similar characteristics as a function of top-gate voltage V. The maximum of |Ry| is
taken when only the topological surface states TSS,I and T'SS,II are occupied and therefore

contribute to transport. As soon as holes are introduced into the system, the non-local
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Figure 7.9.: a) temperature dependence of the non-local resistance signal Ry, determined
using the H-bar structure possessing a length of the connecting piece of 0.5 pm.
The temperature ranges from 7' = 1.5 K (dark blue) to T'= 46 K (dark red) in
steps of about 4.5 K. The inset depicts the contact configuration. b) non-local
measurement of the H-bar having a 1pm connecting piece at T' = 1.5K. The
top-gate voltage Vi is subdivided into regions in which certain charge carrier
systems contribute to transport. These regions are: n-bulk states, T'SS,I and
TSS,II (marked in yellow), T'SS,I and TSS,II (marked in red), and p-type VPS,
TSS,I and TSS,IT (marked in gray). Between the red and gray region is the
region where holes are introduced into the system.

resistance signal decreases significantly as a result of possible inter-scattering. By populating
the n-bulk states, a smaller non-local signal is likewise obtained due to the addition of an
unpolarized electron background. However, a distinct difference can be recognized regarding
the strength of the non-local resistance signal. While the extreme value of Ry for the H-bar
structure having a connecting piece length of 0.5 pm reaches about —3.9 €2, the extremum for
the H-bar with the 1 um connecting piece approaches only approximately —0.6 Q2. Hence, as
expected, the larger structure possesses a weaker non-local resistance signal due to a stronger

relaxation of electron spins over the extent of the connecting piece.

Without magnetic perturbation [68, O8], the topological surface states are protected by
time-reversal symmetry (TRS), which causes backscattering to be forbidden [99]. However,
in the presence of an external magnetic field B, the time-reversal symmetry will be broken
[100], allowing backscattering in the TSSs [I01} [I02]. The possibility of backscattering leads
to a reduction in the magnitude of the current-induced spin polarization of the topological
surface states. In addition, according to Ref. [103], the spin-momentum locking in the TSSs
of a three-dimensional topological insulator can be cancelled when the TRS is broken. This
would also result in a decreased current-induced spin polarization. Thus, we expect a decrease
in net spin polarization and, consequently, a smaller non-local resistance signal |Ry;| when
an external magnetic field B is applied to our H-bar structures. To verify this assumption,

the non-local resistance signal of sample Q2982 spindetection Il was examined regarding its
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Figure 7.10.: Non-local resistance signal Ry of sample Q2982 spindetectionII (0.5 um long
connecting piece) as a function of magnetic field B at applied top-gate voltage
Vig = 0.2V. Ry = 0 is shown as a black dashed line. The inset depicts the
measurement configuration.

magnetic field dependence. In order to obtain the most pronounced non-local signal, Vi was
set to 0.2V, since the maximal |Ry)| can be detected at this top-gate voltage (cf. Fig. [7.7)).
The result is presented in Fig. [[.1I0} One is able to observed that the non-local resistance
signal |Ry,)| decreases strongly with increasing magnetic field |B| > 0. At a magnetic field of
about £60 mT, the non-local signal becomes zero. Hence, as assumed, an externally applied
magnetic field reduces the magnitude of the current-induced spin polarization, causing a
significant decrease in | Ry)|. However, the non-local resistance signal does not remain zero but
increases with increasing field until a positive maximum is formed. We find that the position
of this maximum is approximately at B ~ 0.1T. At even stronger magnetic fields, Ry
approaches zero again. For B 2 0.3 T, no non-local signal is detectable anymore. A possible
explanation for the occurrence of the positive maximum might be given by geometrical effects.
It has been shown that in a ballistic narrow-channel multiprobe conductor penetrated by a
weak perpendicular magnetic field, so-called bend resistances, which are associated with
current passing around the corner at a junction, can be observed [104]. By a similar effect,
in the presence of a weak magnetic field B, electrons may pass from the current-carrying
leg of a H-bar structure through the connecting piece into the detection leg, affecting the
measured non-local resistance signal. In order to resolve the underlying mechanism causing
this phenomenon, future studies may require the consideration of various sample geometries

and computationally intensive simulations.

The investigations of temperature dependence, dependence on the length of the connect-
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ing piece, and magnetic field dependence of the non-local resistance signal support our as-
sumption that a current-induced spin polarization of the topological surface states, which is
generated by electrons in these states obeying spin-momentum locking, is responsible for the
experimentally observed Rp. Thus, in the three-dimensional case, the non-local voltage is
caused by a surface effect. In contrast, the intrinsic spin Hall effect creating the non-local
resistance signal in the 2D case is a bulk effect: By applying an increasingly negative top-
gate voltage, the Fermi level is gated deeper and deeper into the valence band, resulting in a
strong enlargement in spin-orbit splitting. The magnitude of the non-local signal ultimately

depends on the difference in the populations of the two spin-orbit split subbands [8§].

In this chapter, spin-associated transport phenomena of three-dimensional HgTe-based topo-
logical insulators were investigated using microscopic H-bar devices. Based on top-gate
voltage-dependent, temperature-dependent, and magnetic field-dependent measurements as
well as by utilizing H-bar structures of different sizes, we were able to demonstrate that
a current-induced spin polarization of the two topological surface states is responsible for
the occurrence of non-local signals. It was found that this spin polarization is generated by
the spin-momentum locking to which the electrons in the TSSs are subjected and can be
transferred from the current-carrying to the detection leg by means of a spin current pass-
ing through the short connecting piece in between. In the detection leg, the imposed spin
polarization induces a charge current, leading to the non-local signal.

In addition, it could be shown that in our proposed mechanism, neither n-type bulk states
nor p-type Volkov-Pankratov states provide a detectable contribution to the non-local signal.
On the contrary, the population of these massive states resulted in a decrease of the non-
local voltage due to the addition of a large unpolarized electron background and the possible
inter-scattering between n-type TSSs and p-type VPSs. Thus, we were able to determine
a clear distinction between 3D and 2D HgTe-based H-bar samples regarding the origin of
the observed non-local signals. In three-dimensional H-bar structures, the non-local signal is
caused by a surface effect. In two-dimensional devices, however, this signal is generated by
the intrinsic spin Hall effect being a result of the difference in population of the valence band

spin-orbit subbands and therefore by a bulk effect.
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8. Summary

The subject of this thesis is the investigation of the transport properties of topological and
massive surface states in the three-dimensional topological insulator Hg(Mn)Te. These sur-
face states give rise to a variety of extraordinary transport phenomena, making this material
system of great interest for research and technological applications. In this connection, many
physical properties of the topological insulator Hg(Mn)Te still require in-depth exploration.
The overall aim of this thesis is to analyze the quantum transport of HgTe-based devices
ranging from hundreds of micrometers (macroscopic) down to a few micrometers in size (mi-
croscopic) in order to extend the overall understanding of surface states and the possibilities

of their manipulation.

In order to exploit the full potential of our high-quality heterostructures, it was necessary
to revise and improve the existing lithographic fabrication process of macroscopic three-
dimensional Hg(Mn)Te samples. A novel lithographic standard recipe for the fabrication of
the Hg'Te-based macrostructures was developed. This recipe includes the use of an optimized
Hall bar design and wet etching instead of etching with high-energy Ar*-ions, which can
damage the samples. Further, a hafnium oxide insulator is applied replacing the SiO2/SizNy
dielectric in order to reduce thermal load. Moreover, the devices are metallized under an
alternating angle to avoid discontinuities of the metal layers over the mesa edges. It was
revealed that the application of gate-dielectric and top-gate metals results in n-type doping
of the devices. This phenomenon could be attributed to quasi-free electrons tunneling from
the trap states, which form at the interface cap layer/insulator, through the cap into the
active layer. This finding led to the development of a new procedure to characterize wafer
materials. It was found that the optimized lithographic processing steps do not unintention-
ally react chemically with our heterostructures, thus avoiding a degradation of the quality of
the Hg(Mn)Te layer. The implementation of new contact structures Ti/Au, In/Ti/Au, and
Al/Ti/Au did not result in any improvement compared to the standard structure AuGe/Au.
However, a novel sample recipe could be developed, resulting in an intermixing of the contact
metals (AuGe and Au) and fingering of metal into the mesa. The extent of the quality of
the ohmic contacts obtained through this process has yet to be fully established.

This thesis further deals with the lithographic realization of three-dimensional HgTe-based
microstructures measuring only a few micrometer in size. Thus, these structures are in the
order of the mean free path and the spin relaxation length of topological surface state elec-

trons. A lithographic process was developed enabling the fabrication of nearly any desired
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microscopic device structure. In this context, two techniques suitable for etching microscopic
samples were realized, namely wet etching and the newly established inductively coupled
plasma etching. While wet etching was found to preserve the crystal quality of the active
layer best, inductively coupled plasma etching is characterized by high reproducibility and
excellent structural fidelity. Hence, the etching technique employed depends on the envisaged

type of experiment.

Magneto-transport measurements were carried out on the macroscopic HgTe-based devices
fabricated by means of improved lithographic processing with respect to the transport prop-
erties of topological and massive surface states. It was revealed that due to the low charge
carrier density present in the leads to the ohmic contacts, these regions can exhibit an in-
sulating behavior at high magnetic fields and extremely low temperatures. As soon as the
filling factor of the lowest Landau levels dropped below a critical value (v, = 0.8), the con-
ductance of the leads decreased significantly. It was demonstrated that the carrier density in
the leads can be increased by the growth of modulation doping layers, a back-gate-electrode,
light-emitting diode illumination, and by the application of an overlapping top-gate layout.
This overlapping top-gate and a back-gate made it possible to manipulate the carrier den-
sity of the surface states on both sides of the Hg(Mn)Te layer independently. With this
setup, it was identified that topological and massive surface states contribute to transport
simultaneously in 3D Hg(Mn)Te. A model could be developed allowing the charge carrier
systems populated in the sample to be determined unambiguously. Based on this model, the
process of the re-entrant quantum Hall effect observed for the first time in three-dimensional
topological insulators could be explained by an interplay of n-type topological and p-type
massive surface states. A well-pronounced v = -1 — v = —2 — v = —1 sequence of
quantum Hall plateaus was found in manganese-doped Hg'Te-based samples. It is postulated
that this is the condensed-matter realization of the parity anomaly in three-dimensional
topological insulators. The actual nature of this phenomenon can be the subject of further
research. In addition, the measurements have shown that inter-scattering occurs between
counter-propagating quantum Hall edge states. The good quantization of the Hall conduc-
tance despite this inter-scattering indicates that only the unpaired edge states determine the
transport properties of the system as a whole. The underlying inter-scattering mechanism is

the topic of a publication in preparation.

Furthermore, three-dimensional HgTe-based microstructures shaped like the capital letter
"H" were investigated regarding spin transport phenomena. The non-local voltage signals
occurring in the measurements could be attributed to a current-induced spin polarization
of the topological surface states due to electrons obeying spin-momentum locking. It was
shown that the strength of this non-local signal is directly connected to the magnitude of
the spin polarization and can be manipulated by the applied top-gate voltage. It was found

that in these microstructures, the massive surface and bulk states, unlike the topological
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surface states, cannot contribute to this spin-associated phenomenon. On the contrary, it
was demonstrated that the population of massive states results in a reduction of the spin
polarization, either due to the possible inter-scattering of massive and topological surface
states or due to the addition of an unpolarized electron background. The evidence of spin
transport controllable by a top-gate-electrode makes the three-dimensional material system

mercury telluride a promising candidate for further research in the field of spintronics.
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Zusammenfassung

Die vorliegende Dissertation beschéftigt sich mit der Untersuchung der Transporteigenschaf-
ten von topologischen und massiven Oberflachenzusténden in dem dreidimensionalen topolo-
gischen Isolator Hg(Mn)Te. Da diese Oberflachenzustédnde zu einer Vielzahl von aufergewohn-
lichen Transportphdnomenen fithren, ist dieses Materialsystem fiir die Grundlagenforschung
und technologische Anwendungen von grofem Interesse. Der Bereich der dreidimensionalen
topologischen Isolatoren stellt ein relativ junges Forschungsgebiet dar. Daher bediirfen noch
viele physikalische Eigenschaften des topologischen Isolators Hg(Mn)Te ein tiefergehendes
Verstéandnis. Das iibergeordnete Ziel dieser Arbeit ist die Analyse des Quantentransports von
HgTe-basierten Proben, deren Abmessungen von mehreren hundert Mikrometern (makro-
skopisch) bis hin zu wenigen Mikrometern (mikroskopisch) reichen. Auf diese Weise soll das
allgemeine Verstdndnis der Oberflichenzustinde und die Moglichkeiten ihrer Manipulation

erweitert werden.

Um das volle Potential unserer hochqualitativen Heterostrukturen, welche durch Moleku-
larstrahlepitaxie gewachsen werden, ausschépfen zu kénnen, musste das bestehende lithogra-
phische Herstellungsverfahren fiir makroskopische dreidimensionale Hg(Mn)Te-Proben tiber-
arbeitet und verbessert werden. Es konnte ein neuartiges lithographisches Standardrezept fiir
die Herstellung von HgTe-basierten Makrostrukturen entwickelt werden. Dieses Rezept bein-
haltet die Verwendung eines optimierten Probendesigns und verwendet nasschemisches Atzen
anstelle von Atzen mit hochenergetischen Ar*-Ionen, welches die Proben beschidigen kann.
Auferdem wird ein Isolator aus Hafniumoxid verwendet, der das SiOs/SigNy-Dielektrikum
ersetzt, um die thermische Belastung der Proben zu verringern. Dariiber hinaus werden die
Proben unter einem verdnderlichen Winkel metallisiert, um Diskontinuitdten der Metall-
schichten entlang der Rénder der Mesa zu vermeiden. Es zeigte sich, dass das Aufbringen
des Isolators und der Feldeffektelektrode zu einer Erhéhung der Elektronendichte in der
Hg(Mn)Te-Schicht fiithrt. Dieses Phédnomen konnte darauf zuriickgefiihrt werden, dass quasi-
freie Elektronen aus sogenannten Fallenzustdnden, welche sich an der Grenzflache zwischen
der CdgrHgg3Te Deckschicht und dem Dielektrikum bilden, durch die Deckschicht in die
aktive Schicht tunneln kénnen. Dieser neue Einblick fithrte zu der Entwicklung einer neuen
Prozedur zur Charakterisierung von Wafermaterialien. Es stellte sich heraus, dass die opti-
mierten lithographischen Prozessschritte nicht unbeabsichtigt mit unseren Heterostrukturen
chemisch reagieren, was eine Verringerung der Qualitit der Hg(Mn)Te-Schicht verhindert.
Die Implementierung der neuen Kontaktstrukturen Ti/Au, In/Ti/Au und Al/Ti/Au fiihr-
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te zu keiner Verbesserung im Vergleich zur Standardstruktur AuGe/Au. Es konnte jedoch
ein neuartiges Probenrezept entwickelt werden, dessen Anwendung zu einer Vermischung der
Kontaktmetalle (AuGe und Au) und zu einem Eindiffundieren von Metall in die Mesa fiihrt.
Das Ausmaf der Qualitiat der ohmschen Kontakte, welche durch dieses Verfahren erhalten

werden, muss noch vollstandig ermittelt werden.

Zudem befasst sich diese Dissertation mit der lithographischen Realisierung dreidimensio-
naler HgTe-basierter Mikrostrukturen, die nur wenige Mikrometer groff sind. Somit liegen
diese Strukturen in der Gréfsenordnung der mittleren freien Weglidnge und der Spinrelaxati-
onsliange von Elektronen, welche sich in den topologischen Oberflichenzusténden befinden. Es
wurde ein lithographischer Prozess entwickelt, der die Herstellung nahezu jeder gewiinschten
mikroskopischen Struktur ermdglicht. In diesem Zusammenhang wurden zwei fiir das Atzen
mikroskopischer Proben geeignete Techniken vorgestellt, nimlich nasschemisches Atzen mit
einer fliissigen KI:Io:HBr Losung und das Atzen unter Verwendung eines induktiv gekoppelten
Methan-Plasmas. Wihrend nasschemisches Atzen die Kristallqualitit der Hg(Mn)Te-Schicht
am besten erhalt, zeichnet sich das Plasmaétzen durch eine hohe Reproduzierbarkeit und
ausgezeichnete Strukturtreue aus. Die Wahl der zu bevorzugenden Atztechnik hiingt daher

von der Art des geplanten Experiments ab.

An den makroskopischen Bauelementen auf HgTe-Basis, welche durch Anwendung der ver-
besserten lithographischen Prozessierung hergestellt wurden, wurden magnetfeldabhéngige
Transportmessungen hinsichtlich der Transporteigenschaften von topologischen und massi-
ven Oberflachenzustédnden durchgefiihrt. Es zeigte sich, dass die Zuleitungen zu den ohmschen
Kontakten bei hohen Magnetfeldern (B > 4T) und extrem tiefen Temperaturen (7' < 1K)
ein isolierendes Verhalten aufweisen konnen. Eine geringe Ladungstrégerdichte in diesen Be-
reichen wurde als Ursache identifiziert. Sobald der Fiillfaktor der untersten Landau-Niveaus
unter einen kritischen Wert fiel, nahm die Leitfdhigkeit der Zuleitungen deutlich ab. Es wurde
festgestellt, dass der Betrag dieses kritischen Fiillfaktors fiir alle untersuchten Proben unge-
fahr 0,8 betrégt und unabhéngig davon ist, ob die untersten Landau-Niveaus elektronen- oder
lochartig sind. Dariiber hinaus konnte gezeigt werden, dass die Ladungstrégerdichte in den
Zuleitungen durch das Wachstum von Modulationsdotierschichten, eine unterhalb des Bau-
elements angeordnete Feldeffektelektrode, die Bestrahlung mit einer Leuchtdiode und das
Aufbringen einer mit den ohmschen Kontakten iiberlappenden Feldeffektelektrode erhéht
werden kann. Diese beiden Feldeffektelektroden, welche sich unter- und oberhalb der Hete-
rostruktur befinden, ermoglichten es die Ladungstrégerdichte der Oberflichenzusténde auf
beiden Seiten der Hg(Mn)Te-Schicht unabhéngig voneinander zu manipulieren. Mit diesem
Aufbau wurde festgestellt, dass topologische und massive Oberflichenzustéinde gleichzeitig
zum Transport in 3D Hg(Mn)Te beitragen. Es konnte ein Modell entwickelt werden, welches
die eindeutige Bestimmung der in der Probe besetzten Ladungstrigersysteme ermdéglicht. Auf

der Grundlage dieses Modells konnte ein magnetfeldabhédngiger Prozess, welcher sich durch
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wiedereinkehrende Plateaus im Rahmen des Quanten-Hall-Effekts auszeichnet, erklart wer-
den. Dieser erstmals in dreidimensionalen topologischen Isolatoren beobachtete Prozess ist
das Resultat des Zusammenspiels von zwei elektronenartigen topologischen Oberflachenzu-
stdnden und einem lochartigen massiven Oberflachenzustand. Fine besonders deutlich aus-
gepragte v = —1 - v = —2 — v = —1 Abfolge von Plateaus konnte in mit Mangan
dotierten dreidimensionalen HgTe-basierten topologischen Isolatoren gefunden werden. Es
wird postuliert, dass es sich dabei um die Realisierung der Paritdtsanomalie in kondensierter
Materie handelt. Die tatsdchliche Natur dieses Phdnomens kann Gegenstand weiterer For-
schung sein. Dariiber hinaus haben die Messungen gezeigt, dass entgegengesetzt verlaufende
elektronen- und lochartige Randzusténde miteinander streuen. Die gute Quantisierung der
Hall-Leitfahigkeit, welche ungeachtet dieser Streuung beobachtet werden kann, deutet darauf
hin, dass nur die ungepaarten Randzustinde die Transporteigenschaften des Gesamtsystems
bestimmen. Der zugrundeliegende Streumechanismus ist das Thema einer Publikation, welche
sich in der Vorbereitung befindet.

Des Weiteren wurden dreidimensionale HgTe-basierte Mikrostrukturen, die wie der Grof-
buchstabe “H” geformt sind, hinsichtlich Spintransportph&nomene untersucht. Die bei den
Messungen auftretenden nichtlokalen Spannungssignale konnten auf eine strominduzierte
Spinpolarisation der topologischen Oberflachenzusténde zuriickgefiihrt werden. Ursache fiir
diese strominduzierte Spinpolarisation ist die starke Kopplung des Elektronenspins an den
Elektronenimpuls. Es wurde gezeigt, dass die Intensitat dieses nichtlokalen Signals direkt
mit der Stérke der Spinpolarisation zusammenhéngt und durch eine Feldeffektelektrode ma-
nipuliert werden kann. Es wurde festgestellt, dass in diesen Mikrostrukturen die massiven
Oberflachen- und Bulkzustédnde, im Gegensatz zu den topologischen Oberflichenzusténden,
nicht zu diesem mit dem Spin assoziierten Ph&nomen beitragen kénnen. Es wurde im Ge-
genteil gezeigt, dass eine Besetzung der massiven Zustdnde zu einer Verringerung der Spin-
polarisation fiihrt. Die verantwortlichen Mechanismen sind das Streuen von massiven und
topologischen Oberflachenzustdnden und das Hinzufiigung eines grofen Hintergrunds an un-
polarisierten Elektronen. Der Nachweis des durch eine Feldeffektelektrode kontrollierbaren
Spintransports macht das dreidimensionale Materialsystem Quecksilbertellurid zu einem viel-

versprechenden Kandidaten fiir weitere Forschungen auf dem Gebiet der Spintronik.
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A. List of samples and wafer materials

used in this thesis

The first section (Appx. of Appx. lists all macroscopic and microscopic samples
presented in this thesis. This excludes the devices investigated in Chap. [3| to explore the
unintentional lithography-induced doping of our heterostructures. Since a total of 17 different
wafer materials are considered in this chapter, each of which was used to build at least two
samples, it is not meaningful to list all the devices fabricated for this project. Instead,
Appx. simply provides the wafers examined and indicates how many samples were built

of each material.

A.1l. Details about the devices presented in this thesis

All samples displayed in this thesis are listed in Tab.[A.Il The name of the device, the recipe
used for fabrication, the sample design, the type of insulator applied, and whether the sample
possesses a back-gate-electrode are specified. It is noted that details of the wafer materials
used to build the devices listed in Tab. can be found in Appx.[A.2]

used sample . . back-

sample name recipe sample design insulator type cate
Q298211 Appx. M macroscopic Hall bar HfO, no

. . microscopic H-bar
Q2982 spindetection 11 Appx. with overlapping TG HfO, no
QC04611 Appx. M macroscopic Hall bar HfO, yes
macroscopic Hall bar

QC0464 OG 1 Appx. with overlapping TG HfO, yes
Q309711 Appx. |B.5 macroscopic Hall bar HfO, no
Q3097 VI Appx. [B.2 macroscopic Hall bar HfO, no

Table A.1.: List of all devices presented in this thesis. The first component of the name
always indicates the underlying wafer material. Unless otherwise specified, the
samples possess a non-overlapping top-gate design.
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A. List of samples and wafer materials used in this thesis

A.2. Details about the wafer materials used to explore the
lithography-induced increase of the n-type density
All wafers involved in the evaluations of chapter [3] are listed in Tab. It is noted that

in addition to the devices featuring SiO5/SisNy and HfO, insulators, a reference specimen

without top-gate-electrode was fabricated of each wafer material.

wafer  substrate layer stack layer thicknes- S.l Oz/SisNy . HiO,
ses [nm| insulator  insulator
Q2843 GaAs CMT/HgTe/CMT 100,/60/100 1 1
Q2982 CdTe CMT /HgTe/CMT 50/100,/30 1 1
CMT/CMT:I/CMT/ 86/9/43/
Q3097 CdTe g /OMT/CMTI/CMT  13/41/9/25 ' 2
Q3119 GaAs CMT/HgTe/CMT 59/78/59 1 2
Q3138 Cdle CMT/HgTe/CMT 134/13/38 -
QC0438  CdTe CMT /HgTe/CMT 81/61/10 1 -
QC0441  GaAs CMT /HgTe/CMT 150/9/50 - 1
CMT/
QOO0 GaAs i o e (CMT 70/62/14 1 1
CMT/
QC0461 GaAs HeMn(1.1 %) Te/CMT 100/81/14 1 1
] CMT/
QC0464 GaAs HeMn(1.7 %)Te/CMT 100/73/15 1 2
QC0478  CdTe CMT/HgTe/CMT 04/65/12 1 1
QC0479  CdTe CMT /HgTe/CMT 08/73/12 1 -
QC0500  CdTe CMT /HgTe/CMT 86,76 /45 2 -
CMT/CMT:1/CMT/ 18/9/65/
QC0501 CdTe He'Te/CMT 67 /50 2 -
CMT/CMT:I/CMT/ 19/10/67/
QC0502 CdTe Hg'Te/CMT 67,50 3 1
QCO0568  CdTe CMT /HgTe/CMT 13/63/13 - 1
CMT/
QCO0573  CdTe HeMa (2.4 %) Te/CMT 147/12/49 ; 1

Table A.2.: List of wafer materials used in this thesis. GaAs is used as a short form for a
substrate consisting of n-doped GaAs, a ZnTe interlayer, and CdTe. Layer stack
is composed of buffer/active layer/cap. If the active layer possesses manganese
doping, the Mn content is given in brackets. Both the buffer and the cap layer
may contain a CMT:I modulation doping layer. The last two columns indicate
how many devices having a top-gate were fabricated of each wafer and how often
each of the two gate-dielectrics was used.
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B. Recipes for the fabrication of
macroscopic three-dimensional

HgTe-based device structures

In Appx. [B] the sample recipes for the lithographic processing of three-dimensional struc-
tures measuring a few hundred micrometers in size are presented. These are: The outdated
standard recipe (Appx. , the current standard recipe for devices with top-gate-electrode
(Appx. , the current standard recipe for samples without top-gate (Appx. , the recipe
used to obtain an overlapping top-gate layout (Appx. , and the recipe leading to an in-
termixing of contact metals and fingering of metal into the mesa (Appx. . In order to
avoid interrupting these recipes within the description of a fabrication step, the presentation

of each sample recipe always starts on a new page.

B.1. Old 6-terminal standard recipe

Appx. presents the recipe that was used as standard for the fabrication of macroscopic
HgTe-based samples in our group “Experimental Physics III” during the period from 2016
to 2019. The knowledge gained in the course of this PhD project contributed significantly
to the replacement of the old 6-terminal standard recipe by an improved standard recipe,
which can be found in Appx. in 2019. It is noted that the old 6-terminal standard recipe

shown below is taken from the database of our group.
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B. Recipes for the fabrication of macroscopic three-dimensional HgTe-based device

structures

Hall-Bar Process (BaF, mask)

Stand: 26.4.2016, V.01

I. The Mesa

Schematic of the sample

180

1.1 The negative lift-off resist ARN 4340
ARN 4340 uv

g5 1 W owsee ) /{
Qumee® - =1
e B S B S me
Spin-coating Softbake UV-exposure PEB Developement  Resist structure
20s 2 min 20s 6 min 35-50s
6000 rpm 80 °C sW 80 °C AR 300-47
Spin Coating: ARN 4340, 6000 rpm /20 s
Softbake: 2min/80°C
Exposure: 20 s (8 W) with the Mesa mask

Post-Exposure-Bake: 6 min /80 °C
Development:  40s in AR 300-47

1.2 BaF; deposition in the “Kadseglocke”

Deposit a layer of BaF,, which will later form the etch mask.

Etch rate of BaF,: <0.25nm/s (1kV IBE process), i.e. 100nm should
be sufficient for most processes

Emission current: <10mA (be careful not to go higher!), use sweep!

Deposition rate: should be approx. 0.8nm/s

1.3 Lift-off
Acetone US bath, 3min Isopropanol Remember:
37kHz, 100% No (!) H,0 step!

Carefully inspect the etch mask in Nomarski mode. If you see lines,
rinse with Isopropanol and Acetone and check again.

1.4 The Ar*-etch step
Etch through the 2DEG or the bulk HgTe-layer.

Il Mount sample on central position on sample holder !!

1.5 Stripping 7

US bath, 5min
37kHz, 100%

High purity water



B.1. Old 6-terminal standard recipe

Hall-Bar Process (BaF, mask) Stand: 26.4.2016, V.01

Il. The insulator

IL1RIE

Do a short Oz step in the RIE to remove AR-N4340 residues
Program: “Miniclean” (program number 70)
Duration: 2s (starting when the reflected power drops to zero)

1.2 PECVD

Deposit 110 nm of the Si;0-Si3sN4 superlattice, use the SiO-SiN-
Lattice recipe.

Ill. The Gate

111.1 The negative lift-off resist ARN 4340

ARN 4340 uv
65 (15 1T s ‘\_l_/‘/_'
Bomm® o -

e Jil S B S e
Spin-coating Softbake UV-exposure PEB Developement  Resist structure
20s 2 min 20s 6 min 35-50s

6000 rpm 80 °C 8W 80°C AR 300-47

Spin Coating: ARN 4340, 6000 rpm / 20 s

Softbake: 2 min /80 °C

Exposure: 20 s (8 W) with the Gate-Metallization-mask

Post-Exposure-Bake: 6 min /80 °C
Development:  35-50 s in AR 300-47

11 The development time has to be adapted to the sample properties
(weak insulator etc.). 30 s is developing through, every second more
increases the undercut of the resist. !!

111.2 The metallization

Evaporation of 5 nm Ti and 100 nm Au (Kaseglocke or UHV-
evaporation chamber, NOT in cluster)

I1'If the mesa is higher than 150 nm a thicker metal layer should be
considered to prevent gate rip-offs over the edges. !!
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B. Recipes for the fabrication of macroscopic three-dimensional HgTe-based device
structures

Hall-Bar Process (BaF, mask) Stand: 26.4.2016, V.01

1113 Lift-off
)

Acetone Hotplate Hotplate Isopropanol  High purity water
2-3 min gently hose the 2 min
50°C metall sheet away 50°C

Ill. Insulator Etch

111.1 The wet-etch shield

ECI 3012 w p
Se LU H|‘|||H AL L
Spin-coating  Softbake Exposure Developement  Resist structure
20s 2 min S5s 22s
6000 rpm 80° 8w AZ 726
Spin Coating: ECI 3012, 6000 rpm / 20's
Softbake: 2 min /80 °C
Exposure: 7 s (8 W) with the Insulator-mask

Development: 22 sin AZ726 MIF

Il The exposure time of this step can be higher because we do not
care too much about the angle of the resist edge for wet-etching
and to get rid of eventual resist mountains on the edges of the
sample. !!

Either etch trough the CMT layer, or use the big Insulator mask with
H-Bar and pad coverage.

111.2 The HF-Dip and wet-etch shield stripping

| (]
N

NH,F-HF(7:1) High purity water Acetone Isopropanol High purity water
13s 2 min
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B.1. Old 6-terminal standard recipe

Hall-Bar Process (BaF, mask)

Stand: 26.4.2016, V.01

IV. Contacts

Contact etch & - metallization

IV.1 The negative lift-off resist ARN 4340

ARN 4340 uv
i1 (U W s '\‘l_f‘(
Qe ® o -
FORN I s
Spin-coating Softbake UV-exposure PEB Developement  Resist structure
20s 2 min 20s 6 min 35-50s
6000 rpm 80 °C 8w 80°C AR 300-47
Spin Coating: ARN 4340, 6000 rpm /20 s
Softbake: 2 min/ 80 °C
Exposure: 20 s (8 W) with the Metallization-mask

Post-Exposure-Bake: 6 min / 80 °C
Development:  35-50 s in AR 300-47

V.2 The lon Beam Contact Etch

Etch partly through the CdHgTe-Cap about 20 nm close to the 2DEG
or the Bulk HgTe-layer. Beam voltage 400 V!
Il Mount sample on central position on sample holder !!

V.3 The Metallization (in situ)
Evaporation of 50 nm AuGe and 50 nm Au on the sample.

I1'If the mesa is higher than 150 nm a thicker metal layer should be
considered to prevent gate rip-offs over the edges. !!

V.4 Lift-off
/ \V-\ ﬁ
Acetone Hotplate Hotplate Isopropanol  High purity water
2-3 min gently hose the 2 min
50°C metall sheet away 50°C

183



B. Recipes for the fabrication of macroscopic three-dimensional HgTe-based device
structures

B.2. New 8-terminal standard recipe

In Appx. the revised version of the old 6-terminal standard recipe, which became the
new standard recipe for the fabrication of macroscopic HgTe-based devices in our group as
of October 2019, is displayed. The enhancements developed in this thesis regarding the
lithographic processing of macrostructures, which ultimately led to the introduction of the
new 8-terminal standard recipe, can be found in chapter[3] It is noted that the new 8-terminal

standard recipe presented hereafter is taken from the database of our group.
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B.2. New 8-terminal standard recipe

8-terminal Hall bar process

Mask: 8-TERMINAL HALLBARS2019
Recipe version 1.3.1 (24.10.2019)

1.Cleaving
Inspection of wafer: choose a piece without visible issues
Use a Petri dish with a mm paper standard. Immerse sample in ultra-pure water (UPW) and
use a new scalpel. Sample in water “face-up”.
Sample dimensions should be at least 3x3 mm? (you might need to remove resist edge
beads when using small samples),
Blow dry using N3

e Carefully inspect sample using Nomarski microscope. Document surface quality. Eventually

e Clean the mask right after exposure:

cleaning with acetone, IPA, rinse in UPW, blow dry (N>).
Update sample database

2.Cleaning sample backside (GaAs substrates only)
Spin coating: ECI 3012 resist, 20 s @ 5000 rpm
Softbake: 2 min @ 80 °C
HCl etching (see recipe in cleanroom folder)
Resist removal: Acetone, US bath, 5 min @ 80 kHz (100 %), rinse 1 min in IPA and 1
min in UPW, blow dry using N>

3.Mesa
a) Prepare wet etch solution
Prepare wet etch solution. The details of the preparation procedure are described at
the end of this recipe
Wait for 2 hours

b) Etch mask for wet etching

Spin coating ECI 3012 resist, 20 s @ 6000 rpm
Softbake: 2 min @ 80 °C

Exposure: 7 s (8 W, mesa mask)

acetone, IPA, UPW, blow dry.
Development: 22 s in AZ MIF-726, rinse 1 min in UPW,
blow dry.
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B. Recipes for the fabrication of macroscopic three-dimensional HgTe-based device
structures

186

c) Wet etching process (KI: I,: HBr + H,0)(1:4)

Use the pumping method

Adjust the etch time according to the targeted etch depth. In case you do not know
the etch rate of your sample, you need to do a calibration.

In general, you need to etch through the 2DEG or the bulk HgTe-layer.

When done, bring the pump back in initial condition (water-cleaned and empty pipes!)

d) Resist mask removal

Acetone, US bath, 5 min @ 80 kHz (100 %)

Rinse 1 min in IPA and 1 min in UPW, blow dry (N3)

Carefully inspect and document the etched mask in Nomarski microscope
Measure the height of etched mesa (Dektak)

Report etch rate on network log.

4, Gate

a) Lift-off resist mask

Spin coating ARN 4340, 20 s @ 6000 rpm
Softbake: 2 min @ 80 °C

Exposure: 20 s (8 W, gate mask)
Post-Exposure-Bake (PEB): 6 min @ 80 °C
Development: 40 s in AR 300-47

Rinse 1 min in UPW, blow dry (N2)
Inspection using Nomarski microscope
(use yellow light filter!)

b) Descumming (ICP)

03 plasma cleaning: 100 sccm O3, 100 W ICP power, 50 pbar,
3 min => ICP program “EP3 miniclean photolitho”

Mount sample into ALD chamber immediately

Add a piece of Si for characterization purposes

c) Gate insulator (ALD)
Run the HfO, 90 cycles program @ 30 °C
Update the excel sheet

d) Metallization of gate electrode ]
Evaporate 5 nm Ti and 100 nm Au (UHV-evaporator)

Always do angle deposition (to prevent gate rip-offs)! Mount sample so that sample is
tilted around the long axis (Hall bar direction) as indicated by dashed line on the
image.

Angle: +40°, Au deposition 10 nm in turns (leave the evaporator on)
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e) Lift-off

Acetone, 30 min @ 50 °C

Gently hose the metal sheet away
Acetone, 2 min @ 50 °C

Rinse 1 min in IPA, 1 min in UPW
Blow dry (N2)

5.Contacts

a) Lift-off resist mask

Spin coating ARN 4340, 20 s @ 6000 rpm

Softbake: 2 min @ 80 °C

Exposure: 20 s (8 W, overlapping contacts mask)

PEB: 6 min @ 80 °C

Development: 40 s in AR 300-47

Rinse 1 min in UPW, blow dry (N2)

Inspection using Nomarski microscope (use yellow light filter!)
O3 plasma cleaning: 100 sccm O,, 100 W ICP power,

50 pbar, 3 min. => ICP program “EP3 miniclean photolitho”

b) lon beam contact etch

Mounting the sample to the moly block: Due to the angle deposition of the contacts,
the sample needs to be mounted so that sample can be tilted around the diagonal of
the device as indicated by dashed line on the image. Mount the sample on central
position

Etch partly through the top CdHgTe-Cap about 20 nm close to the HgTe-layer.

Dry etching parameters (cluster IBE): beam/extractor voltages +0.4 kV,

beam current 8 mA, 3.5 sccm Ar, use rotation.

c) Contact metallization (in-situ)

Evaporate 50 nm AuGe and 50 nm Au

Always angle deposition (to prevent rip-offs)!

Angle: +40°, deposition 10 nm in turns (leave the evaporator on)

d) Lift-off

Acetone, 10 min @ 50°C

Gently hose the metal sheet away

Acetone, 2 min @ 50°C

Rinse in 1 min in IPA and 1 min in UPW, blow dry (N2)
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6. Mounting sample on chip carrier
a) Sample with backgate
e Use silver glue: Use really small amount of the 1:10 silver glue
e Take care for glue creeping up the sides of the sample!

b) Sample without backgate

e Use diluted GE varnish: Use a spatula which fits (width of spatula ca. width chip
carrier), take a small amount at the edge of the spatula and then put it in the chip
carrier by scratching with the edge over the chip carrier.

e This procedure is part of the bonder introduction

e Wait for glue to dry

7.Bonding
e Use wedge bonding
e Bonds should be placed on the outer part of the bonding pad sitting on substrate (not
on Mesa)
e Update sample database

Preparation of wet etch solution [(KI: I: HBr: H20)somc: H20 200m.] (1:4)
Measure 37.5ml of H,0

e Carefully measure 4.15 g of Potassium lodide (KI) on the weighing scale and add in
H,0.

e Measure 0.1 g of I, (avoid large pieces as it is difficult to dissolve) and add in KI- H.0
solution.

e Mix the solution with magnetic stirrer.

e Measure 12.5 mL of HBr with pipette and add in the above mixture.

e Mix the solution with magnetic stirrer and check if the solution is homogeneous. Now
the total solution is 50 mL.

e Measure 200 mL of H,0 and add it to the above prepared 50 mL solution to make 1: 4
solution.
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B.3. 8-terminal characterization Hall bar recipe

Appx. shows the 8-terminal characterization Hall bar recipe, which is identical to the
new 8-terminal standard recipe except for the omission of the top-gate. Ungated devices are
ideal for characterizing wafer materials, since the unintentional n-type doping of our samples
due to the application of gate-dielectric and top-gate-electrode described in Chap. [3] does not
occur. As a result, the intrinsic properties of the molecular beam epitaxy grown wafers can
be determined, providing important feedback for the growers. It is noted that the 8-terminal

characterization Hall bar recipe presented in the following is taken from the database of our

group.
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e Clean the mask right after exposure:

8-terminal Hall bar process for
growth characterization (NO GATE)
Mask: 8-TERMINAL HALLBARS2019
Recipe version 1.3.1 (24.10.2019)

1.Cleaving
Inspection of wafer: choose a piece without visible issues
Use a Petri dish with a mm paper standard. Immerse sample in ultra-pure water (UPW) and
use a new scalpel. Sample in water “face-up”.
Sample dimensions should be at least 3x3 mm? (you might need to remove resist edge
beads when using small samples),
Blow dry using N3

e Carefully inspect sample using Nomarski microscope. Document surface quality. Eventually

cleaning with acetone, IPA, rinse in UPW, blow dry (N>).
Update sample database

2.Cleaning sample backside (GaAs substrates only)
Spin coating: ECI 3012 resist, 20 s @ 5000 rpm
Softbake: 2 min @ 80 °C
HCI etching (see recipe in cleanroom folder)
Resist removal: Acetone, US bath, 5 min @ 80 kHz (100 %), rinse 1 min in IPA and 1
min in UPW, blow dry using N>

3.Mesa

a) Prepare wet etch solution
Prepare wet etch solution. The details of the preparation procedure are described at
the end of this recipe
Wait for 2 hours

b) Etch mask for wet etching

Spin coating ECI 3012 resist, 20 s @ 6000 rpm
Softbake: 2 min @ 80 °C

Exposure: 7 s (8 W, mesa mask)

acetone, IPA, UPW, blow dry.
Development: 22 s in AZ MIF-726, rinse 1 min in UPW,
blow dry.
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c) Wet etching process (KI: I,: HBr + H,0)(1:4)

Use the pumping method

Adjust the etch time according to the targeted etch depth. In case you do not know
the etch rate of your sample, you need to do a calibration.

In general, you need to etch through the 2DEG or the bulk HgTe-layer.

When done, bring the pump back in initial condition (water-cleaned and empty pipes!)

d) Resist mask removal

Acetone, US bath, 5 min @ 80 kHz (100 %)

Rinse 1 min in IPA and 1 min in UPW, blow dry (N3)

Carefully inspect and document the etched mask in Nomarski microscope
Measure the height of etched mesa (Dektak)

Report etch rate on network log.

4. Contacts
a) Lift-off resist mask
Spin coating ARN 4340, 20 s @ 6000 rpm
Softbake: 2 min @ 80 °C
Exposure: 20 s (8 W, overlapping contacts mask)
PEB: 6 min @ 80 °C
Development: 40 s in AR 300-47
Rinse 1 min in UPW, blow dry (N2)
Inspection using Nomarski microscope (use yellow light filter!)
O3 plasma cleaning: 100 sccm O,, 100 W ICP power,
50 pbar, 3 min. => ICP program “EP3 miniclean photolitho”

b) lon beam contact etch

Mounting the sample to the moly block: Due to the angle deposition of the contacts,
the sample needs to be mounted so that sample can be tilted around the diagonal of
the device as indicated by dashed line on the image. Mount the sample on central
position

Etch partly through the top CdHgTe-Cap about 20 nm close to the HgTe-layer.

Dry etching parameters (cluster IBE): beam/extractor voltages +0.4 kV,

beam current 8 mA, 3.5 sccm Ar, use rotation.

c) Contact metallization (in-situ)

Evaporate 50 nm AuGe and 50 nm Au

Always angle deposition (to prevent rip-offs)!

Angle: +40°, deposition 10 nm in turns (leave the evaporator on)

d) Lift-off

Acetone, 10 min @ 50 °C, Gently hose the metal sheet away
Acetone, 2 min @ 50°C

Rinse in 1 min in IPA and 1 min in UPW, blow dry (N>)

191



B. Recipes for the fabrication of macroscopic three-dimensional HgTe-based device
structures

5. Mounting sample on chip carrier
a) Sample with backgate
e Use silver glue: Use really small amount of the 1:10 silver glue
e Take care for glue creeping up the sides of the sample!

b) Sample without backgate

e Use diluted GE varnish: Use a spatula which fits (width of spatula ca. width chip
carrier), take a small amount at the edge of the spatula and then put it in the chip
carrier by scratching with the edge over the chip carrier.

e This procedure is part of the bonder introduction

e Wait for glue to dry

6.Bonding
e Use wedge bonding
e Bonds should be placed on the outer part of the bonding pad sitting on substrate (not
on Mesa)
e Update sample database

Preparation of wet etch solution [(KI: I: HBr: H20)somc: H20 200m.] (1:4)
Measure 37.5ml of H,0

e Carefully measure 4.15 g of Potassium lodide (KI) on the weighing scale and add in
H,0.

e Measure 0.1 g of I, (avoid large pieces as it is difficult to dissolve) and add in KI- H.0
solution.

e Mix the solution with magnetic stirrer.

e Measure 12.5 mL of HBr with pipette and add in the above mixture.

e Mix the solution with magnetic stirrer and check if the solution is homogeneous. Now
the total solution is 50 mL.

e Measure 200 mL of H,0 and add it to the above prepared 50 mL solution to make 1: 4
solution.
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B.4. 6-terminal overlapping top-gate recipe

The 6-terminal overlapping top-gate recipe displayed in Appx. represents a modified
version of the new 8-terminal standard recipe to achieve an overlapping top-gate layout.
By using this layout, the top-gate-electrode also covers parts of the ohmic contacts. An
overlapping top-gate may be necessary to record the magnetoresistance signals of devices
that are to be measured at high magnetic fields (B > 4T) and extremely low temperatures
(I' < 1K) in a meaningful way (cf. Chap. ). Since the new 8-terminal Hall bar design
lacks a suitable gate-mask for the fabrication of an overlapping top-gate-electrode, the old
6-terminal design is used for this purpose. It is noted that the 8-terminal characterization

Hall bar recipe presented below is taken from the database of our group.
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6-terminal Hall bar process
“overlapping gate”

Mask: HB MASK 2018 NEW
Recipe version 1.3.1 (24.10.2019)

1. Cleaving
Inspection of wafer: choose a piece without visible issues
Use a Petri dish with a mm paper standard. Immerse sample in ultra-pure water (UPW)
and use a new scalpel. Sample in water “face-up”.
Sample dimensions should be at least 3x3 mm? (you might need to remove resist edge
beads when using small samples),
Blow dry using N>
Carefully inspect sample using Nomarski microscope. Document surface quality.
Eventually cleaning with acetone, IPA, rinse in UPW, blow dry (N2).
Update sample database

2. Cleaning sample backside (GaAs substrates only)
Spin coating: ECI 3012 resist, 20 s @ 5000 rpm
Softbake: 2 min @ 80 °C
HCl etching (see recipe in cleanroom folder)
Resist removal: Acetone, US bath, 5 min @ 80 kHz (100 %), rinse 1 min in IPA and 1 min
in UPW, blow dry using N,

3. Mesa

a) Prepare wet etch solution
Prepare wet etch solution. The details of the preparation procedure are described at
the end of this recipe
Wait for 2 hours

b) Etch mask for wet etching

Spin coating ECI 3012 resist, 20 s @ 6000 rpm
Softbake: 2 min @ 80 °C

Exposure: 7 s (8 W, mesa mask)

Clean the mask right after exposure: acetone, IPA,
UPW, blow dry.

Development: 22 s in AZ MIF-726, rinse 1 min in UPW,
blow dry.
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c) Wet etching process (KI: I2: HBr + H20)(1:4)

Use the pumping method

Adjust the etch time according to the targeted etch depth. In case you do not know the
etch rate of your sample, you need to do a calibration.

In general, you need to etch through the 2DEG or the bulk HgTe-layer.

When done, bring the pump back in initial condition (water-cleaned and empty pipes!)

d) Resist mask removal

Acetone, US bath, 5 min @ 80 kHz (100 %)

Rinse 1 min in IPA and 1 min in UPW, blow dry (Ny)

Carefully inspect and document the etched mask in Nomarski microscope
Measure the height of etched mesa (Dektak)

Report etch rate on network log.

4, Contacts

a) Lift-off resist mask

Spin coating ARN 4340, 20 s @ 6000 rpm

Softbake: 2 min @ 80 °C

Exposure: 20 s (8 W, non-overlapping contacts mask)

PEB: 6 min @ 80 °C

Development: 40 s in AR 300-47

Rinse 1 min in UPW, blow dry (N3)

Inspection using Nomarski microscope (use yellow light filter!)
02 plasma cleaning: 100 sccm O3, 100 W ICP power,

50 pbar, 3 min. => ICP program “EP3 miniclean photolitho”

b) lon beam contact etch

Mounting the sample to the moly block: Due to the angle deposition of the contacts,
the sample needs to be mounted so that sample can be tilted around the diagonal of
the device as indicated by dashed line on the image. Mount the sample on central
position

Etch partly through the top CdHgTe-Cap about 20 nm close to the HgTe-layer.

Dry etching parameters (cluster IBE): beam/extractor voltages £0.4 kV,

beam current 8 mA, 3.5 sccm Ar, use rotation.

c) Contact metallization (in-situ)

Evaporate 50 nm AuGe and 50 nm Au

Always angle deposition (to prevent rip-offs)!
Angle: +40°, deposition 10 nm in turns (leave the
evaporator on)

d) Lift-off
Acetone, 10 min @ 50°C
Gently hose the metal sheet away
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¢ Acetone, 2 min @ 50°C
¢ Rinsein 1 mininIPA and 1 minin UPW, blow dry (N2)

5. Gate

a) Lift-off resist mask
* Spin coating ARN 4340, 20 s @ 6000 rpm
¢ Softbake: 2 min @ 80 °C
e Exposure: 20 s (8 W, gate mask)
¢ Post-Exposure-Bake (PEB): 6 min @ 80 °C -
* Development: 40 s in AR 300-47
¢ Rinse 1 minin UPW, blow dry (N)
* Inspection using Nomarski microscope
(use yellow light filter!)

b) Descumming (ICP)

* 0, plasma cleaning: 100 sccm O3, 100 W ICP power, 50 pbar,
3 min => ICP program “EP3 miniclean photolitho”

* Mount sample into ALD chamber immediately

* Add a piece of Si for characterization purposes

c) Gate insulator (ALD)
* Run the HfOx 90 cycles program @ 30 °C
¢ Update the excel sheet

d) Metallization of gate electrode
e Evaporate 5 nm Ti and 100 nm Au (UHV-evaporator)
* Always do angle deposition (to prevent gate rip-offs)! Mount sample so that sample is
tilted around the long axis (Hall bar direction) as indicated by dashed line on the image.
¢ Angle: +40°, Au deposition 10 nm in turns (leave the evaporator on)

e) Lift-off

* Acetone, 30 min @ 50 °C

¢ Gently hose the metal sheet away

* Acetone, 2 min @ 50 °C

¢ Transfer to IPA in a petri-dish and check the result using Nomarski microscope. If the lift-
off is not successful, transfer to a beaker with Acetone and repeat the steps so far until
the lift-off is successful.

¢ If the lift-off is successful, Rinse 1 min in IPA, 1 min in UPW

e Blow dry (N,)
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6. Mounting sample on chip carrier
a) Sample with backgate

Use silver glue: Use really small amount of the 1:10 silver glue
Take care for glue creeping up the sides of the sample!

b) Sample without backgate

Use diluted GE varnish: Use a spatula which fits (width of spatula ca. width chip carrier),
take a small amount at the edge of the spatula and then put it in the chip carrier by
scratching with the edge over the chip carrier.

This procedure is part of the bonder introduction

Wait for glue to dry

7. Bonding
Use wedge bonding
Update sample database

Preparation of wet etch solution [(KI: I2: HBr: H20)somi: H20 200mi] (1:4)
Measure 37.5ml of H,0

Carefully measure 4.15 g of Potassium lodide (KI) on the weighing scale and add in
H,0.

Measure 0.1 g of |, (avoid large pieces as it is difficult to dissolve) and add in KI- H,0
solution.

Mix the solution with magnetic stirrer.

Measure 12.5 mL of HBr with pipette and add in the above mixture.

Mix the solution with magnetic stirrer and check if the solution is homogeneous. Now the
total solution is 50 mL.

Measure 200 mL of H,0 and add it to the above prepared 50 mL solution to make 1: 4
solution.
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B.5. 8-terminal Hall bar clustering metals recipe

In Appx. the sample recipe leading to an intermixing of the contact metals gold germa-
nium and gold as well as fingering of metal into the mesa structure is presented. Since contact
structures that exhibit both intermixing and fingering of metal are referred to as clustering
metals, this recipe is called 8-terminal Hall bar clustering metals recipe. The 8-terminal Hall
bar clustering metals recipe provides an excellent starting point for future research concern-
ing the ohmic contacts of HgTe-based devices. It is noted, however, that clustering metals
can only occur in samples whose layer stacks possess a CMT:I modulation doping layer above

the active layer.
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Recipe 8-terminal Hall bar (clustering metals)

I. Sample preparation:

Cleave sample piece (= 3 x 3 mm?) and clean it with Acetone in ultrasonic bath (USB)
» wash sample with Isopropyl (IPA) and ultra-pure water (UPW)
» blow dry with Nitrogen (N) gun

PECVD: 10 nm SiO; sacrificial layer (SL)

Il. SL removal at the contact areas:

HMDS + ECI 3012; 6000 rpm for 20 s; bake 2 min @ 80 °C
Expose 7 s with contact mask
Development: 22 s AZ MIF 726
Dip for 10 sin BOE 7:1

» wash sample for = 3 min in UPW — blow dry with N,
Lift-off: 5 min Acetone @ 50 °C — IPA — UPW — N,

I11. Mesa etch:

ARN 4340; 6000 rpm for 20 s; bake 2 min @ 80 °C
Expose 20 s with mesa mask
» 6 min post exposure bake @ 80 °C
Development: 40 s AR 300-47
Metallization of 15 nm Ti in Cluster
Lift-off: 5 min Acetone @ 50 °C — IPA — UPW — N,
SL etch in ICP (“SiNy etch” for 30 s + “mini-clean” for 3 min)
Mesa etch in Cluster: + 1 kV; 8 mA; 1.62 sccm
> etch through buffer layer down to the substrate
Stripping of Ti etch mask: 45 s in 1:10 diluted HF (use USB!)
» wash sample for = 3 min in UPW — N,
Measure mesa height with Dektak

1V. Contacts:

ARN 4340; 6000 rpm for 20 s; bake 2 min @ 80 °C
Expose 20 s with contact mask
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» 6 min post exposure bake @ 80 °C
o Development: 42 s AR 300-47
e Contact etch in Cluster: + 0.4 kV; 8 mA,; 3.5 sccm
> etch about 20 nm close to the HgTe layer
e In-situ metallization: AuGe / Ti/ Au (50 nm /5 nm /50 nm)
» use angle deposition (% 40 °, deposition 10 nm in turns)
e Lift-off: 5 min Acetone @ 50 °C
» gently hose the metal sheet away
» 2 min Acetone @ 50 °C — IPA — UPW — N,

V. ALD insulator and Gate:

¢ ARN 4340; 6000 rpm for 20 s; bake 2 min @ 80 °C
e Expose 20 s with gate mask
» 6 min post exposure bake @ 80 °
e Development: 42 s AR 300-47
e |ICP (“mini-clean” for 3 min)
e ALD (90 cycles of HfOx @ 30 °C)
o Gate metallization in UHV: Ti/ Au (5 nm/ 100 nm)
» use angle deposition (+ 40 °, deposition 10 nm in turns)
e Lift-off: = 30 min Acetone @ 50 °C
» gently hose the metal sheet away
» 3 min Acetone @ 50 °C — IPA — UPW — N,

V1. Mounting sample on chip carrier and bonding:

e Use diluted GE Varnish
» wait one day for glue to dry
¢ bond the sample
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C. Recipes for the fabrication of
microscopic three-dimensional

HgTe-based device structures

In Appx.|[C] the sample recipes for the lithographic processing of three-dimensional structures
measuring a few micrometers in size are presented. These microstructures usually require
more demanding lithographic techniques, such as the use of electron beam lithography in-
stead of optical lithography, but are necessary when ballistic or spin-associated transport
phenomena are to be investigated. To define the microscopic mesa two different etching
techniques can be applied. The recipe involving wet etching with a KI:Is:HBr solution is
shown in Appx. while the recipe using inductively coupled plasma etching with reactive
methane can be found in Appx. The lithographic processing steps of both recipes are
optimized for microscopic Hall bar and H-bar structures. However, based on these recipes,
the realization of nearly any desired sample design should be facilitated. Again, in order to
avoid interrupting these recipes within the description of a fabrication step, the presentation

of each sample recipe always starts on a new page.

C.1. Recipe for the fabrication of microstructures (wet etching)

Appx. presents the recipe used for the fabrication of microscopic three-dimensional HgTe-
based samples by means of wet etching. This recipe is referred to as recipe for the fabrication
of microstructures (wet etching). Wet etching preserves the crystal structure of the active
layer best due to pure chemical etching, but possesses an isotropic nature. Therefore, trench

structures significantly narrower than 500 nm should be avoided.
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pu-structure-process Kl:1:HBr etch Date: 25.04.2020

Ill. Inner Contacts

202

Resist
* PMMA 950K 3%, 40 s @ 7000 rpm, 8 min @ 80°C
Exposure
e 2.5kV; 204.8 um 388X; 70 uC/cm?; 12.5 nm = 4 px;
30 um aperture; 7 mm working distance
Development
* 1minin AR 656:IPA 1:1 -> isopropanol (= 60 s)
HF-dip
*  50sinHF:DIW 1:400 [1:200 with HF(50%)]
-> DIW (right before etching)
Wet etch
* =40to 60 s (depending on layer stack)
Stripping
* acetone ->IPA ->DIW
—> measure etch depth via Dektak

Positive resist
* ECI3012;20s @ 6000 rpm; 2 min @ 80°C
Exposure
* 7sdevelopment
* 22sinAZ 726 MIF -> DIW
Wet etch
* 60 to 80 s (depending on layer stack)
Stripping
* acetone -> IPA-> DIW
—> measure etch depth via Dektak

Resist

*  PMMA 600K 6%; 40 s @ 6000 rpm, 10 min @ 80°C

Exposure

*  6.5kV; 204.8 um 387X; 310 uC/cm?; 6.25 nm = 2 px;
30 um aperture; 10 mm working distance

Development

* 1min10sin AR656:IPA 1:1->IPA (= 60 s)

Oxygen plasma miniclean

* execute a oxygen plasma miniclean in ICP or RIE

lon milling contacts

* etch 20 nm close to active layer; 400 V, 400 V, 8 mA,
3.5 sccm; in situ transfer ->

Metallization contacts

* 50 nm AuGe; 50 nm Au (use angular deposition)
-> lift-off in acetone -> IPA -> DIW



C.1. Recipe for the fabrication of microstructures (wet etching)

MIBK cleaning: One night in MIBK @ 50 °C right before the topgate application.

HE Resist

IV. EBL ALD Topgate « PMMA 600K 6%; 40 s @ 6000 rpm, 10 min @ 80°C

Exposure

¢ 6.5kV; 204.8 um 387X; 310 uC/cm?; 6.25 nm = 2 px;
30 um aperture; 10 mm working distance

Development

¢ 1min10sin AR656:IPA 1:1 ->IPA (= 605s)

Oxygen plasma miniclean

* execute a oxygen plasma miniclean in ICP or RIE

ALD HfO,  H,0 Hf

e Pulse 200 ms; 50 ms; Purge 200 s; Sat. 10 s; 90 cyc.
(standard 30°C process)

Metallization gate

*  5nmTi; 100 nm Au (use angular deposition)
-> lift-off in acetone -> IPA -> DIW

Negative resist

* ARN4340; 20 s @ 6000 rpm; 2 min @ 80°C

Exposure

e 20s5s; post exposure bake 6 min @ 80°C

Development

e 42sin AR 300-47 ->DIW

Oxygen plasma miniclean

* execute a oxygen plasma miniclean in ICP or RIE

lon Milling cleaning

e =10s; 400V, 400V, 8 mA, 3.5 sccm; in situ transfer ->

Metallization leads

e 80 nm AuGe; 80 nm Au (use angular deposition)
-> |ift-off in acetone -> IPA -> DIW

203



C. Recipes for the fabrication of microscopic three-dimensional HgTe-based device
structures

C.2. Recipe for the fabrication of microstructures (inductively

coupled plasma etching)

In Appx. the recipe for the fabrication of microscopic three-dimensional HgTe-based
devices using inductively coupled plasma etching is displayed. This recipe is referred to as
recipe for the fabrication of microstructures (inductively coupled plasma etching). Inductively
coupled plasma etching features a weak physical etching component that can damage the side
surfaces of the HgTe layer, but is characterized by its ease of use, high reproducibility, and

excellent structural fidelity.
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C.2. Recipe for the fabrication of microstructures (inductively coupled plasma etching)

u-structure-process ICP etch Date: 26.04.2020

Resist

*  PMMA 950K 3%, 40 s @ 7000 rpm, 8 min @ 80°C

Exposure

*  2.5kV; 204.8 um 388X; 70 uC/cm?; 12.5 nm = 4 px;
30 um aperture; 7 mm working distance

Development

* 1minin AR 656:IPA 1:1 —> isopropanol (= 60 s)

Etch mask

* deposit 100 nm BaF, + 10 nm Ti (in situ) in Kdseglocke

Lift-off

* 5 min acetone with ultrasonic excitation (50 °C, 37 kHz,
100% power) —> IPA (no DIW!)

ICP etching

* glue sample to carrier wafer with Crystal Bond 509

* etchin ICP for a suitable amount of time

* remove sample from carrier wafer

Stripping

e 15 minin DIW (50°C, 37 kHz, 100 % power)
—> acetone —> IPA —> DIW
—> measure etch depth via Dektak

. EBL Mesa

Il. Inner Contacts Resist

*  PMMA 600K 6%; 40 s @ 6000 rpm, 10 min @ 80 °C

Exposure

*  6.5kV; 204.8 um 387X; 310 uC/cm?; 6.25 nm = 2 px;
30 um aperture; 10 mm working distance

Development

* 1min10sin AR656:IPA 1:1->IPA (= 60 s)

Oxygen plasma miniclean

* execute a oxygen plasma miniclean in ICP or RIE

lon milling contacts

* etch 20 nm close to active layer; 400 V, 400 V, 8 mA,
3.5 sccm; in situ transfer ->

Metallization contacts

* 50 nm AuGe; 50 nm Au (use angular deposition)
-> lift-off in acetone -> IPA -> DIW

205



C. Recipes for the fabrication of microscopic three-dimensional HgTe-based device

structures

MIBK cleaning: One night in MIBK @ 50 °C right before the topgate application.

I1l. EBL ALD Topgate

IV. Outer Contacts

206

Resist

*  PMMA 600K 6%; 40 s @ 6000 rpm, 10 min @ 80 °C

Exposure

*  6.5kV; 204.8 um 387X; 310 uC/cm?; 6.25 nm = 2 px;
30 pum aperture; 10 mm working distance

Development

* 1min10sin AR 656:IPA 1:1->IPA (=60 s)

Oxygen plasma miniclean

* execute a oxygen plasma miniclean in ICP or RIE

ALD HfO, H,0 Hf

* Pulse 200 ms; 50 ms; Purge 200 s; Sat. 10 s; 90 cyc.
(standard 30°C process)

Metallization gate

*  5nmTi; 100 nm Au (use angular deposition)
-> lift-off in acetone -> IPA -> DIW

Negative resist

* ARN4340; 20 s @ 6000 rpm; 2 min @ 80°C

Exposure

*  20s; post exposure bake 6 min @ 80°C

Development

* 42sin AR 300-47 -> DIW

Oxygen plasma miniclean

* execute a oxygen plasma miniclean in ICP or RIE

lon milling cleaning

e =10s;400V, 400V, 8 mA, 3.5 sccm; in situ transfer ->

Metallization leads

* 80 nm AuGe; 80 nm Au (use angular deposition)
-> lift-off in acetone -> IPA -> DIW
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