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Abstract 

A 3D topological insulator has fully gapped insulating bulk state but a conducting surface. Such 

conducting “surface” states are formed with helical Dirac fermions, with spin-momentum strictly 

locked by spin-orbital coupling. When coupled to a conventional s-wave superconductor, the surface 

state behaves just like the desired p-wave superconductor. It has been predicted that Majorana zero-

modes obeying non-Abelian statistics can appear in such a system. Braiding operations on the 

Majorana zero-modes can realize topological quantum computing that is innately error-tolerant. 

Therefore, it has boosted extensive interest in the topological insulator-superconductor (TI-S) 

heterostructures. High quality TI-S heterostructures on wafer size scale is demanded for both 

fundamental studies as well as applications in the future. 

The study in this thesis explored molecular beam epitaxy (MBE) growth of TI-S bilayer 

heterostructures by depositing 3D topological insulator (Bi1-xSbx)2Te3 (BST) on superconductors 

including Nb and MgB2. The BST-Nb heterostructure has been demonstrated to have high crystalline 

quality and clear interface. BST-MgB2 heterostructure suffers from chemical reaction happening at its 

interface, which can be inhibited by lowering growth temperature and prevented by inserting a thin 

layer of Nb in between to form BST-Nb/MgB2 structure.  

In addition, by depositing a top layer of Nb on the bilayer heterostructures and proceeding to 

fabrication, we achieved vertical S-TI-S junctions that have seldomly been studied. Josephson 

coupling between the two superconducting electrodes and between proximity induced 

superconducting TI surfaces was observed on the Nb-BST-Nb and Nb-BST-Nb/MgB2 junctions, 

giving two different critical current transitions on the I-V characteristics. In the Nb-BST-MgB2 

junction, tunneling effect through normal electrons was dominating without Josephson current being 

observed, which is due to an insulating layer formed at the BST-MgB2 interface. Despite the 

difference in overall conductance features, a zero bias conductance peak (ZBCP) was observed on the 

dI/dV-V curves from all three kinds of junction. The origin of this ZBCP was discussed. 

The thin film heterostructures obtained in this project can be good platforms to search for Majorana 

zero-modes through various approaches. We have also demonstrated the heterostructures are 

compatible with fabrication processes by patterning vertical junctions. Transport measurement results 

on these junctions could provide some insight into understanding the physical processes happening at 

the TI-S interfaces.   
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Chapter1 

Introduction 

1.1 Introduction 

Devices and materials with nontrivial topological features have been a popular research field in recent 

years. One of the seminal examples in the early days is the quantum Hall (QH) effect observed in 2D 

electron degenerate gas (2DEG) system in strong magnetic field [1], which shows insulating bulk but 

conducting edge states. About two decades later, people found an extension of QH state that does not 

require external magnetic field and instead, preserves the time-reversal (TR) symmetry, which is the 

famous quantum spin Hall (QSH) insulator, or 2D topological insulator (TI) [2-4]. Soon after that 

came out the theoretical predictions for 3D TI, which has been demonstrated by subsequent 

experimental observations. Since its discovery, TI has become an emerging field with profound 

impact and applications.   

The unique feature of a TI is its conducting edge or surface state, which is supported by the 

topology of its bulk state according to the bulk-boundary correspondence. Experimental signatures of 

surface states of 3D TIs have been confirmed by the angle-resolved photoemission spectroscopy 

(ARPES) [5]. Furthermore, people soon realized that the surface states can bring exotic physics when 

TI is combined with magnetic or superconducting materials. For example, through doping with 

magnetic impurities or in proximity to magnetic layers, the conducting surface state of 3D TI can be 

gapped out, leading to quantum anomalous hall (QAH) effect [6] that has promising applications for 

non-dissipative electronics. Meanwhile, proximity effects on TI surfaces with s-wave 

superconductors have been shown to support the famous Majorana fermions [7, 8]. 

A Majorana fermion is a hypothetical particle that is identical to its own antiparticle, first suggested 

by Ettore Majorana in 1937. Mathematically this rule can be expressed in terms of the creation and 

annihilation operators as γ† = γ, where the creation operator (γ†) creates a Majorana fermion while the 

annihilation operator (γ) annihilates it. A Majorana fermion can be seen as half of the ordinary Dirac 

fermion in the sense that the Dirac operator (c) is expressed as c = ½ (γ1
† + i γ2). Along with the 

search for Majorana fermions in elementary particle physics, Majorana zero-mode, which follows the 

Majorana equation that describes Majorana fermions, has been predicted to emerge as a novel 
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excitation in some condensed matter systems. The localized Majorana zero-mode at a defect or a 

boundary is no longer a fermion as it obeys non-Abelian statistics and are useful for topological 

quantum computation [9, 10]. 

Superconducting system is a natural place to search for such Majorana zero-mode since a 

superconductor imposes particle-hole symmetry so that the quasiparticle creation operator γ†(E) at 

energy E is equal to the annihilation operator γ (-E) at energy -E. The zero-energy (E = 0) state would 

manifest the Majorana equation. These Majorana zero-modes can be trapped at the ends of 1D p-

wave superconductors or inside vortex cores of 2D p-wave superconductors. However, intrinsic p-

wave superconductors are rare to come by and fragile in thin film formats due to broken time-

reversal-symmetry in the pairing and are unlikely to be useful in practical devices. In 2008, The 

groundbreaking proposal by Fu and Kane brought the possibility to simulate 2D p-wave 

superconductors through proximity effect between a 3D TI and a conventional s-wave superconductor 

(S) and hence boosted the study on TI-S heterostructures from both theoretical and experimental 

sides. 

Existence of Majorana zero-modes in the TI-S heterostructure can be observed as a zero bias 

conductance peak (ZBCP) in the tunneling spectroscopy to a magnetic vortex core [11-13]. It can also 

be signaled by a 4π periodic current-phase relation in an S-TI-S Josephson junction [14-17]. In either 

way the study would call for high quality TI-S heterostructures in experiments. At current stage, most 

TI-S heterostructures were built using TI flakes, which sets a limit on the scalability and flexibility for 

fabrication. The study in this thesis aims at growth of wafer size scale TI-S multilayer thin films with 

high quality interface. TI films with optimized stoichiometry have been grown on two different 

superconductors, one being Nb which is more stable and the other being MgB2 which has higher 

superconducting transition temperature (Tc) [18, 19]. These thin film heterostructures are ready to be 

studied by different techniques such as scanning tunneling microscope (STM) or ARPES to look for 

the expected exotic physics. They can also be patterned into S-TI-S Josephson junctions in different 

ways to meet different needs. Based on the thin films, we further fabricated the rarely studied vertical 

S-TI-S Josephson junctions and performed transport measurements. Our experimental findings could 

provide some insight for understanding physical processes happening at the TI-S interfaces.   
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1.2 Thesis outline 

The chapters of this thesis are organized as follows:  

Chapter 2 briefly reviews the theoretical background to understand topological properties of 

materials. This includes topological insulators and topological superconductors. Afterwards, the 

proximity effect between TI and superconductor will be introduced. 

Chapter 3 describes experimental techniques that are used in the study of this thesis, including 

growth and characterization tools. Molecular beam epitaxy (MBE) is employed as the main growth 

method. As one of the most important real time characterization techniques during MBE growth, 

reflection high energy electron diffraction (RHEED) will be explained. Fabrication process for the 

vertical junctions will also be shown in this chapter.  

Chapter 4 starts from introducing the material property of the (Bi1-xSbx)2Te3 (BST), which is a 3D 

TI, and shows the optimized growth results of BST film on different substrates by MBE. Both crystal 

and electrical transport properties of the BST films will be presented. The growth of BST-Nb and 

BST-EuS heterostructures will also be shown in this chapter.    

Chapter 5 focuses on the Nb-BST-Nb vertical Josephson junctions, which are fabricated based on 

the heterostructures introduced in chapter 4. Transport measurement results will be presented and 

discussed. To understand the transport property of such junction, brief introduction to the processes 

related with the superconducting interfaces including Andreev reflection and Andreev bound states 

will be explained. 

Chapter 6 presents the MBE growth of MgB2 thin film, which is a superconductor with Tc ~ 39K. 

This higher Tc makes it promising to be combined with the BST film. Before moving on to BST-

MgB2 heterostructure, in this chapter we will focus on optimizing the growth condition of MgB2 thin 

films. High quality MgB2-MgO-MgB2 heterostructures are also obtained and fabricated into 

Josephson junctions. General knowledge about Josephson effect will be reviewed when we discuss 

the MgB2-MgO-MgB2 Josephson junctions. An MgB2-EuS heterostructure will also be presented in 

this chapter. 

Chapter 7 focuses on the BST-MgB2 heterostructure, which is more challenging than all other 

structures due to chemically active interface. The growth methods and characterization results will be 
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presented. Vertical Nb-BST-MgB2 Josephson junctions are fabricated and measured. Comparison of 

their behavior with the Nb-BST-Nb junction will be discussed.  

Chapter 8 summarizes the research achievements presented in the entire thesis. 
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Chapter 2 

Background 

2.1 Topological invariant and bulk boundary correspondence 

The concept of topological invariant was first employed by mathematicians to classify different 

geometrical objects. Gauss-Bonnet theorem states that the integral of the Gaussian curvature over a 

closed surface is a quantized topological invariant, whose value is related to the genus g of the surface 

[32]. For example, g counts the number of holes on 2D surfaces. The surface of a sphere has no hole 

(g = 0) while the surface of a torus has one hole inside (g = 1), thus a sphere and a torus belong to 

different topological classes. All objects with the same g are topologically equivalent to each other 

regardless of other details and can be smoothly deformed into each other. However, an object cannot 

be smoothly deformed into a different topological class without breaking itself. For example, we 

cannot continuously deform a sphere into a torus unless we punch a hole on the surface and reconnect 

it.   

When it comes to condensed matter system, one can also define such an invariant to topologically 

classify the electronic states. The integer Chern invariant (Ch)  was introduced by Thouless, 

Kohmoto, Nightingale and Nijs (TKNN) in 1982 [20] to describe the topology of quantum Hall state 

[1]. Additionally, a Z2 topological invariant (ν) can be used to characterize the quantum spin hall 

insulator or 2D topological insulator (TI), which was discovered in 2005 [2, 21], and then extended to 

3D TI [22]. These quantized topological invariants can be expressed physically in terms of the Berry 

phase associated with the Bloch wave function. From the view point of topology, all conventional 

insulators, semiconductors as well as vacuum belong to the same class (Ch = 0) that is topologically 

trivial. They are equivalent to each other in the sense that one can change their energy gaps 

continuously by tuning the Hamiltonian without closing the gap. Although also being gapped 

systems, the quantum Hall state and 2D & 3D topological insulators belong to different topological 

classes. Their band structures cannot be continuously deformed into each other unless a gapless state 

is introduced at their boundary. Bulk boundary correspondence summarizes the unifying feature of 

such gapped systems: a gapless mode exists at the boundary where the topological structure of the 

bulk state changes. Specifically, the conducting surface states of topological insulators as well as the 
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Majorana edge modes of topological superconductors, which we will discuss later, manifest the bulk-

boundary correspondence.   

2.2 Topological insulators (TI) 

In this section, we will review the insulating states with non-trivial topology and look at their exotic 

edge states. 

2.2.1 Quantum Hall state 

The integer quantum Hall (QH) state was observed in two dimensional electron system placed in 

strong perpendicular magnetic field B = 𝐵𝑧 at low temperature [1], when the Hall conductance 

𝜎𝑥𝑦 took quantized values  

𝜎𝑥𝑦=𝑁𝑒
2/ℎ 

where N is an integer and h is the Planck's constant. This phenomenon is caused by quantization of 

electrons' circular orbits in the magnetic field into Landau levels with energies 𝐸𝑛=(𝑛+
1

2
)ℎ𝜔𝑐/2𝜋, 

where 𝜔𝑐=𝑒𝐵/𝑚𝑒𝑐. At low temperature and when magnetic field B is strong enough, Fermi level 

can sit in between the discrete Landau levels so that N Landau levels are filled and the rest are empty, 

leading to a bulk insulating state. But different from an ordinary insulator, there is a conducting 

channel existing on the edge, giving rise to the quantized Hall conductance. This channel can be 

understood as electrons doing skipping motion when their cyclotron orbits bounce off the edge, and 

the motion is chiral in the sense that electrons can only propagate in one direction along the edge, 

shown in Figure 2-1.  

A topological description of the QH state was first introduced by D. J. Thouless, M. Kohmoto, M. 

P. Nightingale, and M. den Nijs [20], who characterized the system with a topological number, 

known as TKNN integer. Then Kohmoto [23] derived the TKNN integer in the form of the Chern 

number Ch, which is an integral of the Berry flux performed on the 2D Brillouin zone. The total 

Chern number summed over all occupied bands is an invariant and is identical to the filling number N. 

A vanishing Ch usually represents a topologically trivial system. Time reversal symmetry breaking is 

required for a nonzero Ch, which is just the case in the QH state. For a system with time reversal 

symmetry, the calculation would require Ch = −Ch, leading to Ch = 0. This is the case for an 
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ordinary insulator or vacuum. At the boundary between a topologically trivial region (vacuum) and 

non-trivial region (QH system), the Ch must undergo a change. The conducting edge state of the QH 

state is a consequence of such change in topology, where the gap has to close.   

 

  

Figure 2-1: Illustration of the chiral edge channel in QH system (left) and helical edge channels 

in QSH system (right). The edge channels are indicated by red and blue arrowed lines. The arrowed 

circles represent orbitals of electrons doing cyclotron motion in magnetic field B. 

2.2.2 2D TI - quantum spin Hall state 

The 2D topological insulator, or quantum spin Hall (QSH) state, can be viewed as two copies of QH 

states. Different from the chiral edge channel of QH state which propagates in one direction only, the 

edge channels of QSH state are helical [2] where electrons with opposite spin counter propagate, see 

Figure 2-1. The two edge channels form a Kramers’ pair as a result of time reversal symmetry. The 

QSH state was first proposed in the HgTe/CdTe quantum wells by Bernevig-Hughes-Zhang [3] and 

experimentally confirmed by König et al in 2007 [24]. Driven by strong spin-orbital coupling, the 

quantum well system will go through topological phase transition at a critical thickness dc = 6.3 nm. 

When the thickness of HgTe layer is d ˂ dc, the 2D electron states bound in the quantum well have 

normal band structure similar to other semiconductors, i.e., it is a conventional insulator. For d ˃ dc, 

the 2D bands invert and the system becomes a QSH insulator with a pair of helical edge states. Each 

set of states associated with the top and bottom edge contributes a quantized conductance e2/h and the 

quantum well exhibits a total conductance 2e2/h. 
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The QSH insulator does not break time reversal symmetry so the Ch invariant in this system is 0. 

However, there is an additional topological invariant ν with two possible values ν = 0 or 1 (referred as 

Z2 invariant) that is used to characterize the topological property of QSH states. Constructing the Z2 

invariant is generally a difficult problem and there are several approaches explored in literature [25-

31]. Here we are not giving a mathematical formulation for it but introduce an easy way to distinguish 

the topological features following Hasan and Kane [6]. As shown in Figure 2-2, if there are electronic 

states bound to the edge of a 2D insulator, Kramers’ theorem requires them to be twofold degenerate 

at the time reversal invariant points kx = 0 and π/a, labeled as Гa and Гb. Away from these points, spin-

orbital coupling lifts the degeneracy. The way that the states at Гa and Гb connect determines how 

many times the Fermi level will cross the edge states. Figure 2-2 (a) and (b) shows the two 

possibilities. In case of Figure 2-2 (a), the crossing number is even; as a result, the edge states can be 

eliminated by continuously pushing the bound states out of gap. Oppositely, an odd number of 

crossing indicates a topologically nontrivial case, as shown in Figure 2-2 (b), in which there is no way 

to eliminate the edge states. The number of crossings N is related to the change in the  Z2 invariant ν 

across the interface by bulk boundary correspondence, N = ∆ν mod 2.  

 

 

Figure 2-2: Dispersion of electronic states associated with the edges in a 2D insulator with two 

Kramers’ degenerate points Гa = 0 and Гb = π/a [32]. The number of crossings between these edge 

states and the Fermi energy EF is even in (a), and is odd in (b). 
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2.2.3 3D TI 

The above consideration can be generalized to 3D TI, which is characterized by four  Z2 invariants 

(ν0; ν1 ν2 ν3) [33-35]. The surface states of a 3D crystal have 2D Brillouin zone, where there are four 

time-reversal invariant points requiring the surface bands to be Kramers’ degenerate. These 

degenerate points are referred as Dirac points. ν0 = 1 identifies a class of strong 3D topological 

insulators, whose surface Fermi circle encloses an odd number of Dirac points. For the simplest case, 

there is a single Dirac point at kx = 0, ky = 0, as shown in Figure 2-3. The electronic structure of the 

surface states is helical. In other words, the spin 𝑠 and momentum 𝑘 of an electron are locked 

together so that if an electron with +𝑘 on the Fermi level is spin-up, the one with -𝑘 must be spin-

down. This spin helical feature is also shown in Figure 2-3. 

The semiconducting alloy BixSb1-x was the first 3D topological insulator experimentally 

demonstrated by angle-resolved photoemission spectroscopy (ARPES) in 2008 by the group of Hasan 

[36]. However, its surface states are extremely complex, with at least five dispersion branches [37]. 

Later in 2009, a simpler surface spectrum with single Dirac cone was first observed by ARPES in 

Bi2Se3 [38]. At the same time, theoretical work based on Ab initial calculations showed that the 

family of stoichiometric crystals Bi2Se3, Bi2Te3 and Sb2Te3 are all 3D topological insulators having 

robust and simple surface states with a single Dirac cone at the Г point [37]. In these materials, there 

is a band inversion transition at the Γ point driven by spin-orbit coupling (SOC), making the band gap 

to be topologically non-trivial and introducing a conducting surface state. Following the theoretical 

prediction, more experiments through ARPES confirmed the existence of the surface state with a 

Dirac cone in Bi2Se3 [37, 39], Bi2Te3 [27, 40] and Sb2Te3 [41]. Among them, spin-resolved ARPES 

results [42, 43] further demonstrated the helical spin texture on the Dirac cone.  
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Figure 2-3: (a) Spin-momentum locked helical surface Dirac cone of a 3D TI. The arrows 

indicate spin directions. (b) A high resolution ARPES mapping of the topological surface state near 

the Dirac point of Bi2-xCaxSe3 with x = 0.01 [42]. 

In addition to the unique properties of the gapless surface state, there are some interesting new 

effects related to opening a gap on the surfaces through several ways. One of them is through 

coupling between two surfaces. When the thickness of a film is reduced to only several nanometers, 

there will be overlapping between the wavefunctions from the two surfaces, which can open a gap. 

The thickness dependence of the topological insulators has been studied [44, 45]. Furthermore, by 

breaking the time reversal symmetry through a magnetic field, magnetic doping or proximity to 

magnetic materials, an exchange gap can be opened at the Dirac point, leading to quantum anomalous 

Hall (QAH) state [6]. Alternatively, a superconducting energy gap can also be induced into the 

surface states through proximity to a superconductor (S), which mimics a topological superconductor, 

providing a platform to search for Majorana zero-modes [7]. Thus the proximity effect between TI 

and S has been an important topic in recent years [11-13, 46-53] and serves as the motivation for this 

thesis. In the following sections we are going to introduce the concept of topological superconductor 

and Majorana mode, then review how to artificially realize a topological superconductor through 

proximity effect on TI.     

2.3 Topological superconductors and Majorana modes 

In general, topological classification can be applied to all gapped systems. Considering that a 

superconducting gap corresponds to the band gap of an insulator, we can also topologically classify 



 

 

 

 11 

superconductors. After discovery of topological insulators, the study was generalized to topological 

superconductors [54, 55]. Similarly, there exist gapless edge state at the boundary of a superconductor 

if it resides in the topologically non-trivial regime. The simplest models for a topological 

superconductor are established on spinless fermions in a 1D p-wave superconductor or a 2D chiral 

px+ipy superconductor [56, 57]. Spinless fermion can be viewed as a spin polarized fermion, which is 

a toy model of the more complicated spinful case. We will briefly review the 1D case, where a pair of 

Majorana zero-modes can be localized at the two ends of a 1D spinless p-wave superconductor. 

Afterwards we will focus the discussion on a 2D chiral px+ipy superconductor and show how to 

localize Majorana zero-modes in such system.  

2.3.1 1D spinless p-wave superconductors and Majorana modes 

A toy model for 1D spinless p-wave superconductor was introduced by Kitaev [58]. This model 

describes spinless fermions hopping on an N-site chain and exhibit long range ordered p-wave 

superconductivity. With operator 𝑐𝑗 describing the fermion on j-site, the Hamiltonian is  

𝐻𝐵𝑑𝐺=∑ [−𝑡(𝑐𝑗
†𝑐𝑗+1+𝑐𝑗+1

† 𝑐𝑗)−𝜇𝑐𝑗
† 𝑐𝑗+|Δ|(𝑐𝑗+1

† 𝑐𝑗
†+𝑐𝑗𝑐𝑗+1) ]

𝑗

 

where t ů 0 is the nearest neighbor hopping strength, μ is the chemical potential, Ë is the p-wave 

pairing potential. Upon transforming to the momentum space, one can obtain the energy spectrum as  

𝐸±(𝑝)=±√(2𝑡𝑐𝑜𝑠𝑝+𝜇 )
2+4|𝛥|2𝑠𝑖𝑛2𝑝 

where p is momentum. For |Ë|Ŭ0, the energy gap vanishes at two critical points, one is p = 0 and μc 

= −2t, the other is p = π and μc = 2t. The critical points separate the gapped superconducting phase 

into two regimes: (1) topological trivial phase when μ ˂ −2t or μ ˃ 2t; (2) topological non-trivial 

phase when | μ | ˂ 2t.  There are several ways that a topological invariant can be expressed to 

distinguish these two phases. Following [59], a Z2 topological invariant is defined as  

𝜈=𝑠0𝑠𝜋 

where 𝑠0 and 𝑠𝜋 represent the sign of the kinetic energy 𝜖𝑝=(−2𝑡cos𝑝− 𝜇) at 𝑝=0 and π 

respectively. It is clear that 𝜈=+1 for the above case (1)-topological trivial phase and 𝜈=−1 for 

case (2)-topological non-trivial phase. The non-trivial topology will lead to a zero-energy Majorana 

mode residing at each end of the chain. To show this, we first rewrite the Hamiltonian using Majorana 
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representation, by replacing each 𝑐𝑗 with two Majorana fermions 𝛾2𝑗−1 and 𝛾2𝑗 via 𝑐𝑗=
1

2
(𝛾2𝑗−1+

𝑖 𝛾2𝑗) , where the Majorana fermion operator  𝛾𝑗 satisfies  

𝛾𝑗
† = 𝛾𝑗 

This means the anti-particle of a Majorana fermion is itself. In this basis, the original Hamiltonian has 

the new form 

𝐻BdG=
𝑖

2
 ∑ −𝜇𝛾2𝑗−1𝛾2𝑗+(𝑡+|Δ|)𝛾2𝑗𝛾2𝑗+1+(−𝑡+|Δ|)𝛾2𝑗−1𝛾2𝑗+2 

and the key difference between the topological trivial and non-trivial phases can be seen by looking at 

two simplifying limits. 

 

Figure 2-4: Schematic illustration of the Kitaev’s chain model describing spinless fermions 

hopping on the lattice. The oval represents a physical site while the empty and filled circles represent 

the Majorana fermions occupying each site. Solid and dashed lines represent coupling between a pair 

of Majorana fermions. (a) In the trivial limit, the Majorana operators on each site are coupled to form 

a Dirac fermion and (b) In the nontrivial limit, there are two unpaired Majorana fermions left at the 

two ends of the chain, labeled as 1 and 2. [60] 

 

(1) For the trivial phase, we choose |Ë| = t = 0 and 𝜇<0. Then the Hamiltonian reduces to  

𝐻=−𝜇
𝑖

2
∑ 𝛾2𝑗−1𝛾2𝑗 

In this case, the Majorana operators on each site are coupled, and Majorana operators between each 

site are decoupled, as illustrated in Figure 2-4 (a). This is just the atomic limit that one ordinary 

fermion occupies each physical site.  
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(2) For the topological non-trivial phase, we choose |Ë| = t > 0 and 𝜇=0, and the Hamiltonian will 

reduce to  

𝐻=𝑖 𝑡∑ 𝛾2𝑗𝛾2𝑗+1 

In this case, the Majorana operators are paired in the way shown in Figure 2-4 (b), where 𝛾1 and 𝛾𝑁 

are left unpaired with open boundary condition. We see two Majorana zero-modes are localized at the 

ends of the chain. 

For the more general case where |Ë| ≠ t and 𝜇≠0 but still within the topological non-trivial phase, 

there will be mixture of couplings between Majorana operators on the same sites and between 

different sites. However, as the Majorana zero-modes are localized at the ends of the chain, the 

coupling between them is exponentially small with respect to the length of the chain. These modes 

will not be destroyed unless the bulk gap closes. In other words, they are protected by the topology of 

the bulk.  

2.3.2 2D spinless p-wave superconductors and Majorana modes 

In two dimensions, the simplest system for a topological superconducting phase is based on the 

spinless px+ipy fermions [57]. At a vortex core it holds Majorana zero-modes [61], which obeys non-

Abelian statistics [57, 62] suitable for topological quantum computing [9]. To show that, we will go 

through the following analysis.  

After generalizing the 1D lattice Hamiltonian into the case for 2D spinless px+ipy fermions, in 

continuum limit, the energy spectrum can be solved as  

𝐸±(𝑝)=±√(
𝑝2

2𝑚
−𝜇)2+4|∆|2𝑝2 

where p2 = px
2 + py

2 [59, 60]. With finite Ë, the spectrum is fully gapped for any 𝜇≠0. Similar to the 

1D p-wave case, the gapped phases for 𝜇>0 and 𝜇<0 belong to different topological regimes. The 

topological invariant to distinguish them is in the form of Chern number Ch [63]. The topological 

trivial phase 𝜇<0  has a vanishing Ch, while the non-trivial phase 𝜇>0 has Ch = −1. At the 

boundary between them, there are chiral edge states with opposite propagation direction which are 

identified as chiral Majorana modes.  
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To understand the physical picture, we shall consider a spinless px+ipy superconductor with annulus 

geometry having inner and outer edges at r = Rin/out, as shown in Figure 2-5. It is in the topological 

phase for Rin < r < Rout, and in the trivial phase elsewhere. The energies for the bound states at two 

edges are  𝐸𝑜𝑢𝑡=
𝑛Δ

𝑅𝑜𝑢𝑡
 and 𝐸𝑖𝑛=−

𝑛Δ

𝑅𝑖𝑛
,  where n is a half-integer to ensure the anti-periodic condition 

which is essential for the px+ipy superconductor [59]. Therefore, there is no state at zero energy for 

this case. However, when a magnetic flux quantum 𝛷=ℎ𝑐/2𝑒 is inserted through the hole, the 

boundary condition will be shifted to periodic, changing n to an integer number. As a result, we can 

get two modes with exact zero energy located at the inner and outer edges, which correspond to the 

pair of end modes in 1D p-wave wire. For a spinless px+ipy superconductor with two holes in Figure 

2-5 (e), the two inner boundaries exhibit periodic condition and thus hold two zero Majorana modes, 

while the outer edge recovers the anti-periodic condition and has bound states with finite energies. 

One can also solve the Hamiltonian in a cylindrical symmetry which will yield two zero-modes on the 

two boundaries of a cylinder [60].  
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Figure 2-5: (a) A topological px+ipy superconductor with annulus geometry supports chiral 

Majorana edge modes at its inner and outer boundaries. (b) Energy spectrum of the edge modes 

versus n for the inner (red circles) and outer (blue circles) edge, where n is a half-integer. (c) An hc/2e 

flux through the center introduces a branch cut (wavy line) which, when crossed, leads to a sign 

change for the Majorana edge modes. The flux induces periodic boundary conditions and shifts n to 

integer values. This leads to the spectrum in (d), which includes Majorana zero-modes γ1 and γ2 

localized at the inner and outer edges. (e) The two-vortex setup supports one Majorana zero-mode 

localized around each vortex while the outer edge remains gapped. [59]  
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The annulus picture can also be modulated in a vortex core when a magnetic flux threading the 

bulk of a 2D spinless px+ipy superconductor. The vortex core with a size on the order of coherence 

length ξ∼vF/(𝑘𝐹Δ) can be seen as a trivial gapped region with discrete quantized energies due to 

small size. The energies of the Majorana modes bound to the vortex are given by  

|Evortex|∼
|n|Δ

𝜉
∼
|𝑛|(𝑘𝐹Δ)

2

𝐸𝐹
 

where n is an integer [59]. There is a zero-energy mode bound to the vortex, which is separated from 

the next excited state by (𝑘𝐹Δ)
2/𝐸𝐹.  

One import nature of the Majorana zero-modes is that they obey non-Abelian statistics: for a 

system with N Majorana zero-modes, if one exchanges them sequentially, the final state will depend 

on the order in which the exchanges are carried out [62, 64]. The exchange operation can be realized 

through braiding Majorana-carrying vortices in 2D or fusing and creating the end modes in 1D 

network [64]. The non-Abelian statistics of Majorana zero-modes enables them to be applied in 

quantum computation in the way that quantum information can be non-locally encoded hence avoids 

decoherence [9].  

Although there exist candidates for intrinsic p-wave superconductivity such as Sr2RuO4 [65-68], 

CuxBi2Se3 [69-72] and UPt3 [73-77], the pairing symmetry in these materials is still under debate. 

Furthermore, the p-wave pairing symmetry is fragile to any non-magnetic impurities. Thus, it is a 

challenging task to realize the 2D topological superconductor “intrinsically”. Alternatively, Fu and 

Kane [78] proposed a way to artificially modulate this model through superconducting proximity 

effect on the 2D surface state of a 3D topological insulator, which will be introduced in next section. 

2.3.3 Engineering a 2D p-wave superconductor using 3D TI and s-wave 

superconductor 

Fu and Kane showed that one can obtain a Hamiltonian equivalent to a spinless px+ipy superconductor 

when the surface states of a 3D TI are in proximity to an s-wave superconductor. The Dirac surface 

states of TI are spin-momentum locked, which means the spin freedom is frozen out. This property 

makes it an ideal system to access “spinless” regime. By adding the s-wave pairing term to the 

surface Hamiltonian, the hybrid system can mimic the px+ipy system. It falls into the topological 
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phase as long as the chemical potential μ resides in the bulk gap. Also note that different from the 

spinless px+ipy superconductor, this hybrid system is time reversal invariant which protects the 

induced superconducting gap from non-magnetic impurities. One can break the time reversal 

symmetry to look for the Majorana states in this system. 

One way to break time reversal symmetry is introducing a Zeeman field. For example, by 

proximity to magnetic material or doping TI with magnetic impurities, the Zeeman energy will open a 

trivial gap on the Dirac cone. It has been suggested that the interface between a (nontrivial) region 

with superconducting gap and a (trivial) region with magnetic gap can host 1D chiral Majorana edges 

states, as schematically shown in Figure 2-6 (a). This configuration has been realized in a 

heterostructure consisting Cr doped TI and Nb [79]. Another way is to introduce an hc/2e vortex core. 

Similar as in an intrinsic spinless px+ipy superconductor, the vortex core in the hybrid system also 

host a zero-energy Majorana bound state, experimentally studied by [12, 13]. While one can always 

induce the vortex core by applying a perpendicular magnetic field, Fu and Kane also proposed an 

alternative scheme to engineer and manipulate Majorana states using 3 linear junctions of 

superconductors on the surface of a TI [7], shown in Figure 2-6 (b). If the phases of three 

superconductor islands meeting at a tri-junction are arranged such that ϕ1=π−ϵ1,ϕ2=π−ϵ2, a 

Majorana zero-mode is predicted to exist as long as ϵ1ϵ2<0. The phase diagram for existence of a 

Majorana zero-mode is shown in Figure 2-6 (c). When the phase difference falls in the shaded area, 

there will be a Majorana zero-mode at the junction. To the special limits, the case ϕ1=± 2π/

3,ϕ2=±4π/3 simulates the situation of a vortex. If the phases are changed, the zero-mode cannot 

disappear until the energy gap along one of the three linear junctions goes to zero. This occurs when 

the phase difference across the junction is π. Therefore, adjusting the phase difference in a line 

junction terminated by two tri-junctions allows Majorana zero-modes to be created, manipulated, and 

fused.  

 



 

 

 

 18 

 

Figure 2-6: (a) 1D chiral Majorana formed on the surface of 3D TI at the boundary between a 

region with magnetic gap and a region with superconducting gap. [59] (b) A tri-junction of 

superconductors (shaded area) on the surface of a TI (c) Phase diagram of the tri-junction. When ϕ1 

and ϕ2 reside in the shaded region, there will be a Majorana zero-mode localized at the tri-junction. 

[7] 

2.4 Review of experimental studies on topological insulator-superconductor (TI-S) 

heterostructures 

To realize Fu and Kane’s proposal, one can combine TI and S to form heterostructures, which has 

been extensively studied in recent years. Several groups have succeeded in observing coexisting 

superconductivity and topological surface states in different kinds of heterostructures, such as Bi2Se3-

NbSe2 [80, 81], Bi2Se3-W [82], Bi2Se3-Sn [48], and Bi2Se3-Bi2Ca2Cu2O8+δ surfaces [83, 84]. More 

inspiringly, the signature of Majorana zero-mode in a vortex core has been reported as a zero bias 

conductance peak in the tunneling spectroscopy of Bi2Se3-NbSe2 heterostructure by STM [12, 13]. 

The chiral Majorana edge modes were also detected as ½ e2/h conductance edge current in Cr doped 

TI-Nb hybrid device [79]. 

In most of the work mentioned above, the topological insulator Bi2Se3 were used. Although Bi2Se3 

has relatively large bulk gap (0.3 eV), it is easy to be doped with undesired bulk carriers due to Se 

vacancies, which will suppress the performance of surface states. On the other hand, either TI flakes 

were used or it was grown on flakes of superconductors. The in situ growth of TI-S heterostructure on 

the wafer size scale and in the meantime maintaining high quality of the interface will be preferred for 
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the sake of scalability in the future, however is still a challenge. In the following chapters of this 

thesis, we will show the achievements of MBE grown TI-superconductor heterostructures including 

(Bi1-xSbx)2Te3-Nb and (Bi1-xSbx)2Te3-MgB2 on 2-inch whole wafers. In our study, the (Bi1-xSbx)2Te3 

compound was used as the topological insulator and we will show that it is bulk insulating by tuning 

the ratio between Bi and Sb. The wafer sized heterostructures provide more possibilities for device 

fabrication. Especially, the (Bi1-xSbx)2Te3-MgB2 could benefit from the large band gap and high 

transition temperature of MgB2.  
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Chapter 3 

Experimental methodology 

The experimental part of this thesis focuses on two aspects. First, we optimized the molecular beam 

epitaxy growth conditions to achieve high quality thin films including (Bi1-xSbx)2Te3  thin film, MgB2 

thin film and multilayer thin film heterostructures. Then we fabricated the heterostructures into 

micro-sized devices and conducted electrical transport measurements. In this chapter, we will 

introduce the experimental equipment and procedures used for thin film growth, characterization and 

device fabrication. 

3.1 Molecular beam epitaxy (MBE) 

MBE is considered to be the cleanest technique for growing crystalized thin films. It usually takes 

place in ultra high vacuum (UHV) with the pressure lower than 10-9 mbar, which significantly reduces 

surface contaminations. Molecular beams can be generated by the Knudsen effusion cells (K-cell) or 

electron beam evaporator. In UHV environment, the molecular beams will straightly reach the 

substrate without collisions and go through processes including adsorption, desorption, migration, 

diffusion and incorporation on the substrate before forming thin films. The beam fluxes can be 

precisely controlled by regulating the source temperature. Different elements have different 

absorption rate by the substrate, which also depends on the substrate temperature. Through fine 

tuning of the flux ratio and substrate temperature, it is convenient to get well controlled film 

composition. The typical growth rate is about 0.1~1 Å/s, allowing the films to grow epitaxially. The 

surface condition can be characterized in situ during growth by reflection high-energy electron 

diffraction (RHEED), which is an important tool in MBE.   

3.2 Cluster deposition system 

The thin films and heterostructures in this thesis were grown in an Omicron UHV cluster deposition 

system as shown in Figure 3-1. This is a complex thin film deposition system combining three MBE 

modules, two magnetron sputtering modules, and one surface analysis module. The system also 

contains a fast load-lock (FEL) chamber and a sample preparation chamber with Ar gun and RF Ar 
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plasma to clean sample surface. All chambers are interconnected through a linear transfer line. The 

vacuum in all growth and analysis modules is maintained under 10-10 mbar and in transfer line is 

under 10-9 mbar. MgB2 and (Bi1-xSbx)2Te3 films were grown in two different MBE chambers, and Nb 

thin film was grown in a magnetron sputtering chamber. In the case of heterostructure growth, after 

finishing one layer, sample can be transferred to another chamber under vacuum to grow next layer, 

which maintains the high quality of interface.  

 

 

Figure 3-1: Configuration of the Omicron UHV cluster deposition system. (1) Vacuum transfer 

line (2) FEL (3) Sample preparation chamber (4) Magnetron sputtering module for superconductors, 

used to deposit Nb (5) MBE module for TI, used to grow (Bi1-xSbx)2Te3 compound (6) Surface 

analysis module (7) MBE module for metal oxides (8) MBE and electron beam co-evaporation 

module, used to grow MgB2 (9) Magnetron sputtering module for magnetic materials 

3.2.1  MBE module for (Bi1-xSbx)2Te3 growth 

The MBE growth module dedicated for TI is used to grow (Bi1-xSbx)2Te3 (BST) compound. The 

configuration of this chamber is shown schematically in Figure 3-2. This module is equipped with 

three K-cells and one valved cracker cell. High-purity Bi (99.999%) and Sb (99.999%) sources were 

evaporated by K-cells. There is one additional K-cell can be used to evaporate Cr, Mn or Gd, in order 

to introduce magnetic dopants into TI as needed. The valved cracker cell is used for Te. A mixture of 

large clusters of Te is first produced within the reservoir. Then the gaseous clusters are dissociated 

within the thermal cracker stage (1000 ºC) and broken into smaller molecules. The beam flux and 
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growth rate for each individual source is calibrated beforehand by the beam flux monitor (BFM) and 

quartz crystal monitor (QCM) respectively. Reflection high energy electron diffraction (RHEED) is 

used for real-time monitoring during growth. Sample can be heated through thermal radiation from a 

tungsten filament heater from the backside.  

 

 

Figure 3-2: Schematic picture of the MBE module for (Bi1-xSbx)2Te3 deposition. 

3.2.2  MBE and electron beam co-evaporation module for MgB2 growth 

The module for MgB2 growth is shown schematically in Figure 3-3. In addition to K-cells, QCMs and 

RHEED, this module is also equipped with an electron-beam evaporation source, which allows co-

evaporation for MgB2 with B coming from the e-beam source and Mg evaporated by the K-cell. The 

e-beam evaporation source contains six spots. In addition to B, it can also be used to evaporate other 

materials requiring high evaporation temperature. In this project, MgO, Al2O3, EuS and Au are loaded 
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for various purposes including growing barriers, capping layers and electrodes. Sample is heated by 

radiation from a noncontact SiC heater.  

 

 

Figure 3-3: Schematic picture of MBE module for MgB2 deposition. 

3.3 Characterization tools 

In this section, we will review the tools that are used to characterize thin films and heterostructures.  

3.3.1  In-situ : RHEED 

Each of our three MBE growth modules is equipped with a RHEED system to monitor the growth in 

real-time. The main parts of a RHEED system consist of an electron gun, a fluorescent screen and a 

CCD camera. High energy electrons (10 KeV~30 KeV) generated by the electron gun are incident 

into sample surface at a glancing angle (1º ~ 5º). Diffraction patterns are formed by the reflected 

electrons on the fluorescent screen and collected by the camera. Because of the small incident angle, 

electrons can only penetrate through 1 nm ~2 nm on the surface of sample, thus RHEED provides 

information about the surface instead of the bulk. Figure 3-4 illustrates the diffraction principle from 
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a 3D view. Similar to the analysis for diffraction from bulk crystals, the Ewald’s sphere is 

constructed.  However, instead of the reciprocal lattice for a 3D material, we will have reciprocal rods 

transformed from a 2D lattice sheet because only atoms at the sample surface contribute to the 

RHEED pattern. A constructive diffraction pattern will form wherever the reciprocal rods intersect 

the Ewald’s sphere but the screen is setup so that only low orders of diffraction can be detected. By 

rotating the sample azimuthally, we can get full information about the 2D surface lattice.   

 

Figure 3-4: 3D illustration for RHEED, figure from [85]. 

To understand the qualitive information embedded in RHEED patterns, we discuss four kinds of 

typical RHEED patterns shown in Figure 3-5 (a). In the case of ideal 2D surface (a-1), the RHEED 

patterns are nice dots distributed on a series of Laue circles where the Ewald’s sphere intersects the 

reciprocal planes. However, in real cases (a-2), we usually see streaky patterns for a qusi-2D sample 

surface. The steps or domains on the surface break the long-range order parallel to the surface and 

lead to finite 2D lattice size, thus the reciprocal rods will have certain thickness [86]. On the other 

hand, the radius of the Ewald’s sphere is very large due to short electrons wavelength so that the low-

order reciprocal rods are almost parallel to the sphere surface, and their intersections lead to elongated 

diffractions shown as streaks. In (a-3), a much rougher surface will show dotted RHEED patterns 

because electrons can transmit through the islands and form 3D diffraction patterns from the bulk. For 

a poly-crystal surface lattice, the RHEED patterns are a series of rings as shown in (a-4).  

RHEED can be used to characterize the substrate surface condition before growth, to monitor the 

growth modes and signal us if the epitaxy collapses. In the case of layer-by-layer growth, the intensity 
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of RHEED signal depends on the coverage of atoms thus it oscillates as the film is growing. The 

oscillation can be used to characterize growth rate and film thickness. Figure 3-5 (b) illustrates one 

cycle of RHEED signal’s oscillation in the formation of one single layer. 

 

 

Figure 3-5: (a) Schematic illustration of RHEED patterns generated by different surface 

conditions. (b) RHEED signal oscillates as surface coverage changes. 

3.3.2  In situ : XPS/AES/UPS 

The surface analysis module connected to the growth system enables in situ post-growth analysis to 

be done without exposure to air. Equipped with X-ray source (Al - Kα 1486 eV and Mg - Kα 1253 eV), 

electron source (5000 eV) and ultraviolet photon source (21.4 eV), this chamber is able to do X-ray 

photoelectron spectroscopy (XPS), auger electron spectroscopy (AES) and ultraviolet photoelectron 

spectroscopy (UPS). There is also an Ar sputtering gun for depth profiling and a charge neutralizer 

used to neutralize charged surfaces.  

XPS is useful to examine elemental composition of the surface and chemical or electronic state of 

each element on the surface. With the help of depth profiling, it can also be used to analyze the 

interface of heterostructures. AES can be used to determine electronic structure of the surface. UPS 

can be used to determine molecular orbital energies in the valence band and the work function in 
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solids. By rotating the sample in real space to get angle-resolved spectroscopy, UPS can also be an 

assistant tool to look at the Dirac point on the surface state of a TI film with limited resolution. 

3.3.3  Ex situ : XRD 

X-ray diffraction (XRD) is used to analyze the crystalline property of thin films and heterostructures. 

After the growth was fully accomplished and in situ characterizations were done, sample was taken 

out of vacuum for further analysis by a Bruker D8 Discover XRD system. The system consists of Cu 

X-ray source (λ = 1.54 Å), high resolution optics with a Ge 2-bounce monochromator and a centric 

Eulerian cradle with Chi/Phi rotations and X-Y-Z translations. θ-2θ scans were performed on all the 

films to examine their bulk crystallization and Φ scans were performed on epitaxial films. The system 

is also capable to do high-resolution XRD, grazing incidence diffraction and reflectometry for 

thickness calibration. 

3.4 Fabrication 

In addition to accomplishing the growth of different kinds of heterostructures, another aspect of this 

project involves fabricating them into vertical Josephson junctions. This section reviews the standard 

fabrication process using Nb-BST-Nb Josephson junction device as an example, which also applies to 

all other devices discussed in the following chapters of this thesis. The fabrication was conducted in 

the Quantum NanoFab and Characterization Facility (QNFCF) at the University of Waterloo. 

Starting from multilayer thin film heterostructure with Au-Nb-BST-Nb grown on a 2-inch sapphire 

wafer, where the capping layer Au will be used as connecting electrodes in the final junctions, the 

sample is fabricated into micron-sized vertical Josephson junctions following standard 

photolithography and Ar ion milling techniques in three steps (Figure 3-6).  

First, we defined the pattern of bottom electrodes which are isolated strips with two pads by 

photolithography. Shipley1811 photoresist was used as the photo-mask and MA6 mask aligner was 

used to define the pattern. Unprotected materials were removed by Ar ion milling with 90 º incidence. 

Secondary ion mass spectrometry (SIMS) was used during milling to monitor the time needed to 

finish etching each layer. The milling process was stopped after substrate was exposed. Then the 

photoresist was removed by acetone or PG remover.  
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Second, the junction areas were defined on the previously patterned strips. There are three 

junctions on each strip. The junction size varies from 1 μm to 8 μm. For junctions smaller than 4 μm, 

double layer resists of Shipley1805/PMGI can be used to improve resolution and lift-off yields. 

During the etching process of this step, because only a small amount of materials will be etched away, 

the SIMS signal is too weak to be read thus cannot be used in real time. However, with help of the 

information recorded by SIMS from the first step, etching can be stopped once BST was fully 

removed and bottom Nb was just exposed on wafer, thus in the unetched areas the top Nb and BST 

were left as three pillars standing on each bottom Nb strip. Another milling process at 0 º incident 

angle was performed to remove any side walls due to re-deposition. Afterwards, a passivation layer of 

SiO2 was grown in situ by magnetron sputtering.   

The last step was to define and grow top electrodes covering the junction areas. Photolithography 

defined three top strips with connection pads, forming cross geometry with bottom strips. Afterwards, 

Ti and Au were deposited as top electrodes. After the removal of photo-resist, the device was ready. 

Figure 3-7 (a) schematically illustrates the junction structure from a side view. An optical image of 

the device and illustration for electrical connection is shown in Figure 3-7 (b).  
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Figure 3-6: Illustration for fabrication process. The side views on left columns show detailed 

fabrication process step by step. During step 2, only one junction is shown while there are three 

junctions on the real device. The right column shows a top view of the pattern obtained at the end of 

each step.  
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Figure 3-7: (a) A schematic layout of the junction area , which is a pillar standing on the Nb 

bottom strip and capped by a Au/Ti top strip. (b) An optical microscope image of the device, showing 

the top view of three junctions and the electrical connections on the middle junction. 
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Chapter 4 

MBE growth of topological insulator (Bi1-xSbx)2Te3 thin film and 

heterostructures 

The ternary compound (Bi1-xSbx)2Te3 is a kind of 3D TI and Nb is a widely used BCS superconductor. 

By growing (Bi1-xSbx)2Te3 on Nb thin film, we will get one of the TI-S heterostructures to be studied 

in the following part of this thesis. This chapter mainly focuses on the MBE growth methods and 

characterization results. After a brief review of the material properties as well as the development 

history for the MBE growth of (Bi1-xSbx)2Te3 thin films, we will show the optimized growth results of 

(Bi1-xSbx)2Te3 thin films on different kinds of substrate in our MBE system. Afterwards, growth and 

characterization of the heterostructure (Bi1-xSbx)2Te3-Nb will be discussed.   

The growth part of this chapter was collaborated with Dr. Hui Zhang and Xiaodong Ma, who was a 

postdoc fellow in the group and an exchange student from the University of Science and Technology 

of China (USTC) respectively. 

4.1 Introduction 

The compound family of (Bi, Sb)2(Se, Te)3 had been known for decades as excellent thermal 

electrical materials. Most studies focused on their thermal electricity properties until the discovery of 

3D TI. In 2009, the theoretical work [37] predicted Bi2Se3, Bi2Te3 and Sb2Te3 are topological 

insulators, which opened a new direction for the study on this class of materials. Soon after the 

prediction, the single Dirac cone surface states were confirmed by experiments in these materials [27, 

38, 41]. In this project, we chose the tellurides TI instead of selenides because Te has relatively low 

vapor pressure compared with Se thus will help reduce vacancies which contribute undesired carriers 

in the bulk. By mixing Bi and Sb with arbitrary ratio x, the ternary telluride (Bi1-xSbx)2Te3 is also a 

topological insulator with well-defined Dirac point in the band gap. The band structure of (Bi1-

xSbx)2Te3 can be engineered by fine tuning the ratio x to reduce bulk current leakage [87]. In the 

following part of this section, we will focus the discussion on the tellurides TI.      
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Bi2Te3 and Sb2Te3 share the same rhombohedral crystal structure as schematically shown in Figure 

4-1 (a). Along the [0001] crystal direction, the unit cell contains five atomic layers with a stacking 

sequence of Te-Bi/Sb-Te-Bi/Sb-Te, forming a quintuple layer (QL) terminated by a Te atomic layer 

on both sides. For a hexagonal cell containing 15 atoms grouped in 3 QLs, the lattice constant is aBiTe 

= 4.38 Å, cBiTe = 30.487 Å and aSbTe = 4.26 Å, cSbTe = 30.458 Å [88]. The thickness of one QL is about 

1 nm. The bond between two atomic layers within a QL is covalent bonding while the interaction 

between two adjacent QLs is a much weaker van der Waals type.  

  

 

Figure 4-1: (a) Crystal structure of (Bi/Sb)2Te3. (b) Schematic electronic band structure of pure 

Bi2Te3 and pure Sb2Te3. Fermi level in pure Bi2Te3 is buried in conduction band and carriers are n-

type. Fermi level in pure Sb2Te3 is buried in valence band and carriers are p-type. 

Although binary compounds Bi2Te3 and Sb2Te3 have been verified to have exotic surface states, 

their bulk states are highly metallic, with the Fermi level (EF) located deep inside the bulk conduction 

band (BCB) for Bi2Te3 (n type) and bulk valence band (BVB) for Sb2Te3 (p type) respectively, due to 

excessive carriers arising from crystal defects and vacancies. The schematic electronic band structure 

of pure Bi2Te3 and pure Sb2Te3 is shown in Figure 4-1 (b), (c) [87]. This high bulk conductivity will 

inhibit the performance of topological surface state. Another drawback of Bi2Te3 is its Dirac point is 

buried in BVB making it difficult to access the surface state by transport, whereas Sb2Te3 has well 

defined Dirac point in the bulk band gap. As Bi2Te3 and Sb2Te3 have the same crystal structure, Bi 

can be substituted by Sb with arbitrary ratio to form the ternary compound (Bi1-xSbx)2Te3. By doping 

a 
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Sb into Bi2Te3, one can simultaneously compensate the charge carriers and tune Dirac point to the 

bulk gap as desired. Systematic investigations on band structure engineering in (Bi1-xSbx)2Te3 thin 

film have been done by ARPES, STM/STS as well as transport measurements [87, 89, 90]. The 

ARPES measurement [89] on (Bi1-xSbx)2Te3 thin film with various x is shown in Figure 4-2. Clearly, 

when the concentration of Sb is increasing, there is a trend that EF moves downward from the BCB to 

the BVB while the Dirac point moves upwards. The bulk insulating state was achieved around x = 

0.5. In the meantime, the Dirac point was exposed in the bulk gap as desired. Once the carrier density 

is significantly reduced, relative position between EF and Dirac point can be further tuned by applying 

gate voltage [90]. 

 

 

Figure 4-2: ARPES measurements on (Bi1-xSbx)2Te3 with different concentration ratios. EF is 

tuned from the BCB to the BVB by increasing the concentration of Sb. A bulk insulating state is 

achieved at x Ū 0.5 [89]. 

There are many ways to synthesis TI materials, including chemical vapor deposition (CVD) [91, 

92], bulk Bridgman growth [27, 38, 93], wet chemical synthesis [94, 95], and molecular beam epitaxy 

(MBE) [44, 45, 96-98]. Among these methods, MBE is the most advanced technique to grow TI thin 

film with high crystal quality and controllable electronic properties. The MBE growth mechanism for 
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TI materials is different from that for conventional MBE growth because the bond between different 

QLs of TI is weak van der Waals interaction, which relaxes the lattice-matching condition required 

for most common epitaxial growth of covalent semiconductors [99]. Epitaxial TI films grown on 

different kinds of substrates have been reported [45, 100-107]. By carefully regulating the growth 

temperature and flux ratio, layer-by-layer MBE growth mode has also been realized [105-107].  

Despite the reports of successful growth results in literature, it is not a trivial task to grow high 

quality TI films by just copying the same condition because there is subtle difference between 

individual growth systems and the growth window of TI is relative narrow thus sensitive to any 

difference. In addition, when this project started, our growth system was brand new which required 

calibration and optimization. Therefore, it was necessary to reproduce high quality TI films in our 

system before moving forward to growing heterostructures. In the following part of this chapter, first, 

by showing the characterization results of the (Bi1-xSbx)2Te3 films grown on different substrates 

including (111)-Si, c-cut sapphire and (111)-SrTiO3 (STO), we will demonstrate the BST films grown 

in our system have high crystalline quality and well controlled electronic band structure. Afterwards, 

we report the innovative growth of (Bi1-xSbx)2Te3 on Nb thin film, which is a TI-S heterostructure on 

wafer size scale to realize superconducting proximity on TI surface states.     

4.2 MBE growth of (Bi1-xSbx)2Te3 thin film 

4.2.1 Substrates preparation 

Despite van der Waals epitaxy relaxes the requirement for lattice matching, the substrate’s lattice and 

surface condition still affects the quality of TI films to some extent. We chose the substrates Si (111), 

c-cut sapphire and STO (111) because their hexagonal surface lattices are well matched with (Bi1-

xSbx)2Te3. Si and sapphire wafers are 2-inch which is the standard size in the Omicron growth system, 

and they will also be used to grow the heterostructures. The STO substrate is 5 cm × 5 cm and is used 

for gate tuning of (Bi1-xSbx)2Te3 film because of its large dielectric constant. The substrates were 

prepared in the following ways to get a clean and flat surface which is critical in MBE growth, since 

any surface disordering or contamination would result in crystal defects or secondary phases in the 

epitaxial layers.  

1. Si (111) 
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The Si (111) wafer was dipped in 10-1 buffered oxide etch (BOE) solution for 1 minute to remove the 

native oxide and form hydrogen passivated surface. It has been reported that hydrogen passivated Si 

(111) surface can promote van der Waals growth of TI materials because the hydrogen atoms will 

saturate dangling bonds on Si surface thus avoid reconstructions [108]. After rinsed with DI water, a 

water free surface indicates successful cleaning results. The substrate was then loaded into load-lock 

as soon as possible.   

2. Sapphire 

To ensure the transparent sapphire substrate can be heated effectively through thermal radiation from 

the non-contact heater, the backside of sapphire was deposited with 100nm metal, which can be Nb or 

Ti. Then the substrate was transferred to preparation chamber where top surface of sapphire was 

sputtered by RF Ar plasma at 50W for 5 minutes to remove surface contamination. During this step, 

the surface was damaged by the plasma and became amorphous. Afterwards, it was transferred to 

growth chamber and went through the following annealing process to recover good crystalline 

surface:  

¶ Heat to 500 ℃ in 3 minutes, stay for 30 seconds then decrease to 300 ℃ and wait for 1 hour. 

Repeat twice more. 

¶ Heat to 600 ℃ in 3 minutes, stay for 30 seconds then decrease to 300 ℃ and wait for 1 hour. 

Repeat twice more. 

¶ Heat to 750 ℃ in 3 minutes, stay for 30 seconds then decrease to 300 ℃ and wait for 1 hour. 

Repeat twice more. 

¶ Decrease to growth temperature and wait for at least 30 minutes for temperature to be stable. 

  

3. STO 

To obtain an atomic flat surface, the STO substrate was first etched by 10-1 BOE solution for 3 

minutes and rinsed in DI water for 1 minute, then annealed in tube with mixture of 20% oxygen and 

80% Ar gas flow at 1000 ºC for 150 minutes.  

4.2.2 Growth conditions 

For simplicity, we started from growing binary compound Bi2Te3 to find the optimal growth 

conditions for high quality epitaxial film. High-purity Bi (99.999%) and Te (99.999%) sources were 
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evaporated by effusion K-cell and cracker source respectively. All fluxes and growth rates were 

calibrated by BFM and QCM in advance. During the growth, Te flux rate were fixed by keeping 

reservoir temperature at 400 ºC.  Bi effusion cell temperature varied within 490 ºC - 530 ºC to adjust 

flux ratio. According to the phase diagram [109],  a Te-rich environment is necessary for the 

nucleation of Bi2Te3. Therefore, the ratio of Bi:Te was maintained between 1:4 ~ 1:6. The optimal 

substrate temperature varied slightly for different substrates due to their difference in thermal 

radiation absorbent efficiency and in surface energy.  The set values for the three substrates were TSi = 

270 ºC, TSapphire = 210 ºC and TSTO = 300 ºC.  

Following the optimal growth condition for Bi2Te3 film, Sb was doped without sacrificing 

crystalline quality. The ratio of Bi:Sb can be changed by regulating source temperatures. Sb 

temperature was changed within 390 ºC - 430 ºC to vary Bi:Sb from 2:1 to 1:3 (corresponding to x = 

0.25 ~ 0.67).  

4.2.3 Characterization results 

The surface condition of samples was monitored by RHEED in real time during growth. Figure 4-3 

(a-c) show the RHEED patterns of different substrates before growth and Figure 4-3 (d-e) are the 

patterns of 7 nm BST films grown on them. Streaky RHEED patterns indicate the films grown on all 

three substrates have atomic flat surfaces. RHEED intensity oscillations were also observed. The 

oscillation decayed after about 5 ~ 7 QLs, indicating the layer-by-layer growth mode collapsed as the 

film growing thicker due to weak van der Waals interaction between layers. However, streaky 

RHEED patterns were still preserved for thicker films up to 20 QLs.   

In addition to RHEED, ex situ XRD was performed to characterize the bulk crystalline quality of 

the (Bi1-xSbx)2Te3 films and the results were similar on all three substrates. Figure 4-4 shows the 

coupled θ-2θ scan of a (Bi1-xSbx)2Te3 film grown on sapphire, where only the characteristic diffraction 

peaks from the plane family {0 0 0 1} can be seen, confirming the film was c-axis orientated. Figure 

4-5 shows the 360º Φ scan of another film grown on Si (111), looking at the plane (0 1 1̅ 5). The six 

fold symmetry further confirmed the (Bi1-xSbx)2Te3 film was epitaxial with expected in plane 

orientation.   
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Figure 4-3: (a)-(c) RHEED patterns of Si (111), c-cut sapphire and STO (111) substrates after 

being treated by corresponding procedures. (d)-(f) (Bi1-xSbx)2Te3 films grown on different substrates, 

incident along [1 1 2̅ 0]. (g)-(i) RHEED intensity oscillations during the growth on each substrate.  

(a) Si (111)                                 (b) Sapphire                           (c) STO (111) 

(d) BST on Si (111)                 (e) BST on Sapphire                     (f) BST on STO(111) 

(g)  (h)  (i)  
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Figure 4-4: XRD coupled θ-2θ scan showing peaks from (Bi1-xSbx)2Te3 {0 0 0 1} plane family. 

Substrate is sapphire. 
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Figure 4-5: XRD azimuthal Φ scan of (Bi1-xSbx)2Te3 on Si (111), seeing (0 1 1̅ 5) plane. 

Besides the crystalline quality, the chemical stoichiometry of the (Bi1-xSbx)2Te3 thin films was 

characterized in situ by XPS. According to literature [87], the bulk insulating (Bi1-xSbx)2Te3 film 

should be achieved when the ratio x ≅ 0.5. With this ratio, the Dirac point of topological surface state 

can be tuned within the bulk band gap, previously reported by ARPES. In this project, (Bi1-xSbx)2Te3 

thin films with different x values were grown on STO and Hall measurements were performed to 

compare their carrier density. The thickness of these films is about 7 nm, which is also the typical 

thickness used for our heterostructure later. Figure 4-6 shows the carrier density of four samples 

measured at 4K. The film with x ~ 0.5 has the lowest carrier density, which is about 5×1012 cm-2. 

Back gating voltage was further applied to the (Bi0.5Sb0.5)2Te3 film. Figure 4-6 (b) shows the sheet 

resistance and carrier density at different gating voltages. The Fermi level is tuned across Dirac point 

with Rxx maximized around VG = 20 V. On the other hand, sheet carrier density is close to its 

minimum at VG = 12 V. The Hall measurements confirmed that our (Bi0.5Sb0.5)2Te3 film is bulk 
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insulating and the surface states can be well tuned by applying gate voltages, consistent with literature 

[87].  

 

Figure 4-6: (a) Sheet carrier density dependence on Sb concentration (b) Sheet resistance (left) 

and carrier density (right) tuned by gate voltage 

4.3 MBE growth of (Bi0.5Sb0.5)2Te3 (BST)-Nb heterostructure 

In previous sections, the (Bi0.5Sb0.5)2Te3 (BST) film has been verified to have high crystalline quality 

and low carrier density, which is preferable for the study on its surface states. The TI-S or S-TI 

heterostructure provides a platform to induce 2D topological superconductivity at the bottom or top 

interface of TI through superconducting proximity effect. Different from most studies in literature, 

where the heterostructures were built using TI flakes [48] or superconductor flakes [11-13, 81], we 

aimed at growing TI-S multilayers on wafer size scale. In this section, we will show the growth 

methods and characterization results of BST-Nb heterostructure. The superconductor Nb was chosen 

because of its stability and compatibility with the subsequent fabrications. Note a kind of S-TI 

heterostructure can be easily obtained in our growth system by simply depositing Nb on top of BST at 

room temperature. But in the opposite way, it is not trivial to grow BST on top of Nb because the 

growth of BST requires elevated substrate temperature, and this temperature needs to be readjusted 

due to existence of Nb. 

Si (111) and c-cut sapphire substrates were used to deposit the heterostructure. The deposition 

follows several steps. First, the substrates were treated following the same preparation procedure 

described in section 4.2.1, then transferred under vacuum to a magnetron-sputtering chamber to 



 

 

 

 40 

deposit the Nb film. The base pressure of this sputtering chamber was kept at 1×10-10 mbar to reduce 

foreign compounds such as Nb oxides. The Nb film was deposited at room temperature. The Ar gas 

flow was 30 sccm and injected near the sputtering targets. The pressure during growth was kept at 

5×10-3 mbar and the power for growth was 200 W, giving the growth rate 2 Å/s. After the deposition 

of 50 nm Nb thin film, the sample was then transferred to the MBE chamber for the BST film 

deposition.  

Before growing BST, the surface condition of Nb film was characterized by RHEED. Figure 4-7 

shows the RHEED pattern of a 50 nm Nb film deposited on the sapphire substrate. The Nb surface 

was smooth, indicated by the streaky RHEED patterns. The six-fold symmetric RHEED patterns 

coupled with ex situ XRD scans, indicates that the Nb film is (110) highly textured, with three 

equivalent layouts simultaneously present on the hexagonal sapphire lattice. Despite the good Nb 

quality, when we attempted to deposit the BST films on Nb following the same condition as they 

were grown directly on the bare substrates, RHEED patterns indicated amorphous film. This is in 

sharp contrast to the previous results, where RHEED showed perfect streaky patterns and clear layer-

by-layer intensity oscillations. We employed XPS to check the chemical composition of the 

amorphous film and found out the Te element was much more concentrated while Bi & Sb were 

insufficient compared to the desired (Bi0.5Sb0.5)2Te3 film, see Figure 4-8, which means the deposition 

at regular growth temperature didn’t realize the stoichiometric (Bi0.5Sb0.5)2Te3 phase. It was similar to 

the case when substrate temperature is higher than the decomposing temperature of (Bi0.5Sb0.5)2Te3, 

indicating that the real temperature might be higher when the Nb film was coated than that on a bare 

substrate if using same set values. Considering the substrate was heated through thermal radiation 

from a heater mounted at the backside, the Nb film coating can affect its thermal property. On one 

hand, Nb will absorb more infrared radiation that was originally transparent through the substrate. On 

the other hand, the thermal emissivity constant of Nb at the growth temperature is quite low (7% at 

270 ºC) [110], which means it reflects the radiation back to the substrate and blocks the heat transfer 

to vacuum. As a result, the actual substrate temperature can be elevated. To compensate this 

increment, we decreased the set value of substrate temperature to lower the power applied to the 

heater. It turns out that the (Bi0.5Sb0.5)2Te3 films grown at this decreased temperature showed 

expectant single crystallization and correct chemical stoichiometric. Figure 4-7 (c) and (d) Figure 

2-1compare the RHEED patterns of two BST films grown on Nb-Si (111) when substrates were set at 
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270 ºC and 150 ºC respectively. The one at 270 ºC shows amorphous surface, while streaky patterns 

show up at 150 ºC. Clearly the setting value for substrate temperature needs to be re-adjusted to 150 

ºC for successful formation of BST. Similar influence on substrate temperature from coated film was 

also found when we grew other heterostructures, including MgB2-MgO-MgB2 and BST-MgB2, which 

will be discussed in chapter 6 and chapter 7.     

 

 

  

Figure 4-7: (a) and (b): Two sets of RHEED patterns of Nb film showing up alternatingly every 

30° as sample was rotating azimuthally, suggesting the (110) oriented Nb film is highly textured with 

six-fold symmetry (c) BST grown on Nb when substrate was set at 270 ºC (d) BST grown on Nb 

when substrate was set at 150 ºC 

 

(a)  (b) 

(c)  (d)  
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Figure 4-8: XPS survey scan on BST films grown on Nb at 150 ºC and 270 ºC 

A two-step growth method introduced in reference [111] can further improve the quality of BST 

films grown on Nb. Following this method, a thin passivation layer of Bi-Sb-Te (0.5nm) was 

deposited at low temperature (150 ºC), then annealed to 210 ºC with a slow ramping speed. RHEED 

patterns became brighter and clearer during this annealing process, suggesting it can aid 

crystallization in the Bi-Sb-Te passivation layer. After annealing, the temperature was again lowered 

to the passivation layer deposition temperature and another passivation layer was grown. After a few 

cycles of such passivation step, 1~2 nm Bi-Sb-Te crystallized layer was formed. Then the 

(Bi0.5Sb0.5)2Te3 film was deposited at 150 ºC. Figure 4-9 shows the RHEED pattern for a typical BST 

film deposited using the two-step methods. The bright streaky pattern indicates the film has flat 

surface morphology.  
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The quality of BST films grown on Nb was then characterized ex situ by XRD. Figure 4-10 (b) shows 

the θ-2θ scans. The peak positions are consistent with the reflections from only {0001} lattice plane 

family, which indicates the well orientated c-axis growth of BST films. To examine the quality of the 

interface between BST and Nb, cross-sectional high-resolution transmission electron microscopy 

(HRTEM) measurement with an acceleration voltage of 200 KeV was performed on one of the two-

step deposited samples. Figure 4-10 (a) shows a film of 12 QLs of BST (~ 12 nm) on top of 60 nm 

Nb. An epitaxial layered structure of BST film on Nb surface can be clearly observed, with very high 

structural perfection. The first several quintuple layers do not show any amorphous nature or half 

BST quintuple layer indicating that growing with the two-step method indeed prevents amorphous 

BST formation, and promotes top BST layers Van der Waals epitaxy.     

 

   

Figure 4-9: RHEED pattern evolution during two-step growth of BST on Nb.  (a) 0.5 nm Bi-Sb-

Te passivation layer deposited at 150 ºC (b) anneal to 210 ºC (c) 7nm BST grown by two step method. 

       

Figure 4-10: (a) Cross-sectional HRTEM image showing the interface of BST-Nb  (b) XRD θ-2θ 

coupled scan results comparing the BST films grown on Nb and directly grown on sapphire. 

Nb 

BST 

(a)                                  (b)                                 (c)    
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4.4 BST-EuS heterostructure: magnetic proximity 

Introducing ferromagnetic order into TI will open up a gap on the surface states. Interplay between a 

magnetic gap and a superconducting gap on the TI surface can lead to chiral Majorana modes [60, 

78]. Doping TI with magnetic elements is an effective way to introduce ferromagnetism, through 

which researchers have realized the quantum anomalous insulator (QAHI) [6, 79, 112]. More 

inspiringly, signature of chiral Majorana modes has been reported in a heterostructure combining a 

QAHI and a superconductor [79].  

Magnetic interaction can also be induced through proximity with ferromagnetic insulator. 

Compared with the doping method, this will avoid introducing crystal defects hence avoid affecting 

the bulk conductivity of TI. In addition, the short-range nature of exchange interaction will ensure 

magnetic response is from the TI surface states instead of bulk carriers. EuS is a typical Heisenberg-

type ferromagnetic insulator with a large exchange splitting on its conduction band (0.36 eV at 0.4 K) 

and the Curie temperature of bulk EuS is 16.7 K [113]. Each Eu2+ ion has a large magnetic moment of 

7𝜇𝐵 (Bohr magneton) from the half-filled 4f bands [114]. With a reasonably large bandgap, EuS is 

widely used as tunnel barrier for spin filtering magnetic tunneling junctions [115-117]. Moreover, it 

has been reported that EuS can provide effective exchange coupling with TI surface states in different 

TI-EuS heterostructures [118-124]. Here we grew heterostructures including EuS-BST, BST-EuS and 

BST-EuS-BST sandwich structure. The substrates can be Si (111) or c-cut sapphire. In either of the 

heterostructures, ferromagnetic order has been successfully introduced onto the surface of BST. 

EuS was evaporated  by the e-beam evaporator. Figure 4-11 (a) and (b) show the RHEED patterns 

of EuS (001) grown on BST thin films at 100 ºC. Two different sets of patterns are seen along [100] 

and [110] azimuthal incidence, suggesting the EuS film is single crystalline with good in-plane 

orientation. Inversely, BST thin film can also grow epitaxially on EuS following the same growth 

condition as it was grown on bare substrates. Figure 4-11 (c) and (d) show the RHEED patterns of 

BST film grown on EuS at 250 ºC, along [101̅0] and [112̅0] incident directions. Despite the 

roughness of underneth EuS film indicated by the dotted patterns in (a) and (b), after BST film was 

grown, streaky patterns devleoped. This suggests the van der Waals epitaxy mode helps relax the 
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BST film as it is growing and smooth its surface, although the streaks are thicker compared with BST 

films grown directly on bare substrates. 

 

  

   

Figure 4-11: (a) and (b): RHEED patterns of EuS (001) film grown on BST,  incident along [100] 

and along [110]. (c) and (d): RHEED patterns of BST grown on top of EuS, incident along [101̅0] 

and [112̅0]. 

The magnetic property of the heterostructures was determined by measuring magnetoresistance 

(MR) at 4.2K. Similar results were observed on both BST-EuS bilayer or BST-EuS-BST trilayer 

structures. In Figure 4-12 , we show the typical MR of a BST-EuS-BST structure. Both BST layers 

are 15 QLs and EuS is 8 nm. Sample was cut into 1 cm2 square and 4 wires were connected on the 4 

corners. Longitudinal resistance (Rxx) was measured by sending current along one edge of the square 

and reading voltage on the opposite edge. Magnetic field was applied parallel and perpendicular to 

the sample surface. With parallel magnetic field, the MR curve shows two hysteretic dips at H = ¤63 

Oe, corresponding to the coercive fields Hc of EuS. This is consistent with the results observed in a 

Bi2Se3-EuS heterostructure [118]. The hysteretic MR is an indication that the BST film is induced 

(a)                             [100]      

(c)                           [101̅0]     

(b)                             [110] 

(d)                           [112̅0] 
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into ferromagnetic phase. The MR dips were not observed in perpendicular field setup, see Figure 

4-12 (b), because EuS favors in-plane anisotropy at the given thickness. 

 

 

Figure 4-12: Magnetoresistance measured on a BST-EuS-BST trilayer heterostructure with 

magnetic field parallel to sample surface-(a) and perpendicular to sample surface-(b). The inset 

figures show corresponding measurement setup. 

4.5 Conclusions 

In this chapter, first we have shown that the (Bi0.5Sb0.5)2Te3 thin film grown in our system is epitaxial 

with good surface morphology. Transport measurements on our (Bi0.5Sb0.5)2Te3 thin film confirmed it 

is bulk insulating, which is desired to utilize its exotic surface states for further study. More 

importantly, we developed and optimized the method to grow wafer scaled BST-Nb heterostructure 

by MBE. Characterization results showed the heterostructure has high crystalline quality and clear 

interface. On the other hand, by growing BST-EuS heterostrucure, we can introduce ferromagnetic 

order onto the BST surfaces. Both the superconducting proximity and magnetic proximity effects on 

TI, or combination of these two effects, can lead to exotic Majorana states. The heterostructures 

provide a good platform for further study as well as paves a way to make scalable devices for 

quantum technology in the future.     

 

  

(a) (b) 
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Chapter 5 

Vertical Nb-BST-Nb junctions 

5.1 Introduction 

Being able to grow high quality BST on top of Nb, or simply deposit Nb on top of BST, we can 

obtain TI-S or S-TI heterostructures. In these two types of structures, the superconducting proximity 

effect exists on the bottom or top surface of TI and different experimental approaches are needed to 

access them. For example, TI-S structure is more suitable for scanning tunneling microscopy (STM) 

studies, like those done by [11-13]. With the STM tip approaching from the top while proximity 

effect coming from the bottom, tunneling spectroscopy can see thickness dependence of the induced 

superconducting gap. By applying perpendicular magnetic field to generate vortices, one can expect 

to see signatures of tunneling via Majorana states bound in the vortex core. Whereas for an S-TI 

structure, STM study might be more challenging because the signals from the superconductor on top 

will dominate. Instead, the S-TI bilayer structure can be fabricated into planar S-TI-S Josephson 

junction by creating a gap on the S layer, shown in Figure 5-4. In this configuration, a 4π periodicity 

of bound states forming in the gap will signal the presence of Majorana modes [14, 15, 125, 126]. 

In recent years, more and more researches are concentrating on S-TI-S Josephson junctions [14, 15, 

125, 126], with most of them being in-plane junctions. We are aiming one step further - to create 

vertical S-TI-S Josephson junctions with high quality. A vertical S-TI-S structure, which can be seen 

as a folded planar junction, mimics the sphere model mentioned in [60]. With two superconductor 

layers covering the top and bottom hemisphere of a 3D TI, a π-phase difference between the two 

superconductors will yield chiral Majorana modes counterpropagating on the two edges. Furthermore, 

upon applying an out-of-plane magnetic field penetrating the junction, Majorana zero-modes are 

predicted to exist on the two ends of a flux line [47]. Furthermore, compared with lateral junctions, 

vertical junctions with thinner TI film can better maintain superconducting coherence. Therefore, we 

made vertical S-TI-S Josephson junctions by depositing another layer of Nb on top of the BST-Nb 

bilayer to get Nb-BST-Nb sandwich structure and then going through the fabrication process 

mentioned in chapter 3. Electrical transport measurements were conducted on these junctions. Before 

we move on to discussion about the results, we will briefly review the physical processes including 
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Andreev reflection and Andreev bound states which can take place at the interface between a 

superconductor (S) and a normal metal (N). These processes are also associated with transport 

mechanism in the S-TI-S structure as the surfaces of TI are metallic.   

5.1.1 Andreev reflection at the S-N interface 

Andreev reflection occurs at the interface between a superconductor (S) and a normal metal (N), as 

schematically shown in Figure 5-1. When an electron is incident from the N side at energies less than 

the superconducting energy gap, single-particle transmission is forbidden. Instead, the incident 

electron has to form a Cooper pair with another electron with opposite spin and velocity to transfer 

into S, sending a hole with equal momentum back to N. Due to time-reversal symmetry, the process 

with an incident hole and retroreflected electron will also work. As a result, this process transfers a 

charge of 2e, leading to excess current and doubled conductance. Andreev reflection is a phase 

correlated process, where the phase difference between the electron and the reflected hole is - π/2 plus 

the phase of the superconducting order parameter. Observation of Andreev reflection requires a clean 

interface, otherwise specular reflections at an insulating barrier (I) will reduce conductance, see 

Figure 5-1. The Blonder-Tinkham-Klapwijk (BTK) model [127] provides a general description of 

how Andreev reflection affects the I-V characteristics and differential conductance spectroscopy 

across the N-S junction. The barrier height is included in a parameter Z so that the transmission 

coefficient can be represented as T = 1/(1+Z2). When the interface is perfectly clean (Z = 0), the 

conductance for V < ∆ is twice of the normal conductance for V ˃ ∆, as a result of Andreev reflection. 

For an infinitely large Z, the spectroscopy is exactly of a tunneling junction where conductance is 0 

within the gap. Figure 5-2 show the I-V and dI/dV-V curves at zero temperature (T) for different 

values of Z simulated by BTK model [127]. 
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Figure 5-1: Schematic illustration of Andreev reflection at N-S interface (left) and specular 

reflection at N-I interface (right). 

 

 

   

Figure 5-2: (a) I-V characteristics at T = 0 simulated by BTK model for different barrier 

strengths Z. Z = 0 corresponds to a perfect N-S interface while Z = 50 correponds to an N-I-S 

tunneling junction. The dashed line indicates the normal-state I-V curve. (b) dI/dV-V curves for 

various Z values at T = 0 [127]. 
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5.1.2 Andreev bound states in an S-N-S junction 

Andreev bound states (ABS) are a set of discrete entangled electron-hole states formed in a confined 

S-N-S structure as a result of resonant multiple Andreev reflections. The physical process is 

schematically shown in Figure 5-3. At the right S-N interface, each time an electron is Andreev 

reflected into a hole, a Cooper pair is effectively generated. When the hole moves to the left interface, 

it reflects an electron through Andreev reflection, annihilating a Cooper pair in the left S electrodes. 

Therefore, through an infinite loop of Andreev reflections (electron Ą hole Ą electron…), Cooper 

pairs are transferred from one superconductor to the other, forming dissipationless supercurrent. 

Standing waves of electron and hole waves going back and forth between two superconductors form 

the discrete ABS below the superconducting energy gap. These sub-gap bound states are similar to 

the discrete levels of normal electrons confined in a quantum well, e.x., in a vortex of type-II 

superconductor. Because each Andreev reflection is a phase correlated process, the resultant ABS are 

sensitive to the phase difference between the two superconducting electrodes. Two energy levels of 

bound states (𝐸=±𝐸𝐵) can be obtained by solving the Bogoliubov-de Gennes equation [128], EB=

Δ0√1−𝑇sin
2(𝜑/2), where T = 1/(1+Z2) is the transmission coefficient at the interface, φ = φ2 – φ1 

is the phase difference between the two superconductors. These ABS oscillate with φ with a 2π 

periodicity as schematically shown in Figure 5-3 (b). The Josephson supercurrent carried by the ABS 

are determined by the phase gradient of these energy levels ∂𝐸𝐵(𝜑)/∂𝜑, which is calculated within 

the same model as 

I=−GN
πΔ0
2𝑒

sin𝜑

√1−𝑇sin2(
𝜑
2)

tanh(
𝐸𝐵
2𝑘𝐵𝑇

) 

where GN=2𝑒
2/[ℎ(1+𝑍2)] is the normal state conductance. The presence of these current-

carrying bound states plays a central role as origin of Josephson-like effect for various situations in 

mesoscopic superconducting systems, including weak links, superconducting quantum point contacts, 

and conventional tunnel junctions. More detailed introduction to the general feature of Josephson 

effect is discussed elsewhere in chapter 6. 
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Figure 5-3: (a) Formation of Andreev bound states in an S-N-S junction. (b) Schematic 

illustration for the phase dependence of the 2π periodic Andreev bound states formed in an S-N-S 

junction, and the 4π periodic Majorana modes formed in S-TI-S junction. 

5.1.3 Andreev bound states and Majorana modes in an S-TI-S junction 

Fu and Kane considered an S-TI-S junction (Figure 5-4) in their groundbreaking proposal for the 

superconducting proximity effect on TI surface [7]. They solved the ABS in the topological surface 

state channel and found that the spectrum is gapless when the phase difference between two 

superconductors φ = π, dispersing with the momentum q in the x direction as shown in Figure 5-4 (b). 

For q = 0 and φ = π, the quasiparticle operators corresponding to the two E = 0 modes satisfy 

𝛾+(𝑞)=𝛾−(𝑞)
†, which resemble the Majorana modes. The gapless Majorana modes double the 

period of the gapped ABS, see Figure 5-3 (b), thus will lead to a 4π periodic current-phase relation for 

the supercurrent flowing across the junction. The proposal made by Fu and Kane boosted both 

theoretical [17, 126, 129-131] and experimental [14-16, 125, 132] studies on searching for Majorana 

modes in S-TI-S junctions. Evidence of anomalous current-phase relation has been reported [14, 16, 

125] which could be caused by the supercurrent carried by Majorana states. However, there need to 

be more concrete results to make a firm conclusion. 
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Figure 5-4: (a) An S-TI-S line junction (b) Spectrum of the Andreev bound states formed in the 

line junction for different φ values, dispersive with momentum q in x direction. The solid line is for φ 

= π. The dashed lines are for φ = 3π /4, φ = π/2, and φ = π/4. The bound states for φ = 0 merge with 

the continuum, indicated by the shaded region. Figures are adapted [7]. 

5.2 Vertical Nb-BST-Nb junction 

Most of the reported studies on S-TI-S structure employed flakes of TI exfoliated from bulk crystal, 

which restricts the fabrication method to making planar junctions and limits the scalability. We have 

mentioned that both Nb-BST and BST-Nb structures can be obtained in our MBE system. The Nb-

BST structure can be fabricated into planar S-TI-S junctions by creating a small gap on the top Nb 

layer, similar to those planar junctions using TI flakes yet providing more possibilities for scaling up 

in the future. Furthermore, by depositing Nb on top of the BST-Nb structure, we obtain Nb-BST-Nb 

sandwich structure which can be fabricated into vertical S-TI-S Josephson junctions following the 

fabrication process mentioned in chapter 3.     

5.2.1 What to expect in a vertical S-TI-S junction 

A spherical model of 3D TI was considered in [60], see Figure 5-5 (a). By coating the top and bottom 

hemispheres with separate superconductors that have a π phase difference, a pair of 

counterpropagating Majorana modes will emerge in the gap. A vertical S-TI-S junction can be seen as 

a deformed version of this sphere by compressing the spherical TI into a sheet with finite thickness. 

Since the deformation does not change the topology, we would expect the counterpropagating 

Majorana modes exist on the top and bottom edges of the TI sheet if a π phase shift can be created, 

for example, by applying a magnetic field in-plane with TI layer. This can also be understood by 
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thinking a vertical S-TI-S junction as a folded planar junction with its two ends are connected now so 

that the 1-D nonchiral Majorana modes present in a planar junction develop into chiral Majorana 

modes with opposite chirality propagating on the side wall of the TI sheet.  

Another way to create Majorana modes in a vertical S-TI-S junction is penetrating magnetic flux 

lines through the junction, as shown in Figure 5-5 (b). We already know the vortex core at the 

interface of an S-TI or TI-S heterostructure can trap a zero energy Majorana mode. In the S-TI-S 

structure, with both TI surfaces are proximate to a superconductor, two Majorana zero-modes are 

expected to exist at the two ends of a flux line. However, as the flux penetrate through the TI bulk, 

there are possibilities that these two modes will hybridize and disappear. The situations at two 

opposite physical regimes have been carefully discussed in [47]. In the extreme thin flux limit, which 

means the spread width of a flux line in TI bulk is much smaller than a lattice constant, the Majorana 

modes on the two opposite surfaces will hybridize with each other and annihilate. In the thick flux 

limit, which is likely the regime of most experiments, the two Majorana modes will be well localized 

the two ends of a flux line. 

To experimentally explore the interesting vertical S-TI-S structure, we fabricated and did transport 

measurements on the vertical Nb-BST-Nb junctions by biasing current. Despite the prediction for 

existence of Majorana modes, we must keep in mind that the transport behavior can be complicated in 

these junctions. There are contributions from other trivial mechanisms including Andreev bound 

states and Josephson effect due to direct coupling between superconducting Nb electrodes. As the 

surface states become superconducting, it will also add contributions to the conductance.  
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Figure 5-5: (a) 3D TI sphere covered by two separate superconductors. Counterpropagating 

Majorana modes (indicated by red and orange arrows) will form at the two edges when there is a π 

phase difference between two superconductors [60]. (b) A vertical S-TI-S junction with magnetic flux 

penetrating though it. Majorana zero-modes can be bound at the two ends of a flux line. 

5.2.2 Transport measurements on vertical Nb-BST-Nb junctions 

We fabricated Nb-BST-Nb junctions with different junction areas, 4×4 μm2, 4×8 μm2, and 6×6 μm2. 

Both top and bottom Nb layers are 50 nm thick and BST is 7 nm. The 7 nm thickness of BST is about 

the limit for layer by layer growth realized in our system, shown in chapter 4. Meanwhile, it is a 

reasonable value, being thick enough to avoid direct hybridization between the two surfaces and thin 

enough for Cooper pairs in the two superconductors to overlap. Tc of the 50 nm Nb electrodes is 

around 8.1 K ~ 8.2 K, measured on the bottom strips by two terminal methods. The R-T curve is 

shown in Figure 5-6 (d). Because the two terminals were connected on the two big pads which 

contain not only the bottom but also the top layer of Nb, we can see the superconducting transitions 

from both electrodes. Slight difference of Tc from top and bottom Nb gives the small shoulder on the 

R-T curve. Finite resistance below Tc is from contacts and wires which cannot be eliminated by the 

two terminal measuring method. The Tc ~ 8.1 K corresponds to a gap value ∆ ≅ 1.2 meV.  
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Figure 5-6: (a) The I-V curves measured on the 4×4 μm2 junction at 3.5 K and 300 mK. (b) The 

I-V curves measured on the 6×6 μm2 junction at 3.5 K, showing the behavior of Ic1 and Ic2 in parallel 

magnetic fields. (c) I-V curves on a smaller scale, showing the behavior of Ic2 in figure “(b)”. (d) R-T 

curve measured on the bottom Nb strip. The inset shows wire connections for the measurement. 

Measurements on the junctions were conducted by the 4-terminal method and the connections have 

been shown in Figure 3-7 (chapter 3).  Nine junctions were measured in a continuous flow cryostat at 

temperatures above 2 K, then six of them were further studied in He3 fridge down to 300 mK. All 

junctions exhibited qualitatively similar behaviors. We are going to discuss the typical features 

measured from two junctions with sizes of 4×4 μm2 and 6×6 μm2. Figure 5-6 (a) compares the I-V 

curves of the 4×4 μm2 junction measured at 3.5 K and 300 mK respectively. Figure 5-6 (b) and (c) 

show the I-V curves of the 6×6 μm2 junction measured at 3.5 K under in-plane magnetic fields within 
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different ranges of current bias. The I-V characteristics of both junctions share a common feature: 

there are two critical current values (Ic1 and Ic2) indicated by slope changes, both of whom are 

dependent on the junction size. Ic1 is about 8 mA in the 4×4 μm2 junction and 15 mA in the 6×6 μm2 

junction. Ic2 is about 3.5 mA in the 4×4 μm2 junction and 7.5 mA in the 6×6 μm2 junction. The values 

of Ic1 and Ic2 almost double as the junction area doubles, suggesting that the changes are contributed 

by the junction itself. As shown in Figure 5-6 (a), when junctions were cooled down from 3.5 K to 

300 mK, Ic1 and Ic2 did not change much, indicating that they are not sensitive to changes in 

temperature as long as it is well below the Tc of Nb. In contrast, they react very differently upon 

application of magnetic field. According to Figure 5-6 (b) and (c), Ic2 is easily suppressed by a small 

in-plane field while Ic1 is not sensitive. This suggests that the two critical currents have different 

origins which will be discussed later.  

 

 

Figure 5-7: Differential conductance spectroscopies of the 4×4 μm2 junction. The dI/dV values 

are normalized relative to the normal state conductance values above Ic1. (a) dI/dV-V curves at 3.5 K 

and 300 mK. The inset zooms in on the ZBCP which emerges at 300 mK. (b) dI/dV-V curves 

measured in a perpendicular magnetic field at 300 mK. Curves are offset for clarity. The inset zooms 

in on the ZBCP to show its behavior in magnetic fields. 

By taking derivative of the I-V curves, we obtained the differential conductance (dI/dV) 

spectroscopies. The results were also verified with direct lock-in measurements. Figure 5-7 (a) 

compares dI/dV-V curves measured at 3.5 K and 300 mK. Figure 5-7 (b) shows the curves measured 

at 300 mK in various magnetic fields perpendicular to the substrate. There are three main features on 

(a)                                                                          (b) 
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the dI/dV-V curves. First, they show a wide bump with some oscillations. The oscillation could be 

attributed to multiple Andreev reflection or McMillan-Rowell oscillations [133, 134]. The width of 

the bump is determined by the critical current Ic1 as shown in Figure 5-6 (a), above which normal 

junction resistance dominates. In Figure 5-7 (b), we can see the bump width so as Ic1 does not change 

in small perpendicular magnetic fields (H < 400 Oe). In larger field up to 1 T, the bump shrinks but is 

still present, which means Ic1 survives in this large perpendicular field. By combining with 

information from I-V characteristics, we can see Ic1 is fairly robust, not sensitive to temperature nor 

magnetic field. Therefore, we attribute Ic1 to the critical value of Josephson supercurrent by direct 

coupling between the two Nb electrodes. 

Second, at low bias voltage (~ 0.25 mV in Figure 5-7) there is a plateau, corresponding to a 

conductance enhancement below Ic2 in the I-V curve. The conductance spectroscopy in Figure 5-7 (b) 

shows the plateau width quickly shrinks into a sharp spike at about 200 Oe, which means Ic2 can be 

easily suppressed by a small perpendicular field. This behavior of Ic2 is similar to that in small parallel 

field indicated by Figure 5-6 (b) and (c). Compared with Ic1, Ic2 is very fragile. It is therefore 

attributed to the Josephson effect between the very sensitive, proximity-induced superconducting TI 

surfaces. As reported in the literature [81, 135], proximity-induced superconductivity on TI surfaces 

can develop at a temperature close to Tc of S, so we are able to start observing Ic2 at 3.5 K. When this 

induced fragile superconductivity is destroyed by a magnetic field, the plateau on the dI/dV curve 

disappears. On the other hand, as the spike height at zero bias does not change much in higher field 

up to 1T, we regard it as contribution from the Josephson current between bulk Nb electrodes.  

Third, when temperature further cools down to 300 mK, a small zero bias conductance peak 

(ZBCP) emerges at the center of the plateau as shown in  Figure 5-7 (a). The ZBCP requires lower 

temperature to show up but is more robust in perpendicular field than the plateau. Figure 5-7 (b) we 

can see the plateau width starts to shrink in a very small field (H < 50 Oe), while the ZBCP does not 

change much. An obvious suppression of the ZBCP can be seen when H reaches 200 Oe. The 

dependence of ZBCP on temperature and field is shown in Figure 5-8 (a) and (b) respectively. The 

peak can survive up to 2000 Oe. This would exclude the contribution from the Al wire as the critical 

field for superconducting Al is only around 100 Oe [136]. 
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Figure 5-8: (a) Temperature dependence of the ZBCP height. (b) Magnetic field dependence of 

the ZBCP height. Blue points are experimental data. Red points are averaged data.  

5.2.3 Discussion 

Since the presence of a ZBCP is usually taken as a signature of the Majorana zero-mode, it has been 

reported and investigated extensively in various S-TI structures [12, 13, 48, 50, 81, 137]. The ZBCP 

observed by STM in the vortex cores at the Bi2Te3-NbSe2 interface is a strong evidence for Majorana 

zero-mode [12, 13]. However, in this scenario one needs to first create vortex cores with a 

perpendicular magnetic field and their number should increase as the field increases. As the ZBCP in 

our observation showed up in zero magnetic field and decreased monotonically upon applying a 

perpendicular field, we can basically exclude the possibility that it comes from the Majorana zero-

modes bound in vortex cores. 
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ZBCP has also been observed in different S-TI interfaces through transport measurements [48, 50, 

81, 137]. However, the origin of ZBCP in these situations is more complicated because there can be 

many mechanisms contributing to it as we have mentioned. One possible mechanism is the formation 

of Andreev bound states between bulk Nb. Since the ZBCP in our observation only appears at very 

low temperature (300 mK) instead of developing immediately below Tc of Nb, we do not think 

Andreev bound states are causing our observation. Another possibility is that the bulk of TI is also 

induced to be superconducting. This mechanism has been claimed responsible for the ZBCP observed 

at the interface of Bi2Se3-NbSe2 [81]. It has also been reported that a strong proximity effect can 

develop along the thickness direction of the Bi2Te3 crystal [135]. Considering the Fermi level in those 

Bi2Se3 and Bi2Te3 samples is lying inside conduction bands, it is reasonable that the bulk electrons 

played an important role in their observation. But in our case, we have demonstrated the Fermi level 

of BST is carefully tuned into bulk gap by regulating the chemical stoichiometry, supported by Hall 

measurements shown in chapter 4. Therefore, the insulating bulk of our BST film is not very likely 

induced into a superconducting state by proximity. 

After ruling out these mechanisms, to the best of our knowledge, the ZBCP most possibly 

originates from a series of tiny Andreev bound states that form on the sidewall of the TI layer 

confined between the top and bottom superconducting layers, like a planar device being folded up. In 

this configuration, as we have analyzed in section 5.2.1, when there is a π phase difference, the 

Andreev levels will cross at zero energy to form counterpropagating chiral Majorana modes expected 

at the top and bottom edges of the sidewall. With the inherent π Berry phase shift for a closed loop, 

associated with the nature of TI, all these Andreev bound states have energies centered on zero (with 

one of them precisely at zero), and conductance through the most dominant states therefore 

collectively contribute to the ZBCP observed in our devices. However, we do not have the energy 

resolution to resolve individual bound states so the ZBCP that we observed may contain the 

integrated total contributions. 

5.3 Conclusions 

To conclude, motivated by predictions for existence of non-trivial Majorana states in a vertical S-TI-S 

junction, we grew Nb-BST-Nb sandwich structure by depositing a top layer of Nb on the BST-Nb 

heterostructures, and fabricated vertical Josephson junctions. The I-V and dI/dV-V characteristics of 
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these junctions were investigated at different temperatures and in various magnetic fields. There are 

several channels contributing to the conductance and leading to different features in the dI/dV 

spectroscopy. Josephson current between bulk Nb contributes to a bump and the non-vanishing sharp 

spike at zero bias on the dI/dV-V curve. The proximity-induced superconductivity on TI surfaces 

leads to a plateau which is fragile in magnetic field. A more robust ZBCP was observed on the 

plateau upon cooling down to 300 mK. The ZBCP could be contributed by tiny Andreev bound states 

formed on the TI pillar’s side wall.  However, limited by the energy resolution, whether the ZBCP is 

related to the long-expected Majorana state is still not confirmed. As the structure of vertical S-TI-S 

Josephson junction has not been studied much in literature, our experimental results provide further 

understanding beyond single S-TI interface. The growth and fabrication methods pave a way for 

further study and potential applications of devices based on various structures including S-TI, TI-S 

and S-TI-S in the future.  
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Chapter 6 

Superconducting MgB2 thin films and heterostructures 

Before moving on to the BST-MgB2 heterostructure, in this chapter the discussion will be focused on 

the growth of superconducting MgB2 thin film which requires special care to achieve good film 

quality. We will show the enhancement in the film quality of MgB2 grown in our system. Furthermore, 

we have grown fully epitaxial MgB2-MgO-MgB2 multilayer heterostructure and fabricated sandwich-

type Josephson junctions whose performance supports that the thin films have superb quality. 

Similarly, we also achieved MgB2-EuS-MgB2 heterostructure with magnetic barrier EuS. 

6.1 Introduction  

The superconductivity of the binary metal MgB2 was first discovered in 2001 [19, 138]. Since then, it 

has attracted significant research interests from both fundamental understanding and practical 

application aspects. Being a standard BCS (Bardeen–Cooper–Schrieffer) superconductor, bulk MgB2 

has the highest critical temperature with Tc = 39 K which is also the theoretic limit of the BCS 

superconductors at ambient pressure [19]. The superconducting Tc in BCS theory is proportional to 

phonon frequency. In MgB2, the light mass of boron atoms enhances its phonon frequency thus 

enhances the Tc. The crystal structure of MgB2 has boron atoms forming honeycombed layers and 

magnesium atoms locating above the center of the hexagons in between boron layers, shown in 

Figure 6-1. The corresponding lattice constants are a = 3.086 Å and c = 3.524 Å [19]. Similar to 

graphite, the in-plane B atoms are combined through strong σ-bonding within the honeycombed layer 

and adjacent layers are coupled through a weaker π-bonding. The phonon mode based on B-B 

vibrations couples strongly to the σ-bonding electronic states at the Fermi level whereas the coupling 

to the π-bonding states is much weaker, leading to the two different superconducting gaps with ∆σ = 5 

~ 7 meV and ∆π = 2 ~ 3 meV [139], which is a unique nature of MgB2. This unique two-gap feature 

has been studied theoretically and confirmed by experiments [18, 140-149]. 
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Figure 6-1: Crystal structure of MgB2. Boron atoms form honeycomb planes, and magnesium 

atoms occupy the centers of the hexagons in between boron planes. 

Its high Tc and large superconducting energy gap allow MgB2 based superconducting electronics, 

such as Josephson junctions and superconducting quantum interference devices (SQUID), to operate 

at relatively higher temperatures (ů 20 K, more suitable for field operations) and higher speeds [150-

153]. MgB2 films also have very high critical current density on the order of 107 A cm-2  and high 

critical field up to 29 T [154]. These properties make MgB2 a favorable candidate for superconductor 

applications. Moreover, with its hexagonal layered structure, MgB2 is ready to be coupled with many 

layered hexagonal materials such as graphene and topological insulators. In this thesis, we attempted 

to grow (Bi0.5Sb0.5)2Te3-MgB2 heterostructure, hoping to induce superconductivity with larger gap on 

the topological surface states of (Bi0.5Sb0.5)2Te3. 

Many techniques have been developed to grow epitaxial (0001)-oriented MgB2 thin films, such as 

hybrid physical-chemical vapor deposition (HPCVD) [155], co-sputtering [156] and pulsed laser 

deposition (PLD) [154, 157]. These techniques require either elevated substrate temperature or post-

annealing at 700 - 850 °C with high Mg vapor pressure, which is not suitable for multilayer growth 

and device integration. MBE is able to achieve one step growth of MgB2 films at a suitable low 

substrate temperature 150-320 ºC [158-163]. However, even within such a narrow growth window, 

the MgB2 crystal quality still varies tremendously. One of the contributions of this thesis is to 

optimize epitaxial growth of MgB2 films. We used in situ RHEED as well as ex situ XRD to 

demonstrate our films are epitaxial with clear in-plane orientation. We further proceeded to grow 

fully epitaxial MgB2-MgO-MgB2 heterostructures, with MgB2 are (0001) and MgO are (111) 
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orientated. Sandwich-type Josephson junctions were fabricated by photo-lithography. These junctions 

exhibit clear Fraunhofer patterns, demonstrating good barrier uniformity. Furthermore, we observed 

clear Fiske steps in the I-V characteristics of these junctions, which are caused by interactions of the 

ac Josephson effect with the intrinsic electromagnetic cavity modes of the junctions that form 

sandwiched transmission line geometry) [164-167]. Magnitudes of the Fiske steps oscillate 

periodically with applied magnetic fields, well matching the expected behavior.    

6.2 MBE growth and characterization of MgB2 thin films and heterostructures 

6.2.1 Growth of MgB2 thin films 

  Growth of c-axis or (0001) orientated MgB2 is desired to be compatible with the hexagonal lattice of 

(Bi0.5Sb0.5)2Te3 for the purpose of epitaxial heterostructure. With the lattice constant a = 3.086 Å, 

MgB2 films are able to be epitaxial on c-cut sapphire (a = 4.765 Å) through 30º in plane rotation [168, 

169], as well as on Si(111) substrate with MgO (a = 4.211 Å) buffer layer [170]. MgB2 has a lattice 

mismatch of -35% referred to sapphire along the [112̅0] axis, which is unfavorable for epitaxial 

growth. A 30º in-plane rotation of the [112̅0] direction of the MgB2 film with respect to the substrate 

results in a parallel orientation of [112̅0] MgB2 and [101̅0] sapphire. This provides a lattice mismatch 

of ~ 9%.  

Detailed studies on the influence of growth conditions including substrate temperature and flux 

ratio of Mg:B during MBE growth are discussed in [171]. According to both the previous studies and 

to our own experience, high Mg flux is necessary and substrate temperature has very narrow window. 

After investigations on different substrates including Si (111), Si (100) and c-cut sapphire, we found 

that the best epitaxial films were achieved on Si (111) with a thin (111)-MgO epi-buffer layer. 

Therefore, we will focus our following discussions mainly on (111)-Si substrates. Si wafers were 

etched by 10:1 BOE solution or 1% HF solution to remove the native oxide and to form a hydrogen 

passivated surface. The growth was undertaken in the metal MBE chamber described in chapter 3. To 

prevent the formation of Mg-Si alloy, prior to the growth of MgB2, 5 nm MgO was deposited as a 

buffer layer with electron-beam evaporation with substrate temperature at 300 °C. The substrate 

temperature was then lowered to the desired values for epitaxial MgB2 growth. Various growth 

temperatures were attempted, and the optimum was found to be 240 ºC in our system, calibrated with 
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surface-mount thermocouple to the substrates’ surface. Mg (99.99%) was evaporated from a Knudsen 

cell (k-cell) with a PBN crucible. Mg flux was maintained at 2 Å/s by regulating the k-cell source 

temperature within 390 ºC ~ 410 ºC. Electron beam evaporation was adopted for B due to its very 

high evaporating temperature (~ 1800 ºC). B (99.5%) was contained within a graphite crucible to 

avoid contamination and its flux rate was kept at 0.2 Å/s, monitored in real-time by QCM. The 

growth rate of MgB2 film was dominated by the rate of B. RHEED patterns generated with 15 KeV 

high energy electron beams were collected before, during and post growth to investigate the surface 

quality of substrates as well as the deposited films.  

Figure 6-2 shows a set of RHEED patterns at different stages of the optimal growth. Our as-grown 

MgB2 films showed streaky RHEED patterns instead of spotty patterns reported in earlier work [172, 

173], demonstrating significant improved surface smoothness. The rotational symmetry and in-plane 

crystal orientation of the films was further examined by RHEED with various beam incidence angles. 

Two distinct RHEED patterns alternate themselves when the azimuthal angle rotates every 30º. The 

spacing between streaks (W) is reciprocal to the spacing between rows of atoms (d) on the 2D 

hexagonal lattice. W and d are connected by d = λL/W, where L is the distance between the RHEED 

screen and the sample, λ is the wavelength of the incident electron beam. As shown in Figure 6-2, 

when the incidence direction rotates from [101̅0] to [112̅0], the spacing between streaks changes 

from W1 to W2, where W1≅√3W2 (corresponding to d2≅√3d1) as expected. In addition, the X-ray 

diffraction result show in Figure 6-3 is consistent with RHEED, showing only reflection peaks from 

the plane family of {000l} MgB2 peaks in addition to the substrate peaks, indicating a phase-pure c-

axis oriented MgB2 film. The six-fold symmetry from XRD 360º Φ scan on the {101̅1} planes 

supports the MgB2 films being also in-plane oriented, i.e., fully epitaxial. In addition to the crystalline 

quality, the superconducting transition of a 50 nm MgB2 film was measured to be Tc = 36 K with ∆T < 

1 K, shown in Figure 6-2 (e). It is lower than the Tc = 39 K of bulk material, which is reasonable 

considering the small thickness.   

The substrate temperature is critical for the cystallization of MgB2. We carefully investigated the 

growth at various substrate temperatures. The substrate was heated through radiation heating from a 

noncontact heater (SiC). As a result, the actual substrate temperature can be different from the set 

point, depending on many factors that may affect radiation absorption, including substrate type as 
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well as the thickness and absorption coefficient of the prior deposited films. On the other hand, the 

quality of MgB2 is very sensitive to the changes in substrate temperature caused by these subtle 

differences. Therefore, in addition to the calibrations from substrate-mounted thermocouples, we 

extensively referred to the in situ RHEED patterns to determine the real-time surface condition which 

can also reveal the true surface temperature.  

The crystallization of MgB2 happened in a Mg-rich enviroment. Because of the high flux rate of 

Mg, the substrate has to be maintained at higher than a critical temperature so that excess Mg can not 

physically condense onto the substrate unless it chemically reacts with B to form MgB2. We found the 

critical teperature for Mg condensation to be around 235 ºC in our system, by deopositing only Mg at 

different temperatures. The saturation Mg vapor pressure is around 5×10-7 torr at this temperature 

[174], roughly corresponding to a Mg impingement rate of 1 monolayer/sec in equilibrium with the 

vaporization rate. The Mg flux we sent in our system is on the same order of magnitude as this 

equilibrium vaporization rate, therefore at lower than this temperature, we can expect a large amount 

of excess Mg reaching and condensing on the surface because deposition > vaporization; at higher 

than this temperature however, Mg will vaporize right away unless they become chemically bound to 

the surface with B (forming MgB2). This becomes a self-limiting process. According to our 

obervation, Mg droplets indeed formed below 235 ºC, evidenced with spotty RHEED patterns 

(indicating poly 3D growth) appearing in less than 1 min after the deposition starts, see Figure 6-4 (a),  

wheares when the substrate temperature was raised to 235 ºC (Figure 6-4 b), such RHEED patterns 

did not show up throughout the growth, demonstrating the absence of Mg droplet formation. After 

identifying this critical temperature by sending only Mg flux, we used it as a reference for growing 

MgB2. As comparison to the optimal reults of MgB2 grown at 240 ºC, Figure 6-4 (c) shows the 

RHEED paterns of MgB2 films grown at 230 ºC which lower than the critical temperature. The spotty 

RHEED patterns taken at the beginning of growth clearly indicates existence of Mg droplets and the 

final 30 nm MgB2 film (Figure 6-4 d) has much lower crystalline quality compared with that in Figure 

6-2. The poorer crystalline film with excess Mg has a lower superconducting transition temperature 

(~ 26 K at 50 nm). Although this is still a relatively high Tc compared with other BCS 

superconductors, the film degraded very fast under ambient enviroment due to the reactivity of excess 

Mg with oxygen and moisture, making it not applicable. Moreover, Mg droplets are volatile during 

certain device fabrication steps, especially the ion milling procedure when the substrate is locally 
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heated by ion bombardment, leaving lots of deffects in the patterned junctions. Excess Mg could 

explain some reports in the literature with seemingly good supercondcuting behavior yet very poor 

device performance. Thus it is important to eliminate excess Mg in the film deposition. As mentioned 

before, the optimal substrate temperature producing the highest quality of MgB2 films in our system is 

around 240 ºC, barely above the critical temperature to get rid of Mg condensation.  

Clearly, such optimal temperature depends sensitively on the chosen Mg flux: larger Mg flux will 

require higher optimal temperature. Lowering Mg flux is therefore an efficient way of reducing the 

sample deposition temperature, yet it cannot go too low as a larger-than-needed Mg flux is required in 

order to reduce the thermodynamic equilibrium concentration of Mg vacancies. On the other hand, 

higher substrate temperature can enhance the final crystal quality but also calls for larger and larger 

Mg flux, posing a practical challenge for a given system. When the Mg flux is not sufficient, MgB2 

becomes highly defective instead and even losing the desired crystal structure. With our Mg flux 

fixed, we attempted growth at various increased temperatures. It turns out the MgB2 films deposited at 

260 зC became (0001)-textured, losing its in-plane orientation (Figure 6-4 e). The RHEED patterns 

showed mixed diffractions from both [112̅0] and [101̅0] directions and did not change upon 

azimuthal rotation. The films grown at 280 зC were completely poly-crystalline (Figure 6-4 f). For 

deposition temperature higher than 320 зC, the films were amorphous and not superconducting at all. 

By comparing the RHEED results in Figure 6-4 with those in Figure 6-2, we can see that small 

temperature difference can make a big difference in the outcome. In addition, we also tried growth on 

different substrates at the optimized conditions. MgB2 films on Si (100) and on c-cut sapphire are 

both highly textured without in-plane orientation (Figure 6-5), similar to the results Figure 6-4 e. This 

revealed that Si (111) with (111)-MgO buffer is the preferred substrate among these substrates we 

tested.  



 

 

 

 67 

 

Figure 6-2: (a)-(c) RHEED patterns taken at different stages during the growth of an epitaxial 

MgB2 film. Figures on the left column are taken with electron beam incident along [101̅0] and those 

on the right column are taken along [112̅0] after the substrate being rotated 30° azimuthally. (d) 



 

 

 

 68 

Schematic illustration for electron beam incidence relative to the surface lattice. (e) Superconducting 

transition of the 50 nm MgB2 film. Tc = 36 K with ∆T < 1 K. 

 

Figure 6-3: Coupled θ-2θ XRD scan of MgB2 film grown on MgO buffered Si (111) at 240 ºC.  

A 2º offset was applied to the ω axis to avoid the strong satellite peaks from Si. The upper right inset 

shows the 360º azimuthal Φ scan targeting reflections from MgB2 {101̅1} planes. 
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Figure 6-4: (a) Test deposition of only Mg at Ts = 230 ºC. The spotty patterns characterize 

formation of Mg droplets at this substrate temperature. (b) Test deposition of only Mg after raising Ts 

to 235 ºC with Mg source opening. Mg cannot stick to the substrate hence RHEED patterns are from 

the MgO surface, which is the buffer layer on the Si wafer. (c) Beginning of growth of MgB2 at Ts = 

230 ºC, within 1min after both Mg and B sources open. The spotty patterns signal excess Mg 

formation at the beginning of growth. (d) 30 nm MgB2 grown at Ts = 230 ºC, poor crystalline quality 

due to excess Mg incorporation during the growth. (e) 30 nm MgB2 grown at Ts = 260 ºC, a highly c-

axis textured film without preferred in-plane orientation. The pattern shows mixed diffractions from 

both [112̅0] and [101̅0] reflections and does not change upon azimuthal rotation. (f) 30 nm MgB2 

grown at Ts = 280 ºC, the pattern becomes thicker and tends to show polycrystalline features. 
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Figure 6-5: RHEED patterns of (a) c-cut sapphire (b) MgB2 film grown on sapphire (c) MgO 

buffer grown on Si (100) (d) MgB2 film grown on MgO-Si(100) 

6.2.2 Growth of fully epitaxial MgB2-MgO-MgB2 heterostructure 

Sandwich-type superconductor-insulator-superconductor (S-I-S) Josephson junctions are widely 

applied in superconducting circuits while the high Tc makes MgB2 promising for Josephson junction 

applications. Multilayer MgB2 heterostructures with smooth interface and pin-hole free barrier is the 

prerequisite for high performance of MgB2 Josephson junctions. MgO has been proven to be a good 

barrier in magnetic tunneling junctions and has also been used as barrier in MgB2 Josephson junctions 

[175-179]. Here in this project, after optimizing the growth conditions for single layer MgB2 thin 

film, we proceeded to grow (0001)-MgB2 / (111)-MgO / (0001)-MgB2 hetero-epitaxial structures and 

fabricated Josephson junctions. We will show the growth and characterization of this multilayer 

structure in this subsection and discuss the device behavior in next section. 

After deposition of 30 nm epitaxial MgB2 bottom layer at 240 ºC as we mentioned earlier, the 

substrate was cooled down to room temperature to grow 1 nm MgO tunnel barrier with e-beam 

evaporation. Lower growth temperature yields a more uniform, pinhole-free barrier. The RHEED 

patterns in Figure 6-6 shows (111)-oriented MgO was well epitaxially grown on the MgB2 layer. 

Subsequently, the substrate temperature was raised to 230 ºC for the top MgB2 film deposition. It is 

(a)                                      (b)                         

(c)                                      (d)                         
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worth noting that the temperature set point for growing the top MgB2 layer needs to be slightly lower 

than that for the bottom layer in our system. The reason for this difference is related to our system’s 

radiation heating method, which we have also discussed for the deposition of BST-Nb 

heterostructure. The existing bottom MgB2 film absorbs some infrared radiation that was originally 

transparent through Si hence slightly increases the actual surface temperature under the same heating 

power. Such surface temperature cannot be well calibrated with infrared thermometers as a significant 

portion of the heater infrared radiations can pass through the Si wafer. Instead, with RHEED we can 

readily identify the optimal growth temperature for the top layer using the same principles described 

earlier, namely use solely Mg flux to find a critical temperature above which the growth temperature 

should be slightly higher. The surface temperature is critical for condensing the first few atomic 

layers of MgB2 on a hetero-surface (MgO), subsequently it affects much less once MgB2 crystal 

structure is successfully settled. This explains why the growth of bottom layer was not ruined by the 

gradually increasing surface temperature as the film grows. For the top layer MgB2, the increase in 

substrate surface temperature (due to coverage of the bottom layer) must be compensated by 

correspondingly lowering the heating power to achieve the ideal growth condition. Figure 6-6 (c) and 

(d) compare the growth results of the top MgB2 layer when substrate temperature was set to be 230 ºC 

and 240 ºC. Obviously, the top layer was poorly crystalline if the substrate was set to the same 

temperature for the bottom layer deposition (240 ºC). Finally, the whole stack of films is cooled down 

to room temperature, and capped with 10 nm Ti and 50 nm Au as protection, before proceeding to 

micro-fabrications. 
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Figure 6-6: Multilayer growth of (0001)-MgB2 /(111)-MgO/(0001)-MgB2. (a) 30 nm bottom 

MgB2 grown at Ts = 240 ºC; (b) 1 nm MgO barrier grown at room temperature; (c) 30 nm top MgB2 if 

grown at Ts = 230 ºC; (d) 30 nm top MgB2 if grown at Ts = 240 ºC. 

6.3 MgB2-MgO-MgB2 tunneling Josephson junction  

The fully epitaxial MgB2-MgO-MgB2 heterostructure were micro-fabricated into Josephson junctions 

following standard photolithography and ion milling techniques described in chapter 3, section 3.4. In 

this section, after reviewing the basic properties of a general sandwich-type Josephson junction, we 

will show the measurement results of our MgB2-MgO-MgB2 junctions. 

6.3.1 Josephson effect in an S-I-S junction 

The Josephson effect, predicted by Brian D. Josephson in 1962 [180], can be observed in two weakly 

coupled superconductors in the form of S-I-S junction, S-N-S junction, superconducting weak link or 

point contact, as long as there is a probability for Cooper pairs in one superconductor transfer to the 

other. This subsection reviews the basic properties of the S-I-S Josephson junctions. 

It is well known that in an N-I-N junction, electrons in the normal metal electrodes can tunnel 

through the thin insulating barrier with certain probability p. For an S-I-S junction with two 

superconductor electrodes S1 and S2, Josephson discovered that the Cooper pairs in the 
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superconductors can tunnel coherently through the barrier with the same probability p. When the 

current density flowing across the junction is smaller than the critical Josephson current density Jc, it 

is supercurrent carried by Cooper pairs without any voltage drop. The supercurrent density Js is 

related to the phase difference across the junction by current-phase relation,  

𝐽𝑠=𝐽𝑐 𝑠𝑖𝑛𝜑                                  (First Josephson equation) 

where φ is the phase difference across the junction. In the absence of any electric and magnetic field, 

φ = θ2 – θ1, which is just the phase difference between the two superconductors. The critical 

Josephson current density Jc decays exponentially with increasing of barrier thickness d  

𝐽𝑐∝𝑒𝑥𝑝 (−2𝜅𝑑) 

and 𝜅 is the characteristic decay constant, determined by the barrier property. When the current 

density exceeds Jc, only part of the current can be carried by Josephson supercurrent, therefore normal 

electrons will be involved to conduct current and contribute finite resistance, so that there will be a 

voltage drop V across the junction. The phase difference and voltage drop are related by the voltage-

phase relation, 

𝜕𝜑

𝜕𝑡
=
2𝜋

Φ0
𝑉                                  (Second Josephson equation) 

where Φ0≡
ℎ

2𝑒
 = 2.068 × 10-15 Vs, is the flux quantum. In the finite voltage state, the phase difference 

φ evolves with time linearly as  

𝜑(𝑡)=𝜑0+
2𝜋

Φ0
𝑉∙𝑡 

Thus, the Josephson current Is = Ic sin φ(t) is oscillating with time at the Josephson frequency 𝜈,  

𝜈

𝑉
=
1

Φ0
=483.6 

GHz

mV
 

The Josephson junction can be used as a voltage-controlled oscillator to generate high frequency 

microwaves.  
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6.3.2 Fraunhofer pattern - quantum interference effects of a Josephson junction in 

applied magnetic field 

According to the Josephson equations, the supercurrent flowing across a Josephson junction is related 

to the phase difference across the junction. At V = 0 state and in the absence of magnetic field, the 

phase difference φ = φ0 = θ2 – θ1 is a constant. In the presence of an external magnetic field, the phase 

difference will change in space, causing spacial distribution of the Josephson current. Consider a 

rectangular junction with dimension Lx and Ly, and current is flowing in z direction, as shown in 

Figure 6-7. A magnetic field B= B ŷ is applying along y direction. The magnetic field can penetrate 

through the barrier and into the superconducting electrodes up to the London penetration depth 𝜆𝐿1 

and  𝜆𝐿2. Analysis based on integration of the vector potential over a close contour across the junction 

[181] yields  

𝜕𝜑

𝜕𝑥
=
2𝜋

Φ0
𝐵∙(𝑑+𝜆𝐿1+𝜆𝐿2) 

Integration along x gives 

𝜑(𝑥)=
2𝜋

Φ0
𝐵∙(𝑑+𝜆𝐿1+𝜆𝐿2)∙𝑥+𝜑0 

Following the current-phase relation, the current density in x-y plane can be written as  

𝐽𝑠(𝑥,𝑦)=𝐽𝑐(𝑥,𝑦)sin(
2𝜋

Φ0
𝐵∙(𝑑+𝜆𝐿1+𝜆𝐿2)∙𝑥+𝜑0) 

Assume the barrier is uniform so that the current density is uniformly distributed in x-y plane, 

𝐽𝑐(𝑥,𝑦)=𝐽𝑐, one can get the total current by integrating the current density  

𝐼𝑠(𝐵)=∬ 𝐽𝑠(𝑥,𝑦)𝑑𝑥𝑑𝑦=𝐽𝑐𝐿𝑦∫sin(
2𝜋

Φ0
𝐵∙(𝑑+𝜆𝐿1+𝜆𝐿2)∙𝑥+𝜑0)𝑑𝑥 

𝐼𝑠(𝐵)=𝐼𝑐|
sin (

𝜋Φ
Φ0
)

𝜋Φ
Φ0

| 

where Φ=𝐵 ∙𝐿𝑥 ∙(𝑑+𝜆𝐿1 + 𝜆𝐿2) is the total flux penetrating the junction and 𝐼𝑐=𝐽𝑐∙𝐿𝑥∙𝐿𝑦. 

This Is(B) dependence is equivalent to the optical Fraunhofer diffraction pattern through a single slit, 
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as shown in Figure 6-7 (b). One would notice that a uniform barrier is required to observe the 

Fraunhofer pattern in a Josephson junction, as 𝐽𝑐 decays exponentially with increasing of barrier 

thickness. If the supercurrent density varies in the junction's x-y plane or it is flowing through small 

pinholes in the tunneling barrier, no Fraunhofer diffraction pattern can be observed. Therefore, 

observation of Fraunhofer pattern is usually used as a direct proof of a uniform junction.  

 

Figure 6-7: (a) An S-I-S Josephson junction. Current is flowing along z direction. (b) Simulated 

Fraunhofer pattern: critical current of the Josephson junction is oscillating with in-plane magnetic 

flux. 

6.3.3 Measurements on MgB2-MgO-MgB2 Josephson junction 

Measurements on our MgB2-MgO-MgB2 Josephson junction were performed in a liquid He4 

continuous flow cryostat to reach 4.2 K.  Sandwich-type Josephson junctions of area 4 μm ×4 μm, 6 

μm ×6 μm, 8 μm ×8 μm and 8 μm ×16 μm were measured. Thickness of the MgO barrier is 1 nm. 

The bottom and top MgB2 electrodes are 30 nm thick. At zero magnetic field, the I-V characteristics 

of junctions with different sizes are reproducible and consistent with previous reports [179, 182-185]. 

We will focus our discussion on the junction with area 8 μm ×16 μm and look at its field 

performance. Figure 6-8 shows the I-V curve of the Josephson junction. The non-hysteresis suggests 

this junction is overdamped due to its small resistance and small capacitance. According to the I-V 

curve, the critical Josephson current at zero magnetic field is about 0.33 mA, corresponding to a 

critical current density Jc ≅ 260 A/cm2. Product of IcRN is estimated to be 1 meV. This value is higher 

than those in reference [183], but still small compared with the calculated value (~ 4 meV) [186], 
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which is partly caused by the reduction of Tc (< 39 K) when the MgB2 film is thin. The nonlinearity 

of the I-V curve at higher voltages comes from the non-constant tunneling resistance, which is also 

present in earlier reported works when the barrier is thin [151, 172, 183, 187]. An in-plane magnetic 

field was then applied perpendicularly to the short edge with length l = 8 μm and the magnetic field 

dependence of the critical current showed a clear Fraunhofer pattern with a period of ∆H = 70 Oe, see 

Figure 6-9. The Josephson penetration depth can be estimated to be 𝜆𝐽=sqrt(
𝛷0

2π𝜇0𝑠𝐽𝑐
)≅ 60 μm, 

where s = d + 2𝜆𝐿 and d is the barrier thickness. Because the MgB2 electrode’s thickness is smaller 

than the London penetration depth (𝜆𝐿≅ 40 ~ 100 nm for MgB2) [182, 188], where s is the sum of 

barrier thickness and both MgB2 electrodes thickness. We see that l is much smaller than 𝜆𝐽, so the 

junction can be treated as a small junction with uniform field distribution and the penetrating flux is 

Φ=𝐵𝑙𝑠. The red curve in Figure 6-9 is theoretically simulated based on the above parameters, fitting 

well with the experimental result.  

 

Figure 6-8: I-V curve of MgB2-MgO-MgB2 Josephson junction measured at 4.2 K. Junction area 

is 8 μm × 16 μm.  
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Figure 6-9: Magnetic field dependence of the Josephson critical current exhibit a clear 

Fraunhofer pattern, with period ∆H = 70 Oe. Red curve is a theoretical fitting. 

In addition to the modulation of critical current, the I-V characteristics also clearly showed a series 

of steps when the magnetic field varied from -350 Oe to 350 Oe. Both the I-V curve and the dI/dV-V 

curve in Figure 6-10 indicate that these steps happen at voltages that are multiples of 0.18 meV, i.e., 

Vn = n ∙ 0.18 meV, where n is an integer. They are identified as Fiske steps, resulting from the 

Josephson effect in resonance with the junction’s own cavity modes. According to the Josephson 

equations, when the junction is under finite voltage bias V, the Josephson current is oscillating at the 

Josephson frequency 𝜔𝐽=2π𝜈=
2π

Φ0
𝑉. On the other hand, with a dielectric layer separating two 

superconductor planes, the junction can be regarded as an open ended transmission line with the 

resonant frequency 𝜔𝑛=
𝑛𝜋𝑐

𝑙
 of the n-th cavity modes, where 𝑐 = c√𝑡/𝜀𝑟𝑠 is the effective wave 
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velocity in the transmission line, 𝜀𝑟 is relative dielectric permeability and c is light velocity in free 

space [189]. The standing wave voltage pattern for the n-th mode in the cavity is  

𝑣𝑛(𝑥,𝑡)=𝐴𝑛𝑒
𝑗𝜔𝑛𝑡cos

𝑛𝜋𝑥

𝑙
 

The resonant modes can be excited by the electromagnetic power with frequency 𝜔𝐽 radiated by 

the Josephson current into the junction. When 𝜔𝐽 matches 𝜔𝑛 of one of the modes, a zero-frequency 

current will appear and show as a series of DC current steps in the I-V characteristic at well-defined 

voltages  

𝑉𝑛=
ℏ

2𝑒
𝜔𝑛=𝑛𝛷0

𝑐

2𝑙
 

In order to have a stronger interaction with the resonant modes, the Josephson current must be 

spatially modulated in x direction to match the standing wave in the cavity, which can be achieved by 

applying a magnetic field in y direction for small junctions (l ≪𝜆𝐽). Similar to the field dependence 

of Fraunhofer patterns, the amplitude of the n-th Fiske step is also a periodic function of magnetic 

fields. This modulating function has a well-defined form, 

𝐹𝑛
2(ϕ)=

{
2𝜙cos(π𝜙)

π[𝜙2−(
𝑛
2)
2
]
}

2

, 𝑛=1,3,5,…

{
2𝜙sin(π𝜙)

π[𝜙2−(
𝑛
2)
2
]
}

2

, 𝑛=2,4,6,…

 

where 𝜙=Φ/Φ0 [189]. We can see that the magnetic field dependence of Fiske step amplitudes will 

have the same periodicity as the Fraunhofer patterns. There should also be a half-period offset 

between the odd and even steps.  

According to the I-V curves measured in various magnetic fields, shown in Figure 6-10, up to 3 

orders of Fiske steps were observed and the amplitudes of each Fiske step were indeed oscillating 

with applied magnetic field H. Figure 6-11 shows the field dependence of each step amplitude, where 

we can see the periodicity ∆H = 70 Oe, the same as that in the Fraunhofer patterns. Furthermore, it 

also shows the field modulations of even and odd steps are out of phase, i.e., maxima of even steps 
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occur at fields giving minima of odd steps. All of these experimental results agree well with theories. 

Both the clear Fraunhofer pattern and Fiske steps indicate superb quality of the MgB2-MgO-MgB2 

heterostructure. 

 

 

Figure 6-10: (a) Fiske steps in a series of I-V curves. I-V curves measured at various magnetic 

fields from -350 Oe to 350 Oe are distinguished by different colors. (b) The derivative curves of 

dI/dV-V, where Fiske steps are identified as the local maxima. The red dashed lines are for eye 

guidance to mark the voltage positions where the steps occur. 
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Figure 6-11: Magnetic field dependence of the step amplitudes for the 1st, 2nd, and 3rd order 

Fiske steps. Modulations of odd and even orders of step are out of phase, that is, maxima of odd steps 

occur at fields giving minima of even steps. 

6.3.4 EuS-MgB2 heterostructure 

In chapter 4, we have shown successful growth of EuS-BST heterostructure and observed 

ferromagnetic order induced on BST surfaces. Since superconductor is the next ingredient to be added 

for realizing a system that can hold Majorana mode, we explored the MBE growth of EuS-MgB2 

heterostructure as well as MgB2-EuS-MgB2 multilayer and fabricated Josephson junctions.  

After the deposition of c-axis oriented bottom MgB2 film on MgO buffered Si (111) substrate, EuS 

was grown at room temperature on top of MgB2 by e-beam evaporation from EuS powder source. 

RHEED pattern in Figure 6-12 (b) shows that EuS was single crystallized. To grow MgB2-EuS-MgB2 

heterostructure, as we have discussed when growing MgB2-MgO-MgB2, the set temperature for top 

layer MgB2 needed to be lower than the bottom MgB2 (240 ºC) due to temperature elevation caused 

by existing films on the substrate. Here for the growth of MgB2 on EuS, the temperature needed to 
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further go down to 210 ºC, 20 ºC lower than the growth temperature (230 ºC) for the top layer in the 

MgB2-MgO-MgB2 structure. This adjustment was necessary to get good film quality. In addition to 

the reason discussed earlier, this difference might be caused by the different surface energy between 

EuS and MgO. Figure 6-12 (c) and (d) show the RHEED pattern of top MgB2 on EuS along [101̅0] 

and [112̅0] incidence, demonstrating the film was epitaxial. Based on the multilayer thin film, MgB2-

EuS-MgB2 Josephson junctions were fabricated and measured at 4.2 K. The junctions exhibited 

typical I-V characteristics of Josephson current. Figure 6-12 (a) shows the I-V curve of junction with 

junction size 8 μm ×16 μm and EuS thickness was 1.5 nm. The critical current Ic is about 1.2 mA. 

The IcRN product is about 4.9 mV, comparable to the value of 2∆π of MgB2 gap. The observation of 

Josephson effect in vertical MgB2-EuS-MgB2 junctions supports that EuS-MgB2 heterostructure has 

good quality.   

 

 

   

Figure 6-12: (a) I-V curve of an MgB2-EuS-MgB2 Josephson junction. (b)-(d) RHEED patterns 

during growth of MgB2-EuS-MgB2 heterostructure. (b) EuS barrier (c) top MgB2 at [101̅0] incidence 

(d) top MgB2 at [112̅0] incidence  

(a) 

(b) 

(c) (d) 
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6.4 Conclusions 

To summarize, we have optimized the MBE growth condition to enhance the film quality of MgB2. 

We also succeeded in growing fully epitaxial multilayer heterostructures of MgB2-MgO-MgB2. 

Vertical Josephson junctions were fabricated based on the heterostructures. The MgB2-MgO-MgB2 

Josephson junctions exhibited good device behavior, including Fraunhofer patterns and Fiske steps, 

which require a uniform barrier to be observed. Furthermore, we also realized the combination of 

MgB2 with ferromagnetic insulator EuS. The EuS-MgB2 heterostructure can be combined with 

topological insulator, providing a platform to search for Majorana modes. On the other hand, the 

combination of MgB2 and the topological insulator BST will be discussed in next chapter.  
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Chapter 7 

BST-MgB2 heterostructure 

7.1  Motivation 

We have already shown the successful achievement of wafer sized BST-Nb heterostructure and 

related device performance. Nb was used due to its stability during fabrication processes. However, 

the superconducting gap of Nb is still relatively small, having no advantage compared to NbSe2 used 

in the Bi2Se3-NbSe2 heterostructure [11-13], where a zero bias conductance peak has been observed 

in the vortex core as a signature of Majorana zero-mode. As we have shown in section 2.3.2, the 

energy splitting between the zero-energy state and other low-lying vortex core bound states is on the 

order of ∆2/EF. To better distinguish them, a superconductor with larger band gap will be helpful.  

High-Tc superconductors could be a choice, however, due to their anisotropic d-wave pairing 

nature, do not couple as effectively with the isotropic topological surface states. Moreover, the 

complex stoichiometry of typical high-Tc superconductors increases the difficulty to grow them in the 

form of thin films, thereby limiting the possibility of wafer sized heterostructures. The existing 

combinations of TI and high-Tc superconductors have employed Bi2Sr2CaCu2O8+δ cleaved from bulk 

crystal. [83, 84]. By contrast, MgB2 has relatively high Tc and simpler stoichiometry, and its layered 

hexagonal structure matches the growth of the layered topological materials through Van de Waals 

epitaxy.  We have readily achieved thin films of both BST and MgB2 in high quality. One step further, 

the heterostructure of BST-MgB2 would bring more possibilities of studying the proximity effects on 

topological surfaces. The larger σ-gap residing on the 2D cylindrical Fermi surface from σ 

antibonding states of MgB2 is expected to couple stronger with the 2D topological surface states, thus 

can induce the desired 2D superconductivity into the surface states of BST.   

Dr. Long Cheng and Dr. Hui Zhang contributed to this chapter by collaborating for sample growth. 

The TEM was done by the group of Prof. Xixiang Zhang at the King Abdullah University of Science 

and Technology (KAUST).  



 

 

 

 84 

7.2 MBE growth of BST-MgB2 heterostructures 

7.2.1 Role of substrate temperature 

The BST-MgB2 heterostructures were grown on Si (111) substrates. After deposition of MgB2, 

sample was transferred to the TI chamber. Similar to the growth of BST on Nb, when growing on 

MgB2, the substrate temperature also needed to be lowered to compensate the over-heating due to 

existing films on substrates. The optimal substrate temperature was found to be 150 ºC, the same as 

the case when growing BST-Nb heterostructures on sapphire. For heterostructures grown at ~ 270 ºC, 

which is the typical temperature for growth of BST on bare Si, in situ XPS showed deficiency in Bi 

and Sb, and ex situ XRD showed no BST peaks. This indicates that the substrate was already above 

the BST decomposing temperature. Furthermore, for samples grown at > 270 ºC, the films suffered 

from severe chemical reaction and broke into cracks immediately once exposed to air. Figure 7-1 

showed the structure of these cracks under microscope. Broken samples lost conductivity, revealed by 

more than 4 orders higher resistance than unbroken films at room temperature. In addition, absence of 

superconducting transition indicates that the MgB2 film at bottom were destroyed by chemical 

reaction. We confirmed that the reaction did not happen in vacuum nor in nitrogen atmosphere until 

exposed to air, while higher humidity level in air can speed up the reaction. Therefore, we speculate 

that the chemical reactions are related to certain kind of compound that is sensitive to moisture in air 

forming at the interface of BST and MgB2 when growth temperature is high. We tried to deposit a 

thin layer (2.5 nm) of Nb by magnetron sputtering on MgB2 before depositing BST, to prevent 

formation of undesired compound between BST and MgB2. It turned out that the insertion of Nb can 

increase the critical temperature for reaction to happen (from 270 ºC to 300 ºC), but does not fully 

prevent it. When growth temperature was higher than 300 ºC, samples with Nb protection still 

degraded immediately in air. 
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Figure 7-1: Cracks of MgB2-BST heterostructure under optical microscope.  

7.2.2 Role of Nb insertion layer 

As we have talked earlier, the optimal substrate temperature was 150 ºC for BST phase to form on top 

of MgB2. Being aware of that the BST-MgB2 interface is chemically active, successful formation of 

BST thin films at this lower temperature does not guarantee a good BST-MgB2 interface. It is 

possible that the reaction already happened at the interface but not yet further extended to the bulk of 

films at lowered temperature. In this case, a thin Nb insertion layer between BST and MgB2 would 

still be necessary. We compared the growth results with/without Nb and found out that the Nb 

insertion layer indeed improved the interface quality, meanwhile facilitated the epitaxy of BST films. 

Figure 7-2 and Figure 7-3 present the RHEED, XRD and cross-sectional TEM images of two 

samples, which are BST-2.5 nm Nb/MgB2 and BST-MgB2 heterostructures following the same 

growth condition. The RHEED patterns of BST grown directly on MgB2 are dark and thick streaks, 

mixing with some weak poly-rings. As a comparison, the one with 2.5 nm Nb insertion layer shows 

bright and sharp RHEED streaks, comparable to the quality of BST-Nb heterostructure grown on 

sapphire by two steps growth, talked in chapter 4. This indicates that Nb provides a better surface for 

BST to grow epitaxially. XRD results are consistent with RHEED. Both samples show the 

characteristic diffraction peaks from BST {0001} plane family, meaning that BST can grow along c-

axis on MgB2 with or without Nb insertion, whereas the one with Nb has higher quality. From the 

cross-sectional TEM images (Figure 7-3) we can see that the Nb layer plays a crucial role to protect 

the interface. Without Nb, the interface between BST and MgB2 is very rough, showing amorphous 
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feature, which indicates BST and MgB2 react with each other at the growth temperature. The reaction 

extends to the BST layer for about 1~2 nm. As the growth continues, BST lattice starts to form. 

However, the BST lattice shows obviously wavy patterns with many grains and defects due to the 

rough interface. In apparent contrast, TEM image of the other sample with the Nb insertion layer 

shows clear structure of the BST quintuple layers. Both interfaces of MgB2-Nb and Nb-BST are 

smooth. The Nb insertion layer grown on MgB2 is single crystalline and it prevents reactions between 

BST and MgB2, so that the following BST layer can grow well.      

    

                

 

Figure 7-2: (a)-(b) RHEED pattern and XRD θ-2θ scan of BST film grown directly on MgB2 (c)-

(d) BST grown on 2.5nm Nb protected MgB2.   

 

(a) (c) 

(b) (d) 



 

 

 

 87 

       

Figure 7-3: Cross-sectional TEM images of BST films (a) grown directly on MgB2 and (b) grown 

on Nb protected MgB2 

From the view point of thin film growth, Nb insertion layer does improve the crystal quality of the 

heterostructure. The cost is losing direct proximity from MgB2. However, considering coherence 

length in Nb is long enough (~ 40 nm), the superconducting proximity can still reach BST. We can 

view the Nb/MgB2 part as a superconductor with higher Tc and enhanced superconducting gap 

compared with pure Nb.  

7.3 BST-MgB2 Josephson junctions 

The superconducting transition temperature of BST-MgB2 and BST-Nb/MgB2 heterostructures was 

measured to be around 28 K and 30 K for 25 nm MgB2, see Figure 7-4 (d). Thickness of BST is 7 nm 

and Nb insertion layer is 2.5 nm. To further check the property of these two heterostructures, we 

deposited 50 nm Nb on top to fabricate Nb-BST-MgB2 and Nb-BST-Nb/MgB2 junctions. The choice 

of Nb to be top superconducting layer will simplify the growth process because deposition of Nb does 

not require elevated substrate temperature that may destroy the BST-MgB2 interface. Fabrication 

process and measurement setup is the same with the Nb-BST-Nb junctions discussed in chapter 5, 

except that the junction dimension was reduced to 2 μm considering larger roughness introduced by 

MgB2. Figure 7-4 shows the measurement results including the I-V characteristics and differential 

conductance dI/dV-V with dI/dV values collected by lock-in measurements. Despite the same 

thickness of BST barrier, the two types of junction exhibit significantly different behaviors.  

 

 

BST 

MgB2 Nb 

BST 

(a) (b) 
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Figure 7-4: I-V characteristics (blue) and dI/dV-V curves (black) measured on (a) Nb-BST-MgB2 

junctions at 4.2 K, (b) Nb-BST-MgB2 junctions at 300 mK and (c) Nb-BST-Nb/MgB2 junctions at 300 

mK. (d) R-T curve showing superconducting transition temperature of BST-MgB2 and BST-Nb/MgB2 

heterostructures.  

(1) Nb-BST-MgB2 junction 

From Figure 7-4 (a) and (b), we can see the dominate feature of the Nb-BST-MgB2 junction is 

tunneling effect through normal electrons, as an asymmetric S1-I-S2 tunneling junction. At 4.2 K, 

there are two conductance peaks appearing at the V = 2.64 mV and 0.84 mV, identified as ∆1+∆2 and 

∆1-∆2. It can be estimated that ∆1 ~ 1.7 meV is the π gap of MgB2 and ∆2 ~ 0.9 meV is the gap of Nb. 

After further cooling down to 300 mK, ∆1+∆2 increased a bit and ∆1-∆2 decreased. This is reasonable 

as ∆2 from Nb should increase more than ∆1 within the given temperature change. The overall 

tunneling feature of this junction indicates an insulating layer formed at the BST/MgB2 interface, 

(a) (b) 

(c) (d) 
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which can also be seen from the cross-sectional TEM image (Figure 7-3). This insulating layer 

suppresses direct Josephson coupling between Nb and MgB2.  

(2) Nb-BST-Nb/MgB2 junction 

The junction with a thin Nb insertion layer between BST and MgB2 behaves like a Josephson 

junction, where we see conductance enhancement at low bias. The overall shape of the conductance 

curve is similar to that of a Nb-BST-Nb junction discussed in chapter 5 (Figure 5-7). Previous 

discussions on the Nb-BST-Nb junction should still apply here. Because the two superconductors 

directly touching BST layer are Nb in both junctions, we expect the transport mechanism to be the 

same. The only difference is, with MgB2 underneath the bottom Nb, the bottom electrodes Nb/MgB2 

has higher Tc than pure Nb. On the other hand, the MgB2 layer introduces significant roughness 

which reduces the barrier uniformity and can lead to current leakage. As a result, even though we 

reduced the Nb-BST-Nb/MgB2 junction size to 2 μm, it still has much smaller junction resistance 

(~0.06 Ω) compared with the 4 μm Nb-BST-Nb junction ( ~0.4 Ω according to Figure 5-6).    

A common feature shared by the three junctions (Nb-BST-MgB2, Nb-BST-Nb/MgB2 and Nb-BST-

Nb) is the zero bias conductance peak (ZBCP). In the Nb-BST-Nb junction, the ZBCP does not show 

up until cooling down to 300 mK, whereas in the junction with MgB2, it is present at 4.2 K and can be 

enhanced at 300 mK. Previously in chapter 5, we discussed that the ZBCP could be caused by tiny 

Andreev bound states forming at the conducting TI side surfaces (Figure 7-5), which is weak and can 

only be seen at very low temperature. Here with MgB2 improving the Tc, we can see this part of 

contribution at higher temperature. As the ZBCP is attributed to the BST side surface, which is an 

additional channel parallel to the junction bulk channel, its presence does not depend on the interface 

quality. Therefore, it can appear in the tunneling gap when the bulk channel is a tunneling junction 

(Nb-BST-MgB2) or on the conductance plateau when the bulk is a Josephson junction (Nb-BST-

Nb/MgB2 and Nb-BST-Nb).    
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Figure 7-5: Schematic illustration of Andreev bound states forming on the side surfaces of TI in 

the vertical S-TI-S junction(left), which can be seen as a planar S-TI-S junction (right) being folded. 

The grey area is TI and black lines indicate the bound states in these junctions. 

7.4 Conclusions 

In this chapter, we discussed the MBE growth of BST on MgB2, which is challenging due to 

chemically active BST-MgB2 interface. The growth temperature of BST has to be lowered for 

successful growth. However, even if stable BST-MgB2 heterostructure can be obtained at low growth 

temperature, the interface is not ideal according to cross sectional TEM image. With insertion of a 

thin layer Nb, the quality of interface and BST film can be improved. Vertical junctions based on 

BST-MgB2 heterostructure were fabricated and measured. On one hand, the results demonstrate that 

the heterostructure is durable during fabrication process. On the other hand, the interface quality 

apparently determines overall junction behavior. Without Nb insertion, the junction behaves as a 

tunneling junction due to formation of insulating layer at the interface, while the one with Nb 

insertion layer behaves more like a Josephson junction.  
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Chapter 8 

Summary 

The interface of topological insulator and superconductor is a candidate system to host Majorana 

zero-modes. Several approaches have been proposed by theorists, such as magnetic vortex core, S-TI-

S line junctions or S-TI-FI boundaries. Experimental studies to realize those proposals would request 

high quality heterostructures. Driven by this motivation, the work in this thesis focuses on the growth 

of high-quality TI heterostructures on wafer size scale. We also demonstrated the heterostructures are 

compatible with fabrication process by fabricating and measuring different kinds of vertical 

Josephson junctions. Specifically, the achievements can be summarized as follows, which consist the 

steps reaching the final goal: 

 

1. Obtain epitaxial and bulk insulating TI films.  We choose (Bi0.5Sb0.5)2Te3 thin film as its 

bulk conductivity is tunable by regulating Bi:Sb ratio. Epitaxy of the BST film grown on 

different substrates including Si (111), c-cut sapphire and STO (111) has been demonstrated 

by RHEED and XRD. Layer-by-layer growth mode was achieved, supported by RHEED 

oscillations. Transport measurements on the (Bi0.5Sb0.5)2Te3 thin film confirmed it is bulk 

insulating with sheet carrier density on the order of 10-12 cm-2. This part of work has been 

presented in chapter 4, section 4.2.  

2. Grow superconducting MgB2 thin film with optimized property.  With its Tc as high as 39 

K, MgB2 is a promising superconductor to be combined with TI. However, the growth of 

MgB2 requires large flux of Mg, which will result in excess Mg and makes the film unstable 

in ambient environment. With the assistance of in situ RHEED monitoring, we optimized the 

growth condition by identifying a threshold growth temperature which has a self-limiting 

effect on the MgB2 stoichiometry. Furthermore, high quality hetero-epitaxial (0001)-

MgB2/(111)-MgO/(0001)-MgB2 structures were subsequently created and patterned into 

Josephson junctions with clear Fraunhofer patterns and Fiske steps, further confirming the 

high quality of the materials fabricated with our deposition techniques. This part of work has 

been presented in chapter 6, section 6.2 and 6.3. 
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3. Grow BST on top of a superconductor to get TI-S heterostructure. The growth of BST on 

two superconductors, Nb and MgB2, has been investigated. On both materials the growth 

temperature has to be re-adjusted, which was found to be 150 ºC, deviating from that on bare 

substrates (270 ºC). This could be caused by difference in thermal radiation properties 

between bare substrates and film covered substrates considering the substrate is heated by 

radiation in this system. The crystal property of BST-Nb and BST-MgB2 has been 

characterized by RHEED and XRD. Interface quality was characterized by TEM. Especially, 

for the BST-MgB2, we found the interface is chemically active which however can be solved 

by inserting a thin layer of Nb in between. The discussion on BST-Nb is presented in chapter 

4 section 4.3, while the BST-MgB2 heterostructure is discussed in chapter 6 section 6.4. 

4. Fabrication and measurement on vertical S-TI -S Josephson junctions. Starting from the 

three types of bilayer heterostructures, we grew S-TI-S sandwich structures by depositing a 

top layer of Nb and fabricated vertical Josephson junctions. In chapter 5, we discussed the 

measurement results on Nb-BST-Nb junctions. We identified three channels contributing to 

the overall conductance. In chapter 7 section 7.3, we discussed another two MgB2-based 

junctions, one is Nb-BST-MgB2, the other is Nb-BST-Nb/MgB2 with a thin layer Nb 

insertion between BST and MgB2. The Nb insertion layer was found to be necessary, 

otherwise an insulating layer will form at the interface suggested by the tunneling behavior of 

the Nb-BST-MgB2 junction. A ZBCP was seen on all three types of junctions. However, 

limited by the energy resolution, whether the ZBCP is related to the long-expected Majorana 

states is still not confirmed. These results demonstrate the heterostructures are feasible to go 

through fabrication; moreover, they provide information to understand the seldomly studied 

vertical S-TI-S junctions.  

5. Intro duce magnetic interaction through proximity with  ferromagnetic insulator EuS. In 

addition to combining BST with superconductors, we grew BST-EuS heterostructures and 

observed ferromagnetic order can be induced onto the BST surfaces, presented in chapter 4, 

section 4.4. Besides this, growth of an EuS-MgB2 structure is presented in chapter 6. These 

heterostructures act as ingredients to be combined together to realize a S-TI-FI structure that 

can host chiral Majorana modes. 
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The achievement of these heterostructures will provide platforms to study Majorana physics at the 

interface from different points of view. For example, further investigation on these heterostructures 

can be achieved by STM. Compared with transport in a fabricated vertical junction, tunneling through 

the tip of STM to the BST-Nb or BST-MgB2 film will exclude the complexity of conductance 

contribution. Moreover, the tip can be placed over a magnetic vortex, providing local information 

directly related to the vortex where signature of Majorana modes could be found. Alternatively, 

planar S-TI-S junction can be fabricated in the future and 4π periodicity in the current-phase 

relationship of such junction will signal existence of Majorana modes. One can also create an S-TI-FI 

junction to look for Majorana modes at the boundary between a topologically superconducting region 

and a magnetically gapped region. Compared with most studies using TI flakes, fabrication based on 

these wafer sized heterostructures will break the size limitation, bringing possibilities for scaling up in 

future applications. 
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Appendix A  

Lattice parameters 

 Material  Crystal structure  Lattice constant (Å) 

Al2O3  Hexagonal  a=4.765, c=12.991 [190] 

Bi2Te3  Hexagonal  a=4.380, c=30.487 [88] 

Sb2Te3  Hexagonal  a=4.260, c=30.458 [88] 

MgB2  Hexagonal  a=3.086, c=3.524 [155] 

Si  Cubic   a=5.431 [191] 

SrTiO3  Cubic   a=3.905 [192] 

Nb  Cubic   a=3.300  [193]  

MgO  Cubic   a=4.211 [194] 

EuS  Cubic   a=5.968 [195] 
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