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Chapter 1
Introduction

The band theory describing the electric conduction was developed in the 1920s
by Bloch and further improved over the next decade [1]. Within this theory, solids
were divided into metals and insulators. Insulators are materials with a fully oc-
cupied valence band separated by an energy gap from the empty conduction
band, such that they do not allow the flow of free charges. However, in conduc-
tors there is no band gap between valence and conduction band. Here, electrons
are free to move from the valence to the conduction band. Wilson later added the
class of semiconductors which have a band gap size in between an insulator and
conductor [2]. The discovery of the quantum Hall effect of a two-dimensional
electron gas in 1980 by Klaus von Klitzing [3, 4] however suggested that there
are more classes than only the three already mentioned. Intriguingly, by apply-
ing a perpendicular external magnetic field at low temperatures the bulk of the
two-dimensional electron gas is an insulator while simultaneously conducting
states are present at the edge of the sample. Duncan Haldane, David Thouless
and Michael Kosterlitz all contributed remarkably to explain such a behavior in
the framework of topological band theory and phases. They were awarded the
Nobel Prize in Physics in 2016 , for theoretical discoveries of topological phase
transitions and topological phases of matter “ [5]. Topological insulators (TIs) are
the most prominent example of such a topological phase of matter. Like an ordi-
nary insulator they have a bulk band gap but simultaneously host conducting

states on their surface.

Topological insulators gained rapid interest after the works of Kane and Mele
were published in 2005 [6, 7] and in which they introduced the quantum spin Hall
effect in the absence of an external magnetic field as a 2D topological insulator.
Shortly after, Bernevig et al. [8] theoretically proposed HgCdTe to be a topologi-
cal insulator. The first experimental realization of a TI was achieved in 2007 by

Konig et al. [9] in HgTe quantum wells. Following these exciting discoveries the
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tield of topological matter rapidly grew and the hunt for further topological ma-
terials went ahead. 3D topological insulators were first predicted in 2007 [10]
and the 3D TI nature was experimentally confirmed by surface-sensitive angle-
resolved photoemission spectroscopy (ARPES) on Bi;_,Sb, crystals a year later
[11]. The family of Bi,Ses, Bi,Te; and Sb,Te; was introduced as a second genera-
tion of 3D topological insulators and confirmed by ARPES experiments shortly
after [12-14].

In order to enhance the surface dominated conduction and minimize the bulk
contribution several approaches were suggested. Growing topological materi-
als as thin films by molecular beam epitaxy (MBE) is a promising direction to
achieve better crystal quality. The MBE technique opens up new possibilities in
terms of thickness control, heterostructure growth or the precise doping of a ma-
terial. This thin film deposition technique is introduced in chapter 3.

Chapter 4 of this work describes the growth of a bulk-insulating 3D topological
insulator film by molecular beam epitaxy. (Bi;_,Sb,).Tes thin films are grown by
combining n-type Bi;Te; and p-type Sb,Te; in the optimal ratio to engineer the
bandstructure of the material [15].

Chapter 5 introduces an exciting phenomena which occurs when a topological
insulator is doped with a magnetic element. Here, (Bi;_,Sb,).Te; is doped with
vanadium. The vanadium-doping introduces a spontaneous magnetization into
the topological surface states which breaks time-reversal symmetry and opens
up a magnetic exchange gap. Tuning the Fermi level into this gap gives rise to
the quantum anomalous Hall effect.

The following chapter 6 discusses the MBE-growth of Sn;_,In,Te which is pre-
dicted to be a topological superconductor, another fascinating topological mate-
rial [16, 17]. Topological superconductors are of particular interest because they
are predicted to host Majorana fermions which are a building block for quantum
computation [16, 18].

The final chapter of this thesis, chapter 7, presents another TI growth approach
called selective area growth. By patterning substrates into nano-structures, topo-
logical insulator thin films are constricted into quasi-1D-structures. The prospect
of realizing Majorana fermions at the end of selectively grown topological insu-
lator nanowires by proximitizing them with a superconductor [19, 20] paves the

way for many exciting applications in spintronics and quantum computation.
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Theoretical background
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This chapter gives a basic introduction into the topological phases discussed in
this work. It starts with the theoretical concept of topological insulators, followed
by magnetically doped topological insulators (with the focus on the quantum

anomalous Hall effect) and the last section offers an overview on topological

superconductivity.
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2.1 Introduction into topological insulators

(8) © Vacuum (b)
b—s

2D TI

Figure 2.1: Edge and surface states of 2D and 3D topological insulators. (a) Schematic
picture of a 2D topological insulator with 1D helical edge states. (b) Schematic picture
of a 3D topological insulator with 2D helical surface states. The arrows indicate spin up
(red) and spin down (blue).

Topological insulators (TI) are a new class of quantum materials with unique
properties. They have an insulating bulk and metallic surface or edge states. A
2D topological insulator hosts 1D edge channels, whereas a 3D topological insulator
exhibits 2D surface states on its boundary, as illustrated in Fig. 2.1. The surface
or edge states feature gapless states in the electronic band structure, while the
bulk exhibits an energy gap. The concept of the occurrence of gapless surface
states is called bulk-boundary correspondence [21]. The surface states have a
linear energy dispersion resembling Dirac electrons and are protected by time-
reversal symmetry, which makes them robust against disorder. An odd number
of Dirac cones appears per TI surface and the topological surface states are spin
non-degenerate. They appear due to strong spin-orbit coupling (SOC) causing
an inversion of the electronic bands (see Fig. 2.2). As a result of the large SOC,
the spin of the electrons is locked to its momentum such that the electrons with
opposite spin are separated along the TI edges (see Fig. 2.1).

21.1 Topology and quantum Hall effect

The term topological originates from a branch of mathematics which studies the
properties of geometric objects under smooth deformations [22]. A common ex-
ample is the coffee cup which can be smoothly transformed into a torus. The
topological structure, or the genus (= the number of holes), of a torus and coffee
cup is the same: g = 1. However, a sphere (¢ = 0) and a torus (¢ = 1) have a
different genus such that they cannot be smoothly transformed into one another
(see Fig. 2.3).
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Figure 2.2: Schematic of an ordinary and a topological insulator bandstructure. (a) In
an ordinary insulator the conduction (blue) and valence (green) band are separated by an
energy gap. (b) In a topological insulator, the energy gap has been closed and re-opened
again due to the inversion of the conductance and valence band. The conducting sur-
face states (red) appear at the interface between a topological insulator and an ordinary
insulator due to the non-trivial topological nature of the TIs.

g:

Figure 2.3: Comparison of the genus of a cup, ball and torus. The cup and the torus
have genus g = 1 and can be transformed smoothly into one another, while the ball has
genus g = 0 and thus is topologically different.

The first example of a system which was considered to be topological non-
trivial (but time-reversal broken) was the quantum Hall effect. At high magnetic
tields and low temperatures, the electrons in the bulk of a two-dimensional elec-
tron gas (2DEG) move in circular orbits with the cyclotron frequency wc. At the
boundary between the 2DEG and the vacuum, electrons skip along the edge
since their circular path is interrupted, as sketched in Fig. 2.4. The electrons are
constrained by the magnetic field to travel only in one direction which leads to
a 1D chiral metallic edge state [23]. In 1980, von Klitzing showed that the Hall
resistivity for such a system does not increase linearly with magnetic field, as
it is the case for the ordinary Hall effect. Instead, the longitudinal conductivity
becomes zero, while the Hall conductivity quantizes in units of integer multiples
of 2 /h:

Oy = N%, 2.1)



6 Chapter 2. Theoretical background

Figure 2.4: Illustration of the
quantum Hall effect with the
edge conductance carried by cy-
clotron orbits. (modified from
[25])

with N =1, 2,3..., h=Planck’s constant, e = elementary charge [3, 4]. Analogous
to the mathematical description of the genus, a topological invariant n € Z was
introduced by Thouless, Kohmoto, Nightingale and den Nijs (TKKN) [24] to
distinguish between topologically trivial (n = 0) and the topologically non-trivial
quantum Hall (n # 0) state. Within the TKKN theory, it was found that the TKKN
invariant n is closely related to the integer NV in equation 2.1 and equal to the
so-called Chern number.

2.1.2 Berry phase and Chern number

Figure 2.5: Illustration of the
geometric phase. Parallel trans-
port of a vector v; on a spher-
ical surface around a closed
path P. Reprinted by permis-
sion from Science 317, 5858, pp.
1889-1892 (2007), Observation
of Berry’s Phase in a Solid-State
Qubit; P. J. Leek et al., Copy-
right (2007), [26]

»Y

The Berry phase and the Chern number can both be used to characterize
topological systems by applying mathematical concepts. The Berry phase is a
geometric phase which a quantum mechanical system gains after completing
a closed path in parameter space [21]. An intuitive classical example of such a
geometric phase is demonstrated by the parallel transport of a vector depicted
in Fig. 2.5. Here, the parallel transport of a vector v; on a spherical surface start-
ing from the north pole around a closed path P is shown. The vector v; points
towards south at all times. After completing the closed path P, the vector arrives
back at the north pole. Here, the final state of the vector v; has rotated by an
angle ¢ in respect to its starting point, consequently it has gained an additional
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phase. Berry presented a formulation of a quantum mechanical analogous of
such a classical geometric phase in his work.

Consider a physical system which is described by the Hamiltonian H# = H(R),
where R = R(?) is a set of time-dependent parameters. The eigenvalues are given
by E,(R) and the n-th eigenstate is written as |n, R(t)), such that the Schrodinger
equation for the system is given by [21]:

H(R(1))[n, R(t)) = Ea(R(t))|n, R(1)). (2.2)

When R(t) adiabatically changes while moving along a closed path C, starting
in a state |n, R(0)), Berry showed that the time evolution follows H(R(t))|n,t) =

ih% In, t) and the time-dependent state is given by [27]:

In,t) = exp(%i/o dt'En(R(t’))) exp(iy,(t))|n, R(t)). (2.3)

The first exponential term is conventionally called dynamical phase factor. Berry
points the attention to the second exponential term in equation 2.3 [27]. When
we consider R traveling along a closed path C starting at a time ¢ = 0 and ending
att =T, such that R(7") = R(0), the Berry phase 7,(C) is defined as [21]:

1(C) =i 7{0 (n, R|V zln, R)dR. 2.4)

The term

is called the Berry connection and resembles the vector potential in electrody-
namics. By applying Stoke’s theorem, we can derive its curl, the Berry curvature,

similar to the magnetic induction in electrodynamics, as:
B,(R) = Vg x A,(R). (2.6)

With equations 2.5 and 2.6, we can now rewrite the Berry phase in equation 2.4

as the integral

Tn(C) = —z'fcdR-An(R) = —/SdS-Bn(R). (2.7)

Berry found that the phase the system acquires while moving along the closed
loop C is independent of the surface which is calculated for the integral.
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The Chern number is equal to the phase that a wavefunction accumulates when
it travels along a closed loop, hence it is also referred to as a winding number. It

is a topological invariant and can be written as:
d’k (Oa da
Ch = = ), 2.8
/BZ 27 < Oky Ok, ) 8)

Here, the Berry connection is given by a, (k) = —i(u, (k)|0/0k|u,(k)) with Bloch
wavefunctions |u,(k)), where k moves along a closed path. With Stoke’s theorem

one can rewrite equation 2.8 as:

Ch= 2 ¢ dk-a, (k). (2.9)
21 Jonz

The Chern number is used to classify topological trivial and non-trivial sys-
tems. It corresponds to the previously described genus g. In the case of a topo-
logical insulator, the Chern number is non-zero (Ch # 0). The wavefunction in a
trivial insulator however will not acquire an additional phase 7, while moving
in a closed path around the Brillouin zone, which gives a zero Chern number
(Ch = 0). Thouless, Kohmoto, Nightingale and den Nijs [24] showed that the
invariant NV € Z in equation 2.1 to describe the quantized Hall conductance has
the same form as the Chern number. Given that the Chern number is a topologi-
cal invariant, this helps to describe the quantum Hall effect. Considering the QH
system shown in Fig. 2.4, the 2DEG material is topologically different (Ch # 1)
from the insulator (vacuum) at its boundary (C'h = 0). Consequently, a gap has to
close at the 2DEG-vacuum-interface and an edge state appears at the boundary

due to the concept of bulk-boundary correspondence [21, 24, 28].
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Figure 2.6: Illustration of the quantum
spin Hall effect. Spin up and spin down
carriers flow in opposite directions on the
edge of the sample without an external
magnetic field. (modified from [25])

2.1.3 Quantum spin Hall effect

High magnetic fields and low temperatures are two disadvantages of the quan-
tum Hall effect. Furthermore, time-reversal symmetry is broken by an exter-
nal magnetic field. It took until the works of Kane and Mele [6, 7] in 2005 and
Bernevig and Zhang in 2006 [8, 29], in which they introduced the quantum spin
Hall effect (QSHE) as a time-reversal invariant 2D topological insulator. Within
this system, strong spin-orbit coupling plays an equivalent role to that of an ex-
ternal magnetic field in a quantum Hall system. Due to the spin-orbit coupling,
the spin of the electrons is locked to its momentum such that the electrons with
opposite spin are separated along the edges of the system. These edge states are
called helical edge states. The QSHE can be seen as a superposition of two quan-
tum Hall states with spin-polarized chiral edge channels, as illustrated in Fig. 2.6
[21]. Such a system was experimentally first realized in 2007 in HgTe quantum
wells [9].

The helical edge channels in the quantum spin Hall insulator are protected by
time-reversal symmetry which prevents backscattering. When an electron moves
along an edge channel and meets a non-magnetic impurity, it is reflected and all
the possible backscattering paths interfere destructively [17]. A schematic pic-
ture of the probable backscattering events is illustrated in Fig. 2.7. An electron
can either move clockwise (top, blue) or anti-clockwise (bottom, red) around a
non-magnetic impurity. Given that only the spin-down electrons can propagate
backwards, the electron spin has to either rotate by = or —7 to point in the other
direction. The total phase difference of the two paths is now = — (—7) = 27. Since
the wavefunction of a spin - /2 - particle picks up a negative sign upon a rotation
by 27, two backscattering paths always interfere destructively [17].
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Figure 2.7: Absence of backscattering at

the quantum spin Hall edge. An electron

moves along a path on the quantum spin L
Hall edge and scatters at a non-magnetic
impurity. The electron spin rotates by 7
around the blue curve (top). The electron
spin rotates by —m around the red curve
(bottom). The total phase difference is
now 7 — (—m) = 2m, such that the paths in-
terfere destructively and by this suppress ) .
backscattering. Reprinted figure with per-
mission from X.L. Qi and S.C. Zhang, Rev.
Mod. Phys 83, 1057 (2011). Copyright 2011
by the American Physical Society; [17]

2.1.4 Time-reversal symmetry and Z, invariant

The quantum Hall state and the quantum spin Hall state are both topologically
different from a trivial insulator. However, while time-reversal symmetry is bro-
ken by an external magnetic field in the case of the quantum Hall effect, it is
not broken for the quantum spin Hall effect. In their work from 2005 [7], Kane
and Mele introduced a new topological invariant to describe such a topological
non-trivial systems in which the time-reversal symmetry is preserved. This in-
variant is characterized by the Z, classification, analogous to the classification
within the TKKN formalism of the quantum Hall state [7]. An invariant v, within
the Z, topology can distinguish a trivial (v = 0) from a time-reversal invariant
non-trivial insulator (v, = 1).

Lets first consider a time-reversal operator for spin-1!/2-particles: © = —is, K.
Here, K is the complex conjugate and s, is the y-component of the spin operator.
O has the important property ©? = —1 [21]. Time-reversal symmetry reverses
the spin of an electron: Os; = s and Os| = —s;.

When H is a Hamiltonian of a periodic system and preserves time-reversal
symmetry, which implies that the Hamiltonian /' and the TR-operator © com-
mute ([H, O] = 0), then the Bloch Hamiltonian H (k) = exp(—ik - r)H exp(ik - r)
fulfills [30]:

H(-k) =0H(k)O (2.10)

Equation 2.10 implies that in a system with time-reversal symmetry, for every
eigenstate with momentum k, the time-reversal state with momentum —k (and
opposite spin) has the same energy and is an eigenstate as well. This is called the

Kramers theorem. The two eigenstates must be at least two-fold degenerate [21,
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28]. Spin-orbit coupling can split the degeneracy, but it is conserved at special
points k = I'; in the Brillouin zone called time-reversal invariant momenta (TRIM),

where +k and —k are equivalent [21].

Figure 2.8: Time-reversal invariant momenta (TRIM) in the Brillouin zone: (a) The
TRIM of the 2D bulk square Brillouin zone (red dots) I';; are projected onto the two
edge momenta A,. (b) The TRIM of the 3D cubic bulk Brillouin zone (red dots) I';; are
projected onto the four 2D-surface momenta A,. (modified from [31])

In two dimensions, four TRIM points in a square 2D Brillouin zone are pro-
jected onto the 1D edge (see Fig. 2.8(a)), while in three dimensions, there are
eight distinct TRIM points in the 3D cubic Brillouin zone projected onto the 2D
surface (see Fig. 2.8(b)) [7]. The Z, index reflects the number of times an edge
state crosses the Fermi level between the TRIM points in the Brillouin zone. De-
pending on whether the number is even (1 = 0) or odd (vy = 1), the system is
considered trivial or non-trivial [21]. Figure 2.9 shows the electronic dispersion
in the Brillouin zone between two TRIM points I', = 0 and I', = 7/a. The conduc-
tion and valence band are separated by an energy gap. Spin-degenerate points
can be seen at the edge of the Brillouin zone at the TRIM points, whereas the
degeneracy is split in-between, away from I', and I';,. In Fig. 2.9(a) the states at
ky« = 0 and k, = 7/a are connected as pairs and the bands cross the Fermi energy
at an even number of points. The material is topologically trivial (1, = 0). The
situation in Fig. 2.9(b) is different, since here the bands switch at the edge of the
Brillouin zone and the Fermi energy is intersected only once (odd), which means
the material is topologically non-trivial (v, = 1) and hosts metallic states on the
boundary [7, 28].

These studies can now be generalized for three dimensions. 3D topological
insulators with topological protected surface states were first predicted by Fu
and Kane [10] in 2007 and experimentally confirmed a year later [11]. The basic
building block material discussed in this thesis (Bi;_,Sb,).Tes (BST) is a 3D topo-

logical insulator.
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Figure 2.9: Schematic of the 2D electronic dispersion between two Kramers degener-
ate points I'y = 0 and I', = 7/a: (a) The number of surface states crossing the Fermi
energy Er is even, which means the material is topologically trivial vy = 0. (b) The num-
ber of surface states crossing the Fermi energy Er is odd, which means the material is
topologically non-trivial vy = 1. Note, that only half of the Brillouin zone from 0 to 7/a is
shown, since the other half is the mirror image. Reprinted figure with permission from
M. Hasan and C. Kane, Rev. Mod. Phys 82, 3045 (2010). Copyright 2010 by the American
Physical Society; [28]

The 3D cubic Brillouin zone hosts eight TRIM points sitting on the vertices
of the cube (see Fig. 2.8(b)). They can be described by the primitive reciprocal
lattice vectors I'i—(n,nony) = (n1b1 + naby + nsbs), with n; = 0,1 [31]. In the
classification for the three-dimensional case, the number of topological invariants
was increased to four Z,-invariants (vy; vq, 15, v3) [10, 30, 31]. The invariants are

defined as:
(_1)110 = H 5”1%27”3 (211)
n;=0,1
(—1)n=123 — H Oz (2.12)
nix£;=0;n;=1

with the parity invariant J; = ngl &m(L;) [31]. Here, &, + 1 is the parity eigen-
value of the m-th occupied band at the TRIM point (I}).

Fu, Kane and Mele distinguish 16 different classes of topological insulators
in their paper [10] and introduce strong (v, = 1) and weak (v = 0 and any of
y; for i = 1, 2,3 is odd) topological insulators. When all four invariants are zero

(vo = 1 = 1n, = v3 = 0), the system is a trivial insulator.

Figure 2.10 shows a schematic of the Fermi circle in the 2D surface Brillouin
zone of a 3D topological insulator with four TRIM points I'; 5 3 4. The Brillouin
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Figure 2.10: Schematic of the Fermi surface in the Brillouin zone. (a) An even number
of TRIM points are enclosed by the Fermi surface in a weak topological insulator. (b), (c)
Fermi circle in the surface Brillouin zone of the simplest strong topological insulator with
a single TRIM point enclosed by the Fermi surface. Reprinted figure with permission
from M. Hasan and C. Kane, Rev. Mod. Phys 82, 3045 (2010). Copyright 2010 by the
American Physical Society; [28]

zone of a weak topological insulator is illustrated in Fig. 2.10 (a). An even num-
ber of TRIM points is enclosed by the Fermi surface. For the strong topological
insulator, an odd number of Dirac points have to be enclosed by the Fermi sur-
face. The surface Brillouin zone of the simplest strong topological insulator is
illustrated in Fig. 2.10 (b) and shows that the Fermi surface encloses a single
TRIM point.
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2.2 Magnetically doped topological insulators

2.21 Introduction to the Hall family

Magnetic field B,

@ 1111

(b) lEy — l_

Figure 2.11: Schematic illustration of the ordinary Hall effect: (a) Current flows in
z-direction through a sample placed in a magnetic field in z-direction. (b) Electrons
accumulate on one side of the sample, while positive charges are present on the opposite
side due to the Lorentz force. (adapted from [32])

The ordinary Hall effect (OHE) was discovered by Edwin Hall in 1879 [32, 33].
When a current runs through a conducting sample in a homogeneous magnetic
tield, the charges accumulate on the edges of the sample and by this gener-
ate a voltage. In Fig. 2.11(a) a transverse magnetic field is applied to a sample
in z-direction while a current j, is applied in longitudinal z-direction. Due to
the Lorentz force Fy,, the electrons are deflected in the negative y-direction (see
Fig. 2.11(b)):

R = —EU % H. (2.13)

The transverse electric field E, will balance the Lorentz force once it is in

equilibrium and the current is flowing in z-direction only. Now the electric field

E, will generate a voltage across the sample with UH:%, with W being the
width of the sample.

The ratio of the electrical field E, and the current density j, is called magne-
toresistance p:

p== (2.14)
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UXX

Figure 2.12: Optical image for a
standard Hall bar device. The cur-
rent flows from contact 1 to 4. The
longitudinal (transversal) voltage is
measured between contact 2 and 3
(5 and 6). Additionally, a gate is
added to this device. L and W de-
pict the length and width of the Hall-
bar.

Another important quantity is the Hall coefficient Ry. It relates the induced trans-
verse electrical field E, to the magnetic field (see equation 2.15). Since E, points
to the negative direction, the Hall coefficient Ry should be negative as well. In
the case of positive charges, the sign will be reversed. Thus, by measuring the
Hall coefficient one can determine the carrier type and concentration n:

E, 1

Ry = = ——. 2.15
H JoB ne ( )

The Hall coefficient can be easily extracted from the slope d/dB Ry, of the
Hall resistance Ry, in magnetic field, with R, = RH%.
Using the Hall coefficient one can now calculate the mobility of the carriers

with:
1

= R_Hp
In the scope of this work, the resistance is often defined as the sheet resistance
Rp = Bx=W /L with the longitudinal resistance R, and width W and length L be-
tween the Hall contacts. An optical photo of a typical Hall-bar device used for

(2.16)

transport measurements in this thesis is shown in Fig. 2.12.

Two years after the discovery of the ordinary Hall effect, Hall noticed that the
effect is ten times larger in a ferromagnetic material (FM). The reason for this is
the spontaneous magnetization of the ferromagnetic material and this effect was
later known as the anomalous Hall effect (AHE) [34]. The AHE can be measured
in zero magnetic field, since the ferromagnetic material keeps its magnetization.
The external magnetic field which is necessary in the OHE, is replaced by an in-
ternal magnetization in the anomalous Hall effect. Its origin lies in the spin-orbit
coupling and appears in materials with broken time-reversal symmetry [35]. It
was experimentally found that the relation between Hall resistivity p,, and ap-
plied magnetic field behaves differently in a ferromagnetic and non-magnetic
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material. It behaves linearly in non-magnetic materials. However, in ferromag-
netic materials the resistivity increases in low magnetic fields and saturates for
higher fields. In this case the most common empirical relation for the Hall re-
sistance is given by a term for the ordinary Hall and for the anomalous Hall

contribution [35]:

where the Hall coefficient Ry mainly depends on the carriers and the anomalous
Hall coefficient Ry depends on material specific parameters and particularly the

longitudinal resistivity p,,.
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Figure 2.13: Ordinary Hall effect and anomalous Hall effect. (a) Classical relation be-
tween magnetic field and resistance of the ordinary Hall effect. (b) Relation between mag-
netic field and resistance of the anomalous Hall effect. (¢) Measurement of a vanadium-
doped (Bij_,Sb,)2Tes film which shows a hysteresis loop indicating a ferromagnetic
order. Both, the ordinary and the anomalous Hall contribution can be identified in the
measurement result. (modified from [36])
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Hall effect Quantum Hall effect

Anomalous Hall effect Quantum anomalous Hall effect

Figure 2.14: Schematic illustration of the Hall family: ordinary Hall effect (OHE, top
left), quantum Hall effect (QHE, top right), anomalous Hall effect (AHE, bottom left) and
quantum anomalous Hall effect (QAHE, bottom right). M is the intrinsic magnetization
and H is the external magnetic field. (modified from [25, 37])
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2.2.2 Quantum anomalous Hall effect

2221 Introduction into the quantum anomalous Hall effect

(a) a E
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Figure 2.15: Schematic of the Dirac dispersion of the topological surface states of a
topological insulator and the gaped dispersion in a magnetic topological insulator.
(a) Dirac-like dispersion of a topological insulator. (b) Introducing magnetic dopants
breaks the time-reversal symmetry and opens an exchange gap in the topological surface
states. (c) When the Fermi level is within the magnetic exchange gap, a chiral edge mode
appears on the edge of the sample.

The quantum anomalous Hall effect is the quantized version of the anoma-
lous Hall effect and hosts dissipationless edge current similar to the case of the
quantum Hall effect, however, it does not require an external magnetic field (see
Fig. 2.14). Even though Haldane proposed the QAHE already in 1988 [38], it took
until the discovery of topological insulators and the achievement of the quantum
spin Hall effect [9] to stir up the realization of a concrete system which exhibits
the quantum anomalous Hall effect [39].

Magnetic doping of a topological insulator induces a spontaneous magneti-
zation into the topological surface states which breaks time-reversal symmetry
(TRS). Breaking the TRS in a system leads to the opening of a magnetic gap in
the Dirac dispersion. When the Fermi level is within the magnetic exchange gap,
a chiral edge mode appears on the edge of the sample and the Hall conductivity
is quantized in units of e?/h (see Fig. 2.15) [39-45].

The quantum anomalous Hall effect can be constructed from a 3D magnetic
topological insulator [43, 45-47]. As illustrated in Fig. 2.16, the out-of-plane mag-
netization M, leads to the opening of a magnetic exchange gap m in the top and
bottom surface of a 3D topological insulator. The 2D surface states of such a mag-
netically doped 3D topological insulator can be mathematically described by the
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following Dirac Hamiltonian [40, 46]:
H = vp(—kyo, + kyo,) £ mo.. (2.18)

Here, vy is the Fermi velocity, m is the magnetic exchange gap along the out-of-
plane axis, k, and k, are momenta and o,, 0, and o, are the Pauli matrices for the
spin. & represents the top and bottom surface. Solving the Schrodinger equation

for this Hamiltonian results in the energy dispersion [28]:

E = +4/v2 +m2, (2.19)

which has an energy gap 2|m| at k = 0.

The normal vectors along the out-of-plane magnetization axis for the top and
bottom surface point in opposite directions, resulting in a positive gap +m for the
top surface and a negative gap —m for the bottom surface, as shown in Fig. 2.16
[46]. Due to their opposite magnetization direction, the two surfaces belong to a
different topological class. The bulk-boundary correspondence now imposes the
occurrence of a gapless, metallic edge state carrying a quantized conductance
e?/h at the interface between top and bottom surface [46, 47].

top

+
‘}_ M surface

side

‘ surface

' bottom

+-m surface

Figure 2.16: Schematic of a magnetic topological insulator with out-of-plane magneti-
zation M. Due to the time-reversal symmetry breaking by introducing a magnetization,
the top and bottom surface of the magnetically doped topological insulator have a gap
+m opening, while a 1D chiral edge mode forms at the boundary in between.
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The experimental signatures of the quantum anomalous Hall effect are a
quantization of the Hall resistivity p,, in units of h/e?, while the longitudinal
resistivity p,, vanishes:

h
Pye = = (2.21)

(&

Accordingly, the conductivities are given by:

Paa

S " 2.22

T T Poz (222
2

R L — (2.23)

Atk h
The experimental steps to achieve the quantum anomalous Hall effect in a topo-
logical insulator film are [45]:

¢ Grow a thin, bulk-insulating topological insulator film.

* Introduce long-range ferromagnetic order by doping the film with mag-
netic atoms. This will break the time-reversal symmetry of the TI and open

an energy gap at the Dirac point.

¢ Tune the Fermi level into the magnetically induced energy gap.
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2.2.2.2 Magnetism in magnetically doped topological insulators

Magnetism in topological insulators can in general be realized by either the mag-
netic proximity effect or by doping the TI with magnetic dopants. It was pre-
dicted that ferromagnetism in topological insulators can be established by chem-

ical doping with 3d transition metal elements [39, 48, 49].

In the first experiments in which materials
such as BiSe;, Bi,Te; and Sb,Te; were mag- @ 4 \ £ \
netically doped, they were treated like diluted } é? i
magnetic semiconductors [50-53]. The knowl-

edge gained in these studies was transferred

(b)
to transition metal-doping of topological insula- K’\

tors. Neighboring magnetic dopants in magnet- F f

-

Eo

ically doped semiconductor can be aligned by

the Ruderman-Kittel-Kasuya-Yosida (RKKY) interac- Figure 2.17: (a) RKKY cou-
pling mechanism: Magnetic
ions couple indirectly via
couple indirectly via free conduction electrons free electrons. (b) Van Vleck

(see Fig. 2.17 (a)) [54]. The disadvantage of this coupling mechanism: Mag-
netic ions couple indirectly

via interaction between occu-
disturb the quantum anomalous Hall effect by pied and unoccupied electron

introducing additional conduction channels [37, bands.(modified from [37])
55].

tion. In this coupling mechanism, magnetic ions

type of mechanism is that free electrons can

Yu et al. [39] predicted Van Vleck mechanism as another possible mechanism
for magnetic exchange. This type of magnetism is a quantum mechanical second
order perturbation effect without any itinerant carriers (see Fig. 2.17 (b)) [56]. In
their work, Yu et al. assumed that the magnetic exchange among local moments
is carried by electrons upon doping Bi,Ses, Bi;Te; or Sb,Te; with 3d transition
metals such as chromium or iron. The free energy of the system in an external

magnetic field H is considered to be [39]:

1 1
Ftotal - §X21M[2/ + §X;1Me2 - Jef‘fMLMe - (ML + Me)H7 (224)

with the spin susceptibility x, (x.) and the magnetization M}, (M.) of the local
moments (band electrons). J.¢ is the magnetic exchange coupling between local
moments and band electrons. It was found that the Van Vleck mechanism can
give rise to a large spin susceptibility of the band electrons x., so that they directly

couple to the magnetic moments and thus result in a non-zero magnetization
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without an external magnetic field H. This spin susceptibility for temperatures
much less than the band gap can be written as:

- y (nk|S.|mk) (mk| 3. |nk)
e D S N wa— (2.25)

Ergo <3 E o>

Here, p is the Fermi energy, 1o is the vacuum permeability, up is the Bohr
magneton, S, is the electron spin operator and |mk) and |nk) are Block wave-
functions in the conduction and valence band. In an ordinary insulator, valence
and conduction band are separated by an energy gap such that |mk) and |nk) do
not mix and x. is minimal [47]. However, in the Bi,Se; family the strong spin-
orbit coupling causes a band inversion of valence and conduction band, and
hence the mixing of the |mk) and |nk) wavefunctions. This leads to a large ma-
trix element (nk|S.|mk) which contributes to the van Vleck spin susceptibility.
Chang et al. [57] claimed to have found indications for Van Vleck interaction in
5nm-thin Cry 95(Bi,Sb;_,)1 7sTes films. In their work, the bismuth-antimony ratio
was changed to tune the carrier type, while the Cr-dopants and film thickness
was kept constant. The Curie temperature 7 was almost constant regardless of
the change from n- to p-type. Additionally, they observe no change in the coer-
cive field Hc in the gate-voltage dependent measurement of the anomalous Hall
effect measurements.
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2.3 Topological superconductivity

2.3.1 Introduction into topological superconductivity

After the discovery of the time-reversal invariant (TRI) topological insulators [7],
the study of their superconducting counterpart, the topological superconductors,
gained interest [58, 59], even though Read and Green proposed a non-trivial 2D
p + ip-superconductor already in 2000 [60]. Several approaches to engineer a
topological superconductor have been proposed. Among them doping a topo-
logical insulator to achieve a bulk superconductor, as it was found in Cu,Bi,Se;
[61, 62], or, following a proposal by Fu and Kane [63], proximitizing a topological
insulator with a superconductor and thus inducing superconductivity into the
TI surface states. The second approach will be discussed in detail in chapter 2.3.5
and chapter 6. Particularly the prospect of topological superconductors hosting
Majorana fermions, which are a building block for quantum computation, makes
this material class interesting [16, 18].

Just like topological insulators, topological superconductors exhibit gapless
excitation on their boundary. These excitation are not electrons or holes as it is
the case for TIs, but superpositions of both. They are called Bogoliubov quasi-
particles or Bogolons. The surface states are called Andreev bound states and
depend on the symmetries a material holds. Topological superconductors can be
classified foremost by such symmetries [64].

Topological superconductors can be time-reversal breaking or time-reversal in-
variant. A 2D chiral topological superconductor which breaks time-reversal sym-
metry, can be seen as the superconducting variant of the quantum Hall effect,
as illustrated in the top row of Fig. 2.18 [17, 65]. Whereas the quantum Hall
insulator is classified by the Chern number, time-reversal breaking topological
superconductors are categorized by an integer [60]. The quantum Hall state with
Chern number N hosts NV chiral edge states. The 2D chiral superconductor in
comparison exhibits N’ chiral Majorana edge states which exhibit half the degree
of freedom of the QHE. The same comparison can be drawn for the quantum
spin Hall effect and its superconducting analogous, the helical superconductor,
shown in the bottom row of Fig. 2.18. Here, fermions with spin up are in a p, +ip,

state, while spin down fermions are in the p, — ip, state [17].
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Figure 2.18: Schematic comparison of the quantum Hall state and a 2D chiral super-
conductor (top row); the quantum spin Hall state and a 2D helical superconductor
(bottom row). In the top row, both systems exhibit TR-broken symmetry and host chi-
ral edge modes. Bottom row: TRS is present in both systems and they exhibit helical
edge states. Reprinted figure with permission from X.L. Qi ef al., PRL 102, 187001 (2009).
Copyright 2009 by the American Physical Society; [58]

2.3.2 Short recap: Conventional superconductivity

Certain materials become superconducting when cooled down below a critical
temperature 7- which manifests in a vanishing resistance. This phenomena was
discovered in 1911 by Heike Kamerlingh Onnes when he cooled down a mercury
wire and found that its resistance suddenly vanishes at a critical temperature of
42K [66]. Further investigation of the superconducting state demonstrated a
critical current I which is defined as the maximum current that can flow at
zero resistance. The magnetic properties of superconductors were investigated
by Meissner and Ochsenfeld [67]. They showed in 1933 that a magnetic field can-
not enter a superconductor below a critical temperature 7 and up to a critical
field Hc, which makes superconductors perfect diamagnets with a susceptibility
of x = —1. Additionally, a characteristic length called London penetration length
A1, was later found, which defines a narrow region at the boundary of a super-
conductor in which the magnetic field can enter but decays exponentially [68].
Bardeen, Cooper and Schrieffer developed a theory to explain the origin of su-
perconductivity known as the BCS-theory. It was published in 1957, 46 years
after the experimental discovery of superconductivity [69, 70]. The BCS-theory
describes how so-called Cooper pairs of electrons are created and annihilated
in a superconductor as a result of interactions between phonons and electrons.
This interaction overcomes the Coulomb repulsion and a minimum energy of
E, = 2A(T) (with the energy gap A) is required to break a Cooper pair apart
[71].
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K:83) Vs s,k k)

(k, s,) Figure 2.19: Illustration of the pairing in-
* "2/ teraction Vs, 505354 (K, k') (modified from

(-k, s4) [64, 73])
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2.3.3 The Bogoliubov-de Gennes equation

A single-band Hamiltonian can be written as [16, 72]:

1 *
H = Z 681s2(k)CL510k82+§ Z <A81S2(k)ckslc_kSZ—l—Aslsz(k)cLSlcT_k82>. (2.26)

k,s1,52 k,s1,s2

The electrons with spin s and momentum k are represented by the annihilation
cks and creation cf , operators, and the spin-dependent energy operator e,,, (k).
Within the BCS theory, the formation of Cooper pairs results in a non-zero expec-
tation value < ¢y, c_xs, > and < cLSlcikSQ >. Thus, the pairing potential A, (k)

can be defined as:

Ao (k) = = D Vinsa (K K) < gy Cops, > (2.27)

k/,s3,54

Here, V;, 5,5, (k, k') describes the pairing interaction between electrons. Two elec-
trons in the states (k, s1) and (—k, s2) interact, owing to the scattering by phonons,
and end up in the states (k', s3) and (—k’, s4) as illustrated in Fig. 2.19.

Equation 2.26 can be rewritten by introducing the Bogoliubov-de Gennes (BdG)

Hamiltonian Hgqg:

H :% > (clecksl)HBdG(k) (i“” ) - (2.28)

k,s1,s2 C_kSQ

Within equation 2.28, the BAG-Hamiltonian is given by a 4x4-matrix and a

four component vector (CLSI, Coksy) "

AL (K —eyu(—k) 229

5152

€5y, (K Ags,(k
HBdG(k):< () (k) )
The Bogoliubov-de Gennes Hamiltonian underlies particle-hole symmetry, which
means that every eigenstate at energy I and wavevector k has a correspond-

ing eigenstate at —F and —k. The particle-hole symmetry exchanges electrons
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with holes. One can define an anti-unitary particle-hole operator P which anti-

commutes with the BdG-Hamiltonian:

0 1y
P= 2 K, (2.30)
logo 0O

where 15,5 is the unit matrix and K the complex conjugation operator.

Applying the operator P to the BAG-Hamiltonian Hpqc (k) results in:

PHpyc (k)P = —Hpga(—k). (2.31)
us(k) \ . . .
Lets assumes that (k) is an eigenvector of the BAG Hamiltonian 2.29
vi(—
with energy F. Diagonalizing equation 2.29, results in the eigenequation:
us(k) us(k)
Hgac(k = Ek . 2.32
Bdc (k) (v’;(—k)> (k) (v;(—k) (2.32)
Applying the particle-hole operator P on equation 2.32, gives:
us(—k) us(—k)
Hgpac (k)P =—-E(-k)P . 2.33
Bac (k) (Ui(k)> (—k) (v;(k) (2.33)

Thus, both energy eigenvalues E(k) and —F(—k) are eigenvalues of the BAG-
Hamiltonian and, consequently, Hgq4¢ is symmetric around zero energy which is
the Fermi level. One can now diagonalize Hpqc and write the set of four eigen-
values as (E;(k), Ex(k), —E1(—k), —E»(—k) with E;(k) > 0). Equation 2.28 can
now be re-written as:

H= Y E(k)afomq. (2.34)

k,i=1,2

Here, o], is the creation and «y; is the annihilation operator of quasiparticles in

the superconducting state, the so-called Bogoliubov quasiparticles or Bogolons.

Pair potentials are classified by their spin angular momentum. The spin is the
only degree of freedom in the simple case discussed so far. Cooper pairs are
generally formed by pairing two spin-!/2 electrons, such that the spin angular

momentum is either 0 (for a spin-singlet) or 1 (for a spin-triplet). The pair poten-

tial of a spin singlet has to be antisymmetric (A,y = —AT(—k)) and is written
as:
. 0 (k)
Ago (k) =ip(k sl = ) 2.35
(1) = iw(i)[s) (_ oo ) 2.35)
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Here, ¢ (k) is an even function of k: ¢(k) = ¢ (—k).

The spin triplet however has a symmetric pair potential:

(2.36)

Avy = id) - ] (—dz<k+édy<k>> d. (k) )

d. (k) dy(k +id,(k))

The d-vector is an odd function of k: d(k) = —d(—k).

2.3.4 2D spinless chiral p-wave superconductor

One can now use the mathematical concept from the previous chapter to describe
a prototypical topological superconductor. The chiral 2D p-wave pairing is often
called p + ip - pairing. The Hamiltonian can be written as:

= 2 T _ el | = +i—=—
H /d r[¢ ( om ,u>¢+ 5 € Qb(i +1 y>¢+h.c.

The phase factor of the pair potential is given by ¢. Fourier transformation to the
k-space and using ¥ (k) = [¢T(k), 1)(—k)] gives the BdG-Hamiltonian:

] . (237)

H= % / ng)Q\PT(k)HBdG(k)\I’(k). (2.38)

The BAG-Hamiltonian Hgqg (k) is given by a 222 matrix:

_ [ (k) A*(k)
HBdG(k)—< AK) _E(k)), (2.39)

k? ,
where the kinetic energy e(k) = o H and the pair potential A (k) = iAe'(k, + ik,)
m

are scalars.
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Figure 2.20: Illustration of the Fu-
Kane-proposal from 2008. Placing
a superconductor on top of a topo-
logical insulator is expected to in-
duce superconductivity into the sur-
face states of the TI which are
predicted to host a Majorana zero
mode. [63]

Majorana
zero mode

2.3.5 Proximity induced superconductivity on the surface of a

3D topological insulator

Fu and Kane proposed in 2008 that superconductivity can be induced into the
surface state of a topological insulator by the proximity effect [63]. The resulting
2D superconductor is different to an ordinary superconductor since its surface
states are not spin degenerate and they only have half the degree of freedom

compared to an ordinary metal [28].

The Hamiltonian of the two-dimensional surface states of a three-dimensional

topological insulator can be written as:
Ho(r) = ¢! (—ivpo - V — p)i(r) (2.40)

with the Pauli matrices o = (0%, 0¥) and the field operators v (:Z/ZE:; ).
By placing an s-wave superconductor on top of a topological insulator, Cooper
pairs can tunnel into the surface states (SS) of the topological insulator due to the

proximity effect and a pairing potential
Hyepair(r) = Dol (r)e] (r) + h.c. (2.41)

is induced into the surface states. Here, Aye’® depends on the phase of the su-
perconductor. By adding equations 2.40 and 2.41, the following Hamiltonian is

obtained: .
H=3 / ErUTHT, (2.42)
with the Nambu notation
(o
U= % (2.43)
¥y
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and the Bogoliubov-de-Gennes Hamiltonian

o < —vpo -V — . Ag(cos ¢ — isin ng)) | (2.44)

Ag(cos ¢ + isin @) wro -V 41

The expression in the diagonal of the BdG-Hamiltonian 2.44 represents the ki-
netic energy terms, while the off-diagonal elements describe the pair potential.
One can now define a polar angle in the momentum-space representation 6,

by introducing k = kg(cos 0, sin 0) and additionally apply the transformation
cr = —=(Yw + €%y to diagonalizes the kinetic energy term. The resulting

V2

Hamiltonian is given by:

H= Z [(UFk'O — p)chen + %(Aei(¢+¢’“)c£c_k + H.c.)] : (2.45)
k

The pairing term €'(**?+) can be written as ¢*®(k, + ik,). This expression resem-
bles the 2D p-wave p, + ip, superconductor which is a prototypical topological
superconductor [58].
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Experimental methods
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In this chapter the various growth and characterization techniques used in this
thesis are presented. The first part discusses the thin film deposition by molecular
beam epitaxy (MBE). The setup of the ultrahigh vacuum MBE chambers used
in the scope of this work is shown and the basic principles of film growth is
introduced. The second part of this chapter describes various methods used to

characterize the structural and electrical properties of the grown films.
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3.1 Thin film deposition

3.1.1 Molecular beam epitaxy (MBE)

rotating sample stage
with heater

beam flux monitor

to load lock

crucible

e

®

effusion cells

Figure 3.1: Schematic illustration of a MBE chamber used to grow topological insula-
tor thin films.

Molecular beam epitaxy is a versatile thin film growth technique which takes
place in ultrahigh vacuum (UHV). The UHV regime requires a pressure lower
than 10~ mbar. The mean free path of gas molecules for this pressure range is
in the kilometer range, which is far larger than the diameter of a MBE chamber
[74]. In a solid source MBE system, elements are heated in effusion cells from
which they are evaporated. The evaporated materials travel as non-interacting
molecular beams from the effusion cell to the substrate where they condense
and the film growth takes place. A schematic illustration of a MBE chamber is
depicted in Fig. 3.1. In general, an ultrahigh vacuum MBE chamber consists of
a load lock chamber to introduce or remove samples into/from the MBE cham-
ber and a main growth chamber which is constantly kept at ultrahigh vacuum
conditions. As a consequence of the UHV conditions the main advantage of the
MBE technique is a very clean film growth with extremely low contamination.
Another advantage of the MBE growth is the slow deposition rate (typically
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Sorption pump

Pressure (mbar)

Figure 3.2: Pressure ranges in which different pumps can be used (adapted from [75])

a few Amin). The slow growth mode ensures a higher quality epitaxial film
growth as long as the surface absorbed molecules have a high enough diffusion
on the substrate surface. Additionally, MBE growth provides a precise control
of the chemical composition and doping of the grown film. Furthermore, the
film thickness can be accurately controlled in the atomic-layer range. Another
advantage is that the grown films have a smooth surface, an attribute impor-
tant for achieving higher surface carrier mobility which is crucial for topological
insulator materials.

The materials discussed in this work were grown in three different MBE sys-
tems: Two chambers designed by Eiko (MBE1 and MBE2) and a chamber con-
structed by MBE Komponenten (MBE3). A combination of pumps is needed to
achieve the UHV pressure regime, while the pressure is monitored by several
pressure gauges. Both Eiko chambers can reach background pressures in the
main growth chamber lower than 10~ mbar, whereas the MBE3 chamber is able
to achieve a background pressure of 10~ mbar. The difference in pressure be-
tween the chambers results primarily from the pumps which are connected to
the systems. Both Eiko chambers are equipped with rotary pumps to generate
a pre-vacuum and turbo pumps to achieve ultrahigh vacuum conditions. MBE3
additionally has an ion getter pump in the growth and preparation chamber, and
a cryogenic pump in the main growth chamber which significantly improve the
vacuum conditions (see Fig. 3.2) [75]. To further reduce the background pressure,
the chamber walls are cooled by water or liquid nitrogen, which helps to trap

residual gases.
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Figure 3.3: Picture of the MBE2 chamber. The control rack to monitor the pumps and
evaporator temperatures is shown on the left of the central photo. The inset on the lower
left shows the inside of the main chamber with the sample holder on the sample stage
visible while the shutter is open. The inset on the upper right displays the load lock with
several stages to store sample holders.

11; |

Figure 3.4: Pictures of the MBE1 and MBE3 chambers. (a) MBEL1 is similar to MBE2.
Additionally, this system has an attached MBE chamber which is equipped with an
electron-beam evaporator. (b) MBE3 is equipped with an additional buffer chamber
situated between main growth chamber and load lock.
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Figure 3.5: Pictures of the sample holders used in the MBE chambers: (a) Molybdenum
sample holder used in Eiko chambers MBE1 and MBE2. The substrate is fixed with
1 pm-thick tantalum stripes. (b) Tantalum Omicron style sample holder for MBE3. The
substrate is fixed by spot welded tantalum stripes.

The substrate is mounted on a sample holder (Eiko type for MBE1 and MBE2,
Omicron style for MBE3). For the Eiko sample holder, the substrate is fixed by
tantalum stripes which are tightly screwed to provide good thermal contact be-
tween substrate and sample holder, whereas the substrates on the Omicron sam-
ple holders are spot welded with tantalum stripes (see Fig. 3.5). Molybdenum
and tantalum are selected as materials for the sample holder components due to
their high temperature resistance and low vapor pressure. After mounting the
substrate, the sample holder is introduced face down into the MBE system via a
load lock chamber with a background pressure of approximately 10~7 mbar.

The load lock chamber is frequently exposed to ambient conditions. It is sepa-
rated from the main growth chamber by a gate valve and thus allows introducing
substrates while keeping UHV conditions in the growth chamber. It additionally
can be used for sample storage under vacuum conditions.

From the load lock chamber, the substrate is then transferred using a linear
transfer rod into the main growth chamber and placed on the sample stage. This
stage is rotatable to ensure a homogeneous distribution of incoming material
and can additionally be heated by a graphite heater. The substrate temperature
is controlled by a standard thermocouple and can reach up to 1000 °C. MBE3
has an additional preparation chamber situated between load lock and growth
chamber which is used to anneal and clean the substrates before transferring

them into the main growth chamber.

Both Eiko MBE chambers contain four ports for evaporation cells which can
be configured depending on the particular growth system. Four effusion cells are
attached to MBE1, while MBE2 is equipped with three effusion cells and one four-
pocket electron-beam evaporator. MBE3 can host up to 12 different evaporators.
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The effusion cells contain crucibles usually made out of alumina, tungsten
or pyrolytic boron nitride (PBN) depending on the chemical they contain. They
are filled with high purity materials (> 6/N). A heating tungsten or tantalum
filament is wrapped around the crucible and a thermocouple is mounted close
by to record the temperature and regulate the heater power via a proportional-
integral-differential (PID) feedback loop. The evaporated materials sublimate
into the gas phase and travel towards the substrate in form of a molecular beam.
Each effusion cell, as well as the sample stage, is equipped with a shutter, which
can close the cell /substrate off and as such stop the evaporation of a particular
material or the overall film growth.

The amount of evaporated material is controlled by the temperature of the
evaporation cell. It is determined by the beam equivalent pressure (BEP) which
is measured using an ion gauge (beam flux monitor). The beam flux is given by
the number of molecules of an element which condense on a surface unit per
time [75, 76]. To measure the beam flux, the ion gauge is inserted into the growth
chamber right below the sample stage and the difference between background
pressure with evaporator shutter closed and opened is noted. The beam equiv-
alent pressure for bismuth, antimony and tellurium for different effusion cell
temperatures in the MBE1 chamber is shown in Fig. 3.6. Such a graph is obtained
for every MBE chamber and can be used to set the effusion cell temperature in
order to evaporate a certain amount of material. To have a good control over
the growth conditions, the fluxes should be monitored closely since they change
over time as the material in the effusion cell is depleted.
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Figure 3.7: Schematic illustration of growth dynamics occurring during thin
film growth: absorption, condensation, diffusion, re-evaporation, nucleation and inter-
diffusion (adapted from [75])

3.1.2 Growth dynamics

Different processes are involved in thin film growth using the molecular beam
epitaxy technique [75, 77, 78]. The most important processes which take place
once the molecular beam arrives at the substrate surface, are illustrated in Fig. 3.7.
Materials are evaporated from effusion cells in the MBE chamber and are trans-
ported in form of a molecular beam to the (heated) substrate where they con-
dense on the surface and chemically react with each other. These processes

strongly depend on the substrate temperature.

If the substrate temperature is too high or the absorption energy of the sub-
strate atoms is low such that the incoming material can not stick to the surface,
the incoming atom might immediately re-evaporate. If the substrate tempera-
ture allows the arriving atom to condenses on the substrate surface, there are
two possibilities: The atom either remains at the initial position or is only weakly
bonded and still mobile enough to diffuse along the surface. The diffusion length
depends on the substrate temperature. If the atom moves along the surface of
the substrate and encounters a defect or step edge, it might get absorbed at this
imperfection. Depending on the substrate and the arriving molecules, both can
exchange positions during an interdiffusion process. Newly arriving molecules
can nucleate with atoms which are already sitting on the surface and chemically

react with each other. This nucleation center is where the film growth begins [75].

Depending on the various growth parameters, such as substrate cleaning,
deposition rate or temperature, the molecules on the substrate can form a sin-
gle crystalline, amorphous or polycrystalline film. Among these, the single crys-

talline film shows uniformly arranged crystal structure across the whole film.
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In order to grow a single crystalline film, the substrate temperature and depo-
sition rate need to be optimized. For instance, if the substrate temperature is
too low, the mobility of the incoming molecule is too low in order to form a a
single crystalline film. Consequently, the grown film islands will be randomly
oriented, resulting in a polycrystalline or amorphous growth. In addition to the
correct substrate temperature, the growth rate has to be rather slow (typically
a few Amin™') in order to achieve a single crystalline film. The molecules need
time to diffuse along the surface and nucleate before new material arrives at the
surface [79].

A phenomenological illustration of the growth process is shown in Fig. 3.8. One
can distinguish between three growth modes: layer-by-layer growth (Frank van
der Merve, FM), layer-plus-island growth (Stranski-Krastanov, SK) and island
growth (Vollmer-Weber, VW) [75].

The interaction strength between atoms and substrate, and furthermore the atoms
among each other, determines which growth mode takes place. Additionally, the
deposition rate, substrate temperature and surface morphology of the substrate
play an important role.

The characteristic of the layer by layer growth (FM) is that a new film layer starts
growing only once the underlying film layer is complete. The interaction be-
tween atoms of a certain layer is weaker than the interaction between the layer
and the substrate. The opposite interaction takes place in the Vollmer-Weber
growth. Here, material clusters are formed from nucleation centers and grow
into islands on the substrate surface. The bonding between the atoms is stronger
among each other than between atoms and substrate. The Stranski-Krastanov
growth process is a combination of the FM and VW mode. In this case, usually a
few monolayers are grown in the layer-by-layer mode, followed by the appear-
ance of island growth on top of the continuous film. When the film thickness is
large enough, the islands tend to merge and cover the complete substrate surface
[75].

3.1.3 Substrate selection and preparation

The interaction between substrate surface and grown film plays a crucial role for
the MBE growth. While growing, the film mimics the atom arrangement of the
substrate, hence the orientation and crystal structure of the grown film matches
the structure of the substrate. This process is called epitaxy. An important factor
in the growth process besides crystal orientation and surface geometry, is the
lattice mismatch between substrate and film. The interaction between film and



3.1. Thin film deposition 39

(a) (b) (c)
© < 1ML
IML<O<2ML | =
© > 2ML
Layer by layer Layer plus island Island growth
growth growth (Volmer-Weber)

(Frank-van der Merwe)  (Stranski-Krastanov)

Figure 3.8: Schematic illustration of the three growth modes on a substrate (dashed
line). © represents the coverage on the substrate in monolayers (ML). (a) Layer by layer
or Frank-van der Merwe mode, (b) Layer plus island growth or Stranski-Krastanov mode,
(c) Island growth or Volmer-Weber mode (adapted from [75])

substrate can create misfits and stress during the film growth. By carefully choos-
ing an appropriate substrate, stress at the interface between film and substrate
can be minimized [77, 78]. The growth mechanism of topological insulator mate-
rials relies on the so called van der Waals (vdW) epitaxy. The weak van der Waals
bonds allow for a larger lattice mismatch between film and substrate while still
remaining a high-quality film growth. It is also easier to grow heterostructures
of different materials in this manner [80, 81]. For that reason, the MBE growth of
topological materials was performed on various substrates including CdS (0001)
[82, 83], Si(111) [84], BaF, [85], InP [86], GaAs [87, 88], Al,O; (0001) [15, 89] and
Si(111) [90].

The lattice mismatch between a sapphire substrate and a Bi,Te; film is approx-
imately 9% [91]. Despite the large mismatch, it is still possible to grow a single
crystalline epitaxial film due to the van der Waals growth mechanism. An exem-
plary structural characterization of a Bi,Te; film grown on a sapphire substrate
in the MBE1 chamber is shown in Fig. 3.9. The atomic force microscopy (AFM)
image displayed in Fig. 3.9(a) shows flat triangular terraces with sharp edges,
which is an indication for high-quality epitaxial film growth. The height profile
in Fig. 3.9(b) taken along the white line in the AFM image, reveals the typical
quintuple layer height in this material of 1 nm [13]. Additionally, the x-ray diffrac-
tion (XRD) pattern in Fig. 3.9(c) indicates an epitaxial Bi,Te; film growth, which
shares hexagonal crystal structure of the sapphire along the c-axis.
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Figure 3.9: Structural characterization of a Bi, Te; film grown on Al,O3. (a) AFM image
(3x3pm) of a BirTes film grown on Al,Os with flat terraces visible. (b) Height profile
along the white line in the AFM image gives step heights of 1 nm. (c) XRD pattern of a
BiyTes film grown on Al,Ogz, only the (001)-peaks from film and substrate are visible.

Aside from the structural parameters of the substrate, a clean, contaminate
free substrate with a smooth surface is essential for high-quality film growth.
Even small contamination and impurities can influence the crystalline growth
of a film. Different methods can be used to remove specific residues from the
substrate surface such as particles or thin film layers of contaminates. Generally,
these methods can be divided into wet chemical cleaning and dry cleaning [92,
93].

In the scope of this work, two different substrates were used: sapphire Al,O;
(0001) and iron-doped indium phosphide InP (111)A. Both substrates are epi-
ready prepared and (semi-)insulating, which is important to perform transport
measurements. For the sapphire cleaning, a combination of wet-chemical and
dry cleaning was established, whereas the InP substrates were only chemically

wet cleaned.
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Preparation of the sapphire substrate
Sapphire is chemically very stable and can be annealed at high temperatures
due its high melting point of 2053 °C [94]. These properties ensure that there is
no chemical reaction between substrate and film. Furthermore, it is an insulator
which allows electrical transport measurements of the grown film without addi-
tional transport through the substrate.

The as-received epi-ready sapphire wafers are spincoated with a layer of pro-
tective photoresist before cutting them into smaller pieces which fit the sample
holders. First, the sapphire is cleaned in an ultrasonic bath with acetone and iso-
propanol (IPA) to remove the protective resist and further residues at the surface.
Acetone and IPA are known to remove organic contaminants, but they alone
rarely remove all contamination from the sapphire surface [93]. Consequently,
the sapphire is further cleaned by oxygen, argon and CF, reactive-ion etching
(RIE) plasma for 1 minute each. Approximately 8 nm to 10 nm of the sapphire
thickness are etched in this cleaning step. The prepared substrates are loaded
into the MBE chamber and annealed up to 950 °C in UHV conditions to further
remove adsorbates and contaminants from the surface. The substrates are af-
terwards kept at 400 °C until the film growth procedure begins. This cleaning
method has shown to be successful in achieving a contaminate free, smooth sur-
face.

The x-ray diffraction pattern and atomic force microscopy image measured
on a sapphire substrate cleaned by the described cleaning procedure are shown
in Fig. 3.10. Both measurements confirm the single crystalline phase and low
surface roughness of less than 1 nm of the cleaned substrate.
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Figure 3.10: XRD and AFM measurement of a cleaned sapphire substrate. (a) XRD
pattern of a cleaned sapphire substrate. Only the (001) peaks can be identified. (b) AFM
image (1x1 pm) and height profile indicate a surface roughness of less than 1 nm.
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Figure 3.11: XRD and AFM measurement of a cleaned InP substrate. (a) XRD pattern of
the InP substrate reveals a single crystalline phase. (b) AFM image (1x1 um) and height
profile show a surface roughness of less than 1 nm.



3.1. Thin film deposition 43

Preparation of the InP substrate

The epi-ready InP pieces are cleaned in acetone and IPA using an ultrasonic
bath. No plasma cleaning by RIE is used for the InP pieces, since the substrate
surface will be heavily damaged in the process. Figure 3.12 shows two AFM
images of a InP substrate which was exposed to 1 minute argon (a) or 1 minute
CF, plasma (b). The AFM image shown in Fig. 3.12 (a) was taken after the InP
was exposed to argon RIE and the height profile taken along the middle of the
AFM image reveals a surface roughness of approximately 40 nm. Figure 3.12 (b)
shows an AFM image measured on a InP substrate which was treated by CF, in
the RIE machine. Small holes are visible all across the substrate surface and the
surface roughness is approximately 2 nm. In both cases the surface is too heavily
damaged to allow for a flat crystalline film growth.

Indium phosphide has a surface oxide layer which can be thermally adsorbed
by annealing the sample. However, if the sample is annealed at too high temper-
atures, the raised temperatures lead to the decomposition of phosphorus from
the sample and leave indium pillars on the surface [95, 96]. This behavior is illus-
trated in Fig. 3.13. Here, the InP substrate was annealed in the MBE chamber from
375°C to 650 °C while the pressure in the chamber was continuously monitored
by the beam flux monitor. While heating the substrate up to 650 °C, the pressure
increased by two orders as shown in Fig. 3.13 (a). This increase in pressure indi-
cates the evaporation of material in the MBE chamber. An optical picture of the
damaged film after annealing can be seen in the inset of Fig. 3.13(a). The damage
is even more apparent in the AFM image depicted in Fig. 3.13(b). Here, indium
pillars of up to approximately 500 nm height are visible in the AFM image and
the height profile taken along the white line. To prevent such damage of the
InP substrate, the annealing temperature has to be carefully calibrated for each
MBE chamber. The optimized annealing temperature was found to be 350 °C for
MBE1 and MBE2, and up to 550 °C for MBE3. The varied optimized tempera-
tures found for the individual chambers result from different substrate heaters,
sample holders and sample manipulators used for the respective MBE cham-
bers. A InP substrate which was cleaned by the optimized process for MBE2 was
investigated by XRD and AFM measurements. The exemplary results of these
measurements are shown in Fig. 3.11. The XRD pattern shown in Fig. 3.11 (a) re-
veals a single crystalline phase and the AFM image and height profile in Fig. 3.11

(b) indicate a surface roughness of less than 1 nm.
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Figure 3.12: AFM images (1x1 pm) of a InP substrate treated with RIE plasma: (a) InP
treated with 50 W argon plasma for 1 minute. The surface is visibly damaged with a
surface roughness of approximately 40 nm. (b) InP treated with 50 W CF4 plasma for 1
minute. Small holes are visible all across the substrate surface.
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Figure 3.13: Annealing of an indium phosphide substrate in the MBE chamber: (a)
The beam equivalent pressure in the chamber measured in relation to the substrate tem-
perature. The pressure rises two orders of magnitude with the temperature increasing
from 375 °C to 650 °C. The inset shows an optical image of the damaged InP substrate
due to high temperatures. (b) AFM image (30x30 pm) of the annealed InP substrate.
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3.2 Thin film characterization techniques

After growing a thin film by molecular beam epitaxy, the films are characterized
using several methods and instruments. The structural properties are checked
using atomic force microscopy (AFM), x-ray diffraction (XRD) and energy-disper-
sive x-ray spectroscopy (EDX). The magnetic and electrical properties are studied
by transport measurement at low temperatures. The grown films are patterned
into predefined shapes by microfabrication. Within the microfabrication process,
usually a dielectric layer is deposited by atomic layer deposition (ALD) and
parts of the film are etched by reactive-ion etching (RIE). ALD is furthermore
used to deposit a layer of Al,O; after film growth to protect the grown film from

oxidization.

3.2.1 Atomic force microscopy (AFM)

beam splitter

4-element photodiode

signal
rocessin
P g X/Y scan
tube controller
piezo
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feedback
controller

Figure 3.14: Schematic drawing of the AFM set up by Shimadzu used in this thesis
(modified from [97])

Atomic force microscopy (AFM) is a type of scanning probe microscopy and
a technique to observe the topography of a sample’s surface in real space. A
nanometer sized sharp probe tip, attached to a silicon cantilever, is brought into
close proximity to the sample surface. The tip is moved laterally across the sam-
ple surface and the interaction between tip and surface is recorded. This interac-
tion is measured by monitoring the variation or displacement in z-direction in
amplitude of the cantilever. Therefore, a laser beam is focused on the backside of
the cantilever and reflected onto a position-sensitive photo-diode (see Fig. 3.14).
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Figure 3.15: Typical AFM image
(B3x3um) of a 35nm-thin Bi,Te;
film grown in the scope of this
work. The atomic force microscope
is used to check the morphology of
the grown film and to determine the
thickness by measuring the height
difference along a scratch in the film. o
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All AFM images shown in this thesis were measured in the so-called contact
mode using a Shimadzu SPM 9700 scanning probe microscope. In this mode,
the sample surface is scanned while the force between surface and cantilever
is kept constant by a feedback loop which compares a user defined operating
point and the current vertical displacement of the tip. The cantilever is acting
as a spring which is deflecting according to the interaction between the tip and
the sample (spring constant k in this case 0.15 N m™ to 0.57 N m™!). After starting
the measurement, the cantilever is lowered to make contact with the sample
surface until the force between tip and sample overcomes the spring constant of
the cantilever. The sample features at different heights influence the cantilever
deflection and the subsequent reflected beam. This variation is recorded by the
photo-diode. Together with the sample position which is determined by the x-y-
z-piezo scannet, a topography image of the sample surface can be resolved [97,
98].

A typical AFM image taken on a Bi,Te; film grown in the scope of this thesis
is shown in Fig. 3.15. The atomic force microscope measurement is used to verify
a good morphology of the grown film and additionally to determine its thickness.
For this purpose, the height profile along a scratch in the grown film is measured
as shown by the height profile scan below the AFM image in Fig. 3.15.

3.2.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a widely used non-destructive method to study the
crystal structure of a material. A crystalline sample consists of a periodic array
of atoms with a typical inter-atom spacing in the Angstrom range, which is in
the same order as the wavelength of x-rays [99]. When a monochromatic x-ray
beam hits the sample, the x-rays will scatter. The periodic atomic planes cause the
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Figure 3.16: (a) Schematic drawing to explain Bragg’s Law: Two x-ray beams interfere
constructively when the difference of the traveled path 2dsin 6 equals to an integer of
the wavelength n\. (b) Schematics of the experimental setup. X-rays are produced in
a x-ray tube and arrive at the sample, where they scatter. The intensity is recorded by
the detector. Both the x-ray tube and the detector may rotate while the sample is static.
(adapted from [32, 99])

incident x-ray beams to interfere with one another while they leave the crystal.
The reflected x-rays which are in phase, will interfere constructively if they fulfill
Bragg’s law [32]:

2dsin @ = nA. (3.1)

Here 2dsin § is the path difference for x-rays which are reflected from adjacent
planes, A denotes the wavelength of the x-rays and 20 is the angle between
the crystallographic plane and the reflected x-ray beam, n is an integer (see
Fig. 3.16(a)).

The films characterized by x-ray diffraction in this thesis all share the same
rhombohedral crystal symmetry and a growth along the c-direction (see the crys-
tal structure depicted in Fig. 4.1). Using the Bragg equation, it is possible to derive
the lattice parameter of these films. The equation to calculate the d-spacing for
rhombohedral systems is given by [99]:

1 W+ k P
& a2 T2

(3.2)

with the lattice parameters a = b and ¢, and the Miller indices b, , [.
Equations 3.1 and 3.2 now allow to calculate the c-lattice parameter of the
grown topological insulator films by using (with A = k& = 0):
1P nA
— = = 3.3
Z= 2T @) 3:3)
In order to analyze the structure of the grown samples, so called §-2¢ scans are
performed. Here, 0 is the incident angle of the x-ray beam, while the detector

position, depicted by the angle 26, and the intensity (as counts per second) are
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recorded during the measurement (see Fig. 3.16(b)). With this type of scanning
mode it is possible to obtain details about the crystal structure and composition
of the measured sample [99].

The XRD experiments shown in this work were performed using a Rigaku Ul-
tima IV diffractometer. The x-ray beam is generated from a copper source at the
Cu-K, line with \=1.54056 A.

3.2.3 Energy-dispersive x-ray spectroscopy (EDX)

Energy-dispersive x-ray spectroscopy (EDX) is a technique to identify the chem-
ical composition of materials. A EDX system is usually attached to a scanning
electron microscope (SEM) in order to select the position on the sample which is
supposed to be analyzed.

A x-ray beam is focused on the sample and interacts with it. The incoming elec-
trons carry enough energy to remove electrons from inner orbitals of the atom.
An electron from an outer shell, for example the L-shell, will then fill the created
vacancy and emit a photon while doing so. The emitted photon has an element
specific energy (characteristic x-rays). Therefore, the energy spectrum of the emit-
ted photons provides information of the chemical composition of the sample.
The emitted photon energy K, is given by AE = hf, with the Planck’s constant
h and the frequency of the emitted photon f, and it is equal to the energy differ-

ence between K- and L-shell. A detector records the spectrum and compares it
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to spectra taken on standard element samples. The areas of the measured peaks
in the energy spectrum are a measure of the amount of a specific element. The
EDX software then automatically calculates the atomic percentage of a certain
element [101, 102].

Since the samples measured in this thesis are of rather low thickness, it is
important to use low acceleration voltages of 5kV to 10kV to decrease the pene-
tration depth of the incoming x-rays and hence increase the surface sensitivity of
the EDX measurement. A typical energy spectrum of a Bi,Te; film grown on sap-
phire is shown in Fig. 3.18. The individual emission lines for bismuth, tellurium,
aluminum and oxygen are labeled.

The EDX measurements shown in this work were performed using an Oxford
Instruments AztecOne system with a x-act Silicon Drift Detector combined with

a Jeol JSM-6510 scanning electron microscope.

Spectrum 2

Counts

Energy (keV)

Figure 3.18: EDX spectrum of a Bi,Tes film grown on sapphire. The characteristic x-ray
emission lines for Bi, Te, Al and O are labeled.

3.2.4 Microfabrication

The microfabrication of the devices studied in this thesis mainly consists of sev-
eral key techniques including lithography, wet or dry etching, and standard lift
off process, which are described in detail as follows.
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Lithography

Photolithography is a microfabrication technique used to transfer a designed pat-
tern onto a sample. In this work, a maskless micro pattern generator (Heidelberg
w PG 101) with a structure resolution down to 0.6 pm is used. As a first step, the
sample is spin-coated with a layer of positive photoresist AZ1505. After baking
the resist at 100 °C for 1 minute, the sample is loaded into the lithography ma-
chine. Here, following the specified pattern design, parts of the resist are exposed
to a 2mW laser beam. The exposed parts of resist are chemically different from
the non-exposed areas and can be removed in the consecutive developing step
in a TMAH (TetraMethylAmmoniumHydroxide) based solvent. With this tech-
nique, one can repetitively define resist structures to be used in the lift-off and
etching process, both of which are central in realizing final devices. Schematics

of these processes are shown in in Fig. 3.19 and Fig. 3.20.

Etching: The etching schematic is illustrated in Fig. 3.19. To start with, the sub-
strate is coated with photoresist (a) and exposed to the laser beam (b). After
the development, some parts of the film are still protected by photoresist (c).
In order to remove unwanted regions of a film, the part which is not protected
by photoresist will be etched by either chemical wet-etching (in a solution of
H,0, 3:1H,S0,) or dry (plasma) etching (d). After stripping off the resist in ace-

tone and isopropanol, the final structure is left ((c)-(e)).

Lift-off: The lift-off schematic is displayed in Fig. 3.20. Again, the sample is
coated with resist and subsequently exposed to the laser beam and developed
((a)-(c)). Afterwards, typically a metal layer is deposited onto the whole surface
of the sample (d). To initiate the lift-off process the sample is placed in a solvent
solution, for example acetone or N-Methyl-2-pyrrolidone (NMP). During the lift-
off process, the remaining resist is washed out by the solvent and thereby lifts
the metal parts covering these regions (e). The metal part with no underlying
resist remains on top of the film (f). This technique is for example used to create

metal contact pads.

The results of the microfabrication processes should be monitored by checking
the devices in a microscope. Figure 3.21 shows such typical optical images of the
microfabrication processes described above. Figures 3.21 (a) and (b) display the
etching step. In (a) a Hall-bar device is protected by resist, while the surround-
ing film is not protected. After wet etching, the unprotected film is completely

removed (see Fig. 3.21(b)). A result of a lift-off process can be seen in Fig. 3.21 (c)
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and (d). A Hall-bar-patterned film is shown in (c). The sample was coated with
resist and only the arms of the Hall bar were exposed by the laser beam. The re-
sist in this area was dissolved during development, while the rest of the sample
is still covered with resist (green color). Afterwards, this sample was sputtered
with 40 nm gold. To start the lift-off process, the sample was then placed in NMP
solvent and the resist below the gold was dissolved. The final structure, in which
the gold only remains on the arms of the Hall bar, is shown in figure (d).

laser beam
@ (b) % % (c) developement
film SubStrate Q
etching (e) resulting structure

ww

Figure 3.19: Microfabrication scheme including etching: (a) Substrate and film cov-
ered with resist. (b) Laser exposure. (c) Development, the exposed part of the resist is
dissolved. (d) The part of the film which is not protected by resist is etched away. (e) The
final structure remains after stripping of the resist.

laser beam

developement

f|l Substrate

resulting structure

Figure 3.20: Microfabrication scheme including lift-off: (a) Substrate and film covered
with resist. (b) Laser exposure. (c) Development, the exposed part of the resist is dis-
solved. (d) Metal is deposited on the whole surface of the substrate, including the region
which is nor covered with resist. (e) The resist is removed by a solvent and lifts the metal
off. (f) Final structure after lift-off remains.
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Figure 3.21: Microscope pictures of a etching (a,b) and lift-off (c,d) process: (a) Hall
bar devices after laserlithography and development. The Hall bar itself is still protected
by resist (green color). (b) Sample after wet etching, the Hall bar is still protected by
resist, the surrounding film is etched and bare sapphire can be seen. (c) The sample is
covered in resist, except the arms of the Hall bar, where the resist was removed during
developing. (d) The whole film is covered by 40 nm gold. After lift-off, only the Hall bar
arms are covered with 40 nm gold. The rest of the gold was lifted off in NMP. This leaves
bare BST film as seen in the middle of the Hall bar device.
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Atomic layer deposition (ALD)

Atomic layer deposition (ALD) allows to grow thin films from the vapor phase.
The growth is performed atomic layer by layer in a self-limiting reaction [103,
104]. In the scope of this work an Ultratech Savannah setup is used to deposit
Al,O;5 as a dielectric layer during microfabrication and as a capping layer to pro-
tect the MBE-grown films from oxidization.

The basic principle of ALD deposition consists of sequential pulses of differ-
ent gases which react on a film or substrate. The film is placed on a heated plate
in the reaction chamber during the growth. Here, it is important to keep the
heater temperature low at a temperature of 80 °C during deposition since higher
temperatures influence the transport properties of the topological insulator film
[105].

The formation of a Al,O; film is shown in Fig. 3.22 [103, 106, 107]. Here, water
H,O and a precursor, trimethylaluminium (TMA or Al(CHs)s3), are alternately
introduced as non-overlapping pulses into the reaction chamber. Subsequently,
the chamber is purged after each pulse by an inert gas (typically N,) to remove
excess precursor and reaction products.

The first pulse introduces H,O into the chamber which results in a hydroxyl
(OH)-terminated surface (a). The next pulse adds TMA, which reacts with the hy-
droxyl on the surface while releasing methane CHy (b). Excess TMA and methane
are removed by inert gas being introduced into the reactor chamber in a subse-
quent step while the substrate surface is now covered by AICH; (c). Again, water
is introduced into the chamber (d) and reacts with the methyl-group CHj; of the
AICH;. It forms Al-O-Al oxygen bridges and additional hydroxyl groups (e). The
excess precursor and reaction products are subsequently flushed out of the re-
actor chamber by yet another purge with an inert gas. After this full cycle, the
hydroxyl bonds from the beginning are reproduced on top of a AL,O3 layer and
allow for a repetition of the growth cycle until the desired Al,Oj; film thickness
is grown (f).
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Figure 3.22: Schematics of an atomic layer deposition (ALD) process of growing
Al,O3. Alternating pulses of H,O and a precursor TMA, separated by inert gas purging,
are introduced into the reactor chamber where they react on a substrate/film surface.
The ALD growth cycle can be repeated until the desired Al,Oj3 film thickness is grown.

(modified from [106])
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Reactive ion etching (RIE)

grounded upper electrode

Iasma

sample plate/
lower electrode

exhaust pumps

Figure 3.23: Schematic of a reactive ion etching (RIE) chamber (modified from [108,
109])

Reactive ion etching (RIE) is a common dry etching technique which is used
in microfabrication. In the scope of this work, an Oxford PlasmaPro80 RIE is used
to clean the sapphire substrates (see chapter 3.1.3) and during microfabrication.
The machine consists of a vacuum chamber (p~10~° Torr) in which the sample
is loaded onto a table. Several gases can be introduced to the reactor chamber.

The scheme of a typical reactive ion etching (RIE) configuration is illustrated
in Fig. 3.23. After placing the sample on the sample plate, the reactor chamber is
evacuated. The sample plate acts as a lower electrode and is powered by an RF
generator (usually 13.56 MHz) [108]. A second electrode is situated in the upper
region of the reactor chamber and is grounded. The plasma is generated from
the reaction gases (here: oxygen (O,), argon (Ar) or carbon tetraflouride (CF,))
by ionizing the gas and thus providing free electrons. Considering that the mo-
bility of electrons is higher than the ion mobility, the lower electrode acquires
a negative DC self-bias voltage while the plasma itself is positively charged by
positive ions [109, 110]. Hence, the ions are accelerated with energies in the same
order as the RF induced DC bias from the plasma to the negatively charged lower
electrode and the sample placed on the plate [108, 111].

Each of the introduced gases has a different etching characteristic. Generally,
a distinction is made between isotropic and anisotropic etching. Here, isotropic
etching is performed by chemical etching during which ions from the generated
plasma react chemically with the sample. Anisotropic etching is performed by
physical etching by bombarding the sample with ions [109]. In the scope of this
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work, oxygen O, is mainly used to etch polymers, particularly photoresist [109].
The halogen-based CF, is a known etchant for silicon based materials such as
SizNy or SiO; [111]. Argon is a noble gas and as such not chemically reactive, but

it is chosen for anisotropic etching by ion bombardment [109].

3.2.5 Transport measurement setup

Ui

Figure 3.24: Schematic illustration of a typical Hall bar measurement device and setup
with contacts 1-6 and an additional gate. The length L and width W of the Hall bar are
indicated.

The measurement of electrical and magnetic properties is an important char-
acterization tool for the materials grown in the scope of this work. The basic
method to determine the carrier concentration, carrier type and mobility of the
grown film is the Hall measurement technique at low temperatures (see chapter
2.2.1). A typical Hall bar device is shown in Fig. 3.24. Here the current is applied
from contact 1 to contact 4. The transverse Hall resistance is measured between
contact 2 and 6 (contact 3 and 5), while the longitudinal resistance is measured
between contact 2 and 3 (contact 6 and 5). Furthermore, a top gate can be added
to the specific device in order to apply a gate voltage and tune the Fermi level
of the sample. The samples are attached on a sample holder and 0.025 mm-thin,
annealed gold wires are used to make an electrical contact from the sample to
the sample holder. The sample holders used for the transport measurements are
shown in Fig. 3.25. The sample holder used for the PPMS setup can electrically
connect up to 12 contacts, while the sample holder for the dilution refrigerators
offers up to 24 pins.
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Figure 3.25: Photographs of the sample holders used for transport measurements. (a)
Photo sample which is electrically connected by gold wires to a PPMS sample puck with
12 available pins. (b) Sample holder with 24 available electrical pins used for the Heliox
and Triton measurements.

The low temperature transport measurements shown in this thesis were per-
formed in different measurement setups. For measurements performed at tem-
peratures in the range between 2K to 300K, a Quantum Design Physical Prop-
erty Measurements System (PPMS) is used. This fully automated system is con-
venient to operate and ideal for daily transport measurements. It consists of a
dewar which contains a 9T superconducting magnet cooled by liquid helium.
The sample is placed on a so called puck which is inserted into a vacuum iso-
lated tube inside of the dewar. It is cooled by helium gas which flows through
the sample chamber and can be heated by resistive heating.

In the case of Sn;..In,Te films, discussed in chapter 6, the critical temperature
T. is lower than 2K, which requires a different cryogenic setup. Temperatures
down to ~ 300 mK are achieved by a Helium-3-insert (Oxford Instruments He-
liox) using *He for cooling. The cooling power is directly related to the pressure,
and the vapor pressure becomes exponentially lower with decreasing tempera-
ture Q o< P oc exp~ /T [112]. This means that a liquid can be cooled by pumping
on it. The condensation stage of the cryostat is called 1K pot. After condensing
the helium, the vapor above the liquid helium is pumped by a sorption pump
which acts like a cryo pump. This provides the cooling power necessary to cool
down the cryostat. The cryostat will stay at the base temperature for a limited
time. Once all of the *He is evaporated, the sorption pump has to be heated up

to 30K in order to condense the *He again.

To observe the quantum anomalous Hall effect (see chapter 5) even lower
temperatures are needed. A mixture of liquid *He and liquid *He is necessary to
achieve temperatures down to 10 mK. *He and *He have characteristic thermo-

dynamic properties, depicted in Fig. 3.26. The helium mixture separates into two
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liquid phases, separated by a phase boundary, upon cooling it below 870 mK: a
phase which is rich in *He (concentrated phase) and a phase which is rich in
"He (dilute phase) [113]. The “He-rich phase contains at least 6.6% 3He at any
temperature. The *He-rich region contains a large fraction of pure *He and its
concentration depends on the temperature. In the dilution refrigerator the di-
luted phase is situated at the bottom of the so-called mixing chamber which is
connected to the distillation unit. *He is removed in a closed cycle from the di-
luted phase through the still. Pumping on the still, which is at 0.7 K, removes *He
since its vapor pressure at this temperature is around 1000 times higher than the
vapor pressure of “He [113]. To compensate the loss of *He, *He flows from the
concentrated into the diluted phase across the phase boundary and provides the
cooling power for the dilution refrigerator. A dry dilution refrigerator (Oxford
Instruments Triton 200) with a base temperature of ~ 10 mK is used in the scope
of this work. Instead of pre-cooling the dilution refrigerator with liquid helium,
a pulse-tube cooler is used to pre-cool the dry dilution refrigerator to prepare the
necessary low temperatures for the *He/*He dilution circuit [114].The 1K pot is
replaced by an additional heat exchanger which, together with a Joule-Thomson
stage, condenses the *He.

More detailed information on the cryogenic setup can be found in references
[112, 113].
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In this chapter the growth of the topological insulator (Bi,_,Sb,).Tes (BST) is
introduced. BST films are the basic building block for the material systems dis-
cussed in the following chapters of this thesis. The optimization process to grow
thin films with good morphology and bulk insulating transport properties is
explained. The films are grown by MBE and characterized by atomic force mi-
croscopy (AFM) and x-ray diffraction (XRD). The transport measurements are
performed in a Physical Property Measurement System (PPMS).
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41 Introduction

The first 2D topological insulators (TI) were theoretically predicted in 2005 by
Kane and Mele in graphene [6] and in 2006 in HgCdTe quantum well structures
by Bernevig et al. [8]. The first experimental realization was achieved in 2007 by
the Molenkamp group in HgTe quantum wells [9].

In the same year, the 3D topological insulator with topological protected sur-
face states was predicted by Fu and Kane [10] and the 3D TI nature was ex-
perimentally confirmed by surface-sensitive angle-resolved photoemission spec-
troscopy (ARPES) on Bi;_,Sb, crystals a year later [11].

The search for new 3D TI materials continued, and in 2009 the bismuth-based

compounds Bi,Se;, Bi,Te; and Sb,Te; were predicted as a second generation of
materials with topological surface states consisting of a single Dirac cone at the
I" point of the surface Brillouin zone [13]. ARPES and scanning tunneling micro-
scope (STM) measurements on Bi,Te; [14, 115] and Bi,Se; [12] indeed showed
two bands with a linear dispersion forming a single Dirac cone in the bulk band
gap.
Despite the successful proof of the existence of the topological surface states in
these materials, it is still challenging to grow materials with no bulk contribution
at all. Most of the grown topological insulators exhibit non-negligible bulk carrier
densities which were observed in ARPES and transport experiments. Especially
in magneto-transport the influence of remaining bulk carriers is problematic [116,
117]. The two channels of the bulk and surface carriers cause a non-linear Hall re-
sponse. Here, the bulk carriers overlay the contributions by the surface states by
a parallel channel [118-121]. In order to achieve surface-dominated conduction
in topological insulator materials, the carrier density has to be decreased. Brahlek
et al. [122] estimated the carrier concentration which corresponds to conduction
dominated by the topological surface states in Bi;Se; to be ntss ~ 5 x 10 cm™2.
There are various strategies to achieve high-quality bulk-insulating TI materials.
Growing topological insulator thin films in an MBE chamber has several ad-
vantages, which were already discussed in chapter 3.1.1. Among them, the high
crystal quality of the thin films, the precise control of the film thickness (which
is an intuitive approach to minimize bulk contributions and maximize conduc-
tion from the surface states), the easy implementation of doping the films or the
possibility of combining different TI materials in heterostructures. Furthermore,
pre-patterned nano-structure can be grown in an MBE chamber to achieve sur-
face dominated transport. The first results of MBE grown TI films were shown
by Zhang et al. in 2009 by growing Bi,Se; films on Si(111) substrates [123].
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An established method to reduce the carrier contribution and obtain bulk-insula-
ting materials, is doping the TI material. For instance, doping Bi, Te; with calcium
or tin can tune the material from a hole-doped into an electron-doped transport
regime [124]. A disadvantage of this method is that the dopants can introduce
defects and disorder [14, 125, 126].

Electrical gating is a way to achieve surface states-dominated conduction by
moving the position of the Fermi level Er through the band gap. Here, either
the TI material has to be thin enough so the gate can sufficiently move the Fermi
level, or it is necessary to apply a back and top gate in order to achieve the in-
dependent tuning of both TI surfaces. The gating behavior of TI materials was
for instance studied for Bi,Ses;, Bi,Te; and the ternary compound (Bi;_,Sb,).Te;
[127-130].

(@) (b)

— ¢ © o
quintuple %

layer = A o—©0
@ -tom o0 o
o—9

van der
€— Waals —>

gap c o

® -

WO >» @O

Figure 4.1: Crystal structure of Bi;Tes: (a) Schematic illustration of the tetradymite crys-
tal structure of BirTe; with two quintuple layers shown and the van der Waals gap
between Te layers in the middle. For the Sb,Te; crystal structure, the bismuth is replaced
by antimony. In the case of BST, the antimony will partially substitute for bismuth. (b)
Side view of the layer structure along the c-axis.

Band structure engineering of topological insulator materials presents an-
other approach to reduce the bulk carriers and control the surface states. The
ternary compound (Bi;_,Sb,),Te; (BST) acts as a mixture of Bi,Te; and Sb,Tes,
which have close lattice constants and share the same crystal structure. Both ma-
terials have a rhombohedral crystal structure with the space group D3, (R=3m)
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as displayed in Fig. 4.2. In the case of (Bi;_,Sb,);Te;, antimony will partially
substitute for bismuth [13].

The basic building block of a 3D TI material with a tetradymite crystal struc-
ture is the quintuple layer (QL). A QL consists of five covalently bonded atom
layers along the (001)-direction and has a layer height of ~1nm. Each atom layer
has a 2D hexagonal lattice which is stacked in an ABC order (Te(1)-Bi-Te(2)-Bi-
Te(1)). Two quintuple layers are coupled by weak van der Waals bonds, whereas
two adjoining layers within a quintuple layer are covalently bonded which re-
sults in a far stronger bond. The van der Waals coupling is the reason why TI
materials with a tetradymite crystal structure are easy to cleave in crystal form,
and in the case of thin film growth adds a flexibility to the choice of growth
substrate [13]. A look at the band structure of Bi,Te; and Sb,Te; highlights the
motivation to fabricate a ternary compound. As displayed in Fig. 4.2, Bi,Te; is
generally n-type doped. The bandstructure of Bi, Te; reveals that the Dirac point
is buried in the bulk valance band, and furthermore the Fermi level lies in the
bulk conduction band. Sb,Te; on the other hand is usually p-type doped. Figure
4.2 shows that here the Dirac point lies in the bulk gap. Antimony vacancies
and Sb-Te anti-site defects introduce hole-type bulk carriers which results in the
Fermi level lying in the bulk valence band [15]. The individual bandstructures
of Bi,Tez and Sb,Te; suggest that by combining the two materials and alloying
them in the correct ratio, one can tune the Fermi level by charge compensation
and shift the Dirac point into the band gap, to eventually obtain a fully bulk
insulating 3D topological insulator [13, 15, 90, 131].

4.2 Sample growth and characterization

421 (Bi;_,Sb,),Te; sample growth by molecular beam epitaxy

The (Bi;_,Sb,).Te; (BST) films are grown on epi-ready Al,O3 (0001) substrates.
The sapphire is cleaned using the recipe described in chapter 3.1.3. After trans-
ferring the sapphire into the growth chamber of the MBE system and in-situ
annealing it up to 950 °C, the substrate is kept at 400 °C until the beginning of the
growth process. At this temperature it is guaranteed that no contaminants will

stick to the sapphire surface [132].

To initiate the growth process, the bismuth, antimony and tellurium sources
are heated up. Bismuth and tellurium are evaporated from regular Knudsen

cells, whereas for the evaporation of antimony a thermal cracking cell is used
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Figure 4.2: Schematic illustration of (a) the crystal structure of (Bi;_,Sb;).Tes and
the electronic bandstructure of (b) Bi;Tez and (c) Sb,Tes. Reprinted by permission
from Springer Nature: Nat Commun 2, 574 (2011), Band structure engineering in
(Bi1—4Sb,)2Tes ternary topological insulators, Zhang et al., Copyright (2011); [15]

to ensure a better flux control of this high vapor pressure material. Antimony
was found to be primarily evaporated in larger molecules such as tetrameric
Sb, [133, 134]. The thermal cracker source first evaporates antimony tetrameters
from a crucible, and subsequently breaks the large antimony clusters in a hot
cracking zone of the evaporator into mainly smaller Sb,-dimers [135]. The re-
spective fluxes of the materials are measured with a beam flux monitor and can
be adjusted by increasing or decreasing the evaporator temperature. The chem-
ical composition of the grown film is determined by the flux ratios Bi/Sb and
Te/(Bi+Sb). The x value in (Bi;_,Sb,).Tes; can be changed by varying the temper-
atures of the bismuth/antimony evaporators and accordingly the material fluxes.
Once the fluxes are calibrated, the substrate temperature is decreased from 400 °C
to the growth starting temperature and Bi, Sb and Te are co-evaporated, with
roughly 10 times more tellurium than bismuth and antimony fluxes combined.
The tellurium-rich growth condition leads to the desired stoichiometry in the
grown film [85, 134, 136, 137].

The thin film growth is performed by applying a two-step-growth method.
The first quintuple layers of the film are deposited while slowly ramping the sub-
strate temperature from the starting temperature 7 to a higher temperature Ts.
The substrate temperature is afterwards kept at 7, for a certain time depending
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on the desired film thickness. During the temperature ramping, the sticking of
the incoming atoms is high enough to condense on the substrate surface, but the
mobility of the atoms is still low. The diffusion length of the atoms is larger at
the higher end temperature 75 and the film quality is improved. The growth rate
is primarily dictated by the bismuth and antimony fluxes, while the excess tel-
lurium will desorb from the film surface at the given growth temperature. Once
the deposition of the materials is finished, the sample is cooled to a temperature
lower than 100 °C and can afterwards be transferred into the load lock chamber.

4.2.2 Ex-situ structural characterization by x-ray diffraction and

atomic force microscopy
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Figure 4.3: XRD pattern of a (Bi;_,Sb,);Tes film grown on sapphire. Only the (001)
peaks (with 1=3, 6, 9, 12, 15, 18, 21, 24) are visible which fits the expected rhombohedral
crystal structure and epitaxial growth following the crystal structure of the sapphire

substrate.

To obtain information about the structural quality of the grown film, x-ray
diffraction measurements (XRD) are performed.
Figure 4.3 shows a typical XRD 6 —26-scan of a BST film grown on sapphire. Only
the (001) peaks with 1=3, 6, 9, 12, 15, 18, 21, 24 are present in the XRD pattern. The
peak positions in the pattern of the (Bi;_,Sb,).Tes film indicate an epitaxial single
phase film growth with high crystal quality.

The appearance of Kiessig fringes next to the regular Bragg peaks is an indi-
cation for a good quality film growth and high homogeneity. They appear due



4.2. Sample growth and characterization 65

(@) o
L o
e
m
Q.
)
=
=
c
) 8
£
27.58
[nm]
5 10 15 20 25 30 ooom
20 (deg) 0.00 7.08 [um]
c : . . . :
6 8 10 4‘3 4I4 4|5 4‘6 47
20 (deg) 26 deg)

Figure 4.4: XRD of a (Bi;_,Sb,).Tes film grown on sapphire. (a) XRD pattern of the
lower angle region from 3° to 30° from Fig. 4.3, (b) AFM image to determine the thickness
of the grown film (¢t = 25 nm). (c) and (d) show the (003) and (0015) Bragg peaks.

to additional scattering from the interfaces between subsequent film layers and
can hence be used to determine the film thickness. Kiessig fringes can be seen
in Fig. 4.4. Figure 4.4 (a) shows a zoom of the low angle region of the BST XRD
pattern displayed in Fig. 4.3 to emphasize the Kiessig fringes. The XRD patterns
depicted in Fig. 4.4 (c) and (d) show the (003) and (0015) peak. The XRD pattern
displayed in Fig. 4.4(d) suggests that the Kiessig fringes remain until the (0015)
peak. By analyzing the Kiessig fringes next to the (003) peak in Fig. 4.4(c), the
thickness of the grown BST can be determined. The angular spacing between the

maxima is inversely proportional to the total thickness ¢t ~ , with \ as the

A(20)
K, wavelength of the copper anode used in the XRD system [138].

Thus, we can calculate a film thickness of ~23nm, which is in correspon-
dence to the thickness determined by the AFM measurement (see Fig. 4.4(b)).
The c-lattice parameter of ¢ = 30.0419 A can be extracted from the XRD pattern
by using the equations introduced in chapter 3.2.2.

In the process of optimizing the BST growth procedure and in order to ex-

plore the family of 3D topological insulators beyond BST, Bi,Se; and Bi,Te; films
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were successfully grown as well. Their respective XRD patterns are displayed in
Fig. 4.5 and Fig. 4.6. Just like for the (Bi;_,Sb,);Te; film, the x-ray diffraction pat-
terns of both materials suggest epitaxial growth which follows the sapphire crys-
tal structure, as shown in Fig. 4.5(a) for Bi,Se; and Fig. 4.6(a) for Bi,Tes. For both
materials Kiessig fringes can be observed indicating a homogeneously grown
film and the film thickness can be determined to ~21 nm for Bi,Se; and ~34 nm
for Bi,Te;, which is in good agreement with the thicknesses measured by AFM as
shown in Fig. 4.5 (c) and Fig. 4.6 (c). Furthermore the c-lattice parameters were

extracted from the x-ray patterns as: cpi,re, = 30.1956 A and CBiySes = 28.4080 A.
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Figure 4.5: XRD scan of a Bi,Se; film grown on sapphire. (a) The (001) Bragg peaks are
visible, indicating a epitaxial growth of the Bi;Se3 film following the crystal structure of
the sapphire. (b) Zoom on the (003) Bragg peak showing Kiessig fringes. (c) AFM image
and height profile to determine the thickness of the grown film.
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Figure 4.6: XRD scan of a Bi,Te film grown on sapphire. (a) The (001) Bragg peaks are
visible, indicating a epitaxial growth of the Bi,Tes film following the crystal structure of
the sapphire. (b) Zoom on the (003) Bragg peak showing Kiessig fringes. (c) AFM image
and height profile to determine the thickness of the grown film.
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4.2.3 Improving the morphology of the (Bi,;_,Sb,);Te; films

Finding the correct growth temperature is a crucial procedure for MBE growth.
The morphology of a MBE-grown BST film is foremost influenced by the sub-
strate temperature. This growth temperature determines the re-evaporation or
sticking of the arriving bismuth, antimony and tellurium atoms and their ability
to diffuse along the substrate surface (see also chapter 3.1.2). These considera-
tions allow a restricted temperature window to optimize the film growth. Fur-
thermore, the optimization must be done for every MBE chamber and the results
can vary from chamber to chamber. The optimization described in the following
was performed in the MBE2 chamber.

As previously discussed, the BST films are grown by applying a two-step-
growth procedure. With the purpose of finding the optimal starting temperature,
a series of (Bi;_,Sb,).Te; films were grown at a single temperature ranging from
200°C to 260 °C. This starting temperature is important as it initiates the seed
layer of the grown film. The results from these growth are summarized in Fig. 4.7.
The structural properties of the grown BST films were studied by atomic force

microscopy and x-ray diffraction.
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Figure 4.7: Thickness and XRD study of BST films grown at different substrate tem-
peratures in a single-step growth mode for 30 minutes. (a) Film thickness dependence
of the substrate temperature. Here, the film thickness was determined by AFM. The
graph shows a sudden increase in film thickness at a Tsypstrate=230 °C. (b) Correspond-
ing XRD patterns of the BST films. The XRD patterns exhibit only the (001) peaks for
tilms grown at 230 °C and above. Below 230 °C additional peaks are present, indicating
a non-epitaxial growth.

Figure 4.7(a) describes how the film thickness depends on the substrate tem-
perature ranging from 200 °C to 260 °C. The film thickness was determined by
atomic force microscopy. The films grown at temperatures between 225 °C and
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260 °C all have a similar thickness of ~15nm to 20 nm. A sudden increase in film
thickness to 60 nm appears at a lower growth temperature of 220 °C, and a thick-
ness of 80 nm at Tyypstrate=200 °C. Corresponding XRD patterns are displayed in
Fig. 4.7(b). Here, the spectra of the films which were grown at 230 °C, 240 °C and
260 °C show only the (001) peaks, suggesting single phase and epitaxial growth.
The spectra of the films grown at lower temperatures than 230 °C exhibit addi-
tional peaks. This indicates the appearance of a second phase and non-epitaxial
growth. The results from the XRD measurements support the thickness depen-
dence presented in Fig. 4.7(a): No epitaxial film growth is achieved for growth
temperatures below 230 °C. Tellurium which generally has a high vapor pressure
and a low sticking coefficient for temperatures above ~200°C [132, 139] might
condense at this lower growth temperatures. Furthermore, the mobility of the
atoms arriving on the substrate surface is most likely too low to form a single

crystalline film.
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Figure 4.8: AFM images (1x1 um) of BST films grown on sapphire for 30 minutes at
various temperatures. (a) Tiupstrate=215 °C: The film exhibits roughness of ~30nm; (b)
Tsubstrate=230 °C: The film shows interrupted islands; (c) Tsubstrate=260 °C: This film is
continuous and has flat terraces; (d) Tyupstrate=280 °C: This film is not continuous, instead
disconnected island were grown.
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Figure 4.9: AFM image (1x1 pm) of a BST
film grown on sapphire using the two-
step growth method. During growth, the
substrate temperature was first ramped
from 260 °C to 300°C in 15 minutes and
then kept at 300 °C. In contrast to the film
grown at a single temperature of 260 °C,
the changed growth procedure improved
the morphology. Triangular terraces with
sharp edges are clearly visible.
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Exemplary AFM pictures of the films grown at 215°C, 230°C, 260°C and
280°C are displayed in Fig. 4.8. The AFM image in Fig. 4.8 (a) shows a film
with a surface roughness of up to 32nm. The AFM image taken of a BST film
grown at 230 °C in Fig. 4.8 (b) is not grown continuously, even though the charac-
teristic terraces structures can be identified. A continuous BST film however was
grown at a substrate temperature of 260 °C (see Fig. 4.8(c)). BST films grown at
higher temperatures than 260 °C are disconnected. The AFM image measured on
a film grown at the highest temperature presented in Fig. 4.8(d) shows isolated
BST islands indicating a too high temperature for the incoming atoms to stick on
the surface and form a continuous film.

By analyzing the data obtained by AFM and XRD measurements, a growth tem-
perature of 260 °C was identified as a suitable seed temperature for the growth
of (Bi;_,Sb,),Tes films.

To further improve the morphology of the grown film, a second step at a higher
temperature is added to the growth procedure. Figure 4.9 shows an AFM image
of a BST film grown at a starting temperature of 260 °C. During the growth the
substrate temperature was ramped from 260 °C to 300 °C and then kept at 300 °C.
Due to the higher mobility of the atoms at the higher temperature, the morphol-
ogy of the film is evidently improved.

The morphology of the BST film grown at a sole temperature of 260 °C displayed
in AFM image Fig. 4.8(c) hints at the formation of the characteristic triangular
structure but the terraces are smeared out. The AFM image shown in Fig. 4.9
however presents atomically flat terraces with sharp edges suggesting a high

crystal quality.
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4.2.4 Improving the transport properties

As previously discussed in the introduction of this chapter 4.1, band structure
engineering by combining Bi,Te; and Sb,Te; is a method to achieve bulk insulat-
ing (Bi;_,Sb,),Tes film. By adjusting the Bi/Sb composition ratio during growth,
it is possible to tune the Fermi level of the ternary (Bi;_,Sb,),Te; compound. Fig-
ure 4.10 shows the carrier concentration of 15nm-thin BST films as a function
of the Bi/Sb ratio ranging from Bi:Sb of 1:2.0 to 1:3.0. The composition ratio
was determined by the bismuth and antimony flux during the BST growth mea-
sured with a beam flux monitor. The carrier concentration was extracted from
Hall resistance measurements performed on Hall-bar devices by sweeping the
magnetic field in a Physical Properties Measurement System (PPMS) system at
2K using the ac-lock in technique. All BST films were capped with 3nm Al,O;
directly after growth.

It was indeed possible to tune the carrier concentration from n-type to p-type
by adjusting the Bi/Sb ratio. The crossover between n- and p-type regime is lo-
cated at a Bi/Sb ratio of approximately 1:2.45. A carrier concentration in the

order of nop ~ 102cm—2

was achieved, which is generally considered to be
bulk-insulating [122]. In the n-type regime the lowest carrier concentration is
nop = 4.4 x 102 cm™? for a Bi:Sb ratio of 1:2.38. A carrier concentration of
pop = 2.5 x 10" cm ™2 for a Bi:Sb ratio of 1:2.54 can be extracted in the p-type
regime.

Usually after growth, the BST film is cut into several smaller pieces which are
then used for various device fabrications. It is important that the film is homoge-

neously grown across the entire substrate. To confirm the homogeneous growth,
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a BST film was grown on a sapphire substrate, which was cut into the biggest
possible size to fit on the Eiko-type sample holder. AFM and magneto-transport
measurements were performed on several spots across the sample. The results
are summarized in Fig. 4.11. Figure 4.11(a) shows the temperature dependence
of the sheet resistance which indicates an insulating behavior. The inset shows a
photo of the grown film. The film thickness determined by AFM measurements
is noted on several positions across the grown film. The thicknesses extracted
around the edge of the film are between 14 nm and 16 nm. The film thickness in
the middle of the BST sample is slightly larger (19 nm). This points at a slightly
lower growth temperature in the middle of the BST film. Since the sapphire sub-
strate is tightly fixed with tantalum clamps on the edge of the substrate, it is
likely that the thermal contact between substrate and sample holder is higher at
the edge of the sample.

Furthermore, three areas on the sample were selected to investigate the transport
properties. The Hall resistances measured in the middle of the sample (blue), at
the edge (red) and near a clamp (green) are displayed in Fig. 4.11(b). The three
curves show the same p-type behavior and the carrier concentrations, which
were extracted from this measurement, are all around nsp = 2 x 10'? cm™2. This
result demonstrates a homogeneous bulk insulating growth even on the largest
possible scale.
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Figure 4.11: BST growth on a large sapphire substrate to check the homogeneity of
the film growth. (a) The temperature dependence of the sheet resistance indicates an
insulating behavior. The inset shows a photo of the grown film. Marked are several
positions across the sample on which AFM measurements were performed to determine
the thickness. Additionally, three areas in the middle (blue), the edge (red) and near a
clamp to fix the substrate on the sample holder (green) are indicated by arrows. (b) Hall
resistance measurements performed at the in (a) highlighted areas. All curves show the
same p-type behavior and similar carrier concentrations can be extracted.
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4.2.5 Protective capping of (Bi;_,Sb,),Te; films
Introduction

The conduction in bulk-insulating topological insulator films is dominated by
the topological surface states. To preserve these surface states, it is necessary to
protect the MBE-grown film from oxidization before exposing them to ambient
conditions ex-situ. A perfect crystal surface is inert to surface oxidization. How-
ever, low dimensional structures and not perfect materials show the formation of
an oxide layer upon air exposure. The oxidization process depends on the crystal
quality and the growth conditions [140, 141].

In combined studies of magneto-transport and surface sensitive characteriza-
tion techniques, it was demonstrated that TI thin films which were characterized
in-situ after growth show different behavior in contrast to TI films which were
exposed to ambient conditions. ARPES and XPS measurements revealed that ex-
posing unprotected TI materials to air leads to the filling of the bulk conduction
band with electrons, such that the conductivity is no longer carried exclusively
by the surface states [142-144]. Contradicting studies claim that a high density of
step-edges promotes the formation of an oxide film, while other STM data sug-
gests the same behavior without any prominent features in the morphology [145-
147]. The oxidization process involves several steps. Generally, the incoming O,
and H,O molecules are first absorbed by tellurium at the surface, followed by the
oxidization of the first film layer. In the case of Sb,Tes, this results in the formation
of an amorphous antimony oxide layer. Afterwards, the oxide growth continues
into deeper film layers [148]. The oxidization kinetics examined by ARPES and
XPS studies of (Bi;_,Sb,),Te; single crystals in the composition range from x = 0
(Bi,Te3) to x = 1 (SbyTes) found that the oxidization of the first layer in Sb,Tes is
much faster than in Bi,Te;. The behavior of the mixed (Bi;_,Sb,).Tes crystals is
similar to the behavior of Sb,Te;. The oxide layer growths linearly as a function
of time until an oxide thickness of 3nm is grown and the growth rate decreases.
The oxidization speed is further increased in humid air. Volykhov et al. [148, 149]
found that after an oxidation time of 100 hours in humid air (humidity 44%),
the oxide thickness on the surface of a Bi,Te; crystal was ~20 A. The same oxide
thickness was found on the surface of a Sb,Te; crystals after an oxidation time of
only approximately 1 hour [145, 150].
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Characterization of (Bi,_,Sb,),Te; films capped with Al,O;

To protect the grown (Bi;_,Sb,).Te; films from oxidization, the evaporation of
AL O; as a protective layer is an established technique [143, 151]. It is desirable
to in-situ deposit the Al,O; after growth. The lack of a port to mount an addi-
tional evaporator at the MBE1 and MBE2 chamber, which are used for the growth
of (Bi;_,Sb,);Te; films, prevents the in-situ-evaporation of Al,Os. To tackle this
problem, the film is removed from the MBE load lock and without delay taken
into the cleanroom where it is loaded into the atomic layer deposition (ALD)
setup to deposit 3nm of Al,O; at 80°C. A similar process was successfully re-
ported by the Tokura group [86].

Figure 4.12 compares magneto-transport measurements performed on two
(Biy_,Sb,).Tes films, grown at the same conditions. One film was capped with
3nm AL, O; by ALD deposition ((a) and (b)), while the other film remained un-
protected ((c) and (d)). Both films were remeasured several times in a PPMS in
the course of up to 26 days to investigate the behavior of magneto-transport
properties upon exposure to ambient conditions.

When first measured after growth, both films show the same insulating trans-
port behavior, as indicated by the red curves in the temperature dependence of
the sheet resistance in the temperature range between 2K and 300 K in Fig. 4.12
(a) and (c). First, the sheet resistance R, increases with decreasing temperature
and follows an insulating behavior. An upturn in the sheet resistance can be seen
at the lowest temperatures. Here, the bulk carriers freeze out and the conduc-
tion is dominated by surface carriers [129, 152]. Both BST films exhibit a similar
n-type carrier concentration in the Hall resistance of nyp = 3.41 x 10'? cm™ for
the ALL,O; capped and nop = 3.81 x 10'? cm ™2 for the pristine film, as extracted
from the curves in Fig. 4.12 (b) and (d). These low carrier concentrations suggest
a surface dominated conduction in both BST films.
The ALD-capped film still exhibits the same insulating behavior of the sheet
resistance in the repeated measurements shown in Fig. 4.12 (a). However, the
total values the sheet resistance are shifted, which suggests a change in the mo-
bility of the surface carriers. One can calculate a mobility of =464 cm=2/Vs for
the first measurement and ;=292 cm2/Vs for the measurement after 26 days,
which explains the change in the sheet resistance. Over the course of 26 days the
capped film remains bulk insulating and has an n-type carrier concentration of
nop = 4.2 x 102 cm 2, as depicted in Fig. 4.12 (b).

The BST film which was not protected shows typical metallic behavior in

the remeasured temperature dependence measurement of the sheet resistance
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in Fig. 4.12 (c) already after 6 days. The change in the Hall slope shows a tran-
sition from a n-type carriers to a mixture of n- and p-type carriers after 6 days.
This non-linear behavior most likely comes from two carriers (surface and bulk)
with different mobilities which now contribute to the conduction. The carrier
type changed to p-type depicted by the positive slope in the measurement per-
formed 24 days after the first measurement with a carrier concentration of nyp =
1.31 x 1083 em™2.

These measurements clearly emphasize that the protected BST film upholds its n-
type bulk-insulating behavior even after 26 days. The unprotected film however
becomes metallic and changes its carrier type from n- to p-type. In this case, the
top surface of the film was not protected from oxidization and the exposure to
air changed the electronic structure by shifting the Fermi level of the grown film.
The conduction is no longer surface dominated but includes bulk contribution
as seen in the higher carrier concentration.
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Figure 4.12: Comparison of the transport properties of a (Bi;_,Sb,)2Tes film which
was capped with 3nm Al,O; and a BST film which was not protected. Both samples
where measured several times to see the change in transport properties. (a) Temperature
dependence of the sheet resistance and (b) field dependence of the Hall resistance of a
capped BST film. (c) Temperature dependence of the sheet resistance and (d) magnetic-
field dependence of the Hall resistance of not protected BST film.
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4.2.6 Electrical gating of a (Bi;_,Sb,).Te; film
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Figure 4.13: Example of electrical gating of a 8 nm BST film. (a) Gate voltage depen-
dence of the sheet resistance shows that the Fermi level is tuned through the Dirac point.
(b) Gate voltage dependence of the Hall resistance indicates a n-type behavior starting
at V=20V and changing to p-type upon scanning the gate voltage in negative direction.
(c) Magnetic field dependence of the Hall resistance at Vg = 1.6 V. (d) Optical image of
the top gating device.

As discussed in the introduction of this chapter 4.1, the control of the Fermi
level is essential for topological insulator materials. Electrical gating is, addition-
ally to chemical doping or band structure engineering, a method to fine tune the
chemical potential in a wide range [129, 130].

Figure 4.13 presents the results of electrical top-gating of a 8 nm-thin BST
tilm. The (Bi;_,Sb,).Te; was grown on a sapphire substrate while ramping the
temperature from 230 °C to 280 °C within 5 minutes and 10 minutes additional
growth at the higher temperature, with a flux ratio Bi:Sb of 1:5.6 and 10 times
more tellurium flux.

An optical image of the fabricated top gated device is shown in Fig. 4.13(d).
The film was patterned into a Hall-bar structure by photolithography and wet-
etching. The metal contacts were fabricated by photolithography as well and
thermal deposition of 3 nm chromium and 40 nm gold. Afterwards, 40 nm Al,Os
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was deposited by atomic layer deposition (ALD) at 80°C as a dielectric layer.
After opening the windows on the Cr/Au contacts, a top-gate is fabricated as a
final step by photolithography and thermal deposition of 33 nm chromium and
40nm gold.

The magneto-transport measurements were performed in a Helium-3 insert
(Oxford Instruments Heliox) in a 14 T-superconducting magnet using the ac-lock
in technique. The gate voltage was applied by using a Keithley 2400 source meter.

Figure 4.13(a) and (b) shows the sheet resistance R, and the longitudinal
resistance Ry, as a function of applied gate voltage V. The gate voltage was
applied in a range of £20V at a base temperature of 0.3 K and a magnetic field of
14 T. The gate-voltage dependence of the sheet resistance R, plotted in Fig. 4.13(a)
reveals a maximum indicating that the Fermi level is tuned through the Dirac
point. The gate voltage dependence of the Hall resistance R, in Fig. 4.13(b) in-
dicates n-type behavior starting from Vi = 20V and changes to p-type upon
scanning the gate voltage in negative direction. Hence, by applying a top-gate
voltage, the carrier type could be tuned all the way from electron to hole dom-
inated conduction. The magnetic field dependence of the Hall resistance R,
at Vo = 1.6V, which is approximately the Dirac point, in Fig. 4.13(c) shows a
slightly non-linear slope. This slight non-linearity probably indicates that the top
and bottom surface of the grown film have different carrier concentrations. The
top gate on the 8 nm-thin BST film might only tune the chemical potential on
the top surface of the film but cannot effectively tune the potential of the bot-
tom surface. In such case, a dual-gate on top and bottom surface of a topological

insulator can tune the Fermi level simultaneously on both surfaces [130].
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4.3 Conclusion and outlook

(Bi;—,Sb,),Te; films were grown on sapphire substrates using molecular beam
epitaxy. The growth conditions were investigated using x-ray diffraction, atomic

force microscopy and magneto-transport measurements.

The growth conditions were optimized to obtain high-quality single crys-
talline films with good morphology. Therefore- a two-step-growth method was
established and the start and end growth temperature carefully calibrated. The
film growth was further optimized to successfully obtain bulk insulating behav-
ior by changing the ratio between bismuth and antimony. The homogeneity of
the grown BST film was demonstrated on a large scale. Furthermore the necessity
of protecting the film surface by Al,O3 capping was investigated and confirmed.
Finally, a top-gate device was fabricated on a BST film and the ability to tune the
Fermi level was confirmed by applying a gate voltage.

It is prudent to emphasize that the optimization process is always a combina-
tion of various parameters. Consequently, changing one parameter, for example
the thickness of the film, involves finding a new set of optimized substrate tem-
perature, Bi/Sb ratio and so forth.

The optimized (Bi;_,Sb,).Te;s films have various applications. In the scope of
this work they are the basic building block for the magnetically doped topologi-
cal insulator in chapter 5 and the selective area growth in chapter 7. Additionally,
the film were used in other projects such as the etching BST film into nanowires
and the investigation of proximitized superconductivity in a (Bi;_,Sb,).Te; with
a layer of palladium on top [153].



79

Chapter 5

MBE growth of magnetically doped

topological insulator films

Contents
51 Introduction .. ........... ... .. ... 80
5.2 MBE growth and characterization of V-doped BST films . . . . 84
5.3 Measurement of the quantum anomalous Hall effect. . . . . . 91
53.1 Magneto-transport measurementat2K . . ... ... .. 91
5.3.2 Determining the critical temperature 7¢ . . . . . . .. .. 93
5.3.3 Observation of the quantum anomalous Hall effect . . . 94
54 Conclusionandoutlook . ... ................... 102

Doping a topological insulator with transition metal elements can establish fer-
romagnetism in a TI and lead to TRS breaking [48, 49]. TRS breaking opens a
magnetic exchange gap at the Dirac point in the topological surface states. Tun-
ing the Fermi level into this gap results in the emergence of exotic phenomena
such as the quantum anomalous Hall effect (QAHE) which generates disspation-
less edge current with no external magnetic field needed. This chapter discusses
the growth of vanadium-doped (Bi;_,Sb,).Te; (VBST) films and the optimization
process to achieve the QAHE in these films.
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5.1 Introduction

After the exciting discovery of the quantum Hall effect, with its quantized trans-
verse resistance and simultaneously vanishing longitudinal resistance, it became
clear that the technological applications for this effect were limited by the high
magnetic fields which were needed to achieve dissipationless edge transport.
In the case of the quantum anomalous Hall effect no external magnetic field is
needed to observe dissipationless edge transport.

The breaking of time-reversal symmetry in a topological insulator by introduc-
ing ferromagnetism into the sample leads to the quantum anomalous Hall effect.
Chromium and iron were two of the first elements proposed as possible candi-
dates for magnetic doping [39].
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Figure 5.1: First experimental observation of the quantum anomalous Hall effect in
Cr-doped BST at 30 mK (a) Magnetic field dependence of the transversal resistivity at
different gate voltage. (b) Gate voltage dependence of the longitudinal and transverse
resistivity at zero field. (c) Magnetic field dependence of the longitudinal resistivity at
different gate voltage. (d) Gate voltage dependence of the longitudinal and transverse
conductivities at zero field. Reprinted by permission from Science 340, 6129, pp. 167-170
(2013), Experimental Observation of the Quantum Anomalous Hall Effect in a Magnetic
Topological Insulator; C.Z. Chang et al., Copyright (2013), [154]

The opening of a gap at the I'-point in the topological surface states was first

seen by angle-resolved photoemission spectroscopy (ARPES) measurements on
iron-doped Bi,Se; [156].
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Figure 5.2: Observation of the quantum anomalous Hall effect in V-doped BST at
25 mK(a) Magnetic field dependence of the longitudinal and Hall resistance at the charge
neutrality point. (b) Magnetic field dependence of p,, and py, at low magnetic fields.
Reprinted by permission from Springer Nature: Nature Mater 14,473-477 (2015), High-
precision realization of robust quantum anomalous Hall state in a hard ferromagnetic
topological insulator ; C.Z. Chang et al., Copyright (2015), [155]

The quantum anomalous Hall effect was first experimentally realized in 5 QL
chromium-doped (Bi;_,Sb,).Tes films grown on SrTiO; (111) substrates in 2013
[154]. The measurements by the Xue group shown in Fig. 5.1 reveal quantiza-
tion in units of e?/h in the transverse resistance while applying a gate voltage
of —1.5V and by this shifting the Fermi level into the surface gap. The longitu-
dinal resistance remains at a value of p,, ~2.5k2 and only vanishes completely
after applying a strong perpendicular magnetic field (5 > 10T). This resid-
ual longitudinal resistance is most likely due to inhomogeneously distributed
chromium atoms which cause a non-uniform ferromagnetism in the film [157],
variable-range hopping [154, 158] or remaining non-chiral edge-states [159, 160].
To demonstrate a quantized sample with no Ry, contribution, the film quality

had to be improved.

In 2015, the Moodera group achieved the quantum anomalous Hall effect
in 4nm-thin vanadium-doped BST films [155], which have a higher coercive
field Hc (~ 1T) and critical temperature 7¢. than the Cr-doped BST samples and
reach a highly ordered ferromagnetic state at zero magnetic field. Here, the more
uniformly distributed ferromagnetic order gives a quantization of p,, reaching
0.9998e*/h and vanishing p,, at 25mK (see Fig. 5.2). Additionally the Tokura
group and Goldhaber-Gordon group reported the quantum anomalous Hall ef-
fect achieved in Cr-doped BST showing a longitudinal resistance far lower than
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what was achieved in the first measurements of the Moodera group [159, 161,
162].

What all the successful demonstrations of the QAHE have in common is the
low temperature regime in which the full quantization of the conductance was
achieved. The temperature at which the QAHE is observed is generally below
100 mK, which is several orders lower than the measured 7¢ of the material and
a reported magnetic exchange gap of up to 50 meV [156, 163]. There are various
reasons for this behavior, such as impurity channels created by dopants and de-
fects [160] or residual bulk carriers [162].

A way to decrease disorder in the sample and to increase the temperature at
which the quantum anomalous Hall effect can be observed, was demonstrated
in 2015 by the Tokura group [164]. Mogi et al. showed that by growing a 8§ nm-
thin tri- and penta-layer structure of (Bip 225b 7s)2Tes and Crg 46(Big 22Sbo.7s)2Tes,
it was possible to observe a robust quantization up to 0.5K and +£0.97h/e* at 2K
(see Fig. 5.3). This behavior can be explained by the suppression of disorder in

the surface states.

Another way to reach a high temperature quantum anomalous Hall effect was
brought forward by the theoretically prediction that MnBi,Te, is a layered anti-
ferromagnet with septuple van der Waals layers of Te-Bi-Te-Mn-Te-Bi-Te [165].
The intrinsic magnetization in MnBi,Te4 is expected to open a uniform, large
magnetic gap. The temperature at which the QAHE can be observed is increased
in this stoichiometric ordered compound. ARPES measurements already con-
firmed the opening of the magnetic gap [166] and the occurrence of the QAHE
at 1.4 K in the intrinsic magnetic topological insulator MnBi,Te, was confirmed

by experiment [167].
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Figure 5.3: Schematics and measurements of the uniform and modulation magnetic
doping structures(a)-(c) Schematics of the single-, tri- and penta sample structures.
(d),(f) Gate voltage dependence of Ry, at 0.5K and 50mK. (e),(g) Gate voltage de-
pendence of Ry at 0.5K and 50 mK. Reprinted by permission from: Appl. Phys. Lett
107,182401 (2015), Magnetic modulation doping in topological insulators toward higher-
temperature quantum anomalous Hall effect ; M. Mogi et al., Copyright (2015), [164]
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5.2 MBE growth and characterization of V-doped BST
films

Optimization of the growth parameters for the MBE growth
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Figure 5.4: Deposition rate of vanadium and dependence of the anomalous Hall am-
plitude on the substrate temperature during VBST growth. (a) Calibration curve for
the deposition rate of vanadium as a function of electron beam current of the ebeam
evaporator. (b) Dependence of the anomalous Hall amplitude extracted at 2K on the
substrate temperature during VBST growth.

The magnetically doped (Bi;_,Sb,).Tes (BST) films were grown on InP sub-
strates using the MBE3 UHV-chamber. The substrates were cleaned with acetone
and IPA in an ultrasonic bath prior to inserting them into the MBE chamber.
The substrates were then annealed to 550 °C in the buffer chamber of the MBE3
system to remove the native oxide layer (see chapter 3.1.3). The prospect of a
more robust ferromagnetic order due to the larger coercive field and higher 7t
in vanadium-doped BST films compared to those using chromium as a dopant
[155] led to the decision to choose vanadium as the magnetic dopant for the BST
films grown in the scope of this thesis.

As in the case of undoped (Bi;_,Sb,).Te; film growth discussed in chapter 4,
a careful optimization of the growth parameters for the magnetically doped films
has to be carried out. Various growth parameters play an important role, here the
optimization of the amount of vanadium dopants and the sample temperature
during growth are exemplary discussed. Apart from these two parameters, the
thickness of the VBST films [168] and the bismuth-antimony ratio have to be
optimized. In order to observe the quantum anomalous Hall effect, the Fermi
level has to be tuned into energy gap by changing the Bi/Sb ratio [57]. For films
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discussed in this chapter a Bi:Sb ratio of 1 : 3.8 + 0.1 was found to be optimal.
In terms of thickness, Feng et al. [168] found an lower and an upper limit for the
film thickness to reach full quantization of R,,. If the film is too thick, surface-
dominated conduction is likely to exhibit contributions from the bulk as well.
Reducing the thickness of a 3D topological insulator leads to a hybridization of
top and bottom surface which opens a gap, such that the system becomes two-
dimensional. The size of the hybridization gap E, has to be smaller than the size
of magnetic exchange gap Ec. to observe the QAHE [36, 168, 169]. It was found
that for film thicknesses < 3 QL, the hybridization gap exceeds the magnetic ex-
change gap [168]. Within the scope of this thesis, the film thickness was kept at
~7nm.
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Figure 5.5: Electron-beam evaporator for the vanadium deposition: (a) Photo of the
front of the electron-beam evaporator with anode, cathode and filament visible. (b) View
from top with the evaporant visible and the electron beam sketched. The magnet is fixed
on the side of the construction and cannot be seen in this photo.

Due to the high melting point of vanadium (~1910 °C [170]), an electron-beam
evaporator EBVV designed by MBE Komponenten is used for the evaporation.
Here, the source material is directly bombarded by high-energy electrons instead
of simply heating the material by heat radiation [74]. A photo of the electron-
beam evaporator is shown in Fig. 5.5. The tungsten filament is at negative high
voltage (-3kV to =10kV). Electrons from the hot filament are accelerated by the
anode. The cathode shield (-10kV) prevents the electrons from hitting the an-
ode and instead forces them to take an outer path. A permanent magnet deflects
the electron beam by 270° so it bombards the material [171]. The evaporation
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rate can be controlled by the electron-beam current and voltage. The amount
of vanadium doping cannot be measured by the beam flux monitor since vana-
dium acts as a gettering material in the MBE chamber [172], such that the pres-
sure in the chamber locally decreases to below the measurable pressure range
of p ~107'?> mbar. To calibrate the deposition rate, a series of vanadium films
was grown on sapphire substrates. Figure 5.4(a) shows the growth rate for sev-
eral such vanadium films. The thickness of the grown films was determined
by atomic force microscopy (AFM). The electron beam current was varied be-
tween 60mA and 150 mA, while the applied voltage was always kept at 6 kV.
This graph can be used to roughly recalculate the intended number of dopants
and additionally should be revisited from time to time to examine whether the

growth conditions have changed.

The anomalous Hall effect (AHE) amplitude and the critical temperature Tt
are two characteristics to judge the magnetic properties of the grown film, given
they measure the ferromagnetic order in the doped film. The anomalous Hall
amplitude of the VBST films was measured at 2K in a PPMS system using a
standard Hall bar configuration and the ac-lock in technique while sweeping the
magnetic field +9T.

The dependence of the AHE amplitude on the substrate temperature, mea-
sured on already optimized samples in terms of thickness, Bi/Sb composition
ratio and vanadium concentration, is depicted in Fig. 5.4(b). Here, all samples
were grown at the same electron-beam current and voltage, but the growth tem-
perature was varied. The highest value for the anomalous Hall amplitude was
measured for VBST films which were grown at a substrate temperature of 190 °C
and 200 °C. The amplitude becomes smaller for films grown at higher tempera-
tures. For growth temperatures lower than 190 °C the AFM images present a very
rough and holey morphology indicating that these temperatures are too low to
grow a single crystalline film with good morphology. Indeed, all samples repre-
sented by the blue dots at 190 °C show full quantization of the Hall resistance at
30mK.

In case of the magnetically doped BST films, the amount of the magnetic
dopants has to be carefully tuned. The vanadium concentration has to be large
enough to introduce a robust ferromagnetism in the system which can be directly
judged by measuring the anomalous Hall effect and the critical temperature 7¢.

A too high vanadium concentration however can introduce magnetic clusters
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Figure 5.6: Dependence of the anomalous Hall amplitude on the critical temperature
Tc: The middle panel shows the dependence of the anomalous Hall amplitude of the
critical temperature 7 determined after field training. The surrounding graphs each
show the temperature dependence of the longitudinal resistance Ry (red curve) and
the Hall resistance Ry (blue curve) for three samples highlighted by red numbers 1, 2,
3 in the main panel. The samples were all grown 40 minutes at Typstrate=190 °C and
capped with 3nm of Al,O3. The current used for the e-beam evaporation of vanadium
was different for the three samples: sample 1: =66 mA, sample 2: 1=67.5 mA and sample
3:1=70.5mA.

and by this disorder into the sample. The large, middle panel of Fig. 5.6 shows
the anomalous Hall amplitude as a function of critical temperature determined
after field training. The grey shaded region highlights a 7T range which was
found to be suitable for samples which quantize at temperatures below 100 mK.
In fact, the samples represented by the three dark blue squares show quantiza-
tion of the Hall resistance at 30 mK.

Three exemplary samples were selected and highlighted by red numbers. The
three films were all grown 40 minutes at a substrate temperature of Tyypstrate =
190 °C and capped with 3nm of Al,O; by ALD after growth. The electron-beam
voltage was always kept at 6 kV, while the electron-beam current was different
for each of the samples (sample 1: / = 66 mA, sample 2: I = 67.5mA and sample
3: I = 70.5mA). The temperature dependence of the longitudinal resistance R,
(red curve) and the Hall resistance Ry (blue curve) is plotted for each sample in
the three panels surrounding the middle plot and the critical temperatures are

indicated by a black arrow at the transition temperature at which the anomalous
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Hall contribution vanishes.

All three samples show a steady increase in the Hall resistance R, but only
sample 2 in the top panel exhibits a continuous decrease in the longitudinal
resistance R as it is expected for a sample which is in the quantum anomalous
Hall state. Ry, drops by roughly 30% from its maximum value until the value at
the lowest recorded temperature of 2K. Sample 1 (left panel) also shows a slight
decrease of around 1% in the longitudinal resistance, while the R, curve of
sample 3 (right panel) still increases at low temperatures. Given that the electron-
beam current and thus the amount of evaporated vanadium used for the growth
of sample 3 was the highest among the three samples, it is likely that the disorder
created by the vanadium atoms is too large and thus electrons are scattered
into the edge channels and prevent an entirely dissipationless edge current. The
amount of vanadium in sample 1 is enough to introduce a fully ferromagnetic
state with a clear transition temperature 7, but the size of the magnetic gap
is most likely too small to observe the quantum anomalous Hall effect even at

lower temperatures.

Protective capping of the grown VBST films

Similar to the non-doped (Bi;_,Sb,).Te; films discussed in chapter 4.2.5, the V-
doped BST films need to be protected from oxidization. Figure 5.7 shows a com-
parison of aging effects in transport measurements of VBST films without cap-
ping layer and protected by ALD-deposited 3 nm of Al,O;. Figure 5.7 (a) and (b)
depicts the magneto-transport of a non-protected V-doped BST film measured
at 2K in a PPMS setup. The film was remeasured three times over the course
of seven days. The first measurement in Fig. 5.7(a) shows a typical hysteretic
behavior with a negative slope and an anomalous Hall amplitude of 5.2k(). The
characteristics of the film changed significantly over the course of seven days.
The second measurement, performed two days after the first one, is displayed
in Fig. 5.7(b, red curve) and shows a reversal of the hysteresis loop as well as a
more than 10 times smaller anomalous Hall amplitude. The ferromagnetic order
in the film has changed evidently as seen by the reversal of the magnetization
direction. After seven days the amplitude decreased even further as depicted
by the blue curve in Fig. 5.7(b). Furthermore, the sign of the hysteresis loop is
reversed again. Consequently, the magnetic properties of the vanadium-doped

BST film are clearly altered by the oxidization of the unprotected film.



5.2. MBE growth and characterization of V-doped BST films 89

The vanadium-doped BST film shown in Fig. 5.7(c) was capped with 3nm
Al,O3; by ALD deposition immediately after removing the sample from the vac-
uum system. No obvious change is visible in the Hall resistance measurements
performed within five days of each other. The coercive field and the anomalous
Hall amplitude show the same behavior. These results again underline the neces-
sity to protect every film right after growth.
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Figure 5.7: Protective capping of the grown VBST films with ALD deposited Al,O3:
(a) Hall resistance measurement of a not protected film, with the red and blue curve
remeasured 2 and 7 days after the first measurement. (b) Zoom in on the repeated mea-
surements after 2 and 7 days. (c) Magneto-transport measurement of a VBST film which
was capped with 3nm Al,O3. No obvious change in the measurement of the Hall resis-
tance can be identified over the course of 5 days.

Growth recipe for the VBST growth

Taking the growth parameters obtained by the optimization process into account,
the substrate temperature during growth is kept at 7' = 190 °C. This optimal
substrate temperature is lower than the growth temperature in the case of the
undoped BST films. The reasons for this are mainly the different substrate the
magnetically doped films are grown on and the different MBE chamber used for
the VBST-growth. The heater used in the MBE3 chamber is constructed and po-
sitioned differently than the heater used in MBE2 such that the effective growth
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temperatures are difficult to compare between the different MBE chambers. High-
purity bismuth, antimony, tellurium and vanadium are simultaneously evapo-
rated for 40 minutes with a growth rate of <0.2nmmin™". Just as for the regular
(Bi;_,Sb,).Tes films, the vanadium-doped BST films are grown under tellurium-
rich conditions. The Bi:Sb ratio is kept at ~ 1:3.8. The resulting films thickness
after the growth is approximately 7 nm. Bismuth, antimony and tellurium are
evaporated from standard Knudsen cells. The as-grown films are capped with
3nm Al,O; by atomic layer deposition (ALD). The crystal quality is checked
by atomic force microscopy and x-ray diffraction. A typical XRD pattern and
AFM image are displayed in Fig. 5.8. The XRD pattern indicates an epitaxial
growth along the (001) direction with no other phase found. A lattice constant
of ¢ = 30.1994 A can be extracted from the XRD data. This is slightly larger than
the lattice constant obtained for pure (Bi;_,Sb,);Te; film discussed in chapter
4.2.2, which indicates that vanadium doping leads to a small lattice expansion
[154]. The atomic force microscopy image (1x1 pm) shown in Fig. 5.8(b) indicates
a high-quality growth with a flat and continuous surface.
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Figure 5.8: AFM and XRD measurement of V-doped BST films grown on an InP sub-
strate. (a) The XRD pattern indicates an epitaxial growth along the (001) direction with
the InP peaks present as well. (b) The AFM image (1x1 pm) shows a continuous growth
with flat terraces.
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5.3 Measurement of the quantum anomalous Hall ef-
fect

5.3.1 Magneto-transport measurement at 2K

After growth, magneto-transport measurements were performed on all samples
at 2K using a PPMS setup and standard lock-in amplifiers with an applied cur-
rent of 100 nA.

A typical measurement result is shown in Fig. 5.9. Panel (a) displays the temper-
ature dependence of the sheet resistance. The sheet resistance R, increases with
decreasing temperature and hence follows an insulating behavior. The transport
properties measured in a perpendicular magnetic field for varied temperatures is
shown in Fig. 5.9(c) and the hysteresis loop measured at the lowest temperature
of 2K is highlighted in panel (b). From equation 2.17 in chapter 2.2.1, it is already
known that the Hall resistance Ry, of a ferromagnetic material consists of an or-
dinary and an anomalous Hall contribution. Both contributions can be identified
in Fig. 5.9 (b) and (c). The anomalous Hall contribution manifests as a hystere-
sis loop and the ordinary Hall part is described by the straight slope at higher
magnetic fields. The square shape of the hysteresis loops indicates a long-range
ferromagnetic order introduced by the vanadium dopants with a coercive field
of 0.6 T. The negative slope of the ordinary Hall contribution at higher magnetic
fields indicates an n-type behavior at 2 K. One can extract a carrier concentration
of ngp = 2.7 x 102 cm~? and a mobility of u = 110cm™2/Vs. The low carrier
concentration indicates a bulk insulating behavior such that the Fermi level of
the film lies in the bulk band gap. The temperature evolution from 300K to 2K
of the anomalous Hall amplitude is depicted in Fig. 5.9(d). At 2K, the anomalous
Hall amplitude is Rang ~19 k), which is already close to the quantized value of
R = 25.81 k.
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Figure 5.9: Magneto-transport measurements of a ~7 nm V-doped BST film at 2K per-
formed in a PPMS system. (a) Temperature dependence of the sheet resistance Ry«. The
measurement indicates an insulating behavior. (b) Magnetic field dependence of the Hall
resistance R,y at 2 K. The square shape of the hysteresis loops indicates a long-range fer-
romagnetic order and the anomalous Hall amplitude is ~19 k(). The negative slope of
the ordinary Hall contribution at high magnetic fields indicates a n-type behavior with a
carrier concentration of nyp=2.7 x 102 cm~2 (c) Anomalous Hall curves: Ry measured
by sweeping the field at various temperatures from 2 K to 300 K. (d) Temperature evolu-
tion of the anomalous Hall amplitude indicates an AH amplitude of 19 k() for the lowest
temperature at 2K and a critical temperature 7 of approximately 25K to 30 K.
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5.3.2 Determining the critical temperature 7¢

To determine the Curie temperature 7 of the grown VBST film three methods

can be applied.

(1) The sample is first trained at 2K in magnetic field by applying a field of
B = £9T. This field is sufficient to align all magnetic moments in the V-doped
BST film. The now trained sample is warmed up in zero magnetic field until a
transition is visible in the longitudinal resistance R,,. Above the critical tempera-
ture, the anomalous Hall effect vanishes. An exemplary measurement is depicted
in Fig. 5.6.

(2) The measurement of the anomalous Hall amplitude at various temperatures
is another way to define the critical temperature as shown in Fig. 5.9 (c) and (d).
The Tt is defined as the temperature at which the anomalous Hall contribution
and thus the ferromagnetic state vanishes. Only the linear ordinary Hall contri-
bution is left. This can either be identified by the disappearance of the hysteresis
loop at a certain temperature in panel (c) or more clearly in graph (d) which
shows the AH amplitudes as a function of temperature [159].

(3) Another way to determine the 7 is by measuring Arrot plots [173]. Based on
the equation H = a(T/Tc — 1) + AM? + BM? + ... (for a magnetic field H near Tt)
which Arrot derived in 1957, the critical temperature is estimated by plotting the
square of the magnetization M? against the ratio of the applied magnetic field
and the magnetization H/M. Therefore, further hysteresis loops were measured
in close temperature steps near the 7= determined by the magneto-transport mea-
surements in Fig. 5.9(d). Using the relation between the transversal resistance
Ry, and the magnetic field over Ry, given by R}, = a + bB/R,, (with a and b
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constants), the Arrot plot is shown in Fig. 5.10. The Curie temperature is the tem-
perature below which the ferromagnetic state appears. When you approach this
temperature from above T¢, the intercept a changes its sign from negative to posi-
tive and the slope b increases. Thus the critical temperature can be extracted from
the temperature curve in Fig. 5.10 where a linear fitting curve passes through
the origin [155]. In Fig. 5.10 a critical temperature of 7T ~ 25 K is extracted. The
disadvantage of this method is that the measurement of the various hysteresis

loops is far more time consuming than the zero-field warming of the trained film.

5.3.3 Observation of the quantum anomalous Hall effect
5.3.3.1 Measurement of the QAHE

Vanadium-doped BST films, which show an anomalous Hall amplitude already
close to the quantized resistance value of 25.81 k() at 2K and have a critical tem-
perature and field in the desired range, are further investigated by cooling the

sample down to temperatures below 100 mK in a dilution refrigerator.

The grown VBST films are covered with 3 nm Al,O3, acting as a protective cap-
ping layer, and are patterned into a Hall bar geometry using optical lithography.
Afterwards, the protective Al,Os-layer is removed by 50 °C-heated Transene D
and the VBST film itself is etched by chemical etching in a H,0,(35%) 3:1 H,SO4
solution. 5 nm platinum and 45 nm gold ohmic contacts are deposited by sputter-
ing in an UHV chamber. The metal contacts are lifted off by placing the sample in
N-Methyl Pyrrolidone (NMP). An optical image of typical Hall bar device with
a length of 300 pm and a width of 100 um is displayed in Fig. 5.11(c).

The VBST film, shown in Fig. 5.9, was characterized in a dilution refrigera-
tor using standard lock-in amplifiers and an applied AC current of 10nA. The
magneto-transport results are shown in Fig. 5.11. Figure 5.11(a) shows the mag-
netic field dependence of the longitudinal and Hall resistance measured at 30 mK.
While sweeping the magnetic field with a rate of 0.02 T min™, the Hall resistance
Ry« (blue curve) reaches the quantized value of h/e? ~25.81 k), while the longi-
tudinal resistance R,y (red curve) becomes zero. Ry, increases only at the values
of the coercive field at ~1T as the magnetization direction is reversed and the
QAHE is destroyed. One might notice an additional small increase of R, around

0T. This deviation is probably coming from a slight temperature increase when
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Figure 5.11: Quantum anomalous Hall effect demonstrated in a V-doped BST film. (a)
The V-doped BST film is quantized at 30 mK. The Hall resistance Ry (blue curve) reaches
the quantized value of h/e? ~25.81 k(), while the transversal resistance R, (red curve)
becomes zero and increases only at the values of the coercive field. (b) The quantum
anomalous Hall effect is still observed at 100 mK. (c) Optical image of a typical Hall bar
device. Current is applied from contact 1 to 4.

the polarity of the magnetic field is reversed during the field scan [158]. Quanti-
zation is still observed at an increased temperature of 100 mK, as can be seen in
Fig. 5.11(b). During this measurement, no gate voltage had to be applied in order
to observe the quantum anomalous Hall effect. By carefully tuning the Bi/Sb
ratio and the amount of vanadium dopants, it was possible to grow insulating
VBST films and tune the Fermi level inside of the energy gap.

5.3.3.2 Temperature dependence of the QAHE

Peculiarly, the quantum anomalous Hall effect in magnetically doped topologi-
cal insulators was in general only observed at temperatures below 100 mK, even
though a magnetic exchange gap of up to 28 meV to 50 meV was reported [156,
163]. By co- and modulation doping of TI films the temperature at which the
QAHE could be observed was increased up to 2 K [164, 174]. These temperatures

are still well below the expected values.

To study the robustness of the quantized state with increasing temperature,
the temperature dependence of the conductance was measured on a 100 pm-
wide Hall bar. Figure 5.12 shows the temperature dependence of the longitudinal
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(red triangles) and transversal (blue points) conductance Gy, yx as a function of
T~'. The Hall conductance G,, remains at the quantized value of e?/h until a
temperature of approximately 300 mK. The longitudinal conductance G,, can be
titted by an Arrhenius plot for a temperature region between 60 mK to 400 mK.
The Arrhenius fitting is used to extract the thermal activation energy 7j of a

system. The Arrhenius fit is given by the equation [175]:
Oz = 0pexp(=To/T). (5.1)

The measured longitudinal conductance G, (red triangles) follows the exponen-
tial Arrhenius fit (black line) down to a temperature of ~60 mK which points to
a thermal activation-type of the temperature dependence [158, 162, 176]. A ther-
mal activation energy 7, = 0.5 K can be extracted from the Arrhenius fit which
corresponds to an average magnetic gap size of kg7 = 40 peV, with the Boltz-
mann constant kg. The T of this sample is in the order of 20 K which gives a gap
size of kgTc = 2meV. Chong et al. [177] performed Landau Level-spectroscopy
on magnetically-doped topological insulators to investigate the difference in gap
sizes. They detect two types of disorder in the material. On the one hand they
found evidence for electrostatic disorder. This kind of disorder is caused by a ran-
dom spatial distribution of bismuth and antimony atoms within the sample. Con-
sequently, a varying Bi/Sb ratio results in random positions of the Fermi level
throughout the sample. The other disorder is coming from inhomogeneously dis-
tributed magnetic dopants. This magnetic disorder creates a random distribution
of the magnetic gap size. The combination of these two disorders can lead to a
suppressed size of the gap in the range of two orders from the average gap size

in pm-sized regions in the sample.

The deviation of the longitudinal conductance G,, from the Arrhenius fit
for temperatures below 60 mK suggests that at lower temperatures not only the
surface state electrons carry the conduction, but an additional contribution is
present. Variable range hopping (VRH) was suggested as such an electron trans-
port mechanism at low temperatures [154, 158, 176]. Electrons can move by hop-
ping from one localized state to the next near the Fermi energy within an energy
range of kg7 [178]. Given that the electron temperature of the dilution fridge
used for the measurements is ~60 mK, the data obtained at this temperatures
is not reliable to make a convincing argument on any low temperature electron

transport mechanism.
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5.3.3.3 Current-induced breakdown of the QAHE

Figure 5.13 shows the current-induced breakdown of the quantum anomalous
Hall effect. The longitudinal voltage V,, (red dots) and the transversal voltage
V. (blue dots) are plotted as a function of the current I,. which is send through
a Hall bar with a width of 100 pm at 20 mK at zero magnetic field.

The longitudinal voltage V,, starts to deviate from zero at a characteristic
current Iy. Kawamura et al. [158] explain this behavior by stating that in the sec-
tion in which V,, = 0, electrons of counter-propagating edge channels cannot
backscatter due to the magnetization-induced gap in the top and bottom sur-
face of the sample. When the current is increased above the critical value I, the
transversal electric field supports the backscattering of electrons. When a current
of Iy ~ 60nA is applied to the VBST film, the quantum anomalous Hall states
breaks down. The VBST film discussed in chapter 5.3.3.4 even exhibits a break-
down current of [, ~ 150 nA and thus has a more robust quantum anomalous
Hall state. The breakdown current for chromium-doped BST was measured by
Kawamura et al. [158] for Hall bar devices with different widths. They observed a
higher I, value for wider Hall bars. For a Hall bar with the same width of 100 pm
studied in this work, they found a value for the current-induced breakdown of
the QAHE of I, ~ 10nA which indicates a less robust QAH state compared to
the sample shown in Fig. 5.13.

The measured transversal voltage V,, follows the straight fit of the quantized
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voltage (blue line). Additionally, the green triangles show the deviation of V,,
from the quantized value. The VBST remains in the quantized regime until a
current of I, ~100nA is applied which suggests that the Hall voltage is more

robust against increasing current than the longitudinal voltage.

To study this behavior, one can apply the Landauer-Biittiker-formalism [179].
A scheme of a Hall bar device which illustrates the characteristic 1D chiral edge
channel in the QAH regime is shown in Fig. 5.13(b). Here e denotes the proba-
bility of carriers scattering from one edge of the Hall bar to the other edge. This
probability is assumed to be the same for both channels. The Landauer-Biittiker
formula describes the current I; which is leaving the i-th contact, as [176, 179-
181]:

2
e
Ii= Z(TV - TyV) (5.2)

with the current I; and the voltage V; of the i-th contact. Tj; is the transmission

probability from the j-th to the i-th contact. Equation 5.2 can be rewritten as:

I, = Z Gij(vi - V}) 6.3)

J

with the conductance G;; = 6—;(% S Thi — Tij)-

Equation 5.3 for the current dikstribution in the Hall bar device shown in
Fig. 5.13(b) can be displayed in matrix form as shown in equation 5.4. The cur-
rent in Fig. 5.13(b) is applied from I; to I, (V, = 0) and contacts 2,3,5 and 6 are
used as voltage probes (I; = I3 = I = I = 0). The current can only travel from
one contact to the next in a clockwise manner in the edge state without backscat-

tering. With the scattering probability «, the following matrix for the current is

obtained:
I 1 0 0 0 -1 Vi
I -1 1 0 0 0 Vs
I 210 —(1-— 1 0 — 0 \%
=% (1-a) “ 5 (5.4)
1, h 0 0 -1 1 0 0 |
I 0 0 0 -1 0 Vs
Ig 0 - 0 0 —(1—-a 1 Vs

By solving the matrix 5.4 one can calculate that the current is given by I =
I = %(Vl — V) = %(1 — a)V; and the voltages of the contact 1,2, 3, 5 and 6 can
be extracted as V; = V5, V3 = (1 —a) V4, Vs =0and V5 = a V.
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It is now straightforward to evaluate the longitudinal and transversal resis-
tance of the Hall bar using these equations. The longitudinal resistance is given

by:

“/n(1—a)

This result indicates that when no scattering probability o from one Hall bar

Ry 3= Rg_5 = (5.5)

edge to the other is present (w = 0), the resistance is zero as expected for the
QAHE. However, for a # 0, the longitudinal resistance deviates from zero. The
transversal resistance is given by:

h
Ry ¢ = R3_5 =

e?’

(5.6)

The Hall resistance does not depend on the scattering parameter a. Consequently,
the Hall resistance is more robust against scattering introduced by an electrical
field.

a 1.0 T b
( ) 20 mK ( )
0.8}
0.6
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Figure 5.13: Current dependence of the longitudinal and transversal voltage. (a) Cur-
rent dependence of the longitudinal V., and transversal V,, voltage measured at
T=20mK and zero magnetic field. (b) Scheme of a Hall bar geometry with 6 contacts.
In the QAH state, electrons travel in a single chiral edge channel. « is the probability for
electrons to scatter from one edge to the other.
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5.3.3.4 Measurement of the QAHE on a millimeter-sized Hall bar
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Figure 5.14: V-doped BST film measured at 2 K. (a) Measurement of the sheet resistance
Ry has a downturn at low temperatures. (b) Magnetic-field dependence of the Hall
resistance Ryx. An anomalous Hall amplitude of ~22k() can be extracted. (c) The tem-
perature dependence of the Hall resistance highlights the relatively high anomalous Hall
amplitude already at 2K and a 7 =~ 30 K can be extracted.

In order to check the homogeneity of a VBST film on a larger scale than the

size of a regular Hall bar, a longer Hall-bar device was fabricated. The vanadium-
doped BST film was grown at the same conditions as the film shown in Fig. 5.9
and Fig. 5.11. A Hall-bar device with the same width as the regular Hall bar of
100 pum was fabricated, but the new design includes 26 contacts instead of the
usual 6. The individual contacts are spaced 300 pm which corresponds to the
length of the regular device and the total length of the device is L = 3800 pm. An
optical image of such a ,snake-like’ device is shown in Fig. 5.15(c).
The magneto-transport of the device is first checked at 2K in a PPMS setup on
a Hall bar with width of 100 um and a length of 1200 um (contact 5 to contact
13 in Fig. 5.15(c)). The results of this measurement are shown in Fig. 5.14. The
temperature dependence of the sheet resistance in panel (a) shows the expected
downturn and the magnetic-field dependence of the Hall resistance gives an
anomalous Hall amplitude of ~22k() (b). This value can be seen in panel (c) as
well and a critical temperature of 7¢: =~ 30 K can be extracted from this graph.
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After measuring the magneto-transport properties of the ,snake-like” device at
2K, the sample is cooled down to 10 mK and four combinations of contacts along
the sample are measured and a current of 80 nA is applied from contact 1 to con-
tact 25. The width of the Hall bar is always 100 pm and the length of each Hall bar
is 600 pm. The results are depicted in Fig. 5.15. Panel (a) shows the quantization
of all four Hall resistance curves measured across the device. Simultaneously all
transversal resistances become zero except for a peak at the coercive field. The
temperature dependence of R, and R, in Fig. 5.15(b) shows the characteristic
behavior of the quantum anomalous Hall effect. The R, curves all show semi-
conducting behavior until a drop in resistance occurs at ~5K and they enter the
quantum Hall state while approaching zero resistance. Simultaneously, the R,
curves stay at zero resistance from room temperature to 7' ~ 15K where they
enter the ferromagnetic state and subsequently advance the quantized value
of 25.81 k(). The observation that across the sample all measured contact pairs
show the same behavior indicates that the vanadium-doped BST film is homoge-
neously grown and the QAHE is achieved across a millimeter-sized device.

9 . - . : 150
(a) Ro-25,1-5 10 mK (b)
 Moazs59.13
6L Ro.25,10-14 | 20-25,1-5
& Ro.25.17.21 /\100 i Ro-25,9-13 1
ﬁ, Ry 25,24 g Ro-25,1o-14
3l Ro.25.6.5 x Ro-25,17-z1
Ro-zs,14-13 50 Ro-25,2-1
1L Ro.25.22.21 k Ro-zs,e-s
0-25,14-13
_(1) . jK . 6 ] 0 \. . . Ry 25,2221
-2 -1 0 1 2 0 10 20 30 40
B (T) T(K)

Figure 5.15: QAHE demonstrated in a V-doped BST film across a long Hall bar device
with a width of W=100 pm. (a) The V-doped BST film is quantized at 10 mK. The Hall
resistance Ry, and the transversal resistance R are measured for four contact configu-
rations across the length of the device. (b) Temperature dependence of Ryy and Ryx. (c)
Optical image of the device. Current is applied from contact 0 to 25.
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5.4 Conclusion and outlook

In this chapter the growth optimization and transport measurements of vanadium-
doped (Bi;_,Sb,).Te; (VBST) films were discussed. After carefully optimizing the
growth conditions of the VBST films, the quantum anomalous Hall effect was
observed at zero magnetic field and temperatures of 30 mK and 100 mK.

By studying the temperature dependence of the quantum anomalous Hall
effect, a Arrhenius-dependence of the longitudinal conductance was observed
which suggests a thermal activated behavior until a temperature of 60 mK. A
magnetic gap size of 40 peV was extracted. This gap size is lower than what is
expected from the obtained critical temperature and is most likely caused by a
combination of electrostatic and magnetic disorder. By applying the Landauer-
Biittiker-formalism, the current-induced breakdown of the quantum anomalous
Hall effect for the longitudinal and transversal resistances was found to depend
on the different robustness against scattering introduced by an electrical field.
Furthermore the homogeneity of a grown VBST film in the mm-range was con-

tfirmed by observing the quantum anomalous Hall effect across a large ,snake-
like” Hall bar device.

Since for now the quantum anomalous Hall effect is only observed at low
temperatures, one of the future goals is to increase the temperature limit. This
can be achieved by modulation doping or growing different materials such as

MnBi,Tey, as discussed in the introduction of this chapter.

Samples which show the quantum anomalous Hall effect are moreover build-
ing blocks for further applications. Depositing a superconductor on top of a
sample which shows the quantum anomalous Hall effect is predicted to host
chiral 1D Majorana edge modes [182, 183]. Such experiments were already per-
formed and a half-integer quantized conductance plateau in the two-terminal
measurement was claimed to be a signature of Majorana fermions [184]. This in-
terpretation was doubted heavily and the half-integer plateau theoretically and
experimentally proven to be not a unique feature for Majorana fermions [185-
187]. One future experiment using the quantum anomalous Hall effect is a so
called Z,-interferometer, where the magnetically-proximitized topological insu-
lator from the original proposal [188, 189], is going to be replaced by a sample
with an intrinsic single edge channel at a FM domain boundary:.
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In this chapter the growth of superconducting Sn;_,In,Te thin films on a Bi,Te;
buffer layer by molecular beam epitaxy is discussed. Tunneling spectroscopy
measurements were performed on the film and a two-gap structure was ob-
served. This observation points to the coexistence of bulk and surface super-
conductivity. Because of the special properties of the material, the surface super-
conductivity is bound to be topological.

The following chapter is based on a paper published as:

Andrea Bliesener, Junya Feng, A. A. Taskin, and Yoichi Ando; Superconductivity
in Sny_,In,Te thin films grown by molecular beam epitaxy; Phys. Rev. Materials 3,
101201(R) (2019).

The tunnel-junction devices were fabricated and measured by Dr. Junya Feng.
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6.1 Introduction

After the discovery of topological insulators, two other topological phases gained
interest in recent years: topological crystalline insulators (TCI) and topological

superconductors (TSC).

Topological crystalline insulators were first introduced by Liang Fu in 2011 [190].
They are a material class in which the topological surface states are protected by
crystal symmetries (such as for example reflection, rotation or mirror symmetry),
instead of time-reversal symmetry which is the case for a topological insulator.
TClIs cannot be transformed into an ordinary insulator without breaking the crys-
tal symmetries. They have an insulating bulk and chiral gapless states on the
surface or on boundaries between the TCI and an ordinary insulator. The crystal
symmetries and the orientation of the surface dictate the electronic structure of

the topological crystalline insulator [65, 190].

Figure 6.1: Crystal structure and fcc Brillouin zone of SnTe. (a) Rocksalt crystal struc-
ture of SnTe. (b) Face-centered cubic Brillouin zone showing the plane I'L; Ly which
is invariant under reflection about the (110) axis and projects onto the I'’X; line in the
[001] surface. Reprinted by permission from Springer Nature: Nat Commun 3, 982 (2012),
Topological crystalline insulators in the SnTe material class, Hsieh et al., Copyright (2012),
[191]

Hsieh et al. [191] predicted the first topological crystalline insulator in 2012 in
IV-VI semiconductors, among which SnTe was a candidate. SnTe has a rocksalt
crystal structure with four band gaps located at four equivalent L TRIM points
in the fcc-Brillouin zone (see Fig. 6.1). The conduction and valence band are
inverted at the L points. Since the bands are inverted at an even number of
points, SnTe is not a topological insulator within the Z, classification [191].

The reflection symmetry with respect to the (110) mirror plane is responsible
for the topological nature of the material. Topological surface states are also
present on the (001) and (111) surface which are normal to the (110) plane due to
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the cubic symmetry of SnTe [191]. Intriguingly, different types of surface states
were predicted by Liu et al. [192] and afterwards confirmed by angle-resolved
photoemission spectroscopy (ARPES) measurements [193]. A comparison of the
different surfaces is depicted in Fig. 6.2.

ARPES measurements on the (111) surface of SnTe revealed two different
types of surface states. One of the four bulk L point is projected onto the surface
[ point, and the other three bulk L points are projected onto the M point of the
surface Brillouin zone (see Fig. 6.2). Tanaka et al. [193] demonstrated that quanti-
ties such as the Dirac velocity vp and Dirac energy Ep differ on both Dirac cones.
Additional ARPES measurements on the (001) surface however, present a double
Dirac cone structure due to the hybridization of two Dirac cones. Two bulk L
points are projected onto the same X point of the surface Brillouin zone and lie
on the projection of the (110) mirror plane (see Fig. 6.2) [194, 195].

Remarkably, chemically doping SnTe with indium results in superconduc-
tivity in Sn;_,In,Te [196]. The interplay between the topological nature of the
parent material SnTe and superconductivity in In-doped SnTe makes Sn;_,In,Te
candidate 3D topological superconductor [16, 17]. A hallmark of a 3D topological
superconductor is the appearance of gapless Andreev boundstates on the surface
[197]. ARPES measurements revealed that the topological surface states arising
from the parent material are still preserved after doping SnTe with indium [198].

Transport measurements indicate that topological superconductivity in In-
doped SnTe single crystals is only found in an indium doping region of x ~ 4%
when the disorder in the material becomes minimal. It was predicted that in
this doping regime the bulk superconducting state can be odd-parity p-wave
superconductivity [199]. The bulk superconductivity induces a superconducting
gap into the surface states by proximity effect [200] similar to the proposal by
Fu and Kane [63]. If the disorder is large, the bulk shows even-parity s-wave
superconductivity. Point-contact spectroscopy on samples with minimal disorder
confirmed this behavior by revealing a zero-bias conductance peak (ZBCP) in the
bias-voltage dependence of the differential conductance [201]. This appearance
is a characteristic for Andreev bound states which are linked to unconventional

superconductivity [197].
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Figure 6.2: Schematic of the locations of
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faces. The 3D bulk Brillouin zone (with
high symmetry points noted) and the pro-
jected surface Brillouin zones are shown.
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6.2 MBE growth and characterization of Sn;_,In,Te
films

Thin films of Sn;_,In,Te were grown in the ultrahigh vacuum MBE1 chamber.
The films were deposited on a sapphire (0001) substrate which was prepared as
described in chapter 3.1.3. The film was grown in two steps: First, Bi,Te; was
deposited as a buffer layer on the sapphire substrate. Subsequently, a layer of
Sn;_,In,Te was grown on top of the Bi,Te; film.

The Bi,Te; layer was grown by co-evaporating bismuth and tellurium from
Knudsen cells while keeping a growth rate of approximately 1.25 nm min™'. Dur-
ing growth, the substrate temperature was ramped from 210 °C to 260 °C within
10 minutes and afterwards kept at 260 °C for additional 10 minutes. The use of
Bi, Te; as the buffer layer for SnTe-growth in a MBE chamber was established by
Taskin et al. [202]. Figure 6.3(b) shows the cubic crystal structure of SnTe with
the (111) plane highlighted by black triangles. The SnTe (111) plane fits the final
hexagonal Te-plane of the Bi,Te; quintuple layer (see Fig. 6.3).

During the second growth step, a layer of Sn;_,In, Te was deposited while
co-evaporating indium, tin and tellurium from standard effusion cells. This layer
was grown at a substrate temperature of 260 °C and a growth rate of 0.5 nm min".

The grown heterostructure was directly afterwards in-situ annealed in the MBE
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chamber. This in-situ annealing step is crucial to obtain superconducting In-

doped SnTe films.

After growth and removing the sample from the MBE chamber, the Sn;_,In,Te
films were characterized ex-situ. To confirm a good morphology, the films were
studied by atomic force microscopy (AFM). Figure 6.3(a) shows a typical AFM
image of a Bi,Te; film grown at the same conditions which were used to grow
the buffer layer. The high quality of the film is indicated by the clearly visible
sharp triangular terraces. Figure 6.3(c) displays the top surface of the Sn;_,In,Te
/BixTes heterostructure and shows a continuous, flat film without any holes.

The epitaxial growth and crystal structure were further confirmed by x-ray
diffraction (XRD) measurements. A typical XRD pattern is shown in Fig. 6.4.
The XRD peaks indicate an epitaxial, single phase growth. The (LLL)-peaks of
Sn;_,In,Te can be identified in the black pattern additionally to the Bi,Te; peaks
which are shown in the blue spectrum of a bare Bi,Te; films for comparison. By
analyzing the data, a lattice constant of 0.6310+0.0002 nm can be determined
which is comparable to the lattice constant of bulk SnTe of 0.632 nm [203]. The
concentration x of indium dopants and the overall composition was analyzed by
energy-dispersive x-ray spectroscopy (EDX) in a scanning electron microscope.

Figure 6.3: Structural characterization of the grown Sn;_,In,Te film. (a) AFM image
of the BirTe; buffer layer. Atomically flat terraces with sharp edge indicate a good
morphology. (b) Rocksalt crystal structure of Sni_,In,Te with the (111) plane high-
lighted by the black triangles. (c) AFM image of the flat and continuous top surface
of a Sny_,In, Te/BiyTe; heterostructure. (modified from [204])

A variety of Sn;_,In, Te films were grown while optimizing the growth and
annealing temperature/time and the indium content. The critical temperatures
T, (defined as the mid-point in the resistive transition) of the films ranged from
0.3K to2.0K.
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Figure 6.4: XRD pattern of
the BiyTe; buffer layer (blue)
and the Sn;_,In,Te/Bi;Te;
heterostructure (black). The
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Figure 6.5: Electrical transport characterization of the grown Sn;_,In,Te film. (a)
Comparison of the resistivity of an in-situ annealed and a not annealed Sn;_,In,Te film.
Only the annealed film shows a superconducting transition. (b) Plot of the temperature
dependence of the resistivity of four Sn;_,In,Te films which were in-situ annealed for 1
(red), 3 (black), 5 (blue) and 28 (green) hours at 320 °C. The transition temperature shifts
to higher temperatures with longer annealing times. (c) Annealing-time dependence of
the critical temperature 7, for films grown 1 (black circles) or 5 (red triangles) hours
and annealed for various times. (d) Dependence of the critical temperature 7¢. on the
indium content « for films grown for 1 (black circles) and 5 (red triangles) hours. The
curve presents a maximum at around =z = 0.11 — 0.12. (modified from [204])



6.2. MBE growth and characterization of Sn, _,In, Te films 109

Directly after growth, the Sn;_,In,Te films are generally not superconduct-
ing. Only after annealing the samples in-situ in the MBE chamber, they become
superconducting. Figure 6.5(a) shows a plot of the temperature dependence of
the resistivity p,, for two Sn;_,In,Te films. Both films were grown at the same
growth conditions, however one film was in-situ annealed for 2 hours at 320 °C
immediately after growth (red curve), while the other film was not annealed at
all (black curve). Only the annealed Sn;_,In,Te film shows a superconducting
transition at 7, = 0.65 K.

The annealing time plays an important role to increase the critical temper-
ature as depicted in Fig. 6.5(b). Here, different superconducting transitions are
shown for films which were grown at the same conditions but annealed for 1
(red), 3 (black), 5 (blue) and 28 (green) hours at 320 °C. A longer annealing time
leads to a higher transition temperature T.. This is additionally highlighted in
Fig. 6.5(c). This graph shows a comparison of samples for which the Sn;_,In,Te
layer was grown for 1 hour (black) or 5 hours (red) at 260 °C resulting in different
film thicknesses. All samples were afterwards in-situ annealed for different du-
ration. Again, the transition temperature increases with longer annealing time.

The dependence of the critical temperature on the indium content = in the
Sn;_,In,Te films is shown in Fig. 6.5(d). The Sn;_,In,Te-layer of the films was
grown at 260 °C for 1 (black circles) or 5 (red triangles) hours and the samples
were afterwards annealed at 260 °C for 1 hour. The dome-shaped curve reveals a
maximum at an indium concentration of x = 0.11 — 0.12. Generally, the T, for the
presented x values for the Sn;_,In,Te films is lower than the critical temperature
for single crystals with the same x value. This behavior can be understood by
comparing the growth conditions for MBE grown films and single crystals. The
temperature used for the vapor transport growth of Sn;_,In,Te single crystals
was around 630 °C [199], which is far higher than the temperatures used during
the MBE growth.

Since superconductivity is only achieved after annealing, and the critical tem-
perature increases with longer annealing time, a thermal process is most likely
involved in changing a non-superconducting into a superconducting film. The
indium atoms in the as-grown film presumably sit at non-equilibrium positions
and only move to equilibrium positions after thermally activating the atoms by
in-situ annealing at higher temperatures. In these positions the In-atoms con-
tribute to the superconductivity by providing hole carriers. This kind of thermal

process needs an activation energy which depends on a certain temperature and
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time.

A summary of the growth and characterization parameters of the samples pre-
sented in Fig. 6.5 is displayed in table 6.1. Not only the critical temperature
increases with longer annealing, but the carrier concentration ny (extracted from
Hall resistivity measurements) reveals the same behavior. It should be noted the
ny-values overestimate the actual hole carrier density p in Sn;_,In,Te, since the
measured samples are a heterostructure consisting of typically electron-doped
Bi,Te; and hole-doped Sn;_,In, Te. The two layers act as parallel channels with
hole and electron carriers. The two Hall channels cancel each other which gives
a small Hall coefficient Ry; and a very large effective charge carrier density ny =
(eRp)~* [205].

Annealing | Annealing | x | thickness | T, (K) | ng (cm ™)

temp. (°C) | time (min) (nm)
red 320 60 0.13 55 0.33 | 1.4x10*
black 320 180 0.13 55 043 | 1.2x10%
blue 320 300 0.12 45 0.59 | 2.2x10*
green 320 1680 0.16 37 1.02 | 55x10%

Table 6.1: Summary of the growth parameters and basic characterizations plotted in
Fig. 6.5(b). The Sn;_,In,Te layer in all of the samples was grown for 1 hour at 260 °C.
(modified from [204])

6.3 Transport measurements of Sn;_,In,Te films

The transport measurements of the Sn;_,In, Te films were performed by measur-
ing a standard Hall bar device in a Helium 3 insert (Oxford Instruments Heliox)
in a 14 T-superconducting magnet using the ac-lock in technique.
Tunneling-junction devices were measured in a dry dilution refrigerator (Ox-
ford Instruments Triton 200). The bias voltage was generated by Keithley 2450
source meter together with a voltage divider. The tunneling current was ampli-
tied by FEMTO DLCPA-200 current amplifier and measured by a Keithley 2182A

nanovoltmeter.

6.3.1 Hall bar measurements

The results from the magneto-transport measurements of a standard Hall-bar
device on a 170 nm-thick Sn;_,In,Te film with + = 0.14 are shown in Fig. 6.6.
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Figure 6.6: Results from the Hall bar characterization of a typical Sn;_,In,Te film. (a)
The temperature dependence of the resistivity p,, shows a superconducting transition
at 0.96K. (b) Magnetic field dependence of the resistivity at various temperatures. (c)
Temperature dependence of the critical field extracted from the curves in (b) with a
theoretical WHH-fitting (red curve). A zero-temperature-limit value of H%, = 0.28 T can
be extracted from this graph. (modified from [204])

The Sn;_,In, Te film was grown for 5 hours at a temperature of 260 °C and after-
wards in-situ annealed at 320 °C for 5 hours. Figure 6.6(a) shows the temperature
dependence of the longitudinal resistivity p,, and a mid-point critical temper-
ature T, = 0.96 K can be extracted. An effective Hall carrier concentration of
ny ~ 5x 10%* em ™3 was derived from the Hall resistance measurements. Keeping
in mind that this measurement probes both the usually electron-doped Bi,Te;
layer and the usually hole-doped Sn;_,In,Te layer, this is not the carrier concen-
tration of only the Sn;_,In,Te film, but includes contribution from both layers.
However, since the thickness of the Sn;_,In,Te film is far larger than the Bi,Te;
film thickness, the obtained ny value is in close approximation to the actual car-
rier concentration p. Furthermore, the extracted ny is comparable to the value
for superconducting Sn;_,In,Te single crystals with x ~ 0.04 [199].

The magnetic-field dependence measured at different temperatures is de-
picted in Fig. 6.6(b). The upper critical field values H., defined as the midpoint
in the resistive transition extracted from this measurement, are plotted in panel
(c) as a function of temperature. The temperature dependence can be well fitted
by the Werthamer-Helfand-Hohenberg (WHH) theory with [206]

poHY = —0.693T.(dH o /dT ) r—r,, (6.1)

suggesting a conventional nature of the bulk superconductivity. Furthermore,
a zero-temperature-limit value H% = 0.28 T can be extracted from Fig. 6.6(c).
This value is in agreement with the value of HY = 0.37 T for a Sn; _,In, Te single
crystal with a similar critical temperature 7. = 1.2 K, reported by Sasaki et al.
[201].
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6.3.2 Tunneling spectroscopy measurements

Bi,Te;/Sn,In,Te
Sapphire wafer

Over-exposed PMMA

|

Al,O; by ALD

i

Lift off

|

Figure 6.7: Sketch of the microfabrication scheme of the tunnel-junction device, in-
cluding: Etching the film into the desired shape, defining the tunnel-junction-area, depo-
sition of a dielectric Al,O3 layer, deposition of platinum/gold contacts and final lift-off
process. (modified from [204])

A tunneljunction device was fabricated to further examine the supercon-
ducting properties of the Sn;_,In,Te films. Tunneling spectroscopy probes the
density of states (DOS) at the surface, which allows to infer the energy gap in the
superconducting state [197].

A scheme of the steps to fabricate a tunnel-junction device is shown in Fig. 6.7.
First, 20 pm-thin stripes on the Sn;_,In, Te/Bi,Te; heterostructure were defined
by photolithography and etched by argon dry-etching. Afterwards, small win-
dows (1x1,2x2 and 3x3 um?) on the film stripes were defined by electron-beam
lithography using over-exposed PMMA (polymethyl methacrylate) to define the
tunnel-junction area. Subsequent O, reactive-ion etching and weak Ar-etching
was used to clean the surface of the tunnel-junction area. In a next step, a 0.27 nm-
thin Al,O; layer was deposited as the tunnel barrier using atomic layer deposi-
tion (ALD). The tunnel-junction electrodes were defined by electron-beam lithog-
raphy and a layer of 2nm platinum and 120 nm gold was sputtered and subse-
quently lifted off in acetone to obtain the final device structure. An optical image
of the final tunnel-junction device is shown in Fig. 6.8. The tunneling junctions

are highlighted by the red squares.
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Figure 6.8: Tunneling spectrum measured at 8 mK and optical picture of the tunnel-
junction device Left: Tunneling spectrum measured at 8 mK (red curve). Two calculated
curves for different gaps A;=0.12004+0.0003 meV and A3=0.032440.0032 meV (blue and
green dashed curve) and the superposition of both gaps (black curve). Right: Optical
image of the tunnel-junction device with the tunnel-junction area highlighted by red
squares. Below: sketch of the side-view of the tunneling-junction device. (modified from
[204])

A tunneling spectrum is shown on the left side of Fig. 6.8. The spectrum
was measured at the base temperature of the dilution fridge at 8mK and at zero
magnetic field. Even though the Hall bar measurement points to a conventional
superconducting behavior, the surface sensitive tunneling spectrum peculiarly
exhibits two gaps, which indicate the presence of two superconducting gaps.
Considering the topological nature of the material, the two gaps presumably orig-
inate from bulk and surface superconductivity, with the smaller gap stemming
from the surface and the larger gap originating from the bulk superconductivity.

To understand this intriguing behavior of the tunneling spectra, the experi-
mental data was fitted with two individual BCS gaps (blue and green dashed
lines in Fig. 6.8) using the Dynes formula [207]:

_or g [~

G =5 =Cngys - p(E)f(E) — J(E - eV)]dE, (6.2)

where Gy is the normal-state conductance, f(E) is the Fermi function, and p(E)
is the density of states in the BCS theory given by

|E — iT'|

p(E) = Re { (CETSENITE (6.3)

Here, A is the superconducting gap and I is the non-dimensional broadening
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parameter due to a finite quasi-particle lifetime. The parameters used for the cal-
culations are: A; = 0.1200+0.0003 meV, I'; = 0.004£0.001, Gx; = 0.4474+0.004 ;1S
and A, = 0.0324+0.0032 meV, I'; = 0.0012+0.0004, G'x » = 0.058+0.004 1.S.

The black curve in Fig. 6.8 is the superposition of the two BCS gaps A; and
A,. This fitting curve does not match the experimental data perfectly. This can be
explained by considering that the topological surface states of the (111) surface
of SnTe consist of two different kind of Dirac cones which might lead to more
than two gaps [193, 202].

3.0, 3.0

2.5 2.5%

2.0 2.0—//\/\_OT
) T —002T
215 —ggolf KZ15 8C1>STT
O 0:2 K o —O:ZT

1.0 015Kk 1.0f 1—025T

—0.25 K 03T

0.5 0.3K 0.5 —=0.35T

0.6 K —0.4T

0.8 K —05T

005700 02 X 005200 0z %7
Vbias (mV) Vbias (mV)

Figure 6.9: Measurement of the tunneling spectroscopy for various temperatures (a)
and magnetic fields (b). The spectra are offset by 0.23 11S. adapted from [204])

Figure 6.9 depicts tunnel spectra obtained at various temperatures (a) and
magnetic fields (b). The temperature evolution shows a two-gap structure at the
lowest temperature of 8 mK. The smaller gap disappears already at 0.2K, while
the larger gap survives until the critical temperature 7, = 1 K. Above T, the spec-
trum shows no gap suggesting that superconductivity is destroyed. Two gaps
can as well be identified in the tunnel spectra measured at various perpendicular
magnetic fields depicted in Fig. 6.9(b). Here again, the smaller gap vanishes first
at around 0.2 T, which is below the critical field H., = 0.28 T at this temperature
(compare Fig. 6.6(c)). The larger gap however, is still noticeable above the criti-
cal field up to 0.6 T, which suggests that the destruction of superconductivity in
magnetic field occurs through the loss of phase coherence.

Figure 6.10 illustrates the results which were obtained by measuring the tun-
neling spectra of the Sn, _,In,Te films. The exemplary tunneling spectrum shown
in Fig. 6.10(a) reveals the characteristic two-gap structure and the schematic in (b)
illustrates the origin of the two gaps. As already discussed in the introduction of
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Figure 6.10: Tunneling spectrum measured at 8 mK and sketch of the corresponding
density of states(a) Tunneling spectrum measured at 8 mK. (b) Illustration of the density
of states of the tunneling barrier and the two superconducting gaps A and A,. (modified
from [204])

this chapter, it was predicted that the superconducting bulk state of Sn;_,In,Te
allows for conventional even-parity s-wave and unconventional odd-parity p-
wave superconductivity. Transferring this to the scheme in Fig. 6.10(b) implies
that here the large gap A, is linked to the s-wave bulk superconductivity which
introduces superconductivity into the topological surface states (A,) by the prox-
imity effect.

A selection of 16 devices was measured, and only three devices showed a clear
two-gap structure as presented in Fig. 6.10(a). These difficulties in reproduc-
ing the two-gap structure in the tunneling spectra supports the argument that
the small gap stems from the surface states, which are easily disturbed by dis-
order and are more difficult to access. Furthermore the overall disorder in the
sample is an important influence, as was shown for the point spectroscopy mea-
surements performed on Sn;_,In,Te single crystals by Sasaki et al. [201]. Here,
only very clean samples with a residual resistivity of ~0.15m() cm showed a
zero-bias conductance peak and thus suggest unconventional superconductivity.
The Sn;_,In,Te film shown in Fig. 6.6 has a residual resistivity of ~0.45m()cm,
which is presumably too high to realize unconventional bulk superconductivity
in the grown films.

Fu and Kane discussed in their paper from 2008 [63] similar circumstances to
those which were found in Sn;_,In, Te films. A more detailed description of this
work is presented in chapter 2.3.5. In essence, by placing a superconductor on
top of a topological insulator, a s-wave superconducting gap is introduced into
spin-momentum-locked TI surface states by the proximity effect. Fu and Kane
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predict that the achieved superconductivity is bound to be of topological origin.

The proximity effect in a normal metal can be achieved by depositing a super-
conducting layer on top. The quality of the interface between the two materials
is hereby of great importance. The proximity effect in case of the Sn;_,In,Te
films takes place within the material itself. The advantage is that the interface
which is typically degraded by disorder does not disturb the proximity effect
between bulk and surface states. A comparable situation was found in the iron-
based superconductor FeTe,_,Se,. Here, it was predicted that the trivial bulk
bands induce superconductivity into the surface states which together with their
spin-helical texture exhibit topological superconductivity [208]. A zero-bias con-
ductance peak was observed in this material as an evidence for Majorana bound
states in the vortex core [209, 210].

6.4 Conclusion and outlook

The results presented in this chapter show that high-quality superconducting
Sn;_,In,Te films were successfully grown by molecular beam epitaxy and using
Bi,Te; as a buffer layer. By measuring the tunneling spectra of the films, a two-
gap structure was obtained (see Fig. 6.10). This points to an internal proximity
effect where superconductivity is induced into the metallic surface states by the
s-wave superconducting bulk. Considering the Fu and Kane proposal [63], the
superconducting surface states are bound to lead to topological surface super-
conductivity.

Given that the effective p-wave superconducting character of the surface states
cannot be probed simply by measuring the tunneling spectra on the Sn;_,In,Te
films, a convincing proof for unconventional superconductivity would be the
observation of Majorana zero-modes in the vortex core. This measurement can
be performed by scanning tunneling microscopy (STM).
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This chapter introduces selective area growth (SAG) as a new approach of grow-
ing low-dimensional topological insulators. To realize this, Si3Ny is grown on a
sapphire substrate and patterned into nanostructures by electron-beam lithogra-
phy. The defined pattern is afterwards etched into the SizNj layer by reactive ion
etching. This pre-patterned substrate is used to selectively grow (Bi;_,Sb,).Tes
nanostructures by molecular beam epitaxy.

The microfabrication of the pre-patterned substrates, as well as the measure-
ments of the nanowires presented in section 7.3.4 were performed by Dr. Oliver
Breunig.
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7.1 Introduction

In order to achieve surface dominated conduction in topological insulators, the
bulk contribution has to be minimized. A straightforward approach is to change
the surface-to-volume ratio by reducing the dimensions of the topological insu-
lator. Nanowires have a large surface-to-volume ratio and are thus perfect can-
didates to probe the topological surface states in magnetotransport experiments.
Another aspect is that interesting electronic properties arise due to the spatial
confinement. Instead of patterning a TI film after MBE growth or synthesizing
TI nanowires by crystal growth [211-214], a different technique is introduced in
this chapter. The selective growth of a topological insulator film inside of pre-
patterned nanostructures is a promising approach to achieve low dimensional
structures and observe quantum transport phenomena [215, 216]. During the
MBE growth the composition of the TI material and the thickness can be easily
controlled. Additionally, the pre-patterned structures have a large flexibility in
design. It is easy to simultaneously grow nanowires with different width, net-

works of nanowires and Hall bar devices.

Quasi-1D nanowires are a platform to study the
topological surface states. As an indication for

surface transport, the occurrence of Aharonov- B .

Bohm (AB) oscillations in magneto-transport mea-

surements was previously investigated foremost

in nanowires grown by vapour-liquid-solid (VLS)

growth or synthesized from a solution [214, 217- Q
219]. An ideal TI nanowire exhibits an insulating e-
bulk and hosts topological surface states around
the circumference of the wire with spin-momentum Figure 7.1: Sketch of a TI
locking. Thus, charge carriers encircling the wire nanowire with magnetic field

with their spin rotating by 27 pick up a non-trivial applied along the length and
a charge encircling the cir-

Berry phase of m which opens up a gap in the sur- . ° =

tace bands. Now, by applying an external magnetic

field B along the length of the nanowire (see Fig. 7.1), surface electrons encir-
cling around the wire, pick up an Aharonov-Bohm phase of 2w¢/¢,, with the
magnetic flux ¢ = BS through a cross-sectional area S of the nanowire and the
magnetic flux quantum ¢, = h/e (h=Planck constant, e = electron charge). The
magneto-conductance of a TI nanowire is expected to oscillate with a period of

¢o = h/e. The oscillations have maxima at odd integer multiple of ¢ = ¢,/2 and
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minima at even integer multiples (including ¢ = 0). A system described by a
Dirac Hamiltonian H = vp - ¢ (¢ is the Pauli matrix vector and v is the Fermi
velocity) with a single Dirac cone, obeys the anti-periodic boundary conditions
Y(z,0 4 2m) = exp(i(2m¢/po + 7)) (z, 8). Here, x points in the direction along
the nanowire. A flux of ¢ = ¢y/2 cancels the Berry phase and a gapless mode is
realized in the energy spectrum, as shown in Fig. 7.2 [218, 220, 221].

Proximitizing such a quasi-1D topological insulator nanowire with an s-wave
superconductor is proposed to give rise to two Majorana zero modes at the ends
of the superconducting wire [19, 20]. Implementing a wire based on a 3D topo-
logical insulator has a major advantage to wires based on semiconductor. In case
of semiconductor nanowires, the chemical potential has to be accurately tuned
into a narrow Zeeman gap in an interval of 1 meV to realize a 1D topological
superconductor [222, 223]. A topological insulator nanowire threaded by half a
flux quantum realizes a topological phase as long as the chemical potential lies
in the bulk band gap (¢ ~ 200meV [224]) and is expected to be robust against
non-magnetic disorder [20, 223].

The main challenge lies in the synthesis of truly bulk-insulating wires with good
morphology and the realization of a highly transparent interface to the prox-
imitizing superconductor. From the potential synthesis methods, the technique
of selective area growth, discussed in the following, stands out due to its good
scalability and the potentially good interface to superconductors that could be

deposited in an in-situ process after the growth.

B

Figure 7.2: Schematic of the surface state bandstructure of a topological insulator
nanowire. (a) At ¢ = 0, a gap in the bandstructure is opened due to a m-Berry phase
which an electron picks up by encircling the nanowire. (b) At & = ®(/2 a gapless mode
is obtained at the Dirac point. Reprinted figure with permission from J.H. Bardason, PRL
105, 156803 (2010). Copyright 2010 by the American Physical Society; [218]
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7.2 Preparation of the selective area growth template

P Ay > €

Figure 7.3: Schematic illustration of the selective area growth process. First a layer
of Si3Ny is deposited on a sapphire substrate. After patterning the SAG structures by
electron beam lithography and etching the trenches in RIE, the template is loaded into
the MBE chamber and BST is grown inside of the trenches.

An illustration of the basic steps of the selective area growth process is shown in
Fig. 7.3. First, a layer of silicon nitride (Si3N,) is deposited by hot-wire chemical
vapor deposition (CVD) on a sapphire Al,O5; (0001) substrate. The sample is
patterned by electron beam lithography into the desired structure. Therefore,
ZEP520A was used as a high resolution positive electron beam resist. A layer
of the resist is spincoated at 4000 rpm onto the sample and baked for 3 minutes
at 120 °C. To prevent charging effects of the insulating sapphire substrate in the
scanning electron microscope, the sample is afterwards spincoated at 3000 rpm
with a layer of ESPACER. The desired pattern is fabricated by electron beam
lithography in two steps: First structures such as nanowires and Hall bars are
exposed with an electron beam voltage of 10kV and a 10 pm aperture. A dose of
600 pC cm™ and a resolution of 8 nm are the chosen parameters. The nanowire
structures are exposed as single lines. Afterwards, the larger structures such
as contact pads are written with an aperture of 60 um. A dose of 32.5uC cm™
and resolution of 16 nm are used. The sample is developed for 32s in Oxylene,
tollowed by stopping the development in isopropanol. The structures which
are no longer protected by resist are etched by reactive-ion etching (RIE). The
SizNy inside of the trenches is etched by CF, (40 sccm, 40 mTorr, 50 W). The now
exposed sapphire surface inside of the trenches is cleaned by two subsequent RIE
steps of argon (1 minute, 40 sccm, 40 mTorr, 200 W) and CF, (1 minute, 40 sccm,
40 mTorr, 150 W). The template is taken out of the RIE and the remaining resist is
removed by 50 °C N-Methyl Pyrrolidone (NMP) followed by rinsing the sample
in acetone and IPA. The final cleaning step is another treatment in the RIE with
oxygen (50 sccm, 40 mTorr, 150 W).
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7.3 Selective area growth of (Bi;_,Sb,).Te; films by
MBE

7.3.1 MBE growth of SAG Hall bar devices

Figure 7.4: Photos of three different selective area growth attempts. (a) The BST film
was deposited everywhere, inside of the trenches and on top of the Si3Nj. (b) The BST
film is still visible on top of the Si3sNy. However, judging by the transparency of the film,
it is grown more selective than the film in (a). (c) Fully selective grown BST film.

The aim of the selective area growth (SAG) method is to selectively grow a
high-quality (Bi;_,Sb,).Tes thin film only inside the etched trenches of the pre-
patterned substrate, however not on the silicon nitride part of the sample. Ad-
ditional growth on the SizN4 can introduce conduction channels outside of the
nanostructures and thus destroy the low dimensionality of the grown film or
lead to uncontrollable shunts between leads. To achieve selective growth, the
challenge is to optimize the substrate temperature during the MBE growth. The
MBE growth is performed by the two-step growth method described in chap-
ter 4.2.1. As in the case of the BST growth on regular sapphire substrates, the
pre-patterned substrates are annealed in the MBE2 chamber up to 950 °C and
afterwards kept at 400 °C prior to the film deposition.

Figure 7.4 shows three photos of selective area growth attempts. By eye, the
different growth results are already evident. The BST film covers the complete
sample in Fig. 7.4 (a). The film shown in Fig. 7.4 (b) is already grown more se-
lective, as suggested by the more transparent growth on the Si;N, part of the
sample. A fully selective grown BST film is presented in the photo in Fig. 7.4 (c).
Here, the BST is only grown inside of the trenches and no obvious film growth is
visible on top of the Si3N,. The two silver regions on the upper right and lower
middle edge of the sample are the parts where the substrate was fixed with two
clamps during the Si;N, deposition by hot-wire CVD. Consequently, BST film
grows on the sapphire in this region and the film thickness can be measured as a
reference by atomic force microscopy.
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Figure 7.5: Exemplary AFM images of a fully selectively grown sample. (a) AFM image
(5x5um) of the Hall bar pad edge with the BST film shown on the left side and the flat,
clean SizNy on the right side of the image. The height profile reveals a flat silicon nitride
surface and a height of 34nm between BST film and SizNy. (b) Optical image of the
sample to indicate the positions where the different AFM images were taken. (c) AFM
image of the Si3Njy surface, no residues are visible in a 3x3 pm region. The height profile
shows a surface roughness of less than 1nm. (d) AFM image 3x3 pm of the BST film
grown inside of a Hall bar pad. The film is flat and continuous and the typical triangles
can be identified.

An exemplary atomic force microscopy study of a fully selectively grown
(Bi;_,Sb,).Tes film is presented in Fig. 7.5. This film was grown in the MBE2
chamber with a bismuth-antimony ratio of 1:2.85 under tellurium over-pressure
as in the case of regular large area BST growth. During the growth, the substrate
temperature was ramped with a rate of ~3.5°C min™! from 255 °C to 300 °C. The
film is subsequently grown at the higher temperature of 300 °C for additional
14 minutes. Three different regions on the sample were checked by atomic force
microscopy. The AFM image in Fig. 7.5(a) shows the edge of a Hall bar contact
pad. The BST film grown inside of the contact pad can be seen on the left side of
the image and the Si3N, region is located on the right side. There are no residues
present on the silicon nitride indicated by the flat height profile below the AFM
image. Figure 7.5(c) displays a clean silicon nitride surface with a surface rough-
ness of less than 1 nm, while the AFM image (d) shows a flat, continuous BST
film with triangular shapes visible inside of the contact pad. The respective areas
in which the AFM images were taken are displayed in the optical microscope

picture show in Fig. 7.5(b).

Within the optimized substrate temperature range for this sample, the de-

posited materials can nucleate and form a continuous BST film on the sapphire
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surface inside the pre-patterned structures. BST on top of the silicon nitride part

is most likely re-evaporated from the surface due to a too low sticking coefficient

on SizNjy in this temperature range.
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Figure 7.6: AFM image (5x5 pm) and height profile of a partially selective grown BST
film. This sample was grown at the same substrate temperature as the sample shown in
Fig. 7.5. The height profile indicates 13 nm-thin BST film residues on the SizNy surface.

It is prudent to mention that the challenge of this
growth method is the reproducibility of the growth
parameters. Another SAG growth was performed,
using the same growth temperature previously dis-
cussed. However the second time, the BST film was
not only grown in the trenches but disconnected
BST island are also present on top of the SizNy, as
displayed in the AFM image in Fig. 7.6. The AFM
image and height profile show BST island with a
height of up to 13nm on the silicon nitride. The

sticking coefficient of the BST on the SizN4 was most

N\

Figure 7.7: SAG substrate
fixed by Ta-clamps on the
Eiko sample holder.

likely higher due to an effective lower substrate temperature. This indicates that

using the same growth temperature does not necessarily guarantee to give the

same growth result. The reason for this non-reproducible behavior can most

likely be attributed to the way the SAG substrates are mounted on the sample

holder. Given that every substrate is individually fixed on the molybdenum sam-

ple holder by tightening the screws of the fixing clamps, the thermal contact is

slightly different for every sample (see Fig. 7.7). Consequently, the temperature

distribution on the substrate varies slightly from sample to sample. Compared to

the regular growth of the BST films on 1x1 cm sapphire substrates, the selectivity

of the nanostructures appears to be even more temperature sensitive.



124 Chapter 7. Selective area growth

7.3.2 Transport measurements of SAG Hall bar devices
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Figure 7.8: Transport measurement of a fully selective grown BST film. (a) The temper-
ature dependence of the sheet resistance R, shows a metallic behavior. A photo of the
selectively grown sample is displayed in the inset. (b) The Hall resistance as a function
of magnetic field has a positive slope indicating a hole dominated conduction with a
carrier concentration of pop = 3.78 x 10" cm 2.

Besides the morphological properties and the selectivity of the BST growth, the
magnetic and electrical properties of the film need to be optimized as it is the case
for conventionally grown BST. Consequently, the bismuth-antimony ratio has to
be tuned to alter the position of the Fermi level to achieve a bulk-insulating TI
film. For such transport measurements, the Hall bar patterns discussed in the
previous chapter 7.3.1 are convenient to use. A PPMS setup equipped with a

9 T-magnet was used for the transport characterization.

The magneto-transport measurements on the Hall bar device previously stud-
ied by AFM in Fig. 7.5 are depicted in Fig. 7.8. The temperature dependent mea-
surement of the sheet resistance from 300 K to 2 K in Fig. 7.8 (a) reveals a metallic
behavior indicated by a decrease of R,, with decreasing temperature. A photo
of the selectively grown BST film is displayed in the inset of Fig. 7.8(a). A carrier
concentration of pop = 3.78 x 10'® cm ™2, extracted from the positive slope of the
Hall resistance measurement at 2K in Fig. 7.8(b), exceeds the value which is at-

tributed to surface dominated transport in the range of ~ 10?cm 2.

A successful bulk-insulating BST film growth is shown in Fig. 7.9. For this
growth, the bismuth-antimony ratio was changed to 1:2.77 by adding more bis-
muth compared to the sample shown in Fig. 7.8. The temperature dependence of
the sheet resistance R, in Fig. 7.9(a) shows an insulating behavior of increasing
R,, with decreasing temperature. The measurement of the Hall resistance at 2K
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in Fig. 7.9 (b) reveals the BST film to be n-type with a carrier concentration of
nop = 4.3 x 10 em™2 and a mobility of 1 = 600 cm? V~'s~!. This sample was
grown only partially selective, as seen in the AFM images in Fig. 7.9. The left
AFM image (600x600 nm) was taken inside a Hall bar pad and shows large tri-
angular terraces indicating a high quality BST growth. The right AFM image
(5x5 um) was taken on the edge of the Hall bar pad. Here, growth on top of the
SizNy is visible. However, the BST islands on top of the silicon nitride were found
to be electrically disconnected by performing a four-terminal-measurement on
the SizN, surface. Subsequently, the BST residues on the SizNy surface do not
contribute to the conduction inside of the trenches.
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Figure 7.9: Transport measurement of a bulk insulating SAG BST film. (a) The tem-
perature dependence of the sheet resistance R, shows a typical insulating behavior. (b)
The Hall resistance has a negative slope indicating a hole dominated conduction with
a carrier concentration of nap = 4.3 x 1012 cm~2 and a mobility of ;1 = 600 cm? V—1s71,
The left AFM image (600x600 nm) was taken inside a Hall bar pad and shows a large
triangular terrace. The right AFM image (5x5um) was taken on the edge of the Hall bar

pad. Isolated film growth on top of the Si3Ny is visible.



126 Chapter 7. Selective area growth

7.3.3 MBE growth of SAG nanostructures

Figure 7.10: Laser microscope pictures of various nanostructure designs after the MBE
growth. (a) Laser microscope picture of four Hall bars and a nanowire pattern. (b)
Nanowire network and nanowires of various thickness. The white region are the trenches
with BST growth inside, the dark parts are the silicon nitride regions.

The size of Hall bar devices discussed so far are in the micrometer range. Simul-
taneously, smaller structures in the nanometer-scale were grown on the same
pre-patterned substrates. Figure 7.10 shows two laser microscope pictures of ex-
emplary patterns which were used to selectively grown BST films. In Fig. 7.10(a)
a nanowire pattern with various leads and contact pads is shown on the left and
four Hall bar device are located on the right side. Figure 7.10 (b) is more focused
on nanostructures in form of a nanowire network on the left and nanowires of
different widths on the right.

BST films were grown inside of nanowire-patterned structures at various
angles from 0° to 360° with respect to the crystal orientation of the sapphire sub-
strate in order to study whether any direction is preferential for the growth of
the BST nanowires on the sapphire substrate. A scanning-electron microscope
(SEM) image to check the angle dependence is shown in Fig. 7.11. Here, no obvi-
ous difference between the individual BST growths at different nanowire angles
can be identified. Nanowires of various width down to about ~100nm were

successfully grown, as depicted in the SEM images in Fig. 7.12.
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Figure 7.11: Scanning-electron microscope (SEM) images of selectively grown BST
nanowires. SEM image of selectively grown BST nanowires grown at various angles.
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Figure 7.12: Scanning-electron microscope (SEM) images of selectively grown BST
nanowires. (a) BST nanowire with a width of w = 100.9 nm. (b) BST nanowire with a
width of w = 114.6 nm.
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In order to study the magnetic and electrical properties of nanowires, a more
complex pattern was designed. An example of such a nanowire pattern is shown
in Fig. 7.13. The lighter regions in the optical image 7.13(a) are the etched areas
where a ~15nm-thin BST film is grown. The pattern includes a small and a
large gate in close proximity to a ~150 nm-wide nanowire to tune the chemical
potential of the BST film (see Fig. 7.13 (a) and (b)). The advantage of this pattern is
that the gates consist of grown BST film as well, so no additional microfabrication
step is required to add the gates to the nanowire. The AFM image in Fig. 7.13(c)
was taken in the region highlighted by the red square in (a). The AFM image
and the height profile indicate that the film was selectivity grown only inside the
trenches.

Figure 7.13: Example of a SAG nanowire design: (a) Optical image of the nanowire
structure. BST is grown in the lighter region in this image. (b) Laser microscope image of
the central region of the nanowire design. The ~150 nm-wide BST nanowire, the small
and large gate are highlighted. (c) AFM image and height profile of the central region of
the nanowire marked by the red square in (a). The BST is only grown inside the trenches
and the silicon nitride part is flat without any residues.
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Figure 7.14: Example of a successful SAG growth using SiO; as a pattern basis. Vari-
ous nanowire sizes were fabricated as depicted by the laser microscope image in (b). The
AFM images in (a) (2x2um) and (c) (3x3 um) illustrate the selective, high-quality BST
growth of a nanowire with a width of approximately 200 nm and 750 nm.

Other than using silicon nitride as a growth pattern base, silicon dioxide was
deposited as well. The selective area growth was successful for pre-patterned
Si0O, substrates, however the SiO, growth itself by magneto-sputtering was less
reproducible than growing SizN4 by hot-wire CVD. Figure 7.14 shows a selec-
tive growth on a silicon dioxide covered substrate. Various nanowire sizes were
fabricated as depicted by the laser microscope image in (b). The AFM images in
(a) and (c) illustrate the selective, high-quality BST growth of a nanowire with
a width of approximately 200nm and 750 nm. The AFM image in Fig. 7.14 (c)
reveals several gaps at the edge of the nanowire. The same behavior can also be
seen in the growth on SizN4 templates, as shown in Fig. 7.11. In the region of
these triangular shaped gaps, two BST growth islands meet but their growth is
confined by the nanowire width.

7.3.4 Transport measurements of SAG nanostructures

In order to test the gating efficiency of the BST-grown side gates, an additional top
gate on top of the approximately 150 nm-wide BST nanowire was fabricated after
the SAG growth and characterized by magnetotransport measurements. Figure
7.15 shows optical microscope images of the nanowire pattern design following
the MBE growth (a) and after adding an additional top gate to the sample (b).
Figure 7.15 (c) shows an AFM image of a contact arm edge with both the BST film
on the left side and the Si3N, layer visible on the right. Nanometer-sized isolated
residues are present on the silicon nitride part. The AFM image in Fig. 7.15 (b)
displays the BST film growth inside a trench. The image is slightly blurred due
to the fact that it was taken after the sample was covered with 30 nm of AL,O; by
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Figure 7.15: SAG nanowire after the MBE growth (a) Optical microscope picture of the
nanowire pattern after the MBE growth. The yellow region indicates the part where the
BST was grown. (b) The same nanowire pattern but now with a top gate added after the
MBE growth. (c) AFM image (5x5 pm) of a contact arm edge with both the BST film on
the left side and the Si3Ny layer visible on the right. Nanometer-sized isolated residues
are present on the silicon nitride part. (d) AFM image (1x1um) of BST grown inside
the trench and after growth covered with 30nm of Al,O3. A continuous BST film with
triangular terraces is shown.

ALD. Even so, a continuous film with triangular terraces is evident, indicating a
high quality BST film growth.

Figure 7.16 shows the results of the gating effects for a top-gated Hall bar
device (a) and a nanowire (b) fabricated on the same sample. The top-gate volt-
age dependence of the resistance of the Hall bar is depicted in Fig. 7.16 (a) with
an optical image of the device shown as an inset. The gating curve clearly re-
veals a maximum in resistance at a gate voltage of ~—3.75V in the up (black
curve) and down (red curve) sweep of the voltage. This indicates that by sweep-

ing the top-gate voltage, the dominating carrier type was tuned from n-type to
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p-type (and back) while shifting the Fermi level through the Dirac point in the
hole-dominated regime at ~-3.75V. Figure 7.16 (b) shows two gating curves ob-
tained by transport measurements of the nanowire. The red gating curve shows
the top-gate voltage dependence of the resistance. As in the case of the Hall bar
device, by applying a top-gate voltage to the nanowire the position of the Fermi
level could be tuned to the Dirac point at ~-3V, which is comparable to the mea-
surement of the top-gated Hall bar device shown in Fig. 7.16 (a). This similarity
suggests that the film quality and the charge compensation in the (Bi;_,Sb,).Tes
compound hardly depend on the size of the trench in which the film is allowed
to grow. Additionally, the gate voltage of two side gates, illustrated in the opti-
cal microscope picture in the inset, was simultaneously applied. The side-gating
curve is depicted by the blue curve in Fig. 7.16(b). Evidently, the gating efficiency
of the side gates is far lower than the efficiency of the top gate. While the top gate
can tune the carrier concentration from electron- to hole- dominated regime in
the range of -4V to 4V, the side gates show no maximum while sweeping the
gate voltage from —-25V to 25V. This behavior suggests that the side gates can
only influence the chemical potential of the BST film in a small width-range of
the approximately 150 nm-wide nanowire. The top gate covers the top surface of
the complete BST nanowire and can consequently affect the chemical potential
in the whole width of the approximately 15 nm-thin nanowire.
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Figure 7.16: Comparison of the gate efficiency of top and side gates on a SAG
nanowire. (a) Top gate-voltage dependence of the resistance measured on a Hall bar
device. The inset show an optical microscope picture the top gated Hall bar device. (b)
Comparison of side (blue curve)- and top gate (red curve)-voltage dependence of the
resistance measured on a nanowire device. The inset show an optical microscope picture
the side gates on the nanowire to indicate their position before the top-gate was added
on top.
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7.4 Conclusion and outlook

The selective area growth technique of (Bi;_,Sb,).Te; thin films was introduced
in this chapter. The successful fabrication of pre-patterned growth substrates
and the selective growth of high-quality BST films was shown. Furthermore, the
grown BST films could be optimized to be bulk-insulating by tuning the bismuth-
antimony ratio. Besides micrometer-sized Hall bar devices, nanostructures were
deposited and their electrical properties were studied. In particular the gate effi-
ciency of BST grown side gates in comparison to a top gate added after the film
growth was investigated.

The challenge of this growth method was the reproducibility in growth. It was
found that almost every pre-patterned substrate had to be grown in an individual
growth window in the range of +10 °C. The reason for the non-reproducibility
is most likely the way the substrates are fixed on the sample holder. Preliminary
growth results from growing the SAG samples in the MBE3 UHV-chamber sug-
gest that the growth is more reproducible in the MBE3 chamber. The sample
holders used in the MBE3 chamber require to spot-weld samples on tantalum
sample holders as shown in chapter 3.1.1. This most likely gives a more homo-
geneous temperature distribution on the pre-patterned substrate and is a more
reproducible way of fixing the sample.

After establishing the reproducible growth conditions, the next step is to de-
posit a superconductor on top of the TI nanowire. This is proposed to introduce
superconductivity into the TI surface states by the proximity effect and to give
rise to two Majorana zero modes at the ends of the superconducting wire [19,
20].
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Abstract

In the scope of this thesis, four different topological materials grown by mole-
cular beam epitaxy are investigated. The MBE growth conditions have to be
optimized for each of the materials. The structural properties of the grown films
are studied using x-ray diffraction (XRD), atomic force microscopy (AFM) and
energy-dispersive x-ray spectroscopy (EDX). Low-temperature magneto-transport
measurements are performed to characterize the magnetic and electrical proper-
ties of the samples.

The topological insulator (Bi;_,Sb,).Tes (BST) serves as a basic building block
for several applications in this work. The morphology of the grown BST film is
improved by optimizing the growth conditions such as growth temperatures, el-
emental material fluxes, growth duration, etc., and by employing special growth
methods like a two-step deposition technique. The optimal growth conditions
are found by measuring the film morphology by atomic force microscopy and
using x-ray diffraction to confirm the epitaxial and single-phase growth mode.
Bulk-insulating BST films with surface carrier dominated conduction and carrier
concentrations as low as 10'?cm™ are obtained by varying the bismuth-antimony
ratio. Furthermore, the necessity of protecting the top surface of the MBE grown
film with a capping layer is established. A 3 nm-thin Al,O3; which is deposited
by atomic layer deposition (ALD), can protect the BST film from oxidization.

A robust ferromagnetic order is successfully achieved by doping (Bi;_,Sb,).Tes
with vanadium. The magnetic-field dependence of the Hall resistance is inves-
tigated and both, the ordinary Hall effect and the anomalous Hall effect are re-
vealed by the observed hysteresis loops. By extracting the critical temperature
and anomalous Hall amplitude from the transport measurements at 2K, the
amount of vanadium dopants and the optimal growth temperature are speci-
fied. Most significantly, the quantum anomalous Hall effect is observed in the
vanadium-doped BST films. As expected, the longitudinal resistance vanishes
and the Hall resistance reveals the quantized value of 25.81 k() when measur-
ing the magnetic-field dependence at 30 mK. The quantized resistance is still
preserved at 100 mK. Furthermore, the current-induced breakdown and the tem-

perature stability of the quantum anomalous Hall effect are investigated.
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Apart from topological insulators, their superconducting relatives recently at-
tracted a significant interest. Sn;_,In, Te is predicted to be candidate topological
superconductor. Thin Sn;_,In,Te films are grown on a Bi,Te; buffer layer by
molecular beam epitaxy. It is found that the films only can be turned into a su-
perconducting state after annealing them in-situ in the MBE chamber right after
growth. The critical temperature depends on the annealing time and tempera-
ture suggesting a thermal activation process for the superconducting properties.
Tunnel-junction devices are fabricated on the films and surface-sensitive tunnel-
ing spectra are measured. Even though measurements on regular Hall bar de-
vices suggest conventional superconductivity a peculiar behavior is revealed by
the tunneling spectroscopy. Here, a two-gap structure is observed which points
to the coexistence of bulk and surface superconductivity. Because of the special
properties of the material the surface superconductivity is bound to be topologi-
cal.

Finally, nano-scaled (Bi;_,Sb,).Te; films are grown by the selective area growth
(SAG) method. A Si3N, film is deposited on a sapphire substrate and after-
wards patterned into nanostructures by electron-beam lithography and etched
by reactive-ion etching. The pre-patterned substrate is used to selectively grow
(Bi;_,Sb,).Tes nanostructures in the molecular beam epitaxy chamber. The selec-
tive growth of the BST films is achieved by optimizing the growth temperature
such that film growth takes place only inside the pre-patterned structures and
not on top of the Si3N, layer. Again, by tuning the bismuth-antimony ratio a
bulk-insulating film growth is confirmed by magneto-transport measurements
on selectively grown Hall bar devices. Furthermore, the efficiency of two dif-
ferent kind of gates fabricated on a BST nanowire is compared. It is found that
the gating efficiency of an after growth fabricated top gate is higher than the

efficiency of selectively grown BST-side gates.
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Kurzzusammenfassung

In dieser Arbeit werden vier verschiedene topologische Materialien untersucht,
die mittels Molekularstrahlepitaxie (MBE) gewachsen wurden. Die MBE Wach-
stumsbedingungen wurden fiir jedes einzelne Material optimiert. Die struk-
turellen Eigenschaften der gewachsenen Filme werden mittels Rontgendiffrak-
tometrie (XRD), Rasterkraftmikroskopie (AFM) und energiedispersive Rontgen-
spektroskopie (EDX) untersucht. Die magnetischen und elektrischen Eigenschaf-
ten der Proben werden durch Transportmessungen analysiert.

Der topologische Isolator (Bi;_,Sb,).Tes (BST) bildet die Grundlage fiir meh-
rere behandelte Anwendungen in dieser Arbeit. Die Morphologie der gewach-
senen BST Filme wird verbessert, indem die Wachstumsbedingungen optimiert
werden. Dazu gehoren unter anderem die Wachstumstemperatur, die jeweili-
gen Materialmengen, die Wachstumsdauer und das Anwenden spezieller Wach-
stumsmethoden wie des Zwei-Stufen-Wachstums. Die optimalen Wachstums-
bedingungen wurden gefunden, indem die Morphologie in einem Rasterkraft-
mikroskop untersucht und das epitaktische und Ein-Phasen Wachstum per Ront-
gendiffraktometrie bestétigt wurde. Durch Variation des Bismuth-Antimon Ver-
héltnis der BST Filme, wurden Filme synthetisiert, in denen die Leitfdhigkeit von
Oberflichenzustdanden dominiert wird und die Ladungstragerdichten im Bere-
ich von 10"2cm™ liegen. Auferdem wird die Notwendigkeit einer Schutzschicht
auf der Oberfliche der MBE gewachsenen Filme untersucht. Hierbei wurde
festgestellt, dass ein 3 nm-diinner Al,O; Film, der durch Atomlagenabscheiden

(ALD) gewachsen wurde, ausreicht, um den Film vor Oxidation zu schiitzen.

Eine robuste ferromagnetische Ordnung wird erfolgreich realisiert, indem
BST Filme mit Vanadium versetzt werden. Die Magnet Feldabhédngigkeit des
Hall Widerstandes wurde untersucht, und es konnen sowohl der klassische Hall
Effekt, als auch der anomale Hall Effekt in den gemessenen Hystereschleifen
identifiziert werden. Die Vanadium-Dotierung und Wachstumstemperatur wer-
den optimiert, indem die kritische Temperatur und die Amplitude des anoma-
len Hall Effektes aus Transportmessungen bei 2K bestimmt werden. Beson-
ders hervorzuheben ist das Erreichen des Quanten anomalen Hall Effektes in
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den Vanadium-dotierten BST Filmen. Wie erwartet, verschwindet der Langswi-
derstand und der Hall Widerstand quantisiert bei 25.81 k), wenn die Magnet-
feldabhangigkeit bei 30 mK und ebenso bei 100 mK gemessen wird. Aufierdem
wird der strominduzierte Zusammenbruch und die Temperaturabhéngigkeit des

Quanten anomalen Hall Effektes untersucht.

Neben den toplogischen Isolatoren haben ihre supraleitenden Verwandten
ebenfalls fiir reges Interesse gesorgt. Es wurde vorausgesagt, dass Sn;_,In,Te ein
Kandidat fiir einen topologischen Supraleiter ist. Diinne Filme werden mittels
Molekularstrahlepitaxie auf einer Bi,Tez-Zwischenschicht gewachsen.

Die Sn;_,In,Te Filme sind nur dann supraleitend, wenn sie sofort nach dem

Wachsen in-situ in der MBE Kammer weiter erhitzt werden. Die kritische Tem-
peratur hiangt dabei von der Dauer und der Temperatur des Erhitzens ab, was auf

einen thermischen Aktivierungsprozess hindeutet. Ein Tunnelkontakt wird auf

dem Film fabriziert und oberflichenempfindliche Tunnelspektroskopie gemessen.
Obwohl die Untersuchung von normalen Hall bar-devices auf konventionelle

Supraleitung hindeutet, zeigen die Tunnelspektroskopie Messungen ein uner-
wartetes Verhalten. Hierbei wurden zwei Bandliicken gefunden, die auf die

Koexistenz von Supraleitung an der Oberfliche und im Inneren des Materials

hindeutet. Bedenkt man die topologische Natur der Proben, ist die Oberfldchen-
supraleitung zwangsldufig topologisch.

Zudem werden (Bi;_,Sb,).Te; Nanostrukturen selektiv gewachsen. Ein SizNy
Film wird zun&chst auf einem Saphir Wafer aufgedampft und anschliefiend durch
Elektronenstrahllithographie und selektivem Atzen in Nanostrukturen struk-
turiert. Diese vorstrukturierten Substrate werden verwendet, um (Bi;_,Sb,),Tes
Nanostrukturen in der MBE Kammer zu wachsen. Hierbei wird das selektive
Wachsen durch das Optimieren der Wachstumstemperatur erreicht, wobei der
Film nur innerhalb der Nanostrukturen wichst, nicht aber auf der Siz;N4-Schicht.
Erneut wird das Bismut-Antimon Verhiltnis variiert, um eine oberflachendo-
minierte Leitungen zu erreichen, was durch das Messen der Transporteigen-
schaften von Hall bar devices bestétigt wird. Aufierdem werden die Transportei-
genschaften von Nanodrdhten untersucht. Hierbei wird die Effizienz von Side-
Gates, die aus selektiv gewachsenen BST Filmen bestehen, und einem Top-Gate,
das nach dem Wachstum zusétzlich auf dem Nanodraht angebracht wurde, ver-
glichen. Das Top Gate erreicht hierbei eine hohere Gating-Effizienz.
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