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Summary
Topological insulators in proximity to a superconductor and topological superconductors are
interesting states of matter, not least because of their potential to host Majorana fermions.
Thin flakes of the topological insulator Bi1.5 Sb0.5 Te1.7 Se1.3 (BSTS) are studied in Nb-BSTSNb junctions of different lengths. These nanojunctions are produced by photo and e-beam
lithography and standard sputtering techniques. Four-point transport measurements were
performed at temperatures of about 30 mK and in magnetic fields up to 3 T. The smallest
two junction were shorted due to an e-beam overexposure, but showed Josephson effects
attributed to weak links of Nb ears or microbridges. The observed hysteresis in the I, V curves of these junctions were attributed to electron heating (hot electrons). Larger junctions
(realized junction lengths between 52 and 250 nm) revealed no superconductivity but did
reveal interesting resistance peaks at zero bias (ZBRP). These ZBRP are attributed to 2D
electron-electron interactions (EEI). The observed side resistance peaks are speculated to be
indicative of p-wave induced superconductivity in BSTS. The magnetoresistance was found
to be suppressed at lower magnetic fields. This is attributed to weak antilocalization (WAL)
(perhaps in combination with EEI). Although the fitting parameters of the 2D HLN-equation
deviate from the expected values, the shape does correspond. Several explanations for the
deviation are presented.
Additionally, flakes of the topological superconductor Cu0.3 Bi2.1 Se3 (CBS) are investigated. Samples with gold leads deposited on CBS flakes were manufactured using photolithography and sputter deposition techniques. Four-point transport measurements down
to 1.5 K were performed to test if the flakes poses superconductivity. Whereas the bulk
crystal was superconducting before and after the measurements on flakes of the same crystal,
the flakes itself were not superconducting (resistance in the order of 1 Ω). This is attributed
to non-uniform Cu doping by intercalation, giving rise to a small superconducting volume
fraction or, possibly, to an easier cleaving of non-superconducting flakes.
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Chapter 1

Introduction
Ever since Kane and Mele [1] in 2005 theoretically proposed the existence of a quantum spin
Hall state (or topological insulator), a rapidly growing field in condensed-matter physics has
emerged around these so-called topological insulators (TI) [2]. Three years later they predicted, now together with Fu [3], that a Majorana fermion might appear in a superconductortopological insulator hybrid device. It was realized that the Majorana fermion could be the
holy grail for future low-decoherence quantum computing [4, 5]. It is in this perspective that
this project on ”superconductor-Bi1.5 Sb0.5 Te1.7 Se1.3 (BSTS) topological insulator hybrid devices” was initiated.
Although the details of TIs and Majorana fermions will be discussed in the next chapter,
a brief introduction of these concepts will be given here for the sake of clarity. A topological
insulator is an insulator with metallic surface states, that is, it is insulating in the bulk but at
its surface it is necessarily conducting due to its topological nature. Such a material can host
a Majorana fermion when it is in proximity to a superconductor [3]. A Majorana fermion is
a very unusual particle that is at the same time its own antiparticle, in the present case this
would be half an electron and half a hole at the same time. Normally, when a particle and
an antiparticle combine, both particles will stop to exists and excite their energy as a photon
(light).

1.1

Goal

Previous experimental work on this area at the University of Twente, has focused on hybrid
devices of niobium (Nb) and the topological insulator bismuth telluride (Bi2 Te3 ) [6, 7, 8].
These devices consisted of Josephson junctions on top of a Bi2 Te3 flake. In this way a
Josephson supercurrent through the topological surface state of Bi2 Te3 has been shown [8].
This is a first step to pave the way for detecting a Majorana fermion in the superconductor-TI
junctions as proposed by Fu and Kane [3].
In this project the goal was to realize a Josephson supercurrent through the surface states
of BSTS by Nb-BSTS-Nb Josephson junctions, quite the same as was done in Bi2 Te3 . This
switch from Bi2 Te3 to BSTS is driven by the fact that BSTS overcomes some difficulties that
exists in Bi2 Te3 . BSTS has a bulk that is much more insulating than Bi2 Te3 ; while the latter
has a relatively large bulk carrier density [9]. The surface contribution of Bi2 Te3 is in the
order of 0.3% for a 100 µm thick flake, according to a report by Qu and co-workers [10],
this can be contrasted to a realized surface transport in BSTS of about 70% in a 67µm thick
flake [11]. Normal bulk carriers destroy the Majorana zero energy mode in the junctions
proposed by Fu and Kane [3] (this will be discussed in the next chapter). Therefore, BSTS
is a much more promising material compared to Bi2 Te3 .
Aside from this main project, there was a project on copper doped bismuth selenide (CuBi2 Se3 , or short CBS) crystals from the University of Amsterdam. There superconductivity
1
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was measured in the crystal. The goal of this project was to verify the expected superconductivity also in Cu-Bi2 Se3 thin flakes.

1.2

Materials

The material BSTS is a TI, while CBS is expected to be a topological superconductor [20]. If
this is indeed true, Majorana fermions would naturally exist in CBS when vortices are present,
whereas in BSTS they can only be induced when a superconductor induces superconductivity
in the BSTS by the proximity effect. Both materials will be discussed in more detail in the
next two sections.

1.2.1

BSTS and its material properties

Already in the sixties alloys of Bi2 Te3 and Sb2 Te3 gained some scientific attention, because
of their excellent thermoelectric properties near room-temperature [12]. Only in the last few
years these materials attained renewed interest, because of their topological nature.
BSTS is a 3D topological insulator (see Chapter 2) with, in the present case, the structural
composition of Bi1.5 Sb0.5 Te1.7 Se1.3 . This is an optimized composition of the topological
insulator Bi2 Te2 Se (BTS) in which the Te:Se ratio is reduced and at some positions Bi is
replaced by Sb [11, 12]. Still, the ordering of the chalcogen layers is as in BTS [11], see
Figure 1.1(a). It was optimized to have maximal bulk resistivity at low temperatures [12] to
realize as high as possible relative surface state contribution to the conductance. Taskin [11]
and co-workers realized a relative surface transport in BSTS of about 70% in a 67µm thick
flake. On much thinner flakes, 200 nm, Xia and collegues [13] realized an even higher relative
surface transport of about 99%, at 10 K, but these flakes have a slightly different configuration
as the present flakes (Te:Se in 1.8:1.2 instead of 1.7:1.3).

some Sb
g of the
he x-ray
demonesent in
his comone can
to 70%)
of BSTS
quantum
(a) state of

(b)

Figure 1.1: (a) Basic structure unit of Bi1.5 Sb0.5 Te1.7 Se1.3 referred to as a quintuple layer.
Figure from [11]. (b) ρxx (T ) of a 30 µm cleaved BSTS sample. From 300 K the resistivity
increases sharply (insulator behaviour), but it saturates at low temperatures due to metallic
surface transport and bulk impurity-band transport [11]. Xia [13] measured even an decrease
at low temperatures. Figure from [11]
The BSTS has a layered structure, with a repetition after five layers, referred to as a
quintuple layer. The layers within this quintuple layer are strongly bound, while subsequent
quintuple layers are much weaker bound – predominantly by Van der Waals bonds [14]. Due
to the weak coupling of quintuple layers, a crystal can be easily cleaved in flakes.
2

1.2. MATERIALS

BSTS is very sensitive to air exposure, resulting in n-type doping of the surface of BSTS
when exposed to air. This effect causes a time evolution of the transport properties of BSTS,
after cleaving [11]. Therefore, several measurements on the same sample, not measured at
the same time, might give different results, as shown for the resistivity in Figure 1.1(b).
Due to the conducting surface states and the semiconducting bulk of BSTS, the transport
properties of BSTS shows semiconductor behaviour at relatively high temperatures, while at
low temperatures it saturates or shows even metallic behaviour [11, 13], see Figure 1.1(b).
Also a reduction of the bulk results in a larger (metallic) surface contribution in conductivity.
Another prominent property of BSTS is weak antilocalization (see Chapter 2), that becomes clearly visible in a magnetic field sweep around zero field and at low temperatures.
As usual, the weak-antilocalization graphs of thin enough flakes can be fitted with the HLN
equation with α = −1 (or a value close to −1, [13]), if you account for the top and bottom surface of the flake, otherwise α = −0.5. A value of α = 1 indicates weak localization
effects [15]. Also Shubnikov-de Haas oscillations have been observed [11].
The present BSTS crystals were grown by the ’Quantum Electron Matter’ group of the
University of Amsterdam, by a modified Bridgman method [12, 11, 16].

1.2.2

Cux Bi2 Se3 and its material properties

The Cu doped topological insulator Bi2 Se3 , giving Cux Bi2 Se3 (CBS), is recently shown to be
superconducting below approximately Tc = 3.8 K [17]. It was shown to be a (topological1 )
type II p-wave superconductor, as long as the copper fraction stays within 0.1 ≤ x ≤ 0.6, and
the copper atoms are intercalated between the Se layers instead of randomly substituting
Bi [17, 18]. Whether or not Cu1+ is mostly intercalated or mostly added as a substitute
strongly depends on the exact growth process, generally both situations are present in the
crystal [17], leading to superconducting and non-superconducting regions of the material [19].
The crystal structure of superconducting Cu1+ intercalated Bi2 Se3 according to Hor et al. [17]
is shown in Figure 1.2, here one can clearly see that the copper intercalates between the
quintuple layers of Bi2 Se3 .

Figure 1.2: The crystal structure of Cu intercalated CBS. Figure from [17].
The growing of CBS consists of melting stoichiometric mixtures of its components in
a procedure described in [17, 18]. The flakes used in the measurements discussed in this
1

Cux Bi2 Se3 is proposed to be a candidate topological superconductor [20]. In a recent experiment, in a
not yet published article [21], this is called into question. This shows that there is still a discussion whether
or not it is a topological superconductor.
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chapter, were cleaved from a crystal with the composition Cu0.3 Bi2.1 Se3 and was provided by
the University of Amsterdam.

1.3

Outline

The second chapter of this thesis will focus on reviewing the theoretical background for the
experiments discussed in the subsequent chapters. In the third chapter the manufacturing
of the hybrid devices with Nb-BSTS-Nb junctions, Nb-BSTS-Au junctions and CBS samples
will be discussed. The subsequent three chapters, will discuss the experiments on these
devices. In the first of these, chapter 4, deals with measurements of shorted Nb-BSTS-Nb
junctions, whereas chapter 5 deals with the resistive Nb-BSTS-Nb junctions on the same
samples, and shortly the Nb-BSTS-Au samples. Chapter 6 is a short discussion of the results
on the transport measurements on CBS samples. This thesis ends with an overview of the
conclusions and recommendations for future research (chapter 7).
Note that in this thesis SI-units are assumed, unless otherwise stated.
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Chapter 2

Review of theoretical concepts
In this thesis the interaction between a topological insulator and a superconductor is studied.
These hybrid systems are interesting in itself because of their special properties, but they
can also play an important role for future robust quantum computation, because the system
is expected to host Majorana fermions [35, 34].
In this chapter the relevant theoretical background is reviewed, in order to provide a
theoretical context for the experiments discussed in later chapters.

2.1

Superconductors

Superconductors are materials that exhibit the extraordinary property that below a critical
temperature Tc , resistance disappears and magnetic fields become expelled from the material
(the so-called Meissner-effect). Also the current(density) applied through the superconductors
as well as the magnetic field over the superconductor, need to be below a certain critical value.
Two types of superconductors can be distinguished: type-I and type-II superconductors.
In contrast to the first, the latter has an intermediate critical field Bc1 . If B ≥ Bc1 normal
regions enter the superconductor as normal-core vortices which coexists with the superconductivity.
In a BCS superconductor interactions of the electrons with the lattice give rise to the
formation of Cooper pairs. In conventional s-wave superconductivity, Cooper pairs consist of
two electrons with a total spin of zero, since they have opposite spin projections (↑↓ or ↓↑)
forming a spin-singlet: √12 (↑↓ − ↓↑). The exotic p-wave superconductivity has, on the other
hand, a total spin of one, with equal spin projections (↑↑ or ↓↓) forming the triplet pairing [5]
(which also includes the possibility of √12 (↑↓ + ↓↑)).
In this section some more key properties of superconductors, necessary to understand the
experiments, will be discussed.

2.1.1

Junctions and the Josephson effect

Consider the following structure (Figure 2.1), consisting of two leads A and B separated by
a very thin barrier C of a non-superconducting material, generally called a weak link. Such
a structure is an example of a junction [22, 23] but other geometries are also possible.
Depending on the materials chosen for A, B and C one can distinguish several relevant
junctions, for example NIS, SIS, SNS, S-TI-S and N-TI-S junctions. Here N stands for ’normal
metal’, I stands for ’insulator’, S stands for ’superconductor’ and TI stands for ’topological
insulator’. The latter junctions are subject of the present thesis. It is assumed that junctions
are studied below the critical temperature of the superconductor.
5
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Figure 2.1: Junction configuration, A and B are either a superconducting material or a normal
metal whereas C is not and very thin. Figure from Miraceti, commons.wikimedia.org.

Ordinary electron (quasiparticle) tunnelling can take place as long as there are empty
states above the Fermi level or superconductor band gap, on the other side of the barrier,
to tunnel to. An applied potential difference over the junction aids this process by giving
the electrons sufficient energy to overcome the superconducting gap of the superconductor.
This gives always rise to a resistance. In the SNS, S-TI-S and N-TI-S, one cannot speak of
tunnelling, since transport can take place via the normal metal barrier. Only at the interface
between the superconductors and the barrier material there might be an additional interface
barrier. Cooper pairs may also be involved in the normal particle transport due to Andreev
reflection, giving rise to sub-gap transport; this will be discussed in a separate section.
When the junction consists of two superconducting leads (SNS, SIS and S-TI-S junctions),
also Cooper pairs can tunnel in the superconducting regime. This gives rise to a supercurrent
at zero applied voltage, this is called a DC Josephson supercurrent, which is the topic of the
next section. Junctions showing a Josephson current are called Josephson junctions.
The DC Josephson supercurrent results from the phase difference γ = φA − φB of the
macroscopic wave function of the superconducting leads on either side of the junction (or
barrier):
I = I0 sin γ
(2.1)
At zero applied voltage a current can be forced trough the junction with a maximum current
of I0 , above this value the junction becomes resistive and a voltage appears. The maximum
Josephson current I0 is usually related to the superconducting gap ∆, both are temperature
dependent. A typical I,V-curve is shown in Figure 2.2(a).
Fraunhofer Ic modulation
The Josephson supercurrent I oscillates in the presence of a varying magnetic flux φB according to the following sinc-function:


sin (πφB /αφ0 )
πφB
I = I0
= I0 sinc
(2.2)
πφB /αφ0
αφ0
h
In this equation φ0 is the magnetic flux quantum, a constant defined by φ0 = 2e
≈ 2.0678 ·
−15
10
Wb, I0 is the (critical) current at zero field, which depends on the temperature during
the measurement (Eq. 2.1). The magnetic flux is related to the magnetic field by φB = B · A,
for magnetic fields B perpendicular to the area A of the junction (in general cases: φB =
RR
~ a). The constant defined by α can be either one or two: one for a normal material
B·d~
in the gap and two for a topological protected material in the gap [15]. This graph of the
sinc-function is referred to as the Fraunhofer pattern because of its shape resemblance with
the optical phenomena of Fraunhofer diffraction, an ideal Fraunhofer diagram is shown in
Figure 2.2(b).

6
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(a)

(b)

Figure 2.2: (a) An ideal current-voltage graph of a Josephson junction at T = 0 K, image
from [22]. At zero voltage a DC Josephson current is observed. Voltages corresponding
with energies below the gap give only rise to a current for T > 0, due to thermally excited
electrons. Voltages above the energy gap (V > 2∆/e) give rise to resistive normal electron
transport or tunneling. (b) An ideal Fraunhofer pattern for a junction with a junction area
of 0.03 µm2 and α = 2 (topological protected material in the gap).

The above equation for the magnetic field dependence Josephson tunneling current,
Eq. 2.2, holds strictly only in the limit of an infinitely wide junction and a homogeneous
current density distribution [15]. Any deviation from this ideal situation will lead to deviations in the Fraunhofer pattern. Practically, this will always happen, because the junction
width will be finite. This makes it non-trivial to analyze the Fraunhofer pattern [15].

2.1.2

The BTK-formalism

Blonder, Tinkham and Klapwijk (BTK) published in 1982 [24] a theory, know as the BTKtheory, that describes the transmission and reflection of particles at a normal metal-superconductor
(NS) interface as a function of the barrier strength Z, from which the corresponding I, V curves can be calculated.
From an analysis based on the Bogoliubov equations and a generalized semiconductor
model, they identified the transmission and reflection coefficients of three single quasiparticle
(electron or hole) processes – two transmission processes and one reflection process – and one
pair process. The latter is called Andreev reflection and can, in contrast to the quasiparticle
processes, also take place at energies less than the superconducting gap: |E| < ∆. The
transmission and reflection coefficients they calculated for each process and arbitrary barrier
strength Z, can be found in Table II of their publication [24]. From this they calculated the
differential conductance for various barrier strength, as shown in Figure 2.3(b). In these plots
the conductance is maximal at the superconducting gap ∆, when a barrier is present.
Whereas the BTK theory deals with conventional (s-wave) superconductivity, the tunnelling conductance of unconventional superconductors have also been calculated, for example by Eschrig and colleagues [25]. This will be referred to as ’adapted BTK-formalism’.Here
chiral p-wave (px + ipy ) superconductivity is the most interesting, since this is the superconductivity that can be induced in the surface states of a topological insulator [3]. The
term chiral refers to the fact that the motion of the electrons in the surface state is only in
one direction [4]. More details on topological insulators will be discussed in a later section.
7
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(a)

(b)

(c)

Figure 2.3: (a) Graphical display of Andreev reflection at an NS interface. An electron can
enter a superconductor at energy  = E − EF by pairing with an electron from − with
opposite momentum and spin, to form a Cooper pair and thus reflecting a hole at energy
−. (Image after [29]). (b) Simulation of the differential conductance vs. voltage for various
barrier strengths Z at T = 0, from the BTK theory for s-wave NS interfaces. (Graphs
from [24]). (b) Simulation of the tunnelling conductance of a chiral p-wave NS interface. In
the left figure the letters indicate the following situations in zero perpendicular magnetic field
(i.e. H = 0); a: Z = 0, b: Z = 1 and c: Z = 5. In the right figure the letters indicate the
following situations in the absence of a barrier (i.e. Z = 0); a: H = 0, b: H = 0.2H0 , c:
H = 0.4H0 , d: H = −0.2H0 and e: H = −0.4H0 . (Graphs from [25]).

8
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Calculated graphs of this system are shown in Figure 2.3(c) for several situations. In these
plots around the superconducting gap ∆ the conductance is minimal in the non-trivial case.
In both the s- and p-wave NS contacts conductivity is possible inside the gap. In the
case of p-wave superconductivity this is observed as a broad peak, see Figure 2.3(c). This
is due to Andreev reflection, which makes it possible to transport Cooper pairs around the
Fermi level (zero energy, if viewed relatively to the Fermi energy). Andreev reflection will be
discussed in the next section.

2.1.3

Andreev reflection, (Andreev) Bound State and Majorana fermions

At the interface between a normal metal and a superconductor, single electrons can be transferred from the metal to superconductor only when its energy is larger than the energy gap
of the superconductor (E > ∆). Inside the gap transport of electrons is only possible if
an electron finds an electron partner to enter the superconductor as a Cooper pair. This
involves the retroreflection of a hole with opposite spin and (nearly opposite) momentum
into the metal, to fulfill the conservation laws. The partner electron has opposite momentum
and spin compared to the first electron and is extracted from the metal at an energy just as
much below the Fermi level as the first electron was above. This process is called Andreev
reflection [27] and is graphically shown in Figure 2.3(a). In ideal Andreev reflection, i.e.
in the absence of a barrier (Z = 0) as mentioned in the BTK theory, the conductance is
twice as large as single electron conductance in the normal state, since two electrons are involved. When a barrier (Z 6= 0) is present, the Andreev reflection is suppressed or destroyed
for s-wave superconductivity, see Figure 2.3(b), or changes its energy distribution in p-wave
superconductivity, see Figure 2.3(c).
In a SNS contact effectively two NS junctions exist. This leads to Andreev bound states.
An electron in a normal metal moving to the right, can at the NS interface be converted in
a retroreflected hole and a Cooper pair in the right superconductor. The retroreflected hole
will now move to the left NS interface, where it can be backconverted in an electron and
break up a Cooper pair in the left superconductor. If this electron returns to its starting
position with the same phase and keeps reflecting, a bound state is formed and Cooper pairs
are transported through the normal metal, i.e. a supercurrent flows. A state will only exist
when the electron returns to its initial position with the same phase, after one cycle. This will
result in quantized energy levels for the bound states (due to the wave nature of electrons),
that depend on the phase difference of the wave functions of the superconductors.
Andreev reflection can also cause bound states in NS contacts itself, aided by normal
particle reflection at the interface of the (thin) normal metal with the vacuum. This method
was used by Mourik and colleagues [28] to find indications of Majorana fermions in a p-wave
induced semiconductor nanowire.
For p-wave superconductivity, bound states can be observed as a broad Zero Bias Conductance Peak (ZBCP) in the differential conductivity of the NS junction, see Figure 2.3(c).
It can be seen that this ZBCP grows with an increasing magnetic field. If the normal metal
is a p-wave induced topological insulator (or p-wave superconductor) an extra ZBCP from
a zero energy state (relative to the Fermi level E − EF ) might be found. Since one expects
Majorana fermions at zero energy, the appearance of such a ZBCP could be an indication of
the presence of a Majorana fermion (see Section 2.3.1).
In theory a zero-energy Andreev bound state is also possible for NS contacts, but since
always a finite interface barrier is present this is in practice not realizable. Particles in the
normal metal at zero-energy will not have enough energy to overcome this barrier and reflect.
Therefore, Andreev reflection and consequently a Andreev bound states, are not possible at
zero energy. In a topological insulator perpendicular reflection is prohibited because particles
picks up a π-Berry phase. For other angles of incidence the Berry phase does not equal π,
and reflection (backscattering) is possible [30]. This argument will become clear in a moment
9
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when topological insulators are discussed in Section 2.2.1. Therefore zero-energy (Majorana)
bound states are possible in N-TI-S junctions.

2.1.4

Proximity effect

A superconductor in close contact with a normal metal shows a proximity effect [22]. Due to
the overlap of wave functions at the interface some Cooper pairs ’leak’ into the normal metal,
while some quasiparticles from the normal metal ’leak’ into the superconductor. Superconductivity is induced in the metal over a distance called the normal coherence length ξn , the
value depends on the amount of disorder in the normal metal, as indicated by the electron
mean free path in the metal le . Two regimes can be identified:
’clean limit’ (ξ0  le ,): ξn =
r
’dirty limit’ (ξ0  le ): ξn =

~vF
,
kB T

(2.3)

~vF le
,
6πkB T

(2.4)

where ξ0 is the coherence length of the superconductor and vF is the Fermi velocity in the
metal.

2.2

Topological insulators

Topology is the mathematical study of the properties that are preserved through deformations, twistings and stretchings of objects, conversely tearing (and then gluing) is not allowed [31]. With this definition in mind it will become clear below why the word ’topological’
is used in the physics described here.
Topological insulators are materials with an insulating bulk but at its surface it is necessarily conducting due to its topological nature. One can imagine that a lot of interesting
physics is behind this, only a small and basic part will be discussed below, the reader is referred to the reviews of Qi and Zhang [2] and Hasan and Kane [4] for an extensive discussion.

2.2.1

A quantum spin Hall state

The ’normal’ Quantum Hall Effect (QHE) occurs when a strong magnetic field is applied over
a 2D electron gas in a semiconductor, at low temperatures. The magnetic field causes the
electrons to confine in circular orbits, at the edge the orbits cannot be closed and thus only
at the edges conducting channels are formed. So, only at the upper and lower edge channels
exist where electrons will move in opposite directions, in between there are no channels and
is thus insulating, this is sketched in Figure 2.2.1(a). Since the two channels are spatially
separated, dissipation (scattering) is impossible since the spatial overlap of the wave functions
is reduced [32]; carriers will simply move around the scatters [14].
A 2D topological insulator is a quantum spin Hall (QSH) state. The latter is closely
related to the QH state, but now the spin degeneracy is lifted, see Figure 2.2.1(b). In a 2D
topological insulator this is realized by a strong spin-orbit coupling, even in the absence of a
magnetic field. At both edges spatially separated conducting states appear of both opposite
spin and momentum. This system is time reversal invariant and backscattering from a nonmagnetic impurity is impossible. Just like in the QH effect it is impossible to scatter to a
state on the other side of the sample, but it is also impossible to scatter to another spin state
on the same side. Figure 2.2.1(c) makes this clear. An electron can reflect in two ways around
a non-magnetic impurity, either clockwise or counter clockwise, where the spin rotates by an
angle of π or −π respectively. This gives a phase difference of 2π between the time reversed
10
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(a)

(b)

(c)

Figure 2.4: Graphical depiction of the QH effect (a), the QSH effect (b) and reflection on a
non-magnetic impurity in a QSH sate. Figure from [14].

paths. This results in a geometric Berry phase of 2π/2 and, hence, a negative sign of the
wave function of a spin-1/2 particle and therefore they interfere destructively [14, 2]. On
the other hand, scattering on a magnetic impurity will result in a spin flip and time reversal
symmetry is broken.
Although all the previous was described for a 2D case, it can be generalized to a 3D
situation, where the edge states will become surface states [4]. The question that remains is
how the spin-orbit coupling gives rise to these edge or surface states, this follows from the
topological band theory, which will be discussed next.

2.2.2

Topological band theory and 3D topological insulators

In topological band theory, the order of the energy bands determines the difference between a
normal insulator phase and a topological insulator phase. As an example of a 3D TI we take
Bi2 Se3 , other known 3D TI are for example Bi2 Te3 and BSTS, these are all layered materials
comparable with the structure of BSTS and CBS, as discussed in the introduction. The
bands of Bi2 Se3 closest to the Fermi energy and at the Γ symmetry point of the Brillouin
zone, are shown in Figure 2.2.2. Zhang and co-workers [33] explained how these orbitals
lead to the formation of a band inversion at the Fermi energy. They consider three stages
(as indicated in the figure) going from the atomic p-orbitals of Bi and Se to the conduction
and valence bands of Bi2 Se3 . The first step (I) involves the bonding and hybridization of Bi
and Se orbitals, then crystal-field splitting is accounted for in stage (II) and finally in stage
(III) spin-orbit coupling lifts the degeneracy of the bands and pushes one band up and the
other down. This makes that two bands cross near the Fermi energy (second green box in
the Figure) if the spin-orbit coupling is strong enough to push the bands far enough up and
down. The valence band has become a conduction band and vice versa.
11
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Figure 2.5: A schematic diagram showing how the p-orbitals of Bi and Se around the Fermi
energy (blue line) at the Γ-point, result in a crossing of a band of Se and Bi trough the
bandgap. Figure from [33].
In a topologically trivial insulator, vacuum or a normal insulator, the bands are not
inverted. Therefore, at the interface of a TI with a topological trivial insulator the conduction
and valence bands have to change position again. Therefore the bands always have to cross the
band gap at the interface of two topological different materials, which dictates the existence
of a metallic surface state. In the vicinity of the crossing point the dispersion of the states
is approximately linear. Here particles are ’massless’ and can be described by the Dirac
equation. In three dimensions this linear crossing forms a Dirac cone.

2.3
2.3.1

Superconductors and TI: quasiparticle Majorana fermions
Majorana fermions

In 1937 Ettore Majorana introduced the concept that is now know as the ’Majorana fermion’:
a particle that is its own antiparticle, or in the language of quantum mechanics:
γ = γ†,

(2.5)

Normally particles and antiparticles can annihilate, thereby producing a pair of photons [34].
A fermionic particle with the exceptional property of Eq. 2.5 has not been (fully) detected
up to now.
In solid state systems, Majorana fermions are not fundamental particles, but are special
combinations of ordinary electrons and holes [35]. The main systems where condensed matter physicists are looking for Majorana fermions are Topological Insulator - Superconductor
interfaces and Topological Superconductors. In the past years some ’signatures’ have been
found [28], but it turns out to be hard to unambiguously show the existence of a Majorana
fermion in solid state systems.
Superconductors are an obvious first place to look for Majorana fermions since their
quasiparticle operators consists of superpositions of electrons and holes [35]. Normally this
consists of an electron at energy level +E and a hole at energy level −E. Only at the Fermi
level (E=0), which is in the middle of the superconducting gap, the eigenstates are charge
12
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neutral superpositions of electrons and holes [34]. Obviously, also the creation an annihilation
operators for an excitation at energy E are then equal [34]:
γ(E) = γ † (−E)

(2.6)

Which is a general symmetry for superconductors.
The conventional superconductivity is s-wave superconductivity, where Cooper pairs have
opposite spin projections. On the other hand, p-wave superconductivity has equal spin
projections. The fact that the spins are equal in p-wave superconductivity results in equal
quasiparticle creation and annihilation operators (e.g. γ = uc†σ + u∗ cσ , with σ the spin
projections), a defining property of the Majorana fermion [5]. So Eq. 2.6 holds only for
p-wave pairing.
This brings us to the second requirement: the superconductors need also to be ’spinless’ [35]. Because the spins of the fermions in such a system are equal, one speaks of a
’spinless’ system. This makes s-wave superconductors in proximity to a topological insulator
a likely candidate, because p-wave superconductivity can be induced in the surface states of a
topological insulator by the proximity effect, since the surface states are not spin degenerate
but contain only particles with one spin projection [4].
By inducing superconductivity a gap is opened in the surface states around the Fermi
level, but at the interface with a normal part of the TI, local subgap states can arise [34].
At this point the sought after zero energy levels for Majorana fermions arises. Therefore
Majorana fermions can bound at (normal cored) vortices induced by a magnetic field, in this
particular case the boundary conditions on the wave function dictates a flux of hc/2e in order
to have a zero energy mode, i.e. Majoranas [35]. Since an applied magnetic field breaks time
reversal symmetry only one Majorana mode will exist at the vortex.
Besides this, Fu and Kane [3] proposed that Majorana fermions would appear at the edge
of the superconductor-topological insulator crossing of a S-TI-S junction, only if the phase
difference between the superconductors is equal to π and the momentum has no component
parallel to the junctions width. Then a zero energy Andreev bound state exists in the junction
giving rise to two (on each edge of the junction) nonchiral ”Majorana quantum wires” along
the width of the junction [36].
Interestingly, it is proposed that there also exist superconductors with surface states as in
topological insulators, these materials are called topological superconductors. The expected
topological insulator Cux Bi2 Se3 , has already been discussed in the introduction. For these
materials the superconductivity is inherent, and does not have to be induced by the proximity
effect.

2.3.2

How to detect a Majorana fermions in S-TI junctions?

Several ways to detect a Majorana fermion have been proposed [34], here we restrict the
discussion to two important mechanisms for detecting a Majorana fermion in a S-TI junction.
The first option is through the observation of a zero bias conductance peak in N-TI-S tunnel
junctions, which has already been discussed. As a second option, an indication of the presence
of a Majorana fermion in a pS-TI-pS Josephson junction can be found by studying the
Josephson supercurrent of the junction. Usually only Cooper pairs (charge 2e) tunnel in the
Josephson effect, but the Majorana fermions enable the possibility of single electron (charge
e) tunneling with a larger probability [34]. This doubles the usual 2π periodicity in the
superconducting phase difference of the Josephson supercurrent. This is called the fractional
Josephson effect [37]. The AC Josephson effect will give rise to Shapiro voltage steps with a
doubled step height [38], but only for perpendicular channels (see [30] for a discussion).
13
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2.4

Quantum corrections to resistivity and conductivity

Normally, resistance decreases with temperature. But there exist corrections to the low
temperature regime due to the wave nature of electrons; the corrections are collectively called
the ’quantum corrections to resistivity/conductivity’. They exist due to electrons scattering
from violations of the periodicity of the lattice, e.g. defects, impurities etc. Two effects
commonly observed in Bi-based topological insulators are weak antilocalization (WAL) and
electron-electron interactions (EEI), both will be discussed in this section.

2.4.1

Weak (anti)localization

Weak (anti)localization [40] is a correction that results due to electron waves interference
with itself after several scattering events of partial waves along a diffusive closed path. This
will only occur as long as the electron wave returns to its starting position before the particle
forgets its initial phase. This defines the phase breaking time τφ , the distance an electron
can travel in this time by diffusion is defined as the phase breaking length Lφ , or dephasing
length. At the initial position the electron waves of different paths, that return to the initial
point, interfere. This leads to an upturn in resistance for the lowest temperatures in the
case of weak localization (WL), due to constructive interference, since the electron has a
higher probability to be found at the initial point, staying more localized. Therefore WL
is also referred to as ’enhanced backscattering’. In the case of weak antilocalization (WAL)
destructive interference takes place and the resistance is decreased, since there is less change
for an electron to stay localized.
Weak antilocalization is commonly observed in Bi-based 3D TI [15]. Here WAL can be
caused by strong spin-orbit coupling in the bulk and spin-momentum locking in the surface
states [42]. The latter can be explained by the π Berry phase which prohibits backscattering
from non-magnetic impurities, as discussed in Section 2.2.1, which at the same time excludes
the appearance of WL in surface states of TIs as long as time reversal symmetry is not
broken [15]. In fact, from this same argument it follows that electrons cannot be localized, no
matter how strong the disorder [4]. In the bulk, WAL arises from a spin flip during scattering
in the presence of spin-orbit coupling. Now it may interfere destructively with the coexisting
wave with the same spin projection [40].
Weak antilocalization is reduced or destroyed by a magnetic field. An electron wave
acquires an extra phase factor when travelling along a loop in a magnetic field. Electron
waves in the loop travelling in different directions acquire a phase difference that can destroy
the interference. The dependence of the 2D (surface state) correction to the conductivity due
to W(A)L in a perpendicular magnetic field is given by the Hikami-Larkin-Nagaoka (HLN)
equation [43]:
∆σ(B⊥ ) = σ(B⊥ ) − σ(0)
"
!
e2
1
~
=α
Ψ
+
− ln
πh
2 4eL2φ B⊥

~
4eL2φ B⊥

!#
,

(2.7)

where Ψ is the digamma function. For WL α = 1 and for WAL in Bi-based TI α = −0.5, or
−1 if you account for both the top and bottom surface states of the TI.
The phase breaking length Lφ depends on temperature, therefore the correction to conductivity is also temperature dependent. In the absence of a magnetic field the following
relations hold for two dimensions [44, 45]:
 
e2
T
∆σW (A)L,2D (T, B = 0) =
αp ln
,
(2.8)
πh
T0
and for 3D (bulk):
∆σW (A)L,3D ∝ T −p/2 .
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Here, p is a constant that depends on the source of the inelastic scattering, and T0 is the
reference temperature from which the deviation ∆σ is measured [45]. A plot with a logarithmic temperature axis will directly show the functional dependence and thus if the 2D or 3D
relation applies.

2.4.2

Electron-electron interactions

Electrons can also interfere with each other (instead of with themselves as in W(A)L), which
can give rise to electron-electron interactions (EEI) [40]. If two electrons have the same
initial phase at a certain point, there is a change that they meet again and interfere within
the dephasing time τee . For electron-electron interactions this effective time of the interaction
τee = ~/(E − EF ) is larger near the Fermi energy, this effects the exchange interaction in the
Hamiltonian (and thus the energy levels) [40, 41]. The result is that energy levels around
the Fermi level are pushed away, therefore a minimum in the density of states at the Fermi
energy (EF ) is then observed.
The correction to the 2D conductivity due to EEI is given by:

  
e2
3
T
∆σEEI,2D (T ) =
2 − F̃ ln
,
(2.10)
2πh
2
T0
where F̃ is a Coulomb screening factor with a value between zero and unity [46]. Again, for
3D the correction involves a square root dependence on temperature, the exact equation is
given in [44].
In the presence of a magnetic field, Zeeman splitting will introduce a further correction
to the conductivity [45, 44, 47]:


e2
gµB B
∆σEEI,2D (B) ≈ −
F̃ ln
.
(2.11)
2πh
1.3µ0 kB T
This approximations holds as long as gµB B/µ0 kB T  1, i.e. the Zeeman splitting is much
larger than thermal activation. Here, g is the Zeeman g-factor (for the surface states of BSTS
g ≈ 20 [11]), µ0 = 4π·10−7 Vs/Am is the permeability of free space and µB ≈ 9.274·10−24 J/T
is a constant called the Bohr magneton.
Unlike WAL, this correction is isotropic to magnetic field, thus measurements in parallel and perpendicular fields could indicate whether WAL, EEI or both contribute to the
correction, as was done by Liu and colleagues [47].
Since the functional dependence of the WAL and EEI corrections to conductivity are the
same it is difficult to distinguish between these effects in transport measurements. Tunnelling
experiments, on the other hand, show the minimum in density of states indicative of EEI [40].
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Chapter 3

Manufacturing junctions on
topological insulators
Working with BSTS and CuBiSe topological insulators is quite challenging. This is mainly
due to the fact that no thin films were available for this project. It was only possible to
use crystals grown by a modified Bridgman method [12, 11, 16] for BSTS or in our case for
CuBiSe by a method described in [18] Both crystals were provided by the the ’Quantum
Electron Matter’ group of the University of Amsterdam.
In order to transfer the topological insulators to the substrate, we used the process of
’micro-mechanical exfoliation’, more appropriately called the ’Scotch-tape’ method. This
results in small flakes of the order of ten to hundred quintuple layers thick and a lateral size
in the order of 10 µm. Furthermore, leads and Josephson junctions for the measurements are
deposited on the flakes by photo- and electron beam lithography and sputtering techniques.
The details of device manufacturing will be discussed in more detail in this chapter.

3.1

Sample preparation

All the samples were prepared on a substrate of SiO2 /Si (with either 100 nm (Si p++ doped),
300 nm (Si p++ doped), 1 µm or 6 µm SiO2 (Si p-type doped)). Before depositing flakes,
the substrates are ultrasonically cleaned in acetone and afterwards washed with acetone and
ethanol, and dried with nitrogen.
The topological insulator crystals are kept at high vacuum, because in particular BSTS
is very sensitive to air exposure, resulting in n-type doping of the surface of BSTS when
exposed to air. This effect causes a time evolution of the transport properties of BSTS, after
cleaving [11].
The flakes are deposited outside the vacuum chamber by a technique called micro-mechanical
exfoliation. A thin layer of the topological insulator is cleaved from the crystal with Scotch
tape. This thin layer is further reduced to a few (order ten to hundred) quintuple layers
by multiple cleavings with Scotch tape. Next, the layer is transfered to the substrate by
pressing the tape on the sample and brushing it with force. When the tape is peeled off,
small flakes of the topological insulator material stick to the surface by Van der Waals or
electrostatic forces [7]. The flakes are loosely bound by these forces and can easily be wiped
off the substrate, which makes working with flakes quite challenging.
On each sample a flake that fulfills the criteria of large size, smooth surface and small
thickness, is selected to be used for further processing. In practice this selection is done at
the mask aligner during the lithography procedure, because not every flake selected under
a normal optical microscope is visible with the mask aligner. The minimal size of a flake is
determined by the size of the lithography mask, therefore the flake should be at least 14 µm
by 23 µm. Most flakes are smaller than this size, good flakes are rarely much larger than
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this. Images of the lithography mask and the resulting leads on a CuBiSe flake are shown in
Figure 3.2(a) and 3.2(b), respectively.
An example of a typical BSTS flake is shown in the AFM scan of Figure 3.1. One can
clearly see the layered structure of a flake and the relatively flat plateaus. The thickness of
a typical flake is of the order of 100 nm (in this case between 80 nm and 200 nm). The flake
shown here is too small to deposit leads on.

(a)

(b)

Figure 3.1: (a) An AFM scan of a flake on sample 49 (b) Height profiles of the flake across
the profile lines as indicated in (a).
It is important that the flakes used for Josephson junctions have a smooth surface in order
to minimize unknown and undesired effects of steps and roughness. Furthermore, flakes need
to be thin, so the leads and the junction do not have to be very thick – there is a limit on the
thickness of the photoresists that can be used for both normal as e-beam lithography. Thinner
flakes have also less bulk, which results in less less bulk contribution in our measurements [13].
Generally the quality of a flake can be judged fairly well under an optical microscope, thick
flakes show dark boundaries, while rough flakes show islands, steps or appear darker in color
due to scattering. Normal flakes are bright and white, but really thin flakes – generally only
realized after etching – appear blue, the lighter blue, the thinner the flakes. In practice it is
difficult to work with these flakes because they are not visible in the mask aligner.

3.2

Optimizing lithography, sputtering and lift-off

In order to deposit leads and Josephson junctions on the flakes, a suitable manufacturing
procedure had to be found. In principle this process consists of the following steps:
1. Spinning a suitable photoresist (photolithography);
2. Positive or image reversal UV exposure procedure (photolithography);
3. Developing the photoresist (photolithography);
4. Sputtering Nb(/Pd) or Au;
5. Lift-off of the sputtered materials;
In case of the manufacturing of Josephson junctions the process continues:
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300 Ʌm

(a)

(b)

Figure 3.2: (a) The photolithography mask used for making niobium or gold leads to a flake.
(b) Gold leads deposited on a unique triangular CuBiSe flake.
6. Preparing the samples for e-beam lithography (removing ears and spinning PMMA
etc.);
7. E-beam lithography;
8. Sputtering Nb or Au;
9. Lift-off of the sputtered materials;
Starting from a procedure that has been used before for Bi2 Te3 flakes, both the manufacturing procedures of BSTS and CuBiSe devices were optimized. This will be discussed below
in separate sections for the different devices.

3.2.1

Niobium Josephson junctions on BSTS

Josephson junctions with niobium electrodes were made on BSTS for the measurements
discussed in the next chapters. Niobium was chosen for the leads because it is a well-studied
superconductor with a reasonable high critical temperature (9.2 K, [22]) and coherence length
(38 nm, [22]), which can be easily deposited by standard sputtering techniques.
In the first step 200 nm thick niobium leads were deposited by DC sputtering1 on a
suitable flake following the procedure sketched above. In the first and fifth step of this
procedure, either a positive or an image reversal photoresist can be used. Lift-off with image
reversal photoresist goes slightly better, but it takes much longer time to process because of
the additional steps in the photolithography (see both optimal positive and image reversal
recipes in Appendix A). This is due to the fact that the image reversal photoresist was more
than two times thicker and has a small undercut.
Acetone is used as a solvent for the photoresist, followed by an acetone and ethanol flush,
to remove the niobium remainders. Both resists give large ears to the structures after lift-off,
but ears of samples with image reversal photoresist can be removed more easily afterwards.
This was realized by softly sliding the sample over a acetone drenched (lens) tissue. Therefore
the image reversal photoresist is preferable. Ears on the leads must be removed in order to
get a good contact with the Josephson junctions deposited in the next steps, Figure 3.4 makes
this clear.
1

All (optimized) deposition schemes can be found in Appendix B.
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In SEM images after positive resist lithography it appeared that large ears only existed at
positions where the niobium leads touched the BSTS, this can be seen clearly in Figure 3.4.
Therefore it was suggested that those ears resulted from reflections of the UV-light on the
BSTS during exposure.
In one of the first measurements it turned out that it was not possible to measure a
supercurrent through two connected niobium leads, it was proposed that this is due to the
oxidation of the niobium top layer. In order to overcome this problem in the next samples,
a thin layer of 2.3 to 5 nm palladium was deposited directly after the deposition of niobium,
without removing the sample form the vacuum chamber. Palladium does, in contrast to
niobium, not oxidize at reasonable temperatures. As long as the layer of palladium is thin
enough (a few nanometers) it will not influence the superconductivity because of the proximity
effect. The layer of palladium between the leads and the e-beam structure will be even
thinner than the deposited amount, due to substrate cleaning before depositing the last layer
of niobium.
E-beam lithography
After the leads are deposited, an e-beam step follows in which the junctions are written in a
PMMA resist, which is spin coated on the samples. The pattern written in the PMMA, with
the junctions of the measured samples, is shown in Figure 3.3. The pattern is made to overlap
the niobium leads for obvious reasons. Parameters of the e-beam had to be optimized such
that junctions have the correct size and are not under- or overexposed2 : 10 kV acceleration
voltage, 10 µm aperture, a working distance of 10 mm and a dose of about 140 µC/cm2 .
The exact dose turned out to be different for every flake. After the writing the PMMA is
developed in a MIBK:IPA (1:3) solution and a IPA stopper, next 30 to 80 nm of niobium was
sputtered on top (depending on the thickness of the used PMMA resist).

Figure 3.3: The e-beam pattern used in the measured samples. The pattern defines five
Josephson junctions with a junction width of 300 nm and junction lengths ranging from 50
to 300 nm. The left images shows a full overview of the structure, whereas the right image
shows a zoom on the junctions.
A quite challenging lift-off procedure in acetone and subsequently flushing with acetone
and ethanol follows. Initially it was difficult to remove the niobium from undesired positions.
In the way to successful lift-off, several things were tried: long time in acetone (up to 36
2
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hours), (short) ultrasonic bath cleaning (in double beakers), removing remainders with a
swab, lift-off in heated acetone (T < 55◦C), Scotch tape (which quite obviously did not work)
and softly sliding the sample over a acetone drenched (lens) tissue. None of these proposed
solutions resulted in sufficient lift-off without damaging the flake or the junctions, only the
(lens) tissue method and a short ultrasonic cleaning (3 seconds) led to some improvement.
Lift-off also improved when the number of junctions on a flake was reduced, the junction
width was made smaller (from 500 to 300 nm) to increase the separation between junctions
and when less niobium was deposited (30 nm instead of 80 nm on PMMA A2 resist). In the
end the solution for a good lift-off was found in increasing the PMMA thickness to 298 nm –
and thus getting a better ratio between the PMMA and the niobium thickness, while having
thick enough niobium to be superconducting, to contact to the leads and to overcome steps
in the flake. This was realized by using the thicker PMMA A4 resist instead of the PMMA
A2 resist, while keeping the subsequent deposition of niobium on 80 nm. It has to be noted
that by using a thicker PPMA one has to compromise on the resolution one can reach with
the e-beam. Afters some tests, we considered the resolution to be good enough for a set of
initial junctions (see Figure 3.3) to test whether or not a supercurrent could be measured. A
further reduction of the dimension could then be a future step.

Figure 3.4: SEM image of a single Josephson junction on a BSTS flake (made by positive
lithography, 30 nm Nb junction, 200 nm Nb leads). The ears are pronounced on the part of
the leads that overlap the BSTS, suggesting BSTS plays a role in the formation of the ears.
This image shows clearly that it is necessary to remove the ears before starting the e-beam
procedure.

FIB lithography
With the e-beam it was initially challenging to make short junctions of high quality. Therefore
some experiments were done with the Focused Ion Beam (FIB). The FIB has a maximum
resolution of 7 nm at a maximum accelerating voltage of 30 kV [48], and would be ideal for
making small junctions in niobium leads on top of BSTS.
The tests with the FIB showed that it was not possible to make the junctions deep enough,
without melting the BSTS, see Figure 3.5(a). BSTS is, like most bismuth chalcogenides, a
thermoelectric material [12], which means that it creates a temperature difference under an
electric potential and vice versa. Their (perpendicular) thermal conductivity is poor. So the
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likely explanation is that under the high beam current of the FIB, the BSTS starts to heat,
but cannot conduct this heat very well and starts to melt.
Also during wire bonding, or during measurements in the bath cryostat, the BSTS melted,
see Figure 3.5(b,c). Wire-bonding is the process of connecting the leads of the sample with
thin aluminum wires to the pads on the sample holder of the measurement set-up. The
melting of BSTS is attributed to static discharge. In the bath cryostat this might result when
changing the measurement cables, without the possibility to ground the sample first. During
static discharge a large current passes trough a small area of the BSTS via the Josephson
junctions, melting the BSTS locally. In next samples this problem was solved by grounding
the samples and the wire bonder. In the Triton measurement set-up the sample can also be
grounded when changing the cables.

(a)

(b) top and (c) bottom

Figure 3.5: (a) SEM image of a few test lines made with the FIB on a niobium lead on top
of a BSTS flake. The lines are 10, 15 and 20 nm deep, which is not enough to go through the
niobium. The last line is deformed, most likely due to melting of the BSTS. (b) A small part
of BSTS is melted in a Josephson junction, probably due to a static discharge during wire
bonding or measurement in the bath cryostat. (c) Severe melting of BSTS after a current of
20 mA was passed through the (top) niobium bar connecting the (top) leads.

3.2.2

Gold contacts on CuBiSe

The Cu0.25 Bi2 Se3 crystal was received at the end of December 2012 and was then already, at
least, four months old. In Amsterdam they measured superconductivity in the crystal below
3.8 K, by measuring via silver painted leads on the top of the crystal.
Compared to BSTS the cleaving of CuBiSe is quite difficult: especially the first layers of a
new crystal results in small, rough and thick flakes. After several cleavings on the crystal, the
quality of the flakes becomes better. Also the available crystal of CuBiSe was much smaller
then the BSTS crystal. The difficulty in cleaving the CuBiSe could be an indication about
the way the Cu+ ions are embedded in the crystal, either by random substitution of Bi or
intercalation between the Se layers [17, 18], or it could just be an indication of a degradation
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of the surface. This will be further discussed in Chapter 6.
Because CuBiSe should be superconducting of its own, which was tried to be verified,
gold leads were deposited instead of niobium. Niobium is a superconductor and could influence the measurements due to the proximity effect. A drawback is that gold lift-off is
even more challenging than niobium lift-off on flakes. Lift-off with 1.7 and 3.5 µm positive
photoresist in acetone and subsequently flushing with acetone and ethanol gives bad results,
image reversal photoresist with the same lift-off procedure gives good results in combination
with softly sliding the sample over a acetone drenched (lens) tissue and less gold deposition:
approximately 119 nm instead of 159-199 nm. Especially in the case of gold deposition the
removal of gold remainders with the tissue method is quite time consuming and can damage
or remove the flake, but it is in some cases a necessary step.
Deposition of gold is done by a RF sputtering process, consisting of depositing a thin layer
of titanium before sputtering the gold, the sputtering conditions are shown in Appendix B.2.
Gold is deposited on titanium in order to have a good adherence between the gold leads and
the substrate.

3.2.3

Niobium-gold junctions on BSTS

A few samples were made with junctions with niobium on one side of the junction and gold
on the other side. The procedure is almost identical to the ones sketched above. First 200
nm niobium leads with a thin top layer of palladium were deposited on a suitable BSTS flake
by image reversal photolithography and sputtering. The ears were removed from the leads
before the next deposition step. Second, the gold part of the junction was deposited following
e-beam lithography. The least fragile part of the junction was chosen to be gold, and was
done first, because lift-off of gold is more challenging then lift-off of niobium. The third and
last step consisted of matching and writing the second part of the junction with the e-beam
and depositing 80 nm niobium.
The quality of the junctions on the samples were checked with the SEM. On some samples
the two parts of the junctions were too much misaligned, one sample had only a slightly
mismatch and was used for measurements. A SEM image of this sample is shown in Figure 3.6.

Figure 3.6: SEM image of six Au-Nb junctions on a BSTS flake, the bright part of the
junctions is about 120 nm gold, the other 80 nm niobium The junctions are slightly shifted.
Relatively small ears are shown on every part of the junction.
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3.3

Status and future

At the moment this report was written still some challenges in the manufacturing have to be
overcome in the future. In image reversal lithography bubbles are formed sometimes, after
the first exposure. The bubbles are most likely due to the degassing of nitrogen from the
photoresist during exposure. Several solutions are proposed in [50], but since the recipe was
not changed and gave good results in the past, it is assumed that the new wafers cause the
problems.
Two samples with Josephson junctions were measured, this will be discussed in the next
chapter. SEM images were made after the measurements, and it turned out that the superconducting junctions were niobium shorts. Although some junctions, that looked alright in
the SEM, had been prepared with the same settings, it turned out that these settings were
not good enough for the smallest two junctions (50 nm and 100 nm) of these samples. This
can be partly attributed to the large ears formed on the boundaries of the Josephson junction and to an apparent overexposure of the e-beam, probably due to too much scattering in
BSTS.
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Chapter 4

Measuring Josephson effects of Nb
shorts on BSTS
In this chapter the results of the measurements on the superconducting Nb-BSTS-Nb junctions of two samples, numbered 52 and 49 (in order of measurement), are discussed. Each
sample consists of six junctions with varying junction lengths, see Figure 3.3. The superconductivity turns out to originate from weak links, mainly from niobium ears formed after
lift-off. The manufacturing of these samples is discussed in the previous chapter. Only the
two smallest junctions were superconducting, the other longer and resistive junctions will be
discussed in the next chapter.

4.1

Characterization and measurements

Both samples were measured in a Triton dilution fridge. The set-up is schematically shown
in Figure 4.1. Four-point transport measurements were carried out on every junction of the
two samples.
Previous samples had been measured in a liquid helium bath cryostat, but these samples
did not show superconductivity for temperatures as low as 1.5 K. They gave resistances
over the junction in the order of 102 Ω. In order to see supercurrents in BSTS, transport
measurements were preformed in the Triton at temperatures down to 20 mK. At these lower
temperatures the (proximity) normal coherence length [22] increases and, as a consequence,
the maximum Josephson current increases also, making it easier to obtain and measure a
Josephson current. Later, it was realized that the absence of a supercurrent in previous
samples was probably caused by melted BSTS, as discussed in Section 3.2.1.
The measured samples had both six junctions with a designed length of: 50, 100, 150,
200, 250 and 300 nm. The width of these junctions was designed to be 300 nm. All transport
measurements were carried out using a four-point measurement, and magnetic fields were
applied perpendicular to the sample surface. Because of the time evolution of BSTS’ transport
properties and just as a sanity check, most of the junctions were measured two times, with a
reasonable period of time in between (a few days to a few weeks). The overall behaviour of
the junctions did not change.
Almost all measurements in the Triton involved a current sweep from zero to negative
currents, then trough zero to positive currents and back to zero again. In this way the
reproducibility of the measurement can be checked. The voltage over the junction and the
differential resistance were measured, the applied magnetic field was also registered.
When the system was brought to reasonable high fields, vortices might have entered the
hybrid devices reducing the critical current of the superconducting parts of the sample. Since
niobium is a type-II superconductor, magnetic flux starts to penetrate into the superconduc25
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Figure 4.1: Schematic overview of the Triton dilution fridge measurement set-up. The Keithley does a voltage measurement, while the Lock-In Amplifier (LIA) measures the differential
resistance. The measurements are controlled by a PC via the LabVIEW software.
tor above its first critical field BC1 , although the (internal) superconductivity will not be
destroyed until a much higher second critical field BC2 is reached. Therefore the system was
heated above the critical temperature Tc ≈ 9.2 K of niobium, at these instances. Only at some
early measurements on sample 52 and 49 this was omitted, since BC1 was not determined
then.
In the present case the niobium of the device reaches its resistive state at about BC2 ≈ 3 T
(measured at the 100 nm junction of sample 52). The observed Fraunhofer patterns, which
will be discussed later on, becomes very rough above 0.14 T, this is most likely due to the
movement of vortices and is therefore an indication that BC1 is reached.1

4.2

Superconducting shorts as Josephson junctions

Superconductivity was measured in both samples on junctions with a designed length of
50 nm and 100 nm. The characteristics of both samples are globally the same in behaviour.
Between comparable measurements on the same sample there does not seem to be much
difference, but between different samples there is. For example, the 100 nm junction has a
critical supercurrent (at zero magnetic field) of about 150 µA, while on sample 49 does not
even reach 100 µA, see Figure 4.3. It should be noted that the supercurrent of the 50 nm
junction at zero magnetic field (sample 52 and 49) could not be measured, it was outside the
range of the measurement set-up.

4.2.1

I, V -curves

In the obtained I, V -curves, both the first traces on either side of the origin differ from
their traces back, resulting in a hysteresis, see Figure 4.2. This was also observed in the
S-TI-S junction of [51], but they did not have an explanation for this effect. We think this
difference is likely caused by electron heating (hot electrons). Electron heating in the resistive
state, without heating the sample, results in a smaller critical current on the way back to
 
φ0
λ
As a sanity check for the value of BC1 ≈ 0.14 T it follows from BC1 = 4πλ
and BC2 = φ2π0 ξ12 ≈ 3 T
2 ln
ξ
that ξ ≈ 10.5 nm and λ lies between 11.8 nm and 39.5 nm at T ≈ 30 mK. Although both parameters are
temperature dependent their ratio κ = λ/ξ is not, and close to unity according to the literature [22], therefore
λ is most likely to be 11.8 nm. Since these values of λ and ξ are in the same order of the the values found in
the literature [22], the value of BC1 is thus not unrealistic.
1
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the origin (retrapping current), as was observed by Courtois and colleagues [52] in normal
(in-plane) S-N-S junctions. These junctions have a small capacitance, therefore it is unlikely
that the hysteresis is due to a capacitance in the sense of the RCSJ-model (Resistively and
Capacitively Shunted Junction) [53, 22]. Our superconducting junctions also have a small
capacitance since they turned out to be shorted, this will be discussed later on. From now
on only the first traces on either side of the origin are used and shown in graphs, because the
effect of heating is then minimal.

Figure 4.2: A typical I, V -curve for a superconducting junction, in this case from the 50 nm
junction on sample 49 at 13 mT. The inset shows a zoom of the hysteretic behaviour at the
critical current on the right side of the origin. The retrapping critical current is smaller due
to heating (hot electrons).
The maximum supercurrents are asymmetric in the I, V -curves with respect to the origin.
This is expected to be due to the self-field induced by the current that is passed trough the
device, therefore the effective magnetic field differs from the applied field. The self-field has
a different direction for positive and negative currents. Therefore th corresponding I, V curves will have a different critical current for negative and positive applied currents, since
the effective field is different in both ranges. This asymmetry is also observed in the graphs
of Figure 4.3.

4.2.2

Fraunhofer pattern and SEM

In non-zero magnetic fields it was possible to suppress the critical currents, resulting in a
modulation of the critical current of these junctions. This modulation has signatures of a
Fraunhofer pattern, but it is at least superimposed on another oscillation or distorted. In
three measurements a modulation could be determined (on 50 and 100 nm junction on sample
49, and on a 100 nm junction of sample 52), see Figure 4.3. A modulation period of about
0.04 T can be observed in these graphs. This modulation is a proof of the Josephson nature
of the supercurrent across the junctions.
Although the area of the 100 nm junctions should in principle differ from the 50 nm
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.3: Dependence of the supercurrent on magnetic field, the colour scale indicates
resistance for all but the last 2D-graph, where it indicates voltage. In the 2D-graphs the onset
of the supercurrent is indicated with red and magenta markers (at the negative and positive
part of the current sweep, respectively). Next to the 2D-graphs, for every measurement sweep
only the first transition of superconducting to the normal state is plotted (absolute value).
This first transition is the least effected by electron heating (hot electrons), since before the
start of every new current sweep, some time is waited for the system to reach its equilibrium.
Graphs (a-d) show measurements on sample 49 of respectively the 50 nm and the 100 nm
junction; (e,f) are measurements of the 100 nm junction on sample 52. For sample 49 the
current was first swept to negative currents and then to positive currents, for the 100 nm
junction of sample 52 this was the other way around. The graphs show the modulations of
the supercurrents, the modulation is always more or less 0.04 T. The oscillations deviate from
the ideal Fraunhofer pattern. The indicated junction lengths are the designed lengths.
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junctions, they also show a modulation of about 0.04 T. This would suggest from2 :
αφ0
,
(4.1)
W ∆B
where ∆B is the modulation period, that both junctions have about the same length L,
which should not be the case unless 2λ  L. Also, no good fits can be made to these graphs
with the theory described in Section 2.1.1. This can partly be explained by the fact that the
Fraunhofer pattern will be distorted because the critical current is reduced due to (magnetic)
flux trapping in the niobium above its first critical field. This is caused by the moving of the
vortices of these fluxes, which result in dissipation [22]. This can result in a distortion of the
shape of the pattern, a damping of the oscillations or a shift of a pattern [54].
SEM images made after the measurements revealed that the junction dimension were
different then intended with the design. The junction width turned out to be 434.93±6.29 nm
for the junctions on sample 52 and 401.96 ± 28 nm for the junctions on sample 49. A few
examples of the SEM images are shown in Figure 4.4. Also the junction lengths differed from
the designed lengths, as indicated in Table 4.1. These dimensions were verified by SEM after
doing the measurements, instead of before, in order not to damage or influence the surface
states. During SEM it was also found that some junctions were (possibly) shorted due to
large ears, due to an underexposure or due to bad lift-off, the junctions are indicated red or
orange in Table 4.1.
From this we must conclude that all superconducting junctions are probably junctions
with weak links of niobium ears, or a constriction of niobium, which explains why we do
see a Josephson supercurrent. Since both give rise to Josephson effects. Furthermore, from
the SEM images it is not expected to have a good Fraunhofer like pattern because of the
non-ideal (irregular) shape of the weak links (ears) or the microbridge junctions [15, 57].
A constriction forming a microbridge – which could be the case in Figure 4.4 (b) – shows
Josephson effects, which can be explained by the motion of Abrikosov vortices at the narrowest
point of the bridge [55]. Under influence of the Lorentz force the vortices can be pulled in
and out of the superconductor, the movement of the vortices induces an electric field and
thus dissipation [56].
This could also explains the resemblance in the Fraunhofer oscillations of different sized
junctions, since now 2λ  L, so all shorted junctions have the same area. With this knowledge
it is most likely that the hysteresis in the I, V -curves is caused by heating instead of a shunted
capacitance, as discussed in the previous section, because in a shorted (or weak link) junction
no insulator is in between that can contribute to a capacitance.
All other junctions were not shorted but they were not superconducting. These resistive
junctions will be discussed in the next chapter.
L + 2λ =

Designed (nm)
50
100
150
200
250
300

Sample 52 (nm)
74.49
151.3
<183.3
140.7
168.4
250.9

Sample 49 (nm)
48.29
52.59
149.0
204.9
232.3

Table 4.1: Junction lengths designed and realized per sample and junction (approximately),
red means shorted junction, orange means possibly shorted junction. Due to the large ears
and strange shapes of the junctions it is difficult to determine the exact length.
2
This equation is derived from the Fraunhofer sinc-function in Appendix C. Here α and φ0 are constants
defined in the referred Appendix, and W is the junction width, which is about the same for every junction.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.4: A few SEM images of the junctions measured in the Triton, in all cases are the
junctions smaller than expected. Figure (a) shows an overview of the junctions on sample 52,
(b) shows the 50 nm junction of sample 49, (c,d) show the 100 nm junction of sample 49 and
52 respectively and (e,f) show the 200 nm junction on sample 49 and 52 respectively. The
superconducting junctions (50 nm and 100 nm of both samples) are shorted with probably
a weak link of niobium (ears) in between, causing the observed Josephson nature of the
supercurrent. The indicated junction lengths are the designed lengths.
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4.2.3

Flux-flow

Above the critical current, a normal resistance appears. Sometimes it is impossible to speak
about ’the’ normal resistance of the junction, see for example Figure 4.3 (a) and (c), which
shows non-uniform normal resistances. This manifests in peaks in the resistance and kinks
in the I, V -graphs, a striking example is shown in Figure 4.5.
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Figure 4.5: Measurements on junction 100 of sample 49 (second measurement) shows many
kinks in the (a) I, V -graph at -26 mT and (b) peaks in the resistance. The hysteresis in
the graphs was removed by only plotting the first trace (as discussed earlier). In (a) the red
lines are tangent lines to to the different slopes of the graph, the numbers next to these lines
indicate their slopes.
In the previous section the possibility of a constriction (microbridge) was discussed. It
is known from the literature that a microbridge can show Josephson effects when the width
of the bridge Wb is comparable to, or smaller than the effective London penetration depth
(λ⊥ ) [56]:
λ⊥ = λL cotanh(d/2λL ),
(4.2)
where λL is the London penetration depth (from literature λL = 40 nm for Nb [22]) and d is
the film thickness of the bridge.
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In a microbridge vortices can cross the bridge under influence of a magnetic field, this
vortex flow results in resistance. With the opening of an additional vortex flow channel the
resistance increases [58, 56]. The resistance when n channels are present equals n times
the resistance of one channel. This results in an increasing slope with integer values. This
behaviour is approximately observed in the present case, as shown in Figure 4.5(a). The red
lines are tangent lines to the data and their corresponding slope is give by the resistance next
to the line. All slopes (up to the last one) are approximately multiples of the first slope. This
is an indication that we are indeed dealing with microbridge for the present junction.
The assumed microbridge, shown in Figure 4.4(c), has a width of Wb ≈ 288.57 nm, which
is also the lower limit of λ⊥ . Using Eq. 4.2 with the aforementioned values one finds a maximal
thickness of the bridge of d ≈ 11.2 nm. Noting that the area of assumed microbridge appears
much darker in the SEM image, it is realistic that the thickness is much smaller that the
80 nm deposited Nb leads, and d ≈ 11.2 nm is reasonably possible.
An alternative or complementary explanation for those multiple peaks and kinks is the
assumption that certain parts of the junction get superconducting in a different stages in the
measurement. The two superconducting jumps in Figure 4.5 might be an indication for this.
It could be due to different parts of the junctions becoming resistive at different currents, for
example first the weak link and then the niobium leads, or it could also be a combined effect
of a proximity induced superconductor junction in the BSTS and the niobium weak link.

4.3

Resistive junctions

All other four junctions, labelled by there designed junction length, 150 nm, 200 nm, 250 nm
and 300 nm, were not superconducting. Nevertheless, they give rise to interesting effects.
All these resistive junctions showed a large zero-bias resistance peak and in some cases other
side peaks were also observed. The results of these resistive junctions will be discussed in the
next chapter.

4.4

Discussion and outlook

The measurements and the SEM images show that it is very hard to make good quality
junctions, which was also noted in the previous chapter. For a good S-TI-S junction, operating
at 2 K, the junction length should be less than ξn ≈ 30.5 nm, which follows from the ’dirty
limit’ normal coherence length Eq. 2.4. The values for the calculation, vF ≈ 4.6 · 105 m/s
and le ≈ 10 nm, were known from Hall measurements3 at about 2 K. The ’dirty limit’ applies
since the calculated coherence length at 30 mK, ξ ≈ 10.5 nm, is about the same as the mean
free path at 2 K. Since at 2 K the coherence length will be larger (since it increases with
increasing temperature), ξ > le and since we have diffusive transport the ’dirty limit’ will
apply then.
Using the same parameters at the Triton operating temperature of T = 30 mK, givens
ξn ≈ 250 nm, which would indicate that we should have measured superconductivity in
at least one of the longer junctions, which turns out not to be the case. The parameters
mentioned above are measured on a different flake, but it is not expected that they deviate
very much (within an order of magnitude). Therefore, from the knowledge that the junctions
with L ≥ 140 nm are resistive, it can be assumed that is ξn < 140 nm.
Therefore it is necessary to make either good quality smaller junctions, which is challenging, or improve the mean free path of BSTS, giving rise to a larger normal coherence length
which makes it able to work with larger junctions. The mean free path can be enhanced by
tuning the composition of BSTS. In order to get a large insulating bulk, the disorder in BSTS
3
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by charged defects was increased by tuning its composition to maximum bulk resistivity. It
would be interesting to find a good compromise between optimal bulk resistivity and optimal
mean free path.
In the present case SEM images were made after all the measurements series in order to
protect our samples. Since Josephson effects were measured it was not expected that the
junctions were not good. Therefore in the future, considering the time it takes to make,
measure and analyze the samples4 , it might be worthwhile to investigate if the SEM really
has a large impact on the quality of the BSTS. If PMMA resist is on top of the sample during
SEM the BSTS might be protected enough.
As a closing remark, the difficulties in sample preparation are noted. The quality of the
samples and the time spent on making them will be highly improved if it becomes possible to
grow high quality layers of BSTS. A few groups worldwide are able to grow BSTS, already. In
this way junctions can be deposited first on a suitable insulator, ears can be easily removed
without the risk of removing the flake and the dimensions can be checked with the SEM
before measurements. Finally a topological insulator can be grown on top.

4.5

Conclusions

Four-point transport measurements on Nb shorts on BSTS were carried out at low temperatures, in the order of 30 mK and magnetic fields up to 3 T. Supercurrents through 50 nm and
100 nm weak-link shorts were observed in both samples 49 and 52. After the measurements,
SEM images showed that these superconducting junctions are shorts of niobium (ears), forming weak links or microbridges. The observed Fraunhofer modulation can be assigned to these
hybrid structures. Due to the niobium weak links the shunted capacitance of the junction is
too low to explain the observed hysteresis in the I, V -curves (and differential resistance). We
explain that this hysteresis is likely caused by electron heating (hot electrons).

4

At least a week to make samples, about half a day for loading the Triton, about two days for cooling
down, about a week to measure a whole sample, two and a half day to warm-up and unload again and a few
days to analyze the data. Thus, all in all about a month. Also note that it is not easy to get time on the
Triton.
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Chapter 5

Measuring resistive BSTS junctions
and hybrid devices
This chapter continuous the discussion of the measurements in the Triton, as discussed in
Section 4.1, for the non-shorted, resistive junctions on sample 49 and 52. During the characterization of these samples it was found that most of the junctions on sample 49 and 52
(junction 150, 200, 250 and 300) were not superconducting within the resolution of our measurements (ranging from 20 nA to 0.5 µA). A clear resistance peak around zero voltage
(and zero applied current) was observed. This peak grows with magnetic field, and is fairly
symmetric around the origin. At the same time no significant changes in slope of the straight
I, V -curves were observed. These peaks will be referred to as Zero Bias Resistance Peaks
(ZBRP). The ZBRP are not due to a zero-point singularity since they have a reasonable
width and the gradual up- and down turns consists of several data points. In sample 52 also
side peaks were observed at different biases. Typical measurements are shown in Figure 5.1.

5.1

Magnetoresistance

A positive magnetoresistance is observed for all resistive junctions. This can be most clearly
observed in the ZBRP, where the resistance is the highest, a typical curve is shown in Figure 5.2.
Weak antilocalization (WAL) is a well known effect in BSTS as discussed in Chapter 1
and 2, and the observed magnetoresistance curves look very similar to magnetoresistance
curves due to WAL. In thin flakes surface-dominated transport through the 2D metallic
surface states is expected, where WAL is caused by the π-Berry phase picked up by the
electrons upon reflecting on an impurity [13, 15]. Also the bulk spin-orbit coupling could give
rise to WAL. Xia and co-workers [13] found that in bulk single crystal samples this 3D bulk
contribution leads to a clear deviation of the (2D) HLN-fit to the measured curve.
To check whether or not WAL is observed in the present case, we numerically fitted the
HLN equation (Eq. 2.7) to the relative conductivity peaks at zero voltage. Fitting parameters
are the constant α and the phase coherence length Lφ as discussed in Section 2.4.1. The
graphs are shown in Figure 5.3. The HLN equation applies for WAL in a 2D system, as is
expected to be the case here for surface-dominated transport.
It turns out that none of the fits has the ideal value of α = −0.5 per surface, as listed
in the tables of Figure 5.3, although the values were always negative, which also means that
weak localization (with α = 1) can be excluded [15]. Because the fits with the HLN equation
are very good, that is, the shapes correspond; it can be assumed we are dealing with WAL.
It is likely that it is mostly due to the surface states since the bulk of BSTS is insulating at
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.1: Two series of typical measurements on junction 150 of sample 52 (a-c) and
junction 250 of sample 49 (first time measurement) (d-f). Although no steps can be seen in
the I, V -curves, a clear peak is observed in the I, R, B and V, R, B-graphs at zero current
(zero bias). The peaks grow with magnetic field and have a minimum at zero field (positive
magnetoresistance). In some cases side peaks are observed, as for junction 150 of sample 52
shown here. The I, V -curve shown in (d) is measured at B = 150 mT.
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Figure 5.2: A typical magnetoresistance curve at zero voltage. This curve is measured on
junction 300 of sample 49 (first time measurement).

low temperatures and the flakes are very thin (in the order of ∼ 100 nm). However, from
the HLN fit this cannot be concluded, since the values for Lφ (assuming these values are
correct1 ) are in all cases likely to be larger than the thickness of the flakes. This makes the
system (surface states and bulk) effectively 2D, and thus no matter what the origin of the
WAL, the 2D HLN will always apply. On the other hand, it should be noted that length of
the junctions is also in all cases less than Lφ , which makes the system tend to 1D. This could
be a part of the explanation why the α values deviate from the expected values, since the 2D
HLN equation might not be fully applicable.
Since all junctions are on the same material you would in principle expect that all α
and Lφ values (at least within a sample) have about the same value. This is not observed,
although the shape of the magnetoresistance curves are identical, see Figure 5.4. In order to
find possible explanations for these anomalous α-values of the HLN we analyze the junction
system in more detail.
In the system, several series resistances contribute to the total resistance, as in:
Rtotal = Rinterf ace + RBST S − ∆RW AL (B)

(5.1)

where Rinterf ace is the interface resistance between the Nb leads and the BSTS (the interface
resistance of both Nb leads is accounted for in this resistance), and RBST S is the resistance
due to the BSTS in between the junction. Both these resistances do not depend on magnetic
field, and can be viewed as constants for a given junction. The correction on the resistance of
BSTS due to weak antilocalization, ∆RW AL (B), does depend on magnetic field. It is this part
that contributes to the ∆σ of the HLN equation (since it fits to the change in conductivity
due to a magnetic field).
In order to go from resistance to resistivity one has to multiply the measured total reWt
sistance with a geometrical factor W
L for 2D conductivity, or L for 3D conductivity, but
1

Values of & 200 nm seems to be reasonable, it is at least comparable to the value Xia and co-workers [13]
measured in the nearly identical Bi1.5 Sb0.5 Te1.8 Se1.2 : Lφ ∼ 180 nm at 2 K. Note that Lφ tends to infinity as
T → 0.
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Junction
49(1)-150
49(1)-200
49(1)-250
49(1)-300

Length (nm)
52.59
149.0
204.9
250.9

α
-0.1
-0.2
-3.8
-7.3

Lφ (nm)
84
274.2
222
203.2

Junction
49(2)-150
49(2)-200
49(2)-250
49(2)-300

Length (nm)
52.59
149.0
204.9
250.9

α
-0.4
-1.8
-4.1
-5.8

Lφ (nm)
169.5
293.7
209
299.6

α
-12.4
-4.5
-5.6
-9.8

Lφ (nm)
256.4
223.3
200.6
213.7

(a)

(b)

Junction
52-150
52-200
52-250
52-300

Length (nm)
<183.3
140.7
168.4
232.3

(c)

Figure 5.3: The graphs showing the corrections to the conductivity at V=0 V for all junctions
of (a) sample 49 first measurement, (b) sample 49 second measurement and (c) sample 52.
The blue lines in the plots are the HLN fits to the measurements, the corresponding α and
Lφ are listed in the tables. Sometimes it is hard to measure the exact junction length and
width due to the ears and non-uniform shape of the junctions, the given lengths are therefore
indications. The error bars are shown in Figure 5.5. If the length is chosen differently, α and
Lφ will change accordingly.
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Figure 5.4: The magnetoresistance curves of the junctions of sample 49 (first measurement)
are laid on top of each other, neglecting the difference in y-scale. One can clearly see that
the curves have almost identical shapes.

this geometrical factor does not hold for the interface resistance.2 Here, L is the junction
length, W is the junction width and t is the thickness of the flake. Therefore, in order to get
the right value for the conductivity relevant for the HLN equation, one should get rid of the
interface resistance, which is an unknown value. Usually the interface resistance Rinterf ace is
determined by scaling of the junction length. In those cases a larger junction length results
in a larger RBST S contribution to the total resistance. Because at high magnetic field WAL
is destroyed, one can plot the high field total resistance for different junction lengths and
interpolate a linear fit. The offset will be the interface resistance Rinterf ace , assuming that
the shape and size of the Nb contacts stay the same.
In the present case the resistance of the BSTS junctions does not scale with the junction
length (in the proper way), see Figure 5.5, therefore it is impossible to determine the interface
resistance. Sample 52 scales non-linearly and sample 49 scales inversely with junction length.
This makes it is impossible to disentangle the interface resistance from the conductivity. This
is one of the reasons why the α and perhaps the Lφ values of the HLN fits do not match the
predicted values and differ by a great amount for different junctions.
Several other possible explanations for the anomalous scaling and the deviations of the
HLN fitting parameters can be thought of. First, we would like to refer to a report of
Wang and colleagues [45]. They showed that in the case of Bi2 Se3 in a magnetic field, the
observed minimum in magnetoresistance at zero field, can only be explained by the additive
contribution of WAL and electron-electron interaction (EEI). The EEI contribution in the
relative conductivity, gives rise to an offset logarithmically with magnetic field and could thus
affect the HLN fitting parameters, according to [44, 45]:
∆σEEI+W AL (B⊥ , T0 ) ≈
(
"


e2 1
gµB B⊥
−
F̃ ln
− 2α Ψ
h 2π
1.3µ0 kB T

1
~
+
2 4eL2φ B⊥

!
− ln

~
4eL2φ B⊥

!#)
,

(5.2)

2

Let us assume here a reasonably homogeneous conductivity of the BSTS in the vicinity of the junction.
Now, approximately all current passes through the junction area LW and the RBST S scales with W
. FurtherL
more, one would expect the same interface resistance for every lead of all junctions, as long as the width and
the shape of the leads stay the same.
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(a)

(b)

Figure 5.5: Plots of the resistance against the junction length at 0.5 T for sample 52 (a) and
at 1 T for sample 49, first measurement (b). Both samples do not scale linearly. The same
behaviour was observed in the second measurement of sample 49. The data tips indicate the
junction by its designed length.

see also Section 2.4 for details on the two terms in this equation.
The WAL-like behaviour can be observed in the magnetoresistance at all current biases.
Therefore, a possible indication of a contribution of EEI is the increased peak in the magnetoconductance around zero voltage (EEI effects play a role in the vicinity of V = 0, as
will explained in the next section), see Figure 5.6. The correction to the conductivity is the
largest for zero voltage, it becomes less for larger absolute voltages. This can be possibly
attributed to either (or both) EEI interactions that do not play a role anymore, or WAL
that is reduced for higher voltages. The last follows from ∆σW AL ∝ α ln(T ) ∼ α ln(V ) (with
a negative α for WAL) [45], which indicates that the WAL correction is reduced at higher
voltages.

(a)

(b)

Figure 5.6: The dip(peak) here attributed to WAL is observed over the whole spectrum of
bias current in the R, I, B(G, I, B)-graphs of sample 52, junction 300 (a,b). Around zero bias
voltage the dip(peak) extra large, which might be an indication of and EEI contribution.
Although we did some effort in trying to fit the combined contribution of WAL and EEI
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to the present data, this did not result in good fits, with more reasonable values of α and
Lφ . Perhaps EEI could play a role in combination with one or more of the other possible
explanations.
The most important and likely explanation is a (large) inhomogeneity (of the conductivity)
of the flake, giving rise to difference up to one order of magnitude in the conductivity, which
is reflected in the α and Lφ values and the absence or anomalous scaling. It could also lead
to contributions of better conducting paths outside the junction, which do not scale with
the junctions W and L, but do contribute to the WAL. A second thing one should realize
is the fact that the Nb leads have large ears, and in some cases, an irregular shape. This
makes it hard to determine the exact junction width and length, which has a large impact
on the fitting parameters of the HLN equation, and could also affect the total resistance of a
junction. In Section 5.3 we will further analyze the supposed inhomogeneity of BSTS.

5.2

Zero-bias peaks

In the literature Zero-Bias Conductance Peaks (ZBCPs) are observed in the tunnelling conductance of N-TI-S junctions [49]. They indicate the presence of Andreev reflection in a
p-wave superconductor, giving rise to Andreev bound states, as discussed in Chapter 2. In
the present case one could also expect such a peak since we deal with a resistive S-TI-S
junctions, effectively acting as two p-wave SN contacts separated by a normal metal. We
would like to stress that the present peaks are always in opposite direction, i.e. ZBRPs, see
Figure 5.7(a) for a typical example. While the normal ZBCP might still be present, another
process leading to the ZBRPs peaks obscures them.
Since no signs of ZBRPs are seen in the hybrid devices with superconducting shorts or
weak links, as discussed in the previous chapter, it is likely that the ZBRP are caused by
effects in the BSTS. In the SEM images of these ZBRP samples (see Figure 4.4(e,f) it can
be clearly seen that the junctions are gapped, and thus electrons have to cross the BSTS.
Since electron-electron interaction (EEI) are commonly observed in Bi-based topological insulators [15], it could be a likely explanation for observed ZBRPs. EEI give rise to an increase
in resistance [15, 40], resulting in a peak in resistance (a dip in the density of states) around
the Fermi energy EF .
Although EEI is commonly observed, the present ZBRP has not been mentioned in the
literature. In most cases EEI is used to explain a logarithmic decrease in conductance with
temperature [15]. Since the temperature T can be related to energy, which can be related to
voltage V , the EEI correction follows the same voltage dependence. The 2D correction due
to EEI is a logarithmic dependence ∆σEEI,2D
√ (T ) ∝ ln(T ) whereas the 3D dependence has a
square root dependence ∆σEEI,3D (T ) ∝ T . A plot of a typical ZBRP graph, together with
fittings of the 2D and 3D dependence shows clearly a 2D dependence, see Figure 5.7.
Both WAL and EEI follow the same voltage and temperature dependence [45], for 2D:
∆σ(T, H = 0) ∝ α ln(T ),

(5.3)

where T could equally well be substituted by V , as discussed earlier. We found from the
HLN fits to the relative magnetoconductivity that α is negative, and thus it is due to WAL.
The same α applies here if the ZBRP is due to WAL, but with a negative α this would lead
to a dip instead of a peak in resistance. For EEI the α of the HLN does not apply and is now
defined by α = (1 − 43 F̃ ) [45], where F̃ is a screening factor between zero and unity [46], this
gives always positive α values, and can thus explain the ZBRP.
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(a)

(b)

√
Figure 5.7: Fit of the 2D (ln T ) and 3D ( T ) dependence of the EEI to the ZBRP of junction
49-300 at a magnetic field of 1 T, in a normal (a) and a semilogarithmic plot (b). The 2D
dependence clearly fits the data bests. Note that the ln(0) = −∞, although this data point
is not shown.
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5.3

Side peaks

Another feature that becomes clear from the measurements is the existence of side peaks
next to the ZBRP, see Figure 5.8. The height and position of those peaks differs within and
between different junctions and samples, in the measurements of sample 49 they are not even
present, or fell out of the measurement range (compare Figures 5.1 (b,c) with (e,f)). The
positions of those peaks seem to shift to higher voltages (or currents) for larger junctions.

Figure 5.8: Side peaks in the differential resistance of junction 150 of sample 52 at 0.495 T.
Although speculative, the side peaks could be indicative of the superconducting gap edge
of a p-wave superconductor. Then they can be explained if you assume the following situation:
the superconducting Nb contacts induce p-wave superconductivity (pS) in a part of the
BSTS via the proximity effect, thus effectively forming two p-wave SN contacts separated
by a part normal BSTS (N): a S-pS-N-pS-S junction. When the device is biased with a
voltage (current), a peak appears around zero voltage (current, EF ) due to EEI in BSTS.
The side peaks appear due to the pS-N interface in the adapted BTK-formalism for (chiral)
p-wave superconductivity of Eschrig, Iniotakis and Tanaka [25] (see Chapter 2). They showed
conductivity dips in the tunnelling conductance of N-I-pS junctions (see Figure 2.3(c)) near
the superconducting gap ∆. In the present case we are dealing with S-pS-N-pS-S junctions.
Such a theory is, to our knowledge, not available, so future calculations and measurements
have to show whether or not this is a valid assumption.
According to this p-wave BTK theory a resistance peak at the gap energy appears in the
interface resistance. This peak depends on the strength of the barrier at the NS interface;
a peak will be higher for stronger barriers. The shift of the side peaks to a higher voltage
for longer junctions, can then be explained by the fact that the normal distance is larger,
resulting in a larger voltage drop over the normal area. The S-pS-N-pS-S junction can be
regarded as three resistances in series: two pSN-junctions and a normal resistance in between
(as in Eq. 5.1 but without the WAL term). Therefore the voltage drops of the individual
parts can be added. Due to the voltage drop over the normal BSTS, the side peaks resulting
from the two pS-N contacts shift to higher voltages than their usual 2∆/e position (one ∆/e
for each pSN-junction), the shift will be larger for longer junctions.
Since the positions of the side peaks depends on the length of the BSTS in the junction,
we used this as an additional check for the scaling of BSTS. This analysis could only be
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performed on sample 52, since sample 49 showed no side peaks. Figure 5.9(a) shows the
result. Here the corresponding voltages of the side peaks were taken at 0.5 T, where WAL
contributes little to the resistance. Next, 2∆/e (where we assumed the literature value of
∆ ≈ 1.4 meV [56]) was subtracted from the total voltage, and only the voltage drop over
the BSTS remains, since now the interface resistance has been removed. This was multiplied
with the corresponding current to obtain the resistance of BSTS (RBST S ) in the junction.
Again it was found that BSTS does not scale with the length of the junction, since no fit
through the origin can be found within the (large) uncertainty of the junction length.
Although it is tempting, it is not correct to subtract these values of RBST S from the
resistances shown in Figure 5.5, to obtain the interface resistances. These resistances where
measured on the ZBRP where EEI play a role, this is no longer the case at the higher voltages
of the side peaks, so the resistance difference cannot fully be ascribed to the interface. Thus
the interface resistance cannot be determined. This follows also from the adapted BTK
formalism; since the interface resistance is not constant in voltage (Figure 2.3(c)). Away
from the ZBRP, WAL-like behaviour is still observed, but due to the lower resistance in the
absence of EEI and a much more varying resistance, it is less pronounced and no good HLN fits
can be made. On the other hand, at the position of the side peaks a local interface resistance
can be determined by dividing 2∆/e ≈ 2.8 mV by the current at these positions. Since the
peaks shift to higher currents for larger junctions, the corresponding interface resistance will
decrease. So the interface resistance is also not constant.
It should be noted that the minimum and maximum size of the junctions are carefully
measured. If the lower boundary of junction 150 is about ten nanometers less, scaling would
in principle be a possibility. Since the ears of this junction are connected, see Figure 5.9(b),
it is difficult to determine the minimum length. Here it was supposed that light gray part of
the ears indicate that the ears do not touch the BSTS. Furthermore the connection of the ears
could also be an explanation for the observed broad dip around zero field, see Figure 5.1(b,c).
A weak link of ears, as discussed in the previous chapter, together with a S-pS-N-pS-S junction
could explain this feature.

5.4

Discussion and outlook

More measurements have to be performed to fully understand the origin of the peaks in the
samples. In the first place it is interesting to make (long) resistive Nb-BSTS-Nb junctions
of exactly the same dimensions on different positions of the BSTS. In this way one is able
to verify if the conductivity is indeed very inhomogeneous in the BSTS. If this is indeed
the case, then one should try to realize BSTS samples with a uniform conductivity, in order
to do a scaling analysis and determine the interface resistance. Then, one should redo the
measurements and make proper fits for EEI and WAL (or both) to the data. Temperature
dependent measurements could improve this analysis, because it makes an extra verification
possible by fitting the full temperature dependence of WAL and EEI.
A particular relevant experiment would be measuring the resistive junctions in a parallel
magnetic field. Now due to the expected 2D nature of the WAL, it should not be present
anymore. This can be used as a verification that indeed WAL is observed in the current
data. Only a 3D contribution could still be present, but since the flakes are very thin (in the
order of Lφ ), this is not expected. If this would be present it could be subtracted from the
perpendicular resistance [59], and perhaps result in a better fit of the HLN equation.
We are already working on Au-BSTS-Nb junctions, in which the absence of a gap in gold
makes it easier to probe the BSTS and determine whether or not the ZBRP is intrinsic to
BSTS or linked to the S-TI-S system. From this system it is easier to explain the results in
terms of density of states of the (induced superconducting) BSTS. Ideally, one only wants
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(a)

(b)

Figure 5.9: (a) The resistance of BSTS in the junctions of sample 52, calculated from the
observed side peaks, assuming these are due to pSN junctions. Open dots indicates that
either the junction is very rough (52-100) or that no side peaks are observed in the range of
the measurement (52-300). Red lines indicate the error region. The black line indicates the
minimal slope that can be obtained. (b) Junction 150 with the measurement of the lower
error bar boundary (red line).
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to have the induced superconducting BSTS connected to the Au separated between some
kind of barrier (i.e. Z 6= 0). This would reduce the relative contribution of EEI and WAL
effects and makes it possible to clearly observe the side peaks and to determine whether or
not p-wave superconductivity is induced (also indicated by a subgap peak in the conductivity
due to Andreev reflection).
Up till now tentative results of these experiments still show a ZBRP and it has qualitatively the same behaviour as the junctions discussed in this chapter. Temperature dependent
measurements indicate that the central ZBRP decreases with temperature, whereas the side
peaks do less. This underlines the explanations of EEI for the ZBRP and gap edges for the
side peaks.
Additionally, is it also interesting to do measurements with the LIA on resistive (long)
Nb-[normal metal]-Nb junction to see if the side peaks are indeed opposed in a s-wave superconductor, as is expected from the BTK theory. This way one can exclude the possibility
that the peaks are the reaction of the LIA on a discontinuity in the density of states.
If it is certain that p-wave superconductivity is induced it would be interesting to reduce
the normal BSTS part in a SNS junction by such an amount that Andreev Bound states
appear. Measuring the AC Josephson effect (Shapiro steps) could then show indications
of Majorana fermions in this system, but only for perpendicular channels (see [30] for a
discussion).

5.5

Conclusions

Junctions with a designed length of 150, 200, 250 and 300 nm were resistive and showed a Zero
Bias Resistance Peak (ZBRP). We attribute this ZBRP to electron-electron interactions (EEI)
in the 2D surface states. In the magnetoresistance a minimum at zero field was observed, most
clearly seen at the ZBRP, we ascribed this to WAL (perhaps in combination with EEI). The
HLN fits to the relative magnetoconductivity give large deviation of (especially) the α-value
within the same sample. This indicates that the magnetoresistance does not scale with the
junction length; this might be due to the impossibility of determining the Nb-BSTS interface
resistance, an inhomogeneity of the conductivity of BSTS, the difficulty of determining the
exact junction area because of ears, or a combination of them.
Side peaks were observed in some samples. It was speculated that they might be indications of p-wave superconductivity in an induced S-pS-N-pS-S junction. The peaks are not
always at the same gap position, but at larger voltages, this might be due to the voltage drop
over the BSTS. Also from these peaks it follows that BSTS is likely to be very inhomogeneous
with respect to the conductivity.
Further research has to be carried out to verify these proposals. For that some options
were suggested.
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Chapter 6

Transport measurements on
Cu0.3Bi2.1Se3
6.1

Goal

Measurements on a bulk Cu0.3 Bi2.1 Se3 crystal, performed by the ’Quantum Electron Matter’
group of the University of Amsterdam, showed that the Cu0.3 Bi2.1 Se3 crystal was superconducting. The principal goal of this project was measuring whether or not also cleaved flakes
of the provided Cu0.3 Bi2.1 Se3 were superconducting.

6.2

Characterization and measurements

The measurements were carried on in the liquid helium bath cryostat of our group, at zero
magnetic field and at temperatures around 1.5 K, well below Tc . A four-point measurement
was carried out, and the resulting I, V -graphs were displayed on an analogue oscilloscope.
In total eight samples were measured, none of them showed sign of superconductivity: all
I, V -graphs were linear curves from which we calculated the resistances: the typical resistance
was in the order of 1 Ω (in the range from 0.4 to 4 Ω).
According to [17] the cleaved flakes turn golden instead of silvery shining after one day of
exposure to air. They suggest minimizing the exposure to air, but the effect of air exposure
on the quality of the crystal is not discussed. To our knowledge, we did not observe this
effect. During the processing it was impossible to avoid contact with air, but the flakes were
shortly etched before depositing the gold leads (as discussed in Chapter 3). Therefore, it is
not expected to have an oxidized surface underneath the leads. The crystal was also still
superconducting when measured afterwards by the University of Amsterdam. Thus, it is not
expected that the exposure to air had any influence on the results.

6.3

Results, conclusions and further work

Before and after our measurements, the I, V characteristics of the bulk crystal were measured
by the University of Amsterdam. They observed superconductivity both times. So, although
the crystal as a whole is superconducting, thin flakes from this crystal are not. This is an
indication that the CBS crystal might not be uniformly doped with Cu1+ by intercalation,
leading to the existence of superconducting and non-superconducting areas. Since eight flakes
were measured to be not superconducting, this indicates that the superconducting volume
fraction is probably quite small. Another probability is that the non-superconducting parts
of the crystal cleave more easily, which could explain the difficulty to cleave large flakes as
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discussed in Chapter 3, although this is (to our knowledge) never mentioned in the literature
for other experiments with CBS flakes.
Further research should focus on determining the superconducting volume fraction and
trying to increasing it. This can be done by local probing the crystals’ surface with ’pointcontact Andreev reflection spectroscopy’, as was done by Chen et al. [19], but now redo the
experiment after cleaving the just measured surface. Furthermore it is important to determine
whether or not CBS is a topological superconductor or not.
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Chapter 7

Conclusions and recommendations
7.1

Conclusions

Junctions of the superconductor niobium (Nb) and the topological insulator Bi1.5 Sb0.5 Te1.7 Se1.3
(BSTS) have been made. The niobium is deposited on a BSTS flake by a combination of
photolithography, e-beam lithography and standard sputtering techniques. The manufacturing turned out to be quite challenging. The realized and measured junctions had a designed
length of 50, 100, 150, 200, 250 and 300 nm, but due to an overexposure in the e-beam
procedure the junctions were much smaller.
Four-point transport measurements on two samples with Nb-BSTS-Nb junctions were
performed at low temperatures. No superconductivity was measured in these junctions for
temperatures down to 1.5 K. In the Triton dilution refrigerator, operating at temperatures
down to 20 mK and magnetic fields up to 3 T, supercurrents through the two smallest
junctions were observed in both samples 49 and 52. After the measurements, SEM images
revealed that these superconducting junctions were shorts of niobium (ears), forming weak
links of Nb ears or microbridges. The observed Fraunhofer modulation can be assigned to
these hybrid structures. Due to the niobium weak links, the shunted capacitance of the
junction is too low to explain the observed hysteresis in the I, V -curves (and differential
resistance). This hysteresis is likely due to electron heating (hot electrons).
The other four junctions on both samples, measured under the same circumstances, were
not superconducting. Instead, we observed a Zero Bias Resistance Peak (ZBRP). We attribute this ZBRP to 2D electron-electron interactions (EEI) (in the 2D surface states). In
the magnetoresistance a minimum at zero magnetic field was observed, which was especially
pronounced at the ZBRP. We ascribed this to weak antilocalization (WAL) (perhaps in combination with electron-electron interactions (EEI)). Fits of the 2D Hikami-Larkin-Nagaoka
(HLN) equation to the relative magnetoconductivity of the junctions, resulted in a large deviation of (especially) the α-values within the same sample. This indicates that the magnetoresistance does not scale with the junction length. This might be due to the impossibility
of determining the Nb-BSTS interface resistance, an inhomogeneity of the conductivity of
BSTS, the difficulty of determining the exact junction area due to ears, or a combination of
these factors.
Side peaks were observed in some of the junctions on sample 52. It was speculated that
these might be indications of p-wave superconductivity in an induced S-pS-N-pS-S junction.
The peaks are however not always at the same gap position, but at larger voltages, this might
be due to the voltage drop over the BSTS. From the side peaks the resistance of BSTS was
calculated, again BSTS did not scale with the junction length, indicating inhomogeneity in
BSTS with respect to the conductivity. Further research is needed to verify these proposals,
for which some suggestions were presented.
Two other series of samples were also fabricated. One set consisted of Au-BSTS-Nb
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junctions, which are still under study. The manufacturing of this set of samples is comparable
to the Nb-BSTS-Nb junctions. The other set of samples consisted of gold contacts on flakes
of the topological superconductor Cu0.3 Bi2.1 Se3 (CBS). The gold contacts were deposited by
photolithography and RF sputtering. The cleaving of this crystal is much harder than the
cleaving of BSTS crystal and the resulting flakes are generally smaller and thicker. Moreover,
successful gold lift-off is difficult. Therefore, the production of these samples is challenging.
We did four-point transport measurements at 1.5 K, on eight samples with thin flakes
of Cu0.3 Bi2.1 Se3 . Instead of superconductivity, resistances were measured in the order of
1Ω. However, at the University of Amsterdam superconductivity was measured on the bulk
crystal before and after our experiments. So, although the crystal as a whole is superconducting, thin flakes from this crystal are not. This is an indication that the CBS crystal might
not be uniformly doped with Cu1+ by intercalation, which results in superconducting and
non-superconducting areas. Since eight flakes were found to be non-superconducting, this
indicates that the superconducting volume fraction is probably quite small. Another possibility is that the non-superconducting parts of the crystal cleave more easily, which could
explain the difficulty to cleave large flakes.

7.2

Recommendations and outlook

At the moment of writing, still some challenges in the manufacturing of the devices have to be
overcome in the future. In image reversal photolithography bubbles are sometimes formed,
after the first exposure. These bubbles are most likely due to the degassing of nitrogen
from the photoresist during exposure. Several solutions are proposed in [50]. However, since
the recipe gave good results in the past and was not changed, it is assumed that the new
wafers cause the problems. To have a reasonable success rate in manufacturing samples it is
necessary to solve this problem.
This success rate, the quality of the samples with topological insulators and the time
spent on making them, will also be highly improved if it becomes possible to grow high
quality layers of BSTS and CBS. A few groups worldwide are able to grow BSTS, already.
In this way, junctions can be written first on a suitable insulator, ears can be easily removed
without the risk of removing the flake and the dimensions can be checked with SEM before
measurements. Finally, a topological insulator can be grown on top. In this way, small
junctions of less than the normal coherence length of BSTS at 2 K (ξn ≈ 30.5 nm) can be
realized easily. This allows one to do measurements at higher temperatures or easier measure
(larger) supercurrents.
As long as growing is not possible, it is interesting to optimize the properties of BSTS
further. In order to get a large insulating bulk, the disorder in BSTS due to charged defects
was increased by tuning its composition to maximal bulk resistivity. Disorder decreases the
mean free path. It would be interesting to find a good compromise between optimal bulk
resistivity and optimal mean free path, by tuning the composition. A larger mean free path
of BSTS, gives rise to a larger normal coherence length which makes it able to work with
larger junctions or at higher temperatures.
A last point with regard the success rate concerns the use of the SEM. In the present
case SEM images were made after all measurements series in order to protect our samples.
Since Josephson effects were measured it was not expected that the junction were not good.
Therefore, considering the time it takes to make, measure and analyze the measurement of
the samples, it might be worthwhile to investigate if SEM really has a large impact on the
quality of the BSTS. If PMMA resist is on top of the sample during SEM the BSTS might
be protected enough.
With regard to the resistive Nb-BSTS-Nb junctions, it is recommended to do further
experiments in order to have a better understanding of the observed peaks. A particular
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relevant experiment would be measuring the resistive junctions in a parallel magnetic field.
In this configuration WAL should not be present anymore, due to the expected 2D nature of
the WAL. This could be used to verify that WAL is indeed observed in the current data. Only
a 3D contribution could still be present, but since the flakes are very thin (in the order of
Lφ ), this is not expected. If 3D contributions would still be present they could be subtracted
from the perpendicular resistance, which would perhaps result in a better fit of the HLN
equation [59].
It is also interesting to make (long) resistive Nb-BSTS-Nb junctions of exactly the same
dimensions on different positions of the BSTS. In this way one is able to verify if the conductivity is indeed very inhomogeneous in BSTS. If this is so, then one should try to realize
BSTS samples with a uniform conductivity, in order to do a scaling analysis and determine
the interface resistance. Then, redo the measurements and make proper fits for EEI and WAL
(or both) to the data. Temperature dependent measurements could improve this analysis,
because it enables an extra verification by fitting the full temperature dependence of WAL
and EEI.
We started already working on Au-BSTS-Nb junctions, in which the absence of a superconducting gap in the gold electrode, makes it easier to probe the BSTS and determine
whether or not the ZBRP is intrinsic to BSTS or linked to the S-TI-S system. From this
system it is easier to explain the results in terms of density of states of the (induced superconducting) BSTS. Ideally, one would only like to have the induced superconducting BSTS
connected to the Au separated between some kind of barrier. This would reduce the possible
EEI and WAL effects and makes it possible to clearly observe the side peaks and to determine
whether or not p-wave superconductivity is induced (which is also indicated by a subgap peak
in the conductivity due to Andreev reflection).
Up till now tentative results of these experiments still show a ZBRP and reveal qualitatively the same behaviour as the junctions discussed in this thesis. Temperature dependent
measurements have shown that the central ZBRP depends on temperature, while the side
peaks do less. This underlines the explanations of EEI for the ZBRP and gap edges for the
side peaks.
Additionally, is it also interesting to do measurements with the LIA on resistive (long)
Nb-[normal metal]-Nb junction to see if the side peaks are indeed opposite in a s-wave superconductor, as is expected from the BTK theory. This would exclude the possibility that
the peaks are the reaction of the LIA on a discontinuity in the density of states.
If it is certain that p-wave superconductivity is induced it would be interesting to reduce
the normal BSTS part in a SNS junction by such an amount that Andreev Bound states
appear. Measuring the AC Josephson effect (Shapiro steps) could then show indications
of Majorana fermions in this system, but only for perpendicular channels (see [30] for a
discussion).
Finally, further research regarding CBS should focus on determining the superconducting
volume fraction and trying to increasing it. This can be done by locally probing the crystals’
surface with ’point-contact Andreev reflection spectroscopy’, as was done by Chen et al. [19],
but now redo the experiment after cleaving the just measured surface. Furthermore, it is
important to determine whether or not CBS is a topological superconductor or not.
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Appendix A

Lithography recipes
A.1

Positive lithography

For the ’normal’ positive lithography the following recipe was used:


Pre-bake at 100◦C for 2 minutes (remove vapor from surface);



Spin 1.7 µm photoresist with POS6000 program;



Bake the sample at 100◦C for 1 minute (hardening of the photoresist);



Align a positive mask on the flake and do a 5 seconds UV exposure (hard contact);



A.2

Develop the sample in OPD4262 for 60 seconds and wash two times in demiwater for
30 seconds.

Image reversal lithography

For the image reversal lithography the following recipe was used:


Pre-bake at 100-120◦C for 2 minutes (remove vapor from surface);



Spin HMDS (for better photoresist adhesion) - 4.000 RPM for 30 seconds;



Spin Ti35ES (3.5 µm) image reversal photoresist - 4.000 RPM for 45 seconds;



Bake the sample at 100◦C for 2 minutes (’drying’ of the photoresist);



Align a negative mask on the flake and do a 23 seconds UV exposure (hard contact);



Wait (at least) 20 minutes (time for photoresist to degas N2 );



Bake the sample at 120◦C for 2 minutes;



Wait (at least) 5 minutes (time for photoresist to degas N2 );



UV flood exposure for 1 minute for image reversal;



Develop the sample in OPD4262 for 55±5 seconds and wash two times in demiwater
for 30 seconds.

Possible improvements to overcome bubble formation are: a longer softbake (at least 3.5
minutes after spinning), cleaning the sample carefully in acetone and isopropyl alcohol before
starting the whole procedure and using a less intense exposure.
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A.3

E-beam lithography

For the e-beam lithography the following recipe was used:


Pre-bake at 100-120◦C for 2 minutes (remove vapor from surface);



Spin 298 nm PMMA A4 resist - 3.000 RPM for 45 seconds;



Bake the sample at 160◦C for 5 minutes (’drying’ of the photoresist);



Scratch marker on the sample, load samples and calibrate the beam;





Write the digital mask with e-beam at 10 kV acceleration voltage, 10 µm aperture, a
working distance of 10 mm and a dose of about 140 µC/cm2 ;
Develop the sample in a solution of MIBK:IPA for 30 seconds followed by 30 seconds
in a IPA stopper solution.

PMMA = polymethyl methacrylate; MIBK = methyl isobutyl ketone; IPA = isopropanol.
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Deposition schemes
B.1

Pd/Nb deposition

Optimized DC and RF sputtering conditions of Pd/Nb in Nordiko
Date
19-04-2013
Process
substrate cleaning - presputtering - sputtering deposition
• RF substrate cleaning
QRF (W)
55
Ar (ml/min)
55.4
V (V)
300
time (min)
1
Pconv (mbar)
1.33 · 10−2
• Pd (RF)/Nb (DC) presputter at large shutter
QDC (W)
700/250
Ar (ml/min)
54/28.4
VDC (V)
1400/331
time (min)
5/3
Pconv (mbar)
1.33/0.73 · 10−2 IDC (A)
-/0.73
• Nb (DC) presputter at small shutter
QDC (W)
250
IDC (A)
0.73
VDC (V)
340
time (min)
4
• Nb (DC)/Pd (RF) deposition
QDC (W)
250/700
IDC (A)
0.73/VDC (V)
341/1400
time
2.5 min./7 sec.
rate (nm/min)
80/20
d (nm)
200/2.3
Ion gauge chamber pressure before
< 2 · 10−7
Table B.1: Optimized sputtering conditions of Pd/Nb in Nordiko, most samples were fabricated in a slightly different sequence: first all Nb steps, followed by the Pd steps. This
optimized process scheme is more time-efficient and reduces the time between the deposition
of Pd and Nb, in order to reduce the change of oxidation even more.
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B.2

Au deposition

Optimized
Process
PAr (mbar)
Ti target cleaning
substrate etching
Ti deposition
Au deposition

RF sputtering conditions of Ti/Au in Perkin Elmer
Ti target cleaning - substrate etch - Ti deposition - Au deposition
2 · 10−2
P (W) 250 Time (min)
2
P (W) 150 Time (min)
2
P (W) 150 Time (min)
0.5
P (W) 150 Time (min)
3
Table B.2: Conditions for Ti/Au sputtering
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Fraunhofer modulation
The dc Josephson current I0 (at zero magnetic field) can be suppressed in a magnetic field
B, resulting in a Fraunhofer like modulation of the critical current I. This modulation can
be described by a sinc-function:
I(B) = I0 (0)

sin(πφB /αφ0 )
πφB /αφ0

(C.1)

h
≈ 2.0678 · 10−15 Wb and α = 2 for topological insulators. While the magnetic
with φ0 = 2e
flux φB trough the effective junction area A can be expressed by:
ZZ
~ · d~a = BA = BW L0 (in perpendicular magnetic field),
φB =
B
(C.2)

with W the junction width and L0 = L + 2λ the effective junction length, consisting of the
junction length L and the penetration depth of the magnetic field into the superconductor.
The case I = 0 holds if
πφB
= nπ 6= 0 ⇒ φB = αnφ0 (n = 1, 2, 3, . . .)
αφ0

(C.3)

Then, for ∆B the difference between two zero points (the modulation), one finds from Eq. C.2
∆B =

∆φB
⇒ ∆φB = ∆BA
A

(C.4)

and from Eq. C.3
∆φB = α∆nφ0 = αφ0

(C.5)

When setting Eq. C.4 equal to Eq. C.5, one finds the area of the Josephson junction corresponding to the Fraunhofer pattern:
S=

αφ0
= W L0
∆B

(C.6)
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