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Abstract 

 

 
i 

Abstract 
The realization of advanced spintronics applications including the topological quantum computation, spin 
manipulation for data storage, dissipationless ballistic transport for ultra-fast quantum devices and 
topological switching for low energy memory applications etc. became more feasible with the 
experimental discovery of 3D topological insulators (TIs). The incorporation of exotic spin-momentum 
locked Dirac surface states (of 3D TIs) into these futuristic complex quantum devices requires not only the 
growth of high crystal quality epilayers but also the fabrication of pristine nanostructures, topological band 
engineering, ultra-smooth and defect-free surfaces, and atomically transparent epitaxial interfaces.  

This work deals with a systematic study of epitaxial growth of convention 3D TIs via molecular beam epitaxy 
(MBE) and atomic-scale structural characterization via scanning transmission electron microscope (STEM) 
to explore the above mentioned requirements. At first, the relation between the growth parameters and 
the defect density in the Van-der-Waals (VdW) based layered structures is investigated. The optimum 
growth parameters are extracted and the defect-free epilayers are prepared. Later, the technique of 
selective area epitaxy (SAE) is explored to develop a platform to achieve a scalable nano-architecture. 
Utilizing CMOS compatible fabrication technology, Si (111) substrates with crystalline and amorphous 
combinational surfaces are prepared. The precisely controlled growth parameters facilitated the 
realization of selectively grown topological structure. Based on statistical analysis, a generalized growth 
model is established that provided control over structural defects through the effective growth rate at the 
nanoscale and assisted in achieving high quality nanostructures.  

Based on conventional 3D TIs, the capabilities of VdW epitaxy are exploited further with the growth of 
topological-trivial heterostructures. The stoichiometric adjustment in these heterostructures is utilized as 
a tool to control the strength of spin-orbit coupling (SOC) and to engineer the topological band structure. 
Two such systems are explored including BixTey = (Bi2)m(Bi2Te3)n and GST/GBT = (GeTe)n(Sb2Te3/Bi2Te3)m. 
With the continuous addition of Bi2 bilayers and GeTe (materials that exhibit trivial phase) into 3D TIs, the 
stoichiometric modulations are achieved. Moreover, the modification of growth parameters is conducted 
to incorporate these stoichiometries with the pre-patterned substrates and selectively grown 
nanostructures of the corresponding alloys are prepared. Assisted by the atomic-scale structural 
characterizations, the phenomenon of VdW reconfiguration is explored to observe the transformation of 
layer architecture; the key mechanism in the evolution of interfacial phase change materials (IPCMs). 
Moreover, the systematic alterations in the atomic interaction and resulting changes in bond lengths 
within a pristine and hybrid VdW stacks are investigated.  

 
 
 
 
 
 
 
 
 
 
 
 
 

The focus is then shifted towards surfaces where the stability (inertness) of TI epilayers in the ambient 
conditions via structural and compositional investigations, is analyzed. An undeniable evidence of the aging 
effect in all material systems is obtained where a non-saturating oxidation process at the (0001) surfaces 
with a continually decreasing oxidation rate is witnessed. Using the in situ thin film deposition of Al (2 nm), 
the top surfaces are passivated and the aging effect is neutralized. The phenomenon of charge transfer 
due to band alignment at the Si (111) - TI bottom surface is investigated with a comparative growth, 
structural and transport analysis of TI epilayer prepared on HfO2 substrate. Finally, the interfaces between 
TIs and various s-wave superconductors (SCs) are explored. The challenges to achieve the induced 
superconductivity in TI-SC hybrid junction and highly transparent interfaces are addressed. The issue of 
metal diffusion into the TI epilayer and the resulting formation of Schottky-like barriers is avoided with the 
introduction of a thin metallic film as a diffusion barrier. Using the natural tendency of transition metals 
to transform into their corresponding di-chalcogenides (TMDCs) at the exposure to TI surfaces, atomically 
well-defined and VdW assisted epitaxial interfaces are engineered. The newly evolved interfaces assisted 
in achieving the induced superconductivity that was a huge limitation in realizing the complex functional 
devices. 
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1 

Chapter – 1 
Introduction to Topological Materials 

1.1 Topological insulators (TIs) 
Topology1 is a mathematical terminology. It deals with the study of geometrical objects where the 
properties remain preserved through continuous deformations such as twisting and stretching as long as 
they are not damaged through tearing or cutting. For example, topologically an ellipse, a sphere, an 
ellipsoid and a square are all equivalent to a circle that can be transformed through continuous 
deformations into each other1, 3. 

In solid state physics, topology is related to specific features in electronic band structure. The most 
prominent features of topology can be observed in materials that exhibit strong spin orbit coupling (SOC) 
where the swapping of opposite parity orbitals across the Fermi level leads to the phenomenon of band 
inversion3, 4, 5, 6. The connectivity of inverted with the non-inverted bands results in the formation of linearly 
dispersed energy states with Dirac cone like formation (also known as topological states) that exhibit 
several exotic features including the helical spin-momentum locking4, 5, 6. This phenomenon of band 
inversion and resulting evolution of gapless states introduced a new class of materials in condensed matter 
known as topological insulators (TIs). Bi2Te3, Bi2Se3, Sb2Te3 and SnTe are a few examples of TIs5, 6. In general, 
all TIs can be categorized in 2 major groups: 

 2-dimensional topological insulators (2D TIs) exhibit 1D exotic topological states that reside at the 
edges of the material (edge estates), also called quantum spin Hall (QSH) insulators for example 
(Hg,Cd)Te quantum wells7, 8. 

 3-dimensional topological insulators (3D TIs) host 2D topological states on the surface of the 
material called topological surface states (TSS) for example Bi2Te3, Bi2Se3 and Sb2Te3

5, 6. 

Topology in 3D materials can be categorized into various sub-classes with novel topological phases. In 
order to understand the difference among various 3D topological phases, the phenomenon of band 
inversion and the origin of topological surface states (TSS) is necessary to understand. 

1.1.1 Band inversion and the origin of topological surface states (TSS)  
The origin of TSS in the electronic structure and the band inversion at the Γ-point in Bi2Se3, Bi2Te3, and 
Sb2Te3 can be understood with the help of different stages in the evolution of energy levels of atomic  
p-orbitals. For example, in Bi2Se3 the inversion occurs between the neighboring Bi (6p) and Se (4p) atomic 
orbitals due to three stages of evolution as described by Zhang et al.4 and depicted in Figure 1.1.  

 Chemical bonding: In the first stage, according to molecular orbital theory, the atomic p-orbitals 
split into bonding (+) and anti-bonding (-) orbitals due to hybridization during chemical bonding 
where the anti-bonding orbitals always exhibit higher energy levels. This step brings Se anti-
bonding orbital (𝑃2௑,௒,௓

ି ) and Bi bonding orbital (𝑃1௑,௒,௓
ା ) closer in energy. “+/-” symbols 

represent “even/odd” parity of orbitals respectively.  
 Crystal field splitting: The anisotropy in crystal field i.e. the difference in the structure along 𝑥𝑦-

plane and 𝑧-orientation causes further splitting of Se (𝑃2௑,௒,௓
ି ) orbital into (𝑃2௓

ି) and (𝑃2௑,௒
ି ) 

while Bi (𝑃1௑,௒,௓
ା ) orbital splits into (𝑃1௓

ା) and (𝑃1௑,௒
ା ). 𝑃௑ and 𝑃௒ orbitals stay degenerate due to 

in-plane symmetry of the layered crystal. This step brings Se (𝑃2௓
ି) and Bi (𝑃1௓

ା) orbitals 
energetically closer. 
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 Spin-orbit coupling: The moving electrons in the vicinity of positively charged nuclei experience an 
effective magnetic field, which couples to their spin orientation. This effect is called spin-orbit 
coupling (SOC) that leads to a repulsion between energy levels with opposite spin orientation, e.g. 
in Bi for 𝑃1௓

ା ↑ and 𝑃1௑ା௜௒
ା ↓. As this effects directly related to the number of protons per nucleus, 

SOC is stronger in heavy elements e.g. Bi. It splits 𝑃1௑ା௜௒
ା ↓ and 𝑃2௑ା௜௒

ି ↓ orbitals while deflects  
Bi (𝑃1௓

ା) downwards and Se (𝑃2௓
ି) upwards that results in the crossover of orbitals with opposite 

parity around the Fermi level. 
 

                        
   
 
 

Fig. 1.1: Multi-step band structure evolution in Bi2Se3. (a) Chemical bonding, crystal field splitting and spin orbit 
coupling (SOC) affect the energy levels of Bi and Se 𝑝-orbitals. In each step band with opposite parity (odd “-” orbital 
of Se in valance band and even “+” orbital of Bi in conduction band) come closer and finally, SOC inverts the band 
structure across the Fermi level at the 𝛤-point (orbitals of interest are marked with red box). (Adopted from Zhang et 
al.4 with permission) (b) Without considering SOC, the order of the bands remains trivial throughout the whole Brillouin 
zone. By taking the effect of SOC into account, the inversion of the bands makes the valence band with even parity 
(electron-like) and the conduction band with odd parity (hole-like) in the vicinity of the 𝛤-point (simulation image is 
provided by Irene Aguilera)9.  
 
Passing through the above mentioned three stages of evolution, the odd parity orbital of Se 𝑃2௓

ି ↓, 𝑃2௓
ି ↑ 

and even parity orbital of Bi 𝑃1௓
ା ↓, 𝑃1௓

ା ↑ swap their relative positions on the opposite side of Fermi level 
leading to the phenomenon of band inversion in Bi2Se3 (Figure 1.1). The conduction band after inversion 
exhibits odd (-) while the valance band exhibits even (+) parity, the exact opposite behavior demonstrated 
by any normal insulator/semiconductor. This phenomenon is depicted in Figure 1.1b where the parity 
inversion of bands, before and after SOC, can be visualized around the Γ-point. For other high symmetry 
points 𝐹, 𝐾, 𝑀, 𝐿, 𝑍 etc. the effects of band evolution are not strong enough for an inversion in Bi2Se3 and 
hence, the bands remain topologically trivial within the residual Brillouin zone4.  

Origin of TSS: When a material with an inverted band structure (topological insulator) e.g. Bi2Se3 gets in 
contact with another material having non-inverted band structure (normal insulator/semiconductor) e.g. 
Si, the parities of conduction and valence band have to switch across the interface in order to fulfil the 
requirement of continuation of parity. The parity alignment across the Fermi level results in a transition 
region with very sharp band closing and reopening at the interface with the evolution of linearly dispersed 
metallic states called topological surface states (TSS)4, 6. This effect is also visually described in an earlier 
study by Schüffelgen et al.10 TSS are different from conventional surface states that appear in materials 
with non-inverted band structure mostly due to structural defects whereas, TSS evolve as a result of parity 
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Chemical 
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alignment to link the inverted and non-inverted bands. Other than being metallic in nature, TSS exhibit 
several exotic features among them a few are introduced here: 

 Helical spin-momentum locking5, 6: TSS exhibit spin-momentum locking due to parity conservations. 
This feature makes TIs very promising candidate for advanced spintronics11, 12, 13 such as fault-
tolerant quantum computation14, 15, 16 and high speed data storage applications at the room 
temperature.  

 Robust against disorders17, 18: TSS are protected by time-reversal symmetry (TRS) that makes them 
very robust against perturbations and disorders as long as they are non-magnetic. Magnetic 
impurities allow for spin-flip, break TRS and the protection of TSS19.  

 Prohibited backscattering17, 18: Spin-momentum locking of TSS does not allow quasiparticles to 
switch/reverse spin without the relative change in momentum and hence, elastic backscattering 
is prohibited6. This features facilitates ballistic transport of TSS20 that makes them prominent for 
low energy applications.  

In general, this model describes how the strength of SOC leads to the band inversion of orbitals and the 
evolution of surface states in topological materials such as Bi2Se3, Bi2Te3 and Sb2Te3. It also explains that 
Sb2Se3 is not a TI because SOC is too weak to invert the bands4. However, in order to understand cases 
where materials exhibit complex topological phases, a model presented by Fu and Kane for the inversion 
symmetric crystals21 explains this phenomenon in more detail and discussed in the next section. 

1.1.2 Topological invariants for 3D systems 
Fu and Kane21 introduced a model to characterize various 3D topological systems hosting surface states 
(topology) with a set of variables 𝑣଴; (𝑣ଵ𝑣ଶ𝑣ଷ) known as 𝑍ଶ invariants. In case of 2D materials the 
topological invariant 𝑣଴ alone is utilized to identify the system being topological (𝑣଴ = 1) or trivial  
(𝑣଴ = 0)21. In 3D materials however, (𝑣଴ = 0) does not necessarily means that the system is trivial rather 
the combination of all topological invariants 𝑣଴; (𝑣ଵ𝑣ଶ𝑣ଷ) define the topological state of the system21.  

According to Kramers theorem22, if the Hamiltonian 𝐻 of a system is invariant under time-reversal (exhibit 
TRS), every state |𝜓𝑛(𝑘, ↑)⟩ and the state with opposite spin and wave vector |𝜓𝑛(−𝑘, ↓)⟩ are eigenstates 
of the same Bloch energy and the Kramers pairs (KP) are at least two-fold degenerate due to the two 
possible spin directions of a fermion21. As observed earlier (Figure 1.1), the spin-orbit coupling (SOC) lifts 
this degeneracy and splits the states depending upon their spin. However, the states remain degenerate 
at some points in the Brillouin-zone, where the momentum is invariant under time-reversal called time-
reversal invariant momenta (TRIM)21. The TRIM points (𝛤௜௝) are also called the Dirac points. Fu and Kane21 
demonstrated for the inversion symmetric crystals that topology of a 3D system (the 𝑍ଶ invariant 𝑣଴) is 
determined by the parity product of the occupied bands at the bulk TRIM points21. Taking an example of a 
cubic system 𝑣଴ and 𝑣௞ (weak indices) could be evaluated using following equations. 

(−1)௩బ  =   ෑ 𝛿௜

଼

௜ୀଵ

=  ෑ∗

଼

௜ୀଵ

ෑ 𝜉௠(𝛤௜௝)

௡

௠ୀଵ

                                                       (1.1)   

(−1)௩ೖ  =   ෑ 𝛿௜ୀ (௡భ௡మ௡య)

௡ೖୀଵ; ௡ೖಯೕ ୀ ଴,ଵ

                                                         (1.2)   

Here, ξ௠ represents the parity eigenvalue (ξ௠ = ±1) of the occupied band 𝑚 at the TRIM point 𝛤௜௝  where 𝑖 
and 𝑗 represent spatial identification, as depicted in Figure 1.2a and δ௜  represents the parity invariant in 
the bulk. This means that for every 𝛤௜௝  a parity invariant δ௜  is attributed, which is either 1 or -1 (-1 represents 
an inverted band structure).  
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Fig. 1.2: (a) Schematic representation of the TRIM points (𝛤௜௝) of a cubic crystal structure. Projection of the TRIM points 
at the (010) surface (𝛬௜) is displayed. Schematic representation of the energy levels and states between two surface 
TRIM projections 𝛬ଵ and 𝛬ଶ for a trivial insulator (b) and a topological insulator (c). In case of (b) the states always 
connect even number of crossings with the Fermi level, which indicates the trivial system with non-inverted bands 
while in (c) the states connect switching partners (opposite parity). Due to this switching, the Fermi level crosses the 
surface states always in an odd number, resulting in a metallic connection between valence and conduction bands. 
(Adopted from Fu and Kane21) 
 

1.1.3 Strong topological insulator (STI) 
Considering a cubic crystal structure, as depicted in Figure 1.2a, if the bulk values are projected to the 
surface TRIM points 𝛬௜  by 𝜋௔ = 𝛿௜ୀ(௔ଵ)𝛿௜ୀ(௔ଶ) there can be two cases discussed below.  

 First, if there is no change in the surface parity invariant between the two surface TRIM points 
(𝜋ଵ𝜋ଶ = 1), the Fermi level cuts these states in an even number23, 24 (Figure 1.2b). This 
corresponds to a trivial insulator (𝑣଴ = 0) with the non-inverted and gapped band structure.  

 Second, if there is a change in the surface parity invariant 𝜋ଵ𝜋ଶ = (−1), the system is a topological 
insulator (𝑣଴ = 1). In this case, the Fermi level always cuts the states in an odd number23, 24, which 
means there is a connection between valence and conduction band and therefore the system is 
metallic (Figure 1.2c).  

A material is called “strong topological insulator” (STI)21, if the product of parity at the TRIM points 
projected on the surface i.e. 𝜋ଵ𝜋ଶ𝜋ଷ𝜋ସ = (−1) and the Fermi arc encloses 𝛬௜ only once as depicted in 
Figure 1.3. Considering the case of cubic crystal, it means that either one or odd number of TRIM points 
should exhibit odd parity δ௜ = (−1) to ensure that the product remains (−1) and material exhibits strong 
topology with the presence of TSS on all facets. All the conventional 3D TIs i.e. Bi2Se3, Bi2Te3 and Sb2Te3 
exhibit 𝑍ଶ invariants 𝑣଴; (𝑣ଵ𝑣ଶ𝑣ଷ) = 1; (000) and belong to the category of STI. Another example 𝑍ଶ 
invariant with STI phase is 1; (111) exhibited by HgTe7, 25, Sb8, 21, 26 and Bi4Te3 (discussed in section 4.8.2).  

1.1.4 Weak topological insulator (WTI) 
Weak topological insulator is a unique phase of 3D topology when 𝑍ଶ invariant 𝑣଴, according to equation 
1.1, becomes 0. As mentioned earlier, in case of 2D topology 𝑣଴ = 0 represents the trivial phase; however, 
in 3D systems it is possible that some surfaces exhibit topologically trivial phase named “dark surfaces”27, 

28 while other surfaces exhibit topological protection. Such a material is called “weak topological insulator” 
(WTI) 27, 28, 29.  

According to Fu and Kane model21, when 𝑣଴ = 0, the topology is determined by vector 𝐺௩  (equation 1.3) 
where the weak indices 𝑣௞ are evaluated using equation 1.2.  

𝐺௩ = 𝑣ଵ𝑏ଵ +  𝑣ଶ𝑏ଶ +  𝑣ଷ𝑏ଷ                                                       (1.3) 

(a) (c) (b) 

Trivial 
System 

Non-Trivial 
System 
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Fig. 1.3: A few examples for cubic Brillouin zones (represented with purple color) along with the projections of (001) 
surfaces (represented with blue color) of strong and weak topological insulators with 1, 2, 3 and 4 TRIM points. All 
TRIM points are allocated with a green or a red color sign for even i.e. 𝛿௜ = (+1) or odd i.e. 𝛿௜ = (−1) parities 
respectively. The parity projections on the (001) surface TRIM points 𝛬௜ by 𝜋௔ = 𝛿௜ୀ(௔ଵ)𝛿௜ୀ(௔ଶ) are also marked with 
similar rules. (a) An example of STI with 𝑍ଶ invariants 𝑣଴; (𝑣ଵ𝑣ଶ𝑣ଷ) = 1; (000), with one projected surface TRIM point 
𝛬ସ with odd parity 𝜋ସ = (−1) confirming the case  𝜋ଵ𝜋ଶ𝜋ଷ𝜋ସ = (−1). The orange curve represents the Fermi surface 
enclosing one Dirac point with odd parity. (b) An example of WTI with all 𝜋௜ = (+1), giving raise to trivial (001) 
surface. Fermi surface encloses no Dirac points (gaped band structures). (c) Another example of STI with a large Fermi 
surface where three 𝛬௜  with odd parity confirm  𝜋ଵ𝜋ଶ𝜋ଷ𝜋ସ = (−1). The Fermi surface is not plotted. (d) A random 
example of possible WTI phase with all  𝜋௜ = (−1) resulting in  𝜋ଵ𝜋ଶ𝜋ଷ𝜋ସ = (+1) giving raise to trivial (001) surface. 
(Adopted from Fu and Kane21) 
 
Mathematically, when 𝐺௩ ≠ 0, it represents a WTI21. As mentioned earlier, a STI exhibits 𝑣଴ = 1 by 
satisfying the situation 𝜋ଵ𝜋ଶ𝜋ଷ𝜋ସ = (−1). It is only true when one or in general, odd number of TRIM 
points demonstrate odd parity δ௜ = (−1) as depicted in Figure 1.3a and c. In case of WTI, the structure 
exhibits 𝑣଴ = 0 with any surface 𝜋ଵ𝜋ଶ𝜋ଷ𝜋ସ = (+1). This implies that even number of TRIM points 
demonstrate odd parity δ௜ = (−1). In such a case, there can be two possibilities: 

 Surfaces that contain all 𝜋௜ with same parity i.e. (+1); it is true when 𝐺 = 𝐺௩ 𝑚𝑜𝑑 2. These 
surfaces are trivial and do not exhibit topologically protected surface states (dark surfaces) as 
depicted in Figure 1.3b where all 𝜋௜  exhibit even (+) parity resulting in dark (001) surface while it 
will not be the case at (010) surface. A similar model with the opposite parity case is depicted in 
Figure 1.3d where all 𝜋௜  exhibit odd (−) parity resulting in 𝜋ଵ𝜋ଶ𝜋ଷ𝜋ସ = (+1).  

 Surfaces for which two of the 𝛬௔’s are positive and two are negative, 𝐺 ≠ 𝐺௩ 𝑚𝑜𝑑 2. For those 
surfaces, the Fermi arc encloses two 𝛬௔ ’s which have the same sign for 𝜋௔. Here, it is important 
to notice one major difference in WTI from STI. In STI, the Fermi arc encloses only one Dirac point 
while in case of WTI, the Fermi arc always enclose an even number of Dirac points. The (010) and 
(100) surfaces, in the system introduced in Figure 1.3b, will exhibit such a behavior. 

The term “weak” was proposed as the system was claimed to have less protection against disorders or 
perturbations30, 31, 32; however, several studies have shown the robustness of WTIs via magneto-transport 
investigations. The main importance of WTI phase is realized after the proposal for its utilization to design 
materials with novel topological phases2, discussed in section 1.2. Bi14Rh3I927 , ZrTe5

30, Bi1Se1
32, 33 and 

Bi1Te1
29 are a few examples of WTIs.  

1.1.5 Topological crystalline insulator (TCI) 
In case of strong and weak topological insulators, discussed above, the topology is always protected by 
time-reversal symmetry (TRS). No disorder or perturbations can destroy TSS as long as TRS remains intact. 
Topological crystalline insulator (TCI)34, 35, 36, 37, on the other hand, is a unique phase of topology in 3D 

(a) (b) (c) (d) 
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systems where topology is not protected by TRS. Rather one or a combination of crystal symmetries (CS) 
including mirror, reflection and rotational etc. (spatial symmetries) define and protect topology.  
 

  
Fig. 1.4: Schematic representation of bismuth (Bi) Brillouin zone in the reciprocal (a) and real space (b), respectively. 
The mirror plane is displayed in both images as dashed green line. In b) the three different stacked layers of Bi are 
displayed in purple, red, and blue colors. (Adopted from Lanius et al.38) 
 
In the first generation 3D TIs, several Dirac points were observed in the band structure calculations of 
BixSb1-x

39, 40, 41 that somehow could not be explained by the presented model of Fu and Kane21 for TRS 
protected inversion symmetric objects, discussed in section 1.1.3 and 1.1.4. Teo, Fu and Kane41 established 
another theory to define the topological state that do not originate from TRS but are protected by the 
mirror symmetry of the crystal and thus, in addition to 𝑍ଶ invariants another topological invariant named 
the “mirror Chern number” 𝑛ϻ is introduced.  

In BixSb1-x, the mirror plane resides at  𝑘୶ = 0 between TRIM points 𝛤̅ and Mഥ , as depicted in Figure 1.4. The 
mirror reflection 𝑀 (marked with green color) can be redefined in terms of a spatial inversion 𝑃 and a two-
fold rotation symmetry 𝐶ଶ as 𝑀(𝑥ො) = 𝑃𝐶ଶ(𝑥̂), which inverts the x-coordinate. The eigenvalues of 𝑀(𝑥̂) are 
±𝑖 and 𝑀ଶ = 1, it means that the mirror eigenvalues of the states in the mirror plane can be labeled with 
±𝑖. According to Fu and Kane’s TCI model41, the mirror Chern number 𝑛ϻ can be evaluated using equation 
1.4, by connecting the occupied bands in this mirror plane to a Chern invariant 𝑛±௜ .  

𝑛ϻ =     
𝑛ା௜ − 𝑛ି௜

2
                                                                     (1.4) 

In the presence of time-reversal symmetry (TRS), a total Chern number of the system must be zero42 i.e.  
𝑛 =  𝑛ା௜ + 𝑛ି௜ = 0. It means, for 𝑛ϻ ≠ 0, even if there are no TRS protected surface states (topologically 
trivial surface), Dirac cones protected by the mirror symmetry can be found. The numerical value of the 
mirror Chern number 𝑛ϻ (an integer) is equal to the number of Dirac cones along the mirror plane in the 
first Brillouin-zone where the sign (±) of 𝑛ϻ called mirror chirality, gives the direction of the edge states.  

Unlike the case of TRS protected topology, the Dirac points originated from crystal symmetry (mirror 
symmetry34, 42 or other point-group symmetries of the crystal lattice34, 42), are not envisaged at surface 
projections of the TRIM points, rather can be observed on the mirror plane29 or other high symmetry crystal 
surfaces34, 42 depending upon the exact symmetry responsible for topological protection. The mirror 
symmetry is a property of the crystalline structure of the material. It can be broken by distortions or 
structural defects and therefore, it is characterized as a weak symmetry; however, experiments have 
shown that TCI states are robust35, 37, 43 similar to other states originated from TRS protected STI or WTI 
phases.  

The first TCI that was theoretically predicted and experimentally confirmed via ARPES is SnTe35, 36, 44, 45. 
Later, Eschbach et al.29, reported the experimental realization of Bi1Te1 a dual TI (WTI + TCI) where (0001) 
surface being topologically dark (trivial surface of WTI) facilitated the experimental confirmation of CS 
originated Dirac cone away from the Γጟ  point along the Mഥ  plane. Similarly, theoretical studies have revealed 

(a) (b) 
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that Bi2Te3 and Bi4Te3 (discussed in section 4.8.2) also exhibit TCI characteristics46 but due to being STI in 
nature, the surface states overlap at the Γጟ  point and TCI behavior cannot be observed via ARPES.  

1.1.6 Higher order topological insulator (HOTI) 
Higher order topological insulator (HOTI)45, 47, 48, 49 is a novel topological phase of 3D systems where 
materials do not exhibit 2D metallic surface states (witnessed in TRS protected STI and WTI phases and CS 
protected TCI phase) but rather host 1D topologically protected gapless hinge states45, 47, 48, 49 or even 
lower-dimensional corner states. In HOTI, topology is protected by spatiotemporal (TRS + CS) symmetries 
and can be classified in the following categories also depicted in Figure 1.5.   

 Chiral HOTIs: Topology is protected by the combination of TRS and CS (n-fold rotation symmetry 
𝐶௡
෢ or mirror symmetry). They exhibit hinge states with chiral modes50, 51 while the bulk topology 
is 𝑍ଶ-classified.  

 Helical HOTIs: Topology is protected mainly by crystal symmetries (CS) while in some cases TRS is 
also involved. They exhibit helical hinge states that come in Kramers pairs while the bulk topology 
is 𝑍-classified. 

Several materials previously regarded as trivial insulators according to the 𝑍ଶ-classifications, have started 
to exhibit HOTI phases in theoretical calculations, by extending the topological classification to the 𝑍ସ 
invariants. One such example reported earlier is the bulk bismuth (Bi)48, 52 that according to 𝑍ଶ-classification 
exhibits topologically trivial surfaces with 𝑍ଶ invariants 0; (000); however, CS facilitates the appearance of 
hinge states at the corners of the bulk (depicted in Figure 1.5c) demonstrating topological bulk–boundary 
correspondence48. Similarly, a recent discovery of helical edge states in Bi4Br4

49 is also reported confirming 
the important of 𝑍ସ classification to determine HOTI phases. HOTI phases are also observed in SnTe45 and 
predicted to appear in Bi2TeI, Bi1Se1, and Bi1Te1

45.  
 
 

      

Fig. 1.5: A theoretical representation of HOTIs with topologically protected hinge states of second order 3D TIs.  
(a) A model representing chiral hinge modes along the corners of a cubic crystal protected by 4-fold rotational 
symmetry along z-axis (𝐶ସ

௭෢) preserving bulk termination in z-direction. (b) Time-reversal invariant model with anti-
propagating and degenerate hinge states where the highlighted planes in gray represent mirror planes that protect 
the hinge states via crystal mirror symmetry along 𝑥𝑦-plane (𝑀௫௬

෢ ) and 𝑥𝑦ത-plane (𝑀௫௬ത
෢ ) respectively. (c) Schematics of 

the helical hinge states of a hexagonally shaped HOTI in bismuth, oriented along the trigonal [111] axis with 𝐶ଷ
෢ and 

inversion symmetry. Red lines represent a single one-dimensional Kramers pair of gapless protected modes. (Taken 
with permission from Schindler et al.45, 48) 

1.1.7 Topological semi-metal (TSM) 
Topological semi-metal is not a well-defined term and utilized for systems with different classes of 
materials. In general, TSM can be divided into following three categories: 

(a) (c) (b) 
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 An ordinary (trivial) semi-metal that contains separate electron and hole pockets compensating 
each other; however, the parity switching between the conduction and valence bands, discussed 
in  section 1.1, gives rise to a nontrivial 𝑍ଶ topology and resulting in TSS. An example of such a 
system is pure Sb8, 21, a trivial semimetal with TSS, where the topology is characterized by 𝑍ଶ 
invariants with 1; (111). 

 A zero bandgap semiconductor (semi-metal) with strong SOC and band inversion. Similar to the 
first category, these materials also exhibit TSS with trivial bulk but unlike the first category, the 
inverted bandgap in such materials can be introduced by lowering the CS. The most prominent 
example is HgTe, a TSM that readily evolves into a 3D TI via applying a uniaxial strain to the  
bulk7, 8, 53, 54, 55 by growing a HgTe layer on a lattice mismatched substrate56. The tensile strain 
lowers the CS, lifts the band degeneracy and opens an inverted bandgap. 

 This category represents the true term of TSM with bulk topology including Dirac semi-metal 
(DSM)2, 57, 58, 59, 60, 61, 62 and Weyl semi-metal (WSM)2, 63, 64, 65, 66, 67. In a Weyl semimetal due to SOC, 
the valence and conduction bands touch each other at isolated points around which the band 
structure forms non-degenerate 3D Dirac cones (not necessarily on high symmetry points). The 
apex of this 3D Dirac cone is called a Weyl node (non spin degenerated). Weyl nodes always appear 
in pairs and exhibit fascinating physics where a pair of Weyl nodes give rise to an arc of zero-energy 
excitation (Fermi arc) to connect them in the projected surface of Brillouin zone that hosts Weyl 
fermions68, 69 as depicted in Figure 1.6. The crucial ingredient for the realization of a WSM is the 
presence of SOC and either TRS or inversion-symmetry (IS) must be broken. In contrast, when both 
TRS and inversion-symmetry are preserved, the system exhibits a Dirac cone with a Kramers 
double degeneracy and therefore, it is called a Dirac semi-metal (DSM). The most prominent 
examples of a DSM is Na3Bi57 with preserved TRS and a WSM is TaAs66, 68, 70 with broken TRS. There 
are several proposals to design DSM and WSM from 3D TIs using topological phase transition, 
discussed in section 1.2. 

 

                                                                 
Fig. 1.6:  A model representing the formation of a WSM. (a) Electronic band structure with overlapping conduction 
and valence bands due to parity inversion imposed by the strength of SOC. (b) The emergence of Weyl semi-metallic 
phase with the evolution of non-spin-degenerate Weyl nodes and band structure with the broken TRS. (c) An 
illustration of the simplest Weyl semimetal state that has two single Weyl nodes with the opposite (±1) chiral charges 
in the bulk where the zero energy excitations will give rise to the evolution of the Fermi-arc. (Adopted from Xu et al.68) 
 

1.2 Topological phase transition 
Topological transition is a technique to engineer band structure in which the current topological phase of 
the material can be transformed into another topology or switched to topologically trivial phase. Such a 
transition can be achieved by two different methods: 

 Physical modifications: This method deals with the modification of physical characteristics such as 
thickness of the crystal, stress in the epilayer and the applied pressure. Theoretical studies71 and 
experimental observations71, 72 have proved that 3D TIs can be transformed into 2D TIs by carefully 

(a) (b) (c) 
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reducing the epilayer thickness below 5 nm72. Topological phase and texture modifications by 
mechanical strain in Bi2Se3 crystal have been reported73 where the 3D topology is modified by 
varying the strength of applied tensile strain. Another example of topological phase transition 
using uniaxial strain is already mentioned where HgTe can be transformed from TSM phase to 3D 
TI7, 8, 53, 54, 55. This methods is mostly limited to 2D ↔ 3D transitions and topological ↔ trivial 
transformations. It does not provide stable and precise transformations among various 3D 
topological phases for the van der Waals (vdW) assisted layer based materials. 

 Chemical variations: Chemical variations in the crystal i.e. the compositional changes74 or the 
stoichiometric tuning29, is more precise and suitable method to tune 3D topological phases. Using 
this method, the stoichiometry of a topological material “base”, is altered with the addition of a 
topologically trivial material “additive”. The accumulation of “additive” in “base” results in the 
reduced strength of spin orbit coupling (SOC) that in result alters the band structure.  

One such model with an attempt to classify various 3D topological phases and to develop a link between 
3D TIs and semi-metallic phases (TSMs), is presented by Yang et al.2 The approach of chemical variation, 
according to the proposed model, can be adopted to engineer compositional alloys with the desired 
topology where the path of topological transformation particularly the topology at the critical point (when 
bandgap reaches 0 eV) is dictated by the topological state of the “base” (i.e. the symmetries exhibited by 
the starting 3D TI) while the electronic features of the “additive” (trivial material) impose the relative 
alterations in SOC and thus, in the band structure.  

                 
 
 
 
 
 
 
 
 

 
 
 

Engineering DSM: Alloys/materials with DSM phase can be engineered when “base” exhibits STI phase 
protected by TRS and inversion symmetry (IS) as depicted in Figure 1.7. Continuous accumulation of 
“additive” into “base” will result in reduced strength of SOC in the stoichiometric states causing inverted 
bandgap to shrink until it will reach the critical point of 0 eV. Here, the alloy can take following possible 
paths depending upon the formation of the Dirac point.  

 If the Dirac point forms at TRIM (crystal exhibits uniaxial rotational symmetry), the resulting alloy 
will exhibit DSM phase (Figure 1.7c).  

 If the Dirac point does not exhibits uniaxial rotational symmetry; however, it exhibits TRS and IS, 
the alloy will exhibit type-1 TSM with trivial bulk band and TSS e.g. Sb (discussed in section 1.1.7).  

 Irrespective to the position of the Dirac point formation, if the strength of SOC is too low to support 
the band inversion, the alloy will lose its topological features2 resulting in a trivial semimetal (Figure 
1.7b at the critical point).  

Fig. 1.7: A model representing phase transition in a STI, 
induced by band crossing when a single control 
parameter is varied in the system. (a) The generic 
phase diagram of a system with TRS and IS but lacks 
rotational symmetry (RS), categorizing various 
topological phases and the topological transition path 
based on the control parameter (White arrow). The 
control parameter along the x-axis is modifying the 
strength of SOC and the size of inverted/non-inverted 
bandgap. The dotted line represents the topological-
trivial transition critical point with 0 eV bandgap 
(phase boundary). (b) System with trivial semi-metallic 
phase at the critical point with TRS and IS but lacking 
the RS. (c) Possibility of a DSM when an additional 
uniaxial RS is included (Adopted from Yang et al.,2). 

(a) 

(b) (c) 

Parameter Space 
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With further addition of additive, the non-inverted bandgap will start expanding until the alloy reaches the 
electronic state of “additive” (a trivial insulator).  

Engineering TDSM: Alloys/materials with topological DSM (TDSM) phase can be engineered when “base” 
exhibits WTI/TCI phase protected by TRS/CS respectively, as depicted in Figure 1.8. The continuous 
accumulation of “additive” will reduce the strength of SOC causing inverted bandgap to shrink until it will 
reach the critical point of 0 eV. Such materials, as pointed out in the diagram, exhibit two critical points.  

 At the first critical point, facilitated by WTI/TCI phase, the formation of a pair of Dirac points will 
take place away from the TRIM points Γത that will exhibit degeneracy depending upon the rotation 
symmetry of the crystal. They will exist along the rotation axis and exhibit the TDSM phase until 
the material will reach the second critical point. 

 At the second critical point, the Dirac points will meet at the TRIM points Γത. With the reduced 
strength of SOC, the band inversion will stop and the alloy will lose its topological features2 
resulting in a trivial semimetal.  

Once again, with the further addiction of additive, the non-inverted bandgap will start expanding until the 
alloy reaches the electronic state of “additive” (a trivial insulator). 
 

    

     
 
 
Engineering WSM: WSM phase can be engineered with the following three methods. The first two 
approaches deal with breaking the TRS and the IS of a DSM respectively75, 76, 77, 78, 79, 80, 81, 82.  

 The evolution of WSM was theoretically demonstrated in several Bi based DSMs75, 80 (Na3Bi, K3Bi, 
Rb3Bi) by breaking the TRS and tuning the compounds at the topological phase boundary (the 
critical point). The degenerate Dirac points were enforced into the transformation of non-
degenerate Weyl points along with the appearance of non-trivial Fermi-arc on the surface75. The 
topological stability of these compounds was ensured by the CS. Similar simulations were later 
reported for DSM Cd3As2

76 where WSM phase was engineered by breaking the TRS as well.  
 Unlike the TRS, several proposals to break the IS in DSM to evolve WSM phases were also reported. 

It was proposed that engineering alloys that contain layer-by-layer growth of topological-trivial 
sequences would result in breaking the IS. One such model was theoretically demonstrated by 
Hassan’s group77 where the stacking sequence of TlBi(S1−xSex)2 and TlBi(S1−xTex)2 alloys were proven 

Fig. 1.8: A model representing phase transition 
in a WTI/TCI, induced by band crossing when a 
single control parameter is varied in the 
system. (a) Generic phase diagram of the 
system with TRS, RS and IS categorizing various 
topological phases and the topological 
transition path based on the control parameter 
(white arrow). The control parameter along the 
x-axis modifies the strength of SOC and the size 
of inverted/non-inverted bandgap. The two 
dotted lines on the transition path represent 
phase boundaries. (b) Topological DSM phase 
appears when the control parameter is tuned 
between two critical points that mediates the 
transition between a normal insulator and a 
WTI/TCI. (Taken with permission from Yang et 
al.,2). 

Parameter Space 
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to break the IS and Weyl points were realized. A similar model with HgTe/CdTe multilayer 
structure78 was also proposed. With all these successfully demonstrated theoretical models to 
engineer WSM82, till date no experimental realization of such a system using the technique of 
topological phase transition, has been achieved.  

 The third approach to engineer a WSM phase is also via growing topological-trivial 
heterostructures; however, in this case the standard topological material is replaced with a 
magnetic TI83. The addition of trivial insulator spacer-layer stacked between magnetic TI layers 
helps managing the strength of SOC and breaking the IS of the compound that eventually, similar 
to the case of TDSM depicted in Figure 1.8, at the phase boundary (critical point), evolves in WSM 
phase83. Similar transformations are also reported in rare earth compound Y2Ir2O7 as well84, 85.  

1.2.1 Topological band engineering using conventional 3D TIs 
TSMs (DSM, TDSM and WSM) with bulk topology are favored over conventional 3D TIs due to enhanced 
density of states that possess topological protection. 3D TIs exhibit TSS that even in the best scenario (i.e. 
Fermi level in the bulk gap and low carrier concentration) suffer from deviations in the Fermi level (not 
homogeneous throughout the whole system) and the limited contribution in the electronic transport of 
the crystal due to confined density of states while major contributions are done by the bulk (trivial) carriers. 
In comparison to 3D TIs, TSMs exhibit higher mobility86, 87 and enhanced magneto-effective responses86, 87, 

88. They also exhibit novel zero-energy excitations with fascinating physics (Fermi-arc, Nodal line etc.)64, 68, 

85, 89, 90 that are not exhibited by 3D TIs. It does not imply 3D TIs are not effective rather, the aim is to find 
better possibilities to enhance the overall influence of topological states in the electronic transport 
particularly for the quantum applications.   

Based on above mentioned points (Section 1.2), various TSM phases can be engineered from conventional 
3D TIs (Bi2Te3, Bi2Se3 and Sb2Te3) using the technique of chemical variation (stoichiometric tuning) where 
the addition of a trivial material would help in managing the strength of SOC and protecting/breaking 
spatiotemporal (TRS, IS and CS) symmetries of the alloy. Considering conventional 3D TIs, the topological 
state of the starting material “base” defines the distinct path of topological transformations (band 
engineering) that can be adopted to engineer TSMs. A few of such possibilities are introduced below: 

Transformations from STI to DSM: The transformation path is introduced in Figure 1.7. Among conventional 
3D TIs, all materials exhibit STI phase and thus can be utilized as “base”. Some of the “base + additive” 
combinations are discussed below: 

 Bi2-xSbxSe3 = Bi2Se3 + Sb2Se3: Bi2-xSbxSe3 can be an example of classical phase transformation91. Bi2Se3 
exhibits STI phase; however due to weak SOC, Sb2Se3 demonstrates non-inverted band structure 
with trivial phase4, 92. The only limitation in this compositional alloy (Bi2-xSbxSe3) is the structural 
stability of the alloy when Sb contents increases from 25%. Sb2Se3

93 does not exhibit the trigonal 
crystal structure4, 94 like Bi2Se3. With increasing Sb contents, the crystal structure of alloy converts 
into the orthorhombic crystal92, 93 which makes the realization of topological phase 
transformations difficult to achieve.  

 SbxTey = Sb2Te3 + Sb2: SbxTey is another example of topological phase transformation. In this system, 
the stoichiometric alloys exist naturally in form of (Sb2)m(Sb2Te3)n superlattices and thus, structural 
stability is not a limitation95, 96; however, the issue lies in the electronic features97 of the “additive” 
i.e. Sb. It is not only a semi-metal but also a non-trivial entity (STI). The topology of both materials 
being STI and semi-metallic nature of Sb make the transformation range quite limited and the 
topological phase projections very complex.   

 BixSey = Bi2Se3 + Bi2: BixSey series, similar to SbxTey, exhibit compatible crystal structure; however, 
unlike Sb2, the “additive” Bi2 is a topologically trivial semi-metal (Bi2 exhibits HOTI phase48 while as 
bulk, it is still considered trivial). The trivial attributes of Bi2 allow to achieve phase transformations; 
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however, it can only be achieved in a limited range as Bi2 being a semi-metal does not allow 
stoichiometric states to reach the trivial insulator phase.  

 GexSbyTez = Sb2Te3 + GeTe: GexSbyTez (GST) stoichiometric series lack both problems encountered 
in the above mentioned systems. The crystal structural stability98, 99, 100 and trivial insulating 
attributes of the “additive”. GeTe exhibits +0.6 eV non-inverted bandgap101, 102 that allows GST 
stoichiometric states to explore the complete range to topological phase transformations 
according to Figure 1.7.  

Transformations from TCI to TDSM: The transformation path is introduced in Figure 1.8. Among 
conventional 3D TIs, only Bi2Te3 exhibits TCI phase and thus can be utilized as the “base”. Some of the 
“base + additive” combinations are discussed below: 

 BixTey = Bi2Te3 + Bi2: BixTey is a complex example of topological phase transformation because Bi2Te3 
is a dual TI that exhibits STI and TCI phases and therefore, the transformation process will impact 
both paths i.e. one with STI towards DSM and other from TCI towards TDSM simultaneously. Both 
candidates i.e. Bi2Te3 and Bi2 exhibit similar crystal structure (trigonal) and thus, the structural 
compatibility does not pose a problem103, 104. The electronic features of Bi2 as a semi-metal limit 
the range of transformation and will not let alloys to reach the trivial insulator phase. One 
interesting feature that can be expected from BixTey transformations is the richness of topological 
phases as both TRS and CS based transformations will occur at the same time. Some predicted 
phases in BixTey series range from STI to WTI29, TCI29, 46 to HOTI45, 48 and TSM105.   

 GexBiyTez = Bi2Te3 + GeTe: GexBiyTez (GBT) stoichiometric series similar to GSTs is an example of 
classical phase transformation where the “base” is replaced from Sb2Te3 to Bi2Te3. Once again, the 
dual nature of Bi2Te3 will allow multiple paths of transformation and the restriction imposed by 
semi-metallic features of Bi2 in BixTey, will be encountered by the trivial insulator GeTe. GBT is one 
of the most promising transformation series, as it allows to explore the complete range of phase 
transformations (topological ↔ TSM ↔ trivial) in Bi2Te3. 

Transformations from WTI to TDSM: All conventional 3D TIs exhibit only STI phase, WTI phase is not 
exhibited by any compound. The discovery of WTI phase29, 32 in modified conventional 3D TIs i.e. Bi1Se1 and 
Bi1Te1, members of BixSey and BixTey series make them quite promising and unique to investigate for the 
probable realization of TDSM phases.  

Transformations from MTI/STI to WSM: The path to engineer WSM phase through magnetic TIs106 is also 
achievable via (MnBi2Te4 + Bi2) and (MnBi2Te4 + GeTe) heterostructures; however, the stoichiometric 
tuning of these alloys can be quite complicated and hard to achieve. Another possibility to obtain WSM 
phase is via conventional 3D TIs and magnetic insulator heterostructures. A few such examples are (Bi2Se3 
+ MnSe)107, 108, (Bi2Te3 + MnTe)109, 110, (Sb2Te3/Bi2Te3 + YIG)111, (Bi2Se3 + EuO)111, 112 and (Bi2Se3 + Y3Fe5O12)113. 
The details of magnetic TIs based phase transformations can be found in Burkov et al.83 while a few first 
principles based calculations are reported in Zou et al.114 

1.3 Topological superconductor (TSC) 
One of the most promising and immensely desired application of topology115 is the fault tolerant quantum 
computation14, 116, 117, 118 based on spatial braiding14, 15, 119, 120 of Majorana quasiparticles (MQPs). MQPs are 
exotic massless entities that always emerge in pairs14, 121, 122 where one particle acts as an antiparticles of 
the other with the cumulative effect of the pair is equivalent to one fermionic state (e-)118. They obey non-
Abelian statistics14, 116, 123 and therefore, could be used as a robust building blocks in the quantum 
computation. MQPs are predicted to emerge in the vortex of a topological superconductors (TSC) as a zero 
energy excitation called Majorana zero mode (MZM)14, 123, 124. A TSC is an odd-parity p-wave 
superconductor (𝑝௫ + 𝑖𝑝௬)123 with topological protection that rarely exists in nature. Till date no such 
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existing materials are reported in literature though, a few potential candidates are under investigation123. 
This phenomenon limits the probable realization of MQPs and thus, the topological quantum computation.  

The search for MQPs was suddenly boosted in 2008 with the proposed model of Fu and Kane121 to 
artificially engineer a TSC based on a normal s-wave superconductor-semiconductor heterostructure125. It 
was proposed that the superconducting proximity effect in a material with strong SOC for example a STI, 
will result in the induced superconductivity of TSS (helical spin-momentum locked states) forming an 
artificial TSC. Though, there are certain requirements that must be fulfilled before the emergence of MQPs 
in an odd-parity p-wave artificial TSC will be witnessed. In order to explore Majorana physics, the 
topological community rapidly adopted this alternative approach and a race to observe topological 
superconductivity in semiconductor-SC hybrid junctions was started126, 127, 128. At first, most of the 
successful attempts were conducted with 2-dimensional electron gas (2DEG) in III-V semiconductors based 
junctions due to their pre-established high quality epitaxial interfaces where the signatures of topological 
superconductivity were observed129, 130, 131, 132, 133. In 2012, for the first time, the induced TSC was witnessed 
in a conventional 3D TI-SC hybrid junction134 where Bi2Se3 QLs (STI) were placed on top of an 
unconventional s-wave superconductor NbSe2. Later, the artificial TSC was also reported in Bi2Te3 – NbSe2 
hybrid junctions135, 136.  

 

 
Fig. 1.9: Fabrication of an artificial TSC. (a) SC-TI-SC linear Josephson junction. (b) Spectrum of a linear junction as a 
function of momentum for various in-plane applied flux (𝜙). The red lines show the Andreev bound states for 𝜙 = 𝜋 
while the bound states for 𝜙 = 0 merge with the continuum, indicated by the green lines. (c) A linear network based 
on multi-terminal topological Josephson junctions between three superconductors. (d) Phase diagram for the tri-
junction with orange regions indicating a ± MBS at the junction.(adopted from Fu and Kane121) 
 
As discussed earlier, the first part of Fu and Kane model121 introduced an alternative approach via TI-SC 
hybrid junctions to fabricate an artificial TSC, the second part of the model presented an idea of utilizing 
the artificially engineered TSC in form of linear junctions i.e. Josephson junctions (JJs) at the nanoscale 
where MQPs appear in form of Majorana bound states (MBS)121, 137, 138. Also an electronic circuit based on 
these topological JJs can be utilized to create, fuse (annihilate) and manipulate MBSs137 to realize a 
topological Qubit as depicted in Figure 1.9. Till date, numerous studies are conducted to fabricate a 
topological Qubit without any reported success; however, a few of them have described the observation 
of 4π-periodic phase relation of MBS139, 140, 141, 142, 143 in topological JJs, the basic step towards the realization 
of  topological Qubit.  
 

 

(a) (b) 

(c) (d) 

Presence of  
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1.3.1 Building blocks of a topological superconductor (TSC)  
Various theoretical models122, 144, 145, 146 and mathematical calculations14, 15, 139, 141, 147 have confirmed the 
idea presented by Fu and Kane121. Recently, an experimental replica of this model via phase sensitive 
measurements based on Pb-Bi2Te3 multi-terminal junctions is demonstrated148 though, no experimental 
realization of Majorana braiding has yet been achieved115. This phenomenon of relatively slow progress in 
obtaining the proposed target can be linked to non-ideal material characteristics (deviations from the 
theoretical models) and other restraining issues that must be resolved in order to continue the quest 
towards the realization of fault-tolerant topological Qubit. 

The simplest topological Qubit system comprises of a multi-terminal JJ as depicted in Figure 1.9b. The 
smallest unit of such a system is a single topological JJ while the basic entity of a topological JJ is a TI-SC 
hybrid structure. A TI-SC hybrid junction consists of 3 building blocks, depicted in Figure 1.10, that are:  

 superconductor (SC) 
 weak link (topological material)  
 interface between SC and topological material 

 

 

 

 

 
There are certain requirements that must be fulfilled by all entities of a TI-SC hybrid junction, in order to 
obtain an odd-parity p-wave artificial TSC suitable for the realization of a topological Qubit.  

Superconductor (SC): The key requirements of the superconducting material are as follow: 

 SC must exhibit Cooper pairs condensation with spin-singlet order149, 150 (total spin = 0) in  
s-wave pairing123, 124, 142, 149. Example of the single element based SC include Sn, Nb, Al and Pb while 
the compound SC materials NbSe2

135, 136 and PdTe2
151 exhibit s-wave pairing. The proximity-induced 

TSC on a d-wave superconductor has also been reported152; however, they are more suitable to 
engineer higher-order topological superconductor (HOTSC)153.  

 SC must exhibit 2e periodic supercurrent154, 155, 156 and stable ground state with even parity154  

Topological material: The requirements from the topological materials are as follow: 

 TSS must exist on the particular surface in contact with the SC, the (0001) surface, irrespective of 
the topological phase being STI142, WTI157 or TSM158 

 Enhanced contribution of TSS (in case of STI and WTI) via growth of defect-free high quality 
epilayers exhibiting low bulk carrier density, high mobility and enhanced phase coherent length of 
the quasiparticles 

 Fermi level of the material (in case of STI and WTI) along with the Dirac point is preferred to reside 
in the bulk bandgap  

Interface between SC and TI: Interface is the most critical entity that links the SC with the topological 
material. The interface quality determines characteristics such as the strength of the induced 
superconductivity (size of the induced gap 𝛥′) and the superconducting coherence length (𝜉) of 
quasiparticles within the weak link (topological material). In most of the cases, the interface is analyzed 
through the superconducting JJ measurements by evaluating the transparency (𝜏) of the junction143, 147. 

Fig. 1.10: A representation of the building blocks of a TI-SC 
hybrid junction i.e. s-wave superconductor, 3D topological 
insulator and the interface that connects them. 



Chapter 1: Introduction to Topological Materials 

 

 
15 

With the increasing interest in TI-SC based artificial TSC for the controllable utilization of MQPs, a great 
deal of research on the functional interfaces is ongoing. With the cumulative understanding of interfaces, 
the requirements are constantly evolving128, 138, 159, 160, 161, 162, 163. The major requirements include: 

 The interface is preferred to be epitaxial123 without any inter-diffusion between TI and SC. The SC 
is preferred to exhibit compatible crystal structure with the similar lattice parameters of TI or 
should exhibit vdW based epitaxial stacking to avoid the formation of any dislocations or other 
strain related defects.   

 The morphology at the interface must be atomically clean to avoid the formation of any traps and 
Schottky defects (e.g. oxides) that may lead to quasiparticle poisoning123. Hence, if possible, the 
interface must be prepared in situ to avoid any contamination from the ambient conditions. This 
parameter also assists in achieving low resistance noise at the junction during electronic 
investigations160, 163. 

 The interface should exhibit near perfect transparency (𝜏 →  1) and large 𝐼஼𝑅ே product160, 163 
where 𝐼஼  represents the critical current and 𝑅ே represents the normal state resistance of the 
junction. 

If the selected material systems and their interaction at the interface fulfill all the corresponding above 
mentioned requirements, the restraining issues that are mostly encountered in TI-SC hybrid junctions will 
be avoided and the realization of MQPs based topological Qubit will be promptly achievable.    

1.4 Scope of this work 
This work is almost in continuation of the earlier reported studies by Borisova et al.164 Lanius et al.38 and 
Kampmeier et al.165 where the preliminary growth foundations of conventional 3D TIs on Si (111) 
substrates via molecular beam epitaxy (MBE) were laid that paved the way to fabricate topological JJs with 
the successful realization of MBSs as reported by Schüffelgen et al.10, 142  

The objective of this thesis is to perform a systematic growth optimization of crystals via MBE through 
detailed structural characterization using the techniques of high resolution X-ray diffraction (HR-XRD) and 
aberration corrected scanning transmission electron microscopy (STEM) and extend the growth 
capabilities from conventional 3D TIs to materials with other novel topological phases. Utilizing detailed 
structural characterization, the growth feasibility study for several topological-trivial heterostructures 
combinations, is performed. The technique of selective area epitaxy (SAE) is exploited as a tool to develop 
a scalable platform in order to fabricate pristine topological nanostructures. The impact of surface 
oxidation and substrate induced effects on the structural and electronic characteristics of the crystals are 
investigated and finally, the interface engineering in several hybrid structures is conducted to realize 
epitaxial interfaces between 3D TIs and s-wave superconductors; as the realization of epitaxial interfaces 
is a bottleneck in the fabrication of Majorana based functional devices. The entire study can be divided 
into three sections while each section is sub-divided into two chapters.   

Section 1: This section focuses on the growth optimization and structural characterization of conventional 
3D TIs and the realization of topological nanostructures.  

 In chapter 2, based on a systematic growth and STEM study, challenges of van der Waals (vdW) 
epitaxy are addressed. The correlation between the growth parameters (substrate temperature 
and thin film growth rate) and the defect density is investigated. Various structural defects and 
their impact on the material’s electronic characteristics are discussed. The optimum growth 
parameters are extracted and the defect-free high crystal quality epilayers of all Te based 3D TIs 
are prepared.   

 To fulfil the demand of high-quality crystalline nanostructures in the pristine form (unaffected 
from fabrication chemicals and the ambient conditions), a platform to support the scalable nano-
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architecture using the technique of selective area epitaxy (SAE), is established in chapter 3. The 
fabrication and strain related issues of the pre-patterned substrates are addressed. Based on the 
statistical study, a growth model is developed to evaluate and control the effective growth rate of 
nanostructures. Finally, with the assessed optimum parameters, high structural quality pristine 
nanostructures of all conventional 3D TIs are obtained. The electronic characterization of 
nanostructures via magneto-transport investigations is performed where novel features of TSS in 
the transport analysis are witnessed. 

Section 2: This section focuses on the epitaxial growth of topological-trivial heterostructures using the 
proposed model of topological phase transitions in conventional 3D TIs to achieve other novel 3D 
topological phases including TSMs. 

 Among all conventional 3D TIs, only Bi2Te3 exhibits CS protected TCI phase along with STI, 
protected by TRS. To investigate materials at the path of TCI based topological phase 
transformations, the growth of BixTey stoichiometric alloys is conducted in chapter 4. BixTey = 
(Bi2)m(Bi2Te3)n stoichiometric alloys arrange themselves in the natural order of Bi2 bilayers and 
Bi2Te3 QLs where the relative presence (m:n) determines the stoichiometry while the stacking 
sequence determines the unit cell length and topology of the alloy. The epitaxial growth and the 
detailed structural characterizations of several stoichiometric states are performed and the 
stacking sequences of the key states are confirmed via STEM investigations. The unique presence 
of hybrid vdW stacking and its impact on the structural properties of the crystal, is investigated. 
Finally, nanostructures on the pre-patterned substrates using the technique of SAE, are realized.   

 In chapter 5, a growth study of a couple of topological-trivial heterostructures combinations in 
form of GST and GBT stoichiometric alloys, is conducted with the trivial insulator GeTe to explore 
the entire topological transformation range of Sb2Te3 and Bi2Te3 respectively. Epilayers of various 
stoichiometric alloys ranging in topological and trivial phases are prepared. The detailed structural 
investigations are performed and finally using SAE, the nanostructures of compositional alloys are 
fabricated.  

Section 3: This section focuses on the structural characterization of surfaces and interfaces.  

 The influence of changes in (0001) surfaces on the structural and electronic characteristics of the 
crystal is investigated in chapter 6. At the exposure to ambient conditions, the surface oxidation 
and ageing effects of conventional 3D TIs, BixTey stoichiometric states, GST and GBT compositional 
alloys and GeTe epilayers are examined and the corresponding structural reconfigurations are 
observed via STEM investigations. A comparative analysis between passivated and non-passivated 
surfaces is conducted. Finally, the substrate induced effects on the electronic properties of the 
materials such as band bending at substrate-TI interface and the electronic doping into the TI 
epilayer, are explored by conducting a comparative analysis by growing the TI epilayers and 
performing magneto-transport investigations on different substrates.  

 In chapter 7 at TI-SC hybrid junctions, transition metal dichalcogenides (TMDCs) assisted self-
epitaxial interfaces are engineered for their utilization in quantum applications. The challenges of 
Al diffusion into 3D TIs and the resulting formation of Schottky barrier are addressed with the 
introduction of a few transition-metal thin films including Nb, Ti, Pt and Pd as inter-diffusion 
barrier. The structural characterization of interfaces is conducted via STEM investigations where 
the transformation of transition metals into their corresponding TMDC structure and their self-
alignment in epitaxial order with the underlying TI epilayer, is witnessed. The blocking of Al from 
diffusion is confirmed via energy dispersive X-ray (EDX) spectroscopy. This behavior assisted in 
obtaining strain-free, high-quality and well defined epitaxial interfaces. 
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Chapter – 2 

Growth Optimization of Conventional 3D TIs 
It has been a decade since the experimental discovery of the first 3-dimensional topological insulators  
(3D TIs)1, 2. Theoretical calculations of these crystals had predicted exotic features offered by topologically 
protected surface states (TSS) that would open new possibilities for advanced applications. Among them 
ballistic and dissipationless transport for high mobility applications3, spinless surface states for advanced 
spintronic devices4, 5, 6 and Majorana quasi particles in TI-Superconductor hybrid systems7, 8, 9, 10, 11 for 
topological quantum computation12, 13, 14 hold the key importance. Surprisingly, the progress towards the 
application based devices is unexpectedly slow. This behavior can be linked to the encountered deviations 
in physical and electronic characteristics of conventional 3D TIs from the ideal predictions, provided by the 
theoretical models. The major deviations include:  

 Narrow bulk band gap i.e. a semiconducting material instead of an ideal insulator 
 Non-intrinsic behavior of crystals exhibiting higher carrier concentration of trivial bulk carriers 

suppressing the effects/contributions of topological surface states (TSS) 

Despite these challenges, some remarkable milestones have been achieved8, 15, 16, 17, 18, 19, 20. However, the 
in-depth understanding of growth mechanism including the formation of structural defects, suppressing 
the source of unexpectedly high carrier concentration21, 22, topological phase engineering23, 24, electronic 
band alignment at the substrate25, 26 and the realization of epitaxial interfaces are the key factors in these 
materials that affect the progress speed to reach the final goal.   

The most promising 3D TIs are the chalcogenide based binary compounds of Bi and Sb including Bi2Se3, 
Bi2Te3 and Sb2Te3. Over the period, these topological crystals have been prepared by various methods 
including the Bridgeman technique27, 28, chemical vapor deposition (CVD)29, 30, 31, sputter technology32, 33, 34, 
pulsed laser deposition (PLD)35, 36, 37 and molecular beam epitaxy (MBE)21, 38, 39, 40, 41, 42, 43, 44. Among them 
MBE is the most sophisticated technique. It allows to grow high quality crystalline films with precise 
thickness control and the least defect density.   

Economically, the successful industrial utilization of any new material demands its compatibility with the 
CMOS fabrication technology. The incorporation of these TI materials into CMOS industry depends on its 
reliability to grow in high crystal quality on silicon (Si). Several studies have reported the successful growth 
of 3D TIs on Si (111)45, 46, 47; however, all of them have witnessed an unexpectedly high charge carrier 
density and an unintentional shift in the Fermi level48, 49, 50, 51. Due to very narrow bulk bandgap of  
170 meV52, 210 meV38, 53, 54 and 320 meV55, 56 in Sb2Te3, Bi2Te3 and Bi2Se3 respectively, the Fermi shift results 
in the extrinsic n-type in Bi2Se3 and Bi2Te3 and p-type behavior in Sb2Te3. The Fermi level can be tuned 
precisely by alloying n-type Bi2Te3 and p-type Sb2Te3 binary compounds and controlling their relative 
concentrations to form ternary BixSb2-xTe3 alloys57, 58, 59. In earlier reports, the high carrier concentration in 
MBE grown topological films is directly linked to the Te/Se thermal vacancies45, 60 and other structural 
defects such as rotational twins61 and domains.  

This chapter focuses on a systematic study to realize the high quality epitaxial growth of 3D TIs via MBE. 
The entire crystal growth process is divided into several building blocks to study the effect of each 
parameter individually. Subsequently, the impact of these parameters on the structural properties of the 
crystal is investigated. These parameter include: 

 substrate characteristics, cleaning and pre-conditioning mechanism 
 interface quality of TI with the substrate 
 growth rate (RTF) i.e. the direct beam flux of individual element 
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 growth/substrate temperature (Tsub) 

A detailed study of the above mentioned parameters and their co-dependency is carried out. Based on 
these parameters, the epilayers are investigated to observe changes in structural defects (the formation 
twin and antiphase domains, screw dislocations and  stacking faults) along with the identification of the 
point defects (vacancies, antisite defects and the intercalation of adatoms in the layers) and the surface 
morphology (Section 2.2). The analysis is started with the binary compounds and later extended to ternary 
alloys. One of the key factors in the process of growth optimization is reproducibility. Numerous growths 
of each binary and ternary compounds with diverse range of growth conditions, are conducted and based 
on those results a statistical analysis is performed. The sources of structural defects are identified and the 
relation between the growth conditions and the defect density is explored. Finally, the optimized 
parameters for each compound to obtain high crystal quality epilayers with ultra-smooth surfaces are 
extracted and their reproducibility study is performed.  

2.1 Interface with Si (111) and van der Waals (vdW) epitaxy 

All 3D TIs exhibit a rhombohedral crystal structure with 3-fold rotational symmetry56, 62. Silicon exhibits a 
cubic crystal structure with 4-fold rotational symmetry and hence, would not support the growth of  
defect-free epilayers of crystals exhibiting the rhombohedral structure. On the other hand, Si (111) surface 
exhibits a hexagonal geometry with 6-fold rotational symmetry and thus, can act as a base for the epitaxial 
growth of 3D TIs; however, the issue of lattice mismatch must be addressed. The lattice constants for all 
binary and ternary compounds along with the corresponding calculated in-plane lattice mismatch with Si 
(111) surface are listed in Table 2.1. Considering the classical heteroepitaxy, the lattice mismatch leads to 
strain63. The subsequent strain relaxation results in the formation of dislocations and defects. Thus, the 
defect free epitaxial growth with high lattice mismatch is nearly impossible. 
 
Table 2.1: An overview of the crystal structure and space groups of chalcogenide based 3D TIs with their  
in-plain and out of plain lattice parameters and the corresponding in-plain lattice mismatch with Si (111) hexagonal 
surface. 

Material 
System 

Crystal 
Structure 

Space  
Group 

In-plain lattice  
constant (Å) 

Out of plain 
lattice constant (Å) 

Lattice mismatch 
with Si (111) 

Bi2Se3 Rhombohedral R-3mH  (166) 4.1445, 56 28.6445, 56 7.8% 
Bi2Te3 Rhombohedral R-3mH  (166) 4.38 30.49 14.06% 
Sb2Te3 Rhombohedral R-3mH  (166) 4.28 30.45 11.45% 

BixSb2-xTe3 Rhombohedral R-3mH  (166) 4.28 - 4.38  30.45 - 30.49  11.5 - 14% 
Si (111) Hexagonal - 3.84 - 0% 

 
The van der Waals (vdW) epitaxy, on the other hand, provides a platform that allows materials with 
relatively large lattice mismatch to grow without strain64, 65. Rotational alignment with the substrate, strain 
free growth and no misfit dislocations are the characteristics of vdW epitaxy64, 65. The key is formation of a 
wetting layer, a monolayer of atoms that saturates the dangling bonds of substrate at the surface and 
facilitates the growth of subsequent adsorbents in layer based structure. These layers are only weakly 
bonded with the passivated layer and henceforth, do not experience any strain imposed by the lattice 
mismatch with the substrate. Thus, the wetting layer provides a base for vdW epitaxy that evades the strain 
at the interface and allows materials with relatively large lattice mismatch to grow without misfit 
dislocations64, 65. Understanding the growth of 3D TIs on Si (111) surface via vdW epitaxy and the 
optimization of growth parameters to fabricate high quality thin films is the goal of this chapter.  

Prior to the assessment of the best passivation material for vdW epitaxy of 3D TIs on Si (111), the selection 
of substrate is carried out. The characteristics of substrate is one of the key factor in the process of growth 
optimization as it directly relates to the formation of substrate induced defects (Figure 2.14) and the 
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electronic band alignment at the interface (Section 6.3). This study is conducted using highly resistive  
Si (111) wafers with the resistivity of 2000 Ωcm. The wafers utilized were n-doped with 0.5֯ misorientation 
angle which results in the periodic silicon step edges with terrace length of approx. 45 nm. The wafers 
were spin coated with photoresist, diced into 1 cm x 1 cm pieces and the cleaning process, discussed in 
Table 2.2, is carried out. For the purpose of reliability and ease of data analysis, all growths are carried out 
using the same cleaning process. 
 
Table 2.2: An overview of substrate wet cleaning process steps. The organic contaminations are removed with multi-
step processing starting from the solvent treatment to RCA cleaning. Prior to epitaxial growth, the native oxide is 
removed with HF wet etching to expose the pristine Si (111) surface.     

Step No. Process Name Chemicals Duration Comments 

1 Resist Removal Acetone 5 mins Pre Cleaning - 1 
2 Acetone Removal Isopropanol 5 mins Pre Cleaning - 2 
3 Rinsing DI Water 10 mins - 

 

4 
 

RCA Cleaning H2SO4 (96%) : H2O2 (37%)  
= 1:1 

 

20 mins Removal of Organic 
Contaminations 

5 Rinsing DI Water 20 mins Removal of Piranha solution 
 

6 
 

SiO2 Etching 
 

HF 1% 
 

3 mins 
Removal of native silicon oxide 

and dangling bonds termination 
with Hydrogen 

 

7 
 

Rinsing 
 

DI Water 
 

5 mins HF removal and the preservation 
of H-terminated bonds 

 
After the cleaning process, samples are loaded into the MBE chamber with the vacuum of approx.  
5 - 11 x 10-10 mbar and the pre-conditioning step is carried out (the details of the MBE chambers can be 
found in several previous studies66, 67 and in Appendix 2A). The sample is baked out at 700 ֯C for 10 minutes 
where the dangling bonds at Si (111) surface are exposed by thermally removing the terminating hydrogen 
atoms. Later, sample is cooled down to the growth temperature at approx. 300 ֯C. A number of tests with 
different pre-conditioning times are conducted and statistically the best growth results are obtained with 
the baking and the post-bake cooling durations of 25 minutes for each step. After pre-conditioning, the 
activation step is conducted where a monolayer of atoms passivated the dangling bonds at Si (111) surface 
via 1 x 1 reconstruction and formulated a base for vdW epitaxy. In order to find the most suitable materials 
for the passivation/wetting layer, growth tests are conducted where the Si dangling bonds are passivated 
by the elements including Bi, Sb, Te and Se.  

It has been observed that all elements have successfully saturated the dangling bonds; however, 
epilayers prepared with Bi passivation exhibited the most defective epilayer while growing 3D TIs. 
This phenomenon can be explained with relatively stronger reactivity of chalcogenide atoms68, 69 
towards Bi. The incoming Te/Se atom tends to react with the passivated Bi, creates a covalent 
bond by deforming the wetting layer that leads to the formation of defective and inhomogeneous 
layers. No such deformations and defects are observed when pristine Bi2 epilayers are grown on 
Bi passivated Si (111) surfaces70 as depicted in Figure 2.1d.  

 In case of Sb passivation, no major structural defects are observed71 but via STEM and EDX based 
investigations, it has been found that with time Te atoms replace Sb atoms at the interface. These 
observations are also found to be in agreement with the earlier reports72, 73, 74. In addition, it is also 
observed that epilayers with Sb passivation tend to house more twin domains in comparison to Te 
passivated films (confirmed via XRD 𝜑-scans). The reason for this behavior is still unknown. 

To prevent any defect formation at the interface and to reduce the overall defect density in all forthcoming 
growths, Te based binary and ternary compounds are passivated with Te monolayer while Se atoms are 
utilized to saturate Si dangling bonds while growing Bi2Se3.  
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Fig. 2.1: Investigation of the optimum saturation material to facilitate vdW epitaxy. SEM images of Bi2Te3 films grown 
with different wetting layers including (a) Te, (b) Sb, (c and d) Bi atoms. It is evident that Bi is not a suitable candidate 
to saturate Si dangling bonds while growing 3D TIs. On the other hand, Bi does not exhibit any defects while growing 
pure Bi films on Si (111) as depicted in (d). 
 

     

Fig. 2.2: A cross-sectional overview of 3D TI epilayer grown on Si (111) substrate acquired with the help of (a) bright 
field, (inset) the atomic model and (b) HAADF STEM images along Si [1-10] projection. The distance between the Si 
and Te monolayer is 0.31 nm while the distance between Te atoms across the vdW gap is 0.34 nm, evaluated and 
depicted with a line profile in (c).  
 
Figure 2.2 depicts STEM bright field (BF) and HAADF images of TI epilayer grown on Si (111) substrate. The 
image is captured along Si [1-10] projection. An atomically flat interface between TI quintuple layer (QL) 
and Si atoms is observed where the dangling bonds on the Si (111) surface are saturated by a monolayer 
of Te atoms. The distance between Si and the passivated Te atom is found to be 3.11 + 0.02 Å which is 
equal to the projected distance between two Si atoms. The distance between the Te monolayer and the 
first Te atomic row (of a QL) is found to be 3.39 + 0.02 Å which indicates the presence of weak vdW 
interaction as the length of covalent bond in Te based compounds is always in the range of 2.4 - 3.1 Å75. 
Figure 2.2c depicts a line profile at the interface along with the marked area in (b) and displays atomic 
intensity w.r.t. their spatial ordering.  

The growth process of topological epilayer starts with the formation of nucleation sites containing  
sub-layer islands of approx. 0.35 to 0.45 nm in height as reported earlier46, 76. The vdW interactions 
facilitate these islands to float on the passivated Si (111) surface where they grow and coalesce to form a 
closed layer46, 76. Room temperature STM studies have shown that Bi2Te3 forms fewer islands with larger 

Te + Bi2Te3 Sb + Bi2Te3 Bi + Bi2Te3 Bi + Bi2(c) (b) (a) (d) 

500 nm 500 nm 500 nm 500 nm 

3.4 Å 

3.1 Å 

(a) (b) (c) 

Si 

Si  2 nm 2 nm 

[111] 

[112] 
[1-10] 

Passivation of 
dangling bonds 

Epilayer 

Te monolayer 
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diameter compared to Sb2Te3 which tends to form numerous islands with relatively smaller diameter46. 
This behavior corresponds to a larger lateral diffusion length of Bi adatoms compared to Sb on the 
passivated Si (111) surface76.  

One of the challenges an adatom faces during the initial growth process is the presence of a potential 
barrier that exists at the edge of a layer between the lower and top terraces of an island. This potential is 
called the Ehrlich-Schwöbel barrier77 and it limits the mobility of adatoms to cross-over the island and to 
form a closed film78. This barrier is overcome by providing thermal energy to adatoms on the substrate. It 
has also been observed that adatoms exhibit higher mobility on a closed epitaxial layer in comparison to 
Si (111) surface66. That is why, the growth mode that starts with the islands like formation after reaching a 
critical thickness of approx. 4 nm switches to Frank–van der Merwe (FM) mode and follows 2D step flow46, 

76. The controlled ratio of incoming adatoms to the thermal energy provided at the substrate is the key to 
grow smooth epitaxial films.  

2.2 Structural characterization of topological thin films 

Theoretical calculations and ARPES measurements have shown that the critical thickness to observe 3D 
topological features in tetradymite crystals (Bi2Te3, Bi2Se3, Sb2Te3 etc.) is approx. 6 nm21. Therefore, this 
study is limited to films varying in the thickness from 6 nm up to 70 nm. Initial films are grown with 
parameters extracted from the previous studies66, 79, 80, 81 at Tsub = 290 ֯C with elemental parameters of  
TBi = 480 ֯C, TSb = 470 ֯C, TTe = 330 ֯C and TSe = 110 ֯C. The corresponding beam fluxes of all individual 
temperatures are tabulated in Appendix 2B. Structural characterization of thin films is performed via XRD 
and STEM investigations while the topography analysis is conducted via SEM and AFM. Thickness of each 
epilayer is measured via XRR and the thin film growth rate (RTF) is evaluated. Figures 2.3 depicts two XRR 
scans of Bi2Te3 epilayers exhibiting different thicknesses.  
 

      

Fig. 2.3: XRR scans ranging from -0.2 ֯ to 3 ֯ along with the simulated data to measure the epilayer thickness and to 
evaluate the thin film growth rate (RTF). The measured and simulated XRR plots of (a) 14.1 nm and (b) 35.3 nm thick 
epilayers of Bi2Te3 are depicted.    
 
Figures 2.4(a-d) depict SEM images of approx. 25 nm thick epilayers of Bi2Te3, Sb2Te3, BST alloy and Bi2Se3 
respectively, grown via MBE on Si (111) substrate with an estimated rate of 12 nm/h. SEM images signify 
the full coverage of grown films on the substrate. The contrast variations in images indicate relatively high 
surface roughness of Sb2Te3 and Bi2Se3 epilayers compared to Bi2Te3. This behavior is also observed in 
previous studies of Sb2Te3

66, 80 and Bi2Se3
81 indicating the tendency of these materials to form epilayers46, 

79 with high surface roughness that requires major improvements. The optimization of surface roughness 
for all 3D TI epilayers and the topography analysis is discussed in Section 2.3.  

(a) (b) 
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Fig. 2.4: SEM images of 25nm thick epilayers of (a) Bi2Te3 that exhibits relatively smooth surface without any visible 
topographical defects in comparison to (b) Sb2Te3 with relatively rough surface with visible layer steps and screw 
dislocations, (c) BST alloy with improved surface from Sb2Te3 and (d) Bi2Se3 with fully covered but rough morphology. 
 

 
Fig. 2.5: XRD 2θ-ω scans of 25nm thick epilayers of (a) Bi2Te3, (b) Sb2Te3 and (c) Bi0.5Sb1.5Te3 alloy. The relative intensity 
of the (000 9) diffraction peak in BST alloy (c) indicates the presence of higher Sb contents. The qualitative analysis is 
performed with Δω scans and FWHM values of the rocking curves are indicated in respective plots. (d) Displays the 
rocking curve (Δω) scan of Bi2Te3, acquired at the (000 15) peak, along with Gaussian fitting. 
 
 

(a) (b) (c) (d) Bi2Te3 Sb2Te3 BixSb2-xTe3 Bi2Se3 

(a) (b) 

(c) (d) 

500 nm 500 nm 500 nm 500 nm 
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Figure 2.5 displays XRD 2θ-ω scans of all Te based 3D TIs depicted in Figure 2.4. The single crystalline fully 
relaxed films are evident by XRD patterns.  

 2θ-ω scan also assists in the compositions analysis of BST alloy as the (000 9) diffraction peak which 
is forbidden for Bi2Te3 (Figure 2.5a), is clearly visible in Sb2Te3 epilayer (Figure 2.5b). It indicates 
that the (000 9) peak intensity in BST alloys (Figure 2.5c) depend upon the relative contents of Sb 
in the epilayer. With this feature, (000 9)/(000 15) peaks ratio can be utilized as a swift approach 
to estimate (with ±1 % tolerance) the relative composition of the ternary system59 (BST alloy) with 
being zero for Bi2Te3.  

 Along with the compositional analysis, 2θ-ω/2θ-θ scan also provides information about the unit 
cell dimensions with ultra-high precision (± 0.001 Å); however, is limited only to the out-of-plane 
lattice “c”. 2θ-ω/2θ-θ scans do not probe the in-plane structure and therefore cannot provide any 
information about the in-plane lattice constant “a”. It can be, however, measured via reciprocal 
space map (RSM) as depicted in Figure 2.6. The lattice parameters are evaluated using 2θ-θ and 
RSM techniques for all 3D TIs are mentioned in Figure 2.5.  

 The shape and strength of XRD peaks depend heavily on the thickness of the epilayer as thin films 
suffer from the natural broadening82 in XRD 2θ-ω/2θ-θ scans. Therefore, the qualitative analysis 
independent of the epilayer thickness, is performed with the rocking curve (Δω) investigations.  
Δω scan probes the in-plane structural defects83 of the epilayer and provides a qualitative figure 
of merit in terms of full width half maxima (FWHM) measured in arcsecond (″). Smaller value of 
FWHM indicates the higher crystal quality of the epilayer as the presence of defects leads to the 
peak broadening. Figure 2.5d displays the rocking curve of Bi2Te3 epilayer, acquired at the (000 15) 
peak, along with the Gaussian fitting with FWHM value of 126″.  

 

 
 

2.2.1 Substrate temperature (Tsub) vs. growth rate (RTF) 
In the growth process of 3D TIs, the chalcogenide flux is always kept an order of magnitude higher than 
pnictogens (Group 5A elements = Bi/Sb) 84, 85, 86. Considering the stoichiometric stable growth conditions, 
the growth rate (RTF) is governed solely by pnictogens. Chalcogenides do not influence the growth rate 
(RTF) of epitaxial films. Thus, RTF is controlled and limited by the individual fluxes of Bi, Sb and the 
accumulative flux of both (Bi + Sb) during the growth process of Bi2Te3, Sb2Te3 and BST alloys respectively.  

 

Fig. 2.6: Investigation of lattice 
parameters via reciprocal space 
map (RSM) measurement of Bi2Te3 
acquired along the (0 -1 0 20) peak 
indicating lattice constants “a = 
4.38 Å” and “c = 30.48 Å”. The 
profiles along x and y-axis are also 
depicted.  
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Fig. 2.7: Growth rate (RTF) vs. Tsub behavior of (a) Bi2Te3, (b) Sb2Te3 and (c) BixSb2-xTe3 alloys representing ADR 
dependency of Bi and Sb on Tsub. Yellow, green and red colors represent high defect density, optimum temperature 
and deformation zones respectively. Plot (d) represents the trend of increased Bi contents with increasing Tsub for the 
corresponding alloys in (c) due to higher Sb desorption in BST epilayers.     
 
It is observed that the growth rate (RTF) of TI epilayers is influenced by the growth temperature (Tsub) as 
well. It can only be possible if there are variations in the effective flux of rate controlling elements reaching 
the substrate. As, the individual fluxes are kept constant, the observed variations in RTF must have 
originated from the changes in the adhesive strength of Bi and Sb adatoms with the corresponding changes 
in the substrate temperature. This trend is observed in all Te based compounds. In order to evaluate the 
individual and cumulative effects of Bi and Sb dependency on Tsub and the resulting effects on the growth 
of 3D TIs thin films, a series of experiments is conducted. In each experiment, all the growth parameters 
are set to the pre-ordained values and kept constant while Tsub is varied over a wide range to observe 
variations in RTF. In the next step, the growth parameters are changed to the new values and (in order to 
confirm the trend at different RTF) and the experiments with changing Tsub are conducted once again for 
Bi2Te3, Sb2Te3 and BST alloys. The results are summarized in Figure 2.7. 

 It has been observed that with the increasing Tsub the adsorption to desorption ratio (ADR) of the 
Bi adatoms did not change. This is the reason that the growth rate (RTF) of all Bi2Te3 epilayers 
remained approx. constant with the increasing Tsub as shown in Figure 2.7a. This trend continued 
until Tsub reached a critical point where ADR of Bi suddenly dropped and the epilayer started to 
deform.  
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 Unlike Bi, Sb adatoms did not exhibit constant ADR. An indirect relation of ADR(Sb) with Tsub is 
observed. This behavior can be explained with the weak adhesive strength of Sb with  
Si (111) surface at higher temperatures87. With increasing Tsub, ADR of Sb kept on dropping and 
due to this reason, a continuous drop in the growth rate (RTF) of the Sb2Te3 films is observed as 
depicted in Figure 2.7b.  

 In the growth process of BST alloy, Bi adatoms provided support and increased the adhesive 
strength of Sb. In other words, Sb adatoms exhibited higher adhesive strength with Bi than Si.  
A similar behavior is also observed in other Sb based alloys including GSTs and TixSb1-x

87. With no 
ADR dependency of Bi on Tsub (Figure 2.7a) and the increased adhesion of Sb, the overall ADR 
dependency of BST alloy on Tsub decreased. That is why, in comparison to RTF of Sb2Te3, the growth 
rate of BST alloy decreased rather slowly with increasing Tsub as shown in Figure 2.7c (please notice 
the change along x-axis of Figure 2.7b and c). 

It is worth noticing that the decreasing RTF of BST alloy with the increasing Tsub is mainly caused by the 
desorbing Sb adatoms and that is why an increment in the growth temperature (Tsub) will always cause the 
reduced Sb contents in the epilayer. This trend is also observed during the above mentioned experiments 
conducted on BST alloys. The rising Bi contents in BST epilayer with the increasing Tsub are observed and 
confirmed via Rutherford backscattering spectrometry (RBS)88, 89 and depicted in Figure 2.7d. The RBS 
spectrum can be observed in Appendix 2C. Based on these observations, any change in Tsub will alter the 
stoichiometry of BST alloy. Thus, for the optimization and reproducibility purposes, BST alloy with the 
desired stoichiometry must always be prepared at a fixed temperature (Tsub). 

In order to extract the optimum growth temperature (Tsub) based on the results obtained by XRD and SEM, 
Figure 2.7 is categorized into three colored zones.  

 The “yellow zone” corresponds to the low temperatures. At this temperature range formation of 
closed films are achieved but most of the epilayers are found to exhibit polycrystalline phases or 
crystals with numerous structural defects (Δω scans revealed FWHM values >> 400″). With the 
increasing growth temperatures the defect density reduced and films with better crystal quality 
are achieved.  

 The “green zone” indicates the best temperature range for the crystalline growth of the epilayers. 
XRD 2θ-ω and Δω scans have revealed this zone to be the least defective and therefore must house 
the optimum growth temperature (Tsub). (Δω scans revealed FWHM values < 400“) 

 The “red zone” highlights the deformation zone.  At this temperature range, the desorption rate 
of the growth controlling adatoms (Bi, Sb) exceeds their adsorption rate (extremely low ADR). It 
resulted in the deformed layers that eventually evaporated entirely leading to the failed epitaxy.  

Based on these experiments, the optimum temperatures (Tsub) of 300 ֯C, 285 ֯C and 300 ֯C are extracted for 
the epitaxy of Bi2Te3, Sb2Te3 and BST alloys respectively, for all future growth experiments. 

2.2.2 Structural defects in epitaxial layers 
The growth rate of an epitaxial film (RTF) plays a significant role in the realization of defect-free crystal 
formation. The analysis of the data obtained from section 2.2.1 indicates that RTF influences the crystal 
quality by affecting the defect density in the crystal. To further understand the impact of RTF on structural 
deformations, a systematic study is conducted. Samples of Te based TIs are prepared at the corresponding 
optimum Tsub, extracted from the analysis of Figure 2.7, with relatively slow, moderate and high RTF of 5 
nm/h, 12 nm/h and 20 nm/h respectively. The detailed structural characterization is performed with the 
aberration corrected HR-STEM, XRD 𝜑-scans to identify the rotational twin domains and Δω scans to probe 
in-plane structural defects of the epilayers.  

(Note: The information about STEM system, utilized in this study, can be found in Appendix 1) 
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Domains: Among all structural defects the most common are domains90, 91 and particularly the rotational 
twin domains22, 91, 92. All chalcogenide based 3D TIs exhibit trigonal crystal structure with 3-fold rotation 
symmetry of 120֯. While growing on Si (111) hexagonal surface with 6-fold rotational symmetry, the 
substrate offers a 60֯ rotational freedom to the starting crystallites. Hence, the rotational domains 
formulate at the starting layer of the growth process. The domains with exactly 60֯ rotational off axis are 
called “twin domains” while the domains with all other rotational misalignment are known as “non-
twinning domains” or grains68, 93 in general. 

3D TIs grow in form of quintuple layers (QLs) where a unit cell comprises of three vertically stacked QLs 
that differ spatially in the lateral arrangement of atoms. During the growth when two islands having layers 
with different spatial arrangement coalesce, the atoms in these layers readily arrange themselves without 
deforming the epitaxial film. If the merging islands differ in collinearity (rotation alignment), however,  
a rotational domain can form depending upon the adsorption rate of incoming adatoms and the available 
thermal energy in form of the substrate temperature (Tsub). The type and the density of rotational domains 
depends upon the growth rate (RTF) of the epitaxial film94.   
 

 
Fig. 2.8: STEM-HAADF images acquired along Si [1-10] projection containing grains/non-twinning domains. (a) Sb2Te3 
epilayer grown with high RTF = 20 nm/h exhibits high defect density with grains boundaries (orange line) and TSFs 
(yellow lines) as well. (b) Bi1Sb1Te3 epilayer grown with medium RTF = 12 nm/h on amorphous substrate of HfO2 also 
exhibits high defect density with similar defects.      
 
The growth rate (RTF) limits the average thermal energy per adatom. Upon merging, if the adatoms that 
belong to the first island do not have enough energy to re-orient themselves corresponding to the second 
merging island, it will always result in the formation of a rotational domain.  

 At very high growth rates i.e. RTF ≥ 20 nm/h, non-twinning rotational domains are observed in 
Sb2Te3 and BST alloys as depicted in Figure 2.8 however, no such domain is observed in Bi2Te3 
epilayer when prepared even at higher growth rates.  

 At the moderate growth rate i.e. RTF = 12 nm/h, without the presence of grains, only rotational 
twin domains are observed in all topological materials. XRD 𝜑-scans have revealed that twins 
always form collinear to either Si (311) or Si (220) as reported in previously studies 36, 79, 94. In all TI 
epilayers prepared via MBE, irrespective of the material, the domain collinear to Si (311) is found 
to be the dominant one79, 94. Previous reports have indicated that the twin domain boundary can 
continue up to several layers until annihilated by the dominant one79, 94. This study has revealed 
that twins do form at moderate growth rates but are limited to only 1 QL. The dominant domain 
annihilates the other domain in the second QL as depicted in Figure 2.9. The reason for this 
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behavior can be linked to the selection of optimum Tsub in comparison to the previous studies. The 
presence of a twin defect always gives rise to another defect known as the translational shear fault 
(TSF), identified in Figure 2.9 and discussed in the next section.  

 No twin-like defects are observed in Bi2Te3 growths performed at low rate i.e. RTF = 5 nm/h and 
below, whereas heavily suppressed twins are still observed in Sb2Te3. The twinning, in case of BST 
alloys prepared at low RTF depends upon Bi contents in the epilayer. Alloys with more than 50 % Bi 
contents are successfully grown without any twins; however, epilayers with higher Sb contents 
exhibited suppressed twins similar to the case of Sb2Te3. The results of the twin defects measured 
via XRD 𝜑-scans for all 3D TIs and their dependency on the RTF are summarized in Figures 2.10-
2.12. It can be clearly seen that with continuously decreasing growth rates the density of twin 
defects reduces and the domain collinear with Si (311) dominates. 

 

 
Fig. 2.9: STEM images acquired along Si [1-10] projection depicting twin domains. (a) HAADF image of Bi2Te3 epilayer 
grown with moderate RTF = 12 nm/h exhibits heavily suppressed rotational twin domain to only one QL and being 
dominated by the domain collinear with Si (311). (b) The corresponding BF image indicating the orientation of both 
domains and the formation of TSF at the twin coalescence.  
 

  
Fig. 2.10: Analysis of rotational twin domains via XRD φ-scan for Bi2Te3 epilayers acquired at the (0 1 0 5) peak along 
with their relative intensity collinear with Si (311) and (220) orientations. (a) Epilayers prepared at higher RTF exhibited 
high density of twin defects. (b) Suppressed twin domains along Si (220) with the relative abundance of 1:9 is observed 
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in epilayers that were prepared at moderate RTF. (c) Twin free epilayers collinear only with Si (311) are obtained when 
prepared at low RTF. 
 

      
Fig. 2.11: Analysis of rotational twin domains via XRD φ-scan for Sb2Te3 epilayers acquired at the (0 1 0 5) peak along 
with their relative intensity collinear with Si (311) and (220) orientations. (a) Epilayers prepared at high RTF exhibited 
high density of twin defects. (b) Slightly suppressed twins, yet in relative abundance of 1:3 are observed in epilayers 
that were prepared at moderate RTF. (c) Heavily suppressed twin domains along Si (220) with the relative abundance 
of 1:10 are witnessed in epilayers that were prepared at low RTF with Si (311) being the dominant orientation. 

 

  
Fig. 2.12: Analysis of rotational twin domains via XRD φ-scan for BST alloys acquired at the (0 1 0 5) diffraction peak 
along with their relative intensity collinear with Si (311) and (220) orientations. (a) Epilayers prepared at high RTF 
exhibited high density of twin defects. (b) Slightly suppressed twins, yet in relative abundance of 1:5 is observed in 
epilayers that were prepared at moderate RTF. (c) Heavily suppressed twin domains along Si (220) with the relative 
abundance of 1:25 is witnessed in epilayers that were prepared at low RTF with Si (311) being the dominant orientation. 
 
Twining is one of the most common defects exhibited by 3D TIs during the epitaxial growth on Si (111) 
substrates. The remedy to avoid twins, is to reduce RTF at 5 nm/h and to select the optimum Tsub, as 
discussed above. There are, however, possibilities to grow epilayer with relatively high RTF without any 
considerable increase in twin defects. This can be achieved with the selection of substrates that exhibit 
small lattice mismatch with 3D TIs for example, Bi2Te3 on sapphire95, 96 and Bi2Se3 on InP (111)81, 97 where 
lattice mismatch in comparison with Si (111) reduces from 14% to 8% and from 8% to 0.3% respectively. 
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Stacking fault: It is a planar defect that forms during the crystallization process. Any disruption in the 
periodic arrangement of atoms leads to disorder in the crystallographic planes. Such a planar defect is 
called the stacking fault98, 99, 100. After rotational twins, stacking fault is the second most common defect in 
vdW based layered materials98, 99, 100. In this study, due to precisely controlled growth parameters, none of 
the conventional stacking faults have been observed. However, in nearly 70% of all samples investigated 
(prepared at moderate and high RTF), the presence of translation shear fault (TSF)101, 102, 103 is witnessed. 
TSF differs from the conventional stacking faults as it does not alter ABC-ABC stacking periodicity of atoms, 
it alters only the angular order. In simple term, It can merely be explained as the combination of out-of-
plane mirroring along with the shift operation parallel to the fault; and it appears mostly due to shear stress 
in the crystallographic plane101. TSF behavior investigated in MBE grown topological epilayers can be 
summarized in the following points. 

 It is observed that TSF originates at another defects, mostly at the coalescence of rotational 
domains in the crystal. When the dominant domain annihilates a subordinate domain, it results in 
the origination of a TSF as depicted in Figure 2.9 (yellow arrow indicates the origin of a TSF). The 
other crystal defects such as lattice strain due to substrate induced defects also lead to the 
formation of a TSF (for details visit chapter 5, Figure 5.7 and 5.24).  

 In Bi based compounds TSFs appear mostly near the substrate. It can be linked to the presence of 
twin domains at the Si interface extending to only one QL (Figure 2.9).  

 In Sb based systems they also have been observed far from the substrate due to Sb tendency of 
forming SbTe and TeSb antisites assisted bilayer defects and screw dislocations. Such bilayer defects 
introduce localized lattice strain in the crystallographic planes that, in some cases trigger TSF 
(Figure 5.7). Figure 2.8a depicts such defects in Sb2Te3 while Figure 2.8b and 2.13 represent these 
defects in BST alloys (indicated by yellow lines/arrows). 

 

 
Fig. 2.13: STEM-HAADF images acquired along Si [1-10] projection of BST alloy where epilayers are prepared with  
(a) moderate and (b) high RTF indicate the presence of translational shear faults (TSFs).  
 
Antiphase domains & screw dislocations: These are unique interlayer structural defects that entirely depend 
upon the surface quality of the substrate. The Si (111) wafer suffers from the natural misorientation angle 
on the surface that results in the appearance of periodic step edges of approx.  
0.4 nm in height. The periodicity of these steps is determined by the misorientation angle of the wafer. Si 
wafers used in this work have miscut angles ranging from 0.05֯ to 0.5֯ that brings the periodic step edges 
approx. 450 nm to 45 nm apart, respectively. These step edges during the epitaxial growth facilitate the 
development of dislocations.  
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During the growth of 3D TIs, the atomic arrangements of atoms (collinearity of the epilayer) at the planar 
step edge dictates the type of structural defect. In all Te based TIs, a QL comprises of five covalently bonded 
atomic layers sequenced as Teout – Bi/Sb – Tein – Bi/Sb – Teout. The height of the bottom three atomic layers 
from Teout to Tein is approx. 0.43 nm (0.429 ± 0.004 nm measured via STEM) that is close to the height of 
the Si step edge. The merger of epitaxial film at the step edge between the upper and the lower facets is 
determined by the coalescence arrangement of the remaining two atomic layers. It has been observed 
that this arrangement in the MBE grown epilayers depends upon the dominant rotational domain present 
at the edge. It brings one of the following two possibilities: 

 When the dominant domain is collinear with Si (311) as depicted in Figure 2.14a, the Bi/Sb atomic 
layer at the lower facet merges with the Bi/Sb layer on the upper side and the Teout layer does the 
same (follow the blue lines in the image). This arrangement requires higher energy to stabilize and 
results in the formation of an antiphase type domain. The epilayers prepared at the optimum 
temperatures with relatively low RTF have exhibited this phenomenon.  

 The second possibility is when the domain present at the edge is collinear with Si (220) as described 
in Figure 2.14b. At merger, the Bi/Sb atomic layers and Teout layers from the upper and bottom 
facets have to swap their relative positions (follow the blue lines in the image). This arrangement 
requires the antisite swapping between Bi/Sb and Te atoms that always result in screw type 
dislocations. Mainly Sb2Te3 and BST while in some cases Bi2Te3 epilayers (prepared at very high RTF) 
exhibit the formation of screw dislocations.  

 
Fig. 2.14: 2D atomic model along Si [1-10] projection representing structural defects formation at Si step edge with 
two possible cases. (a) The epilayer collinear with Si (311) encounters a hard boundary and rearrange atoms without 
any antisite defects or atomic layer swapping forming an antiphase domain. (a) The epilayer collinear with Si (220) 
utilize antisite defects for atomic layer swapping while encountering a step edge and forms a screw dislocation.  
 
Figure 2.15 depicts STEM images acquired at the cross-section of a screw type dislocation formed at the Si 
step edge in a BST epilayer prepared with RTF = 20 nm/h. In conventional 3D TIs (based on QL architecture), 
the formation of such defects at Si step edges cannot be avoided. A step edges always hosts either an 
antiphase domain or a screw dislocation depending upon the domain collinearity. Experiments have shown 
that by preparing epilayers at low growth rates (RTF) and at optimum Tsub, the density of the screw 
dislocations in Sb2Te3 and BST alloys can be reduced as the domain density collinear with Si (220) reduces. 
It causes screw dislocations to transform into antiphase domains, collinear with Si (311).   

Summary: It has been observed that the structural defect density has a direct relation with the substrate 
temperature (Tsub) and the growth rate (RTF). By keeping Tsub constant at the optimum value, the influence 
of RTF is investigated and it is observed that most of the structural defects including domains and stacking 
faults can be avoided by reducing RTF to 5 nm/h. The defect formation at Si step edges i.e. the antiphase 
domains and screw dislocations cannot be avoided in 3D TIs; however, the defect density can be minimized 
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by improving surface quality of the substrate. This can be achieved with the selection Si wafers exhibiting 
the lowest possible misorientation angle.  
 

      
Fig. 2.15: STEM images acquired along Si [1-10] projection at the cross section of a screw dislocation in BST epilayer. 
(a) HAADF image representing the screw dislocation formed at a Si step edge. Epilayer at bottom and top terraces of 
the step edge exhibit twins where top terrace, collinear with Si (220), dominates the other domain and proceed with 
antisite defects assisted layer swapping (follow yellow arrows) forming a screw dislocation and confirming the model 
represented in Figure 2.13b. (b) Bright field image of (a) represents the same information with the inverted contrast.  
 
It has also been observed that these step defects act as a limiting factor for the phase coherent length of 
the quasiparticle in magneto-transport investigations of 3D TIs3 (discussed in chapter 3, Table 3.3). Though 
in conventional 3D TIs, these substrate induced defects cannot be avoided because of QL architecture. The 
defect density, however, can be heavily reduced during the epitaxy of BixTey alloys where, the layer 
architecture comprises of bilayer (BL) structures along with QLs (discussed in chapter 4, Figure 4.34). 
Moreover, these defects can be completely avoided in multilayer architecture of GST/GBT alloys via vdW 
reconfiguration mechanism (discussed in chapter 5, Figure 5.7) and also in the layer-free architecture of 
GeTe (Figure 5.25).  

2.2.3 Point defects in 3D TIs 
The largest source of unintentionally high carrier concentration in 3D TIs is the atomic defects in crystalline 
films37, 104, 105, 106. Due to the nature of these defects it is nearly impossible for most of them to spatially 
identify their presence. The point defects include vacancies, antisite defects and intercalated adatoms.  

Vacancy defects: As the name suggests, vacancies are unoccupied lattice sites (atomic voids) that form due 
to unavailability of atoms during the crystal formation. This phenomenon leads to unsaturated bonds with 
the neighboring atoms and possibly to higher carrier concentration. Vacancies always exist and are the 
temperature dependent defects. All 3D TIs suffer from Te vacancies (VTe) especially Bi2Te3 due to its 
relatively higher optimum growth temperature. Te vacancies (VTe) result in the appearance of non-bonded 
electrons and thus act as n-type dopants107. Depending upon the concentration of vacancy defects the 
Fermi level in Bi2Te3 shifts inside or very close to the bulk conduction band resulting in n-type behavior37, 

104, 105, 106. Sb2Te3 also suffers from Te vacancies but the cumulative effect of the vacancy defects is heavily 
reduced by the dominant antisite defects107, 108.  

Antisite defects: During the crystal growth, the swapping of lattice sites between two different elements 
leads to the antisite defects. In Bi based TIs, due to the difference in the atomic radii between Bi (1.51Å)109 
and Te (1.36 Å)109, a relatively higher energy ΔE = 0.67 -1.12 eV110, 111, 112 is required to realize BiTe (Bi 
occupying Te lattice site) antisites and therefore, these defects occur with less probability. However, in Sb 
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based TIs where the atomic radii of Sb (1.38 Å)109 and Te (1.36 Å) are almost similar and SbTe antisite energy 
ΔE = 0.35 eV113, 114 is relatively smaller than BiTe, SbTe antisites occur with higher probability. That is why, 
these defects are most commonly found in form of bilayer switching defects at the screw dislocations in 
Sb2Te3 and BST epilayers as observed in Figure 2.15. They are also responsible for the vdW reconfiguration 
through the layer architecture switching in GSTs (Chapter 5, Figure 5.7). In 3D TIs, the antisite defects act 
as dopants with two possible swapping schemes.  

1. The first case is where a chalcogenide atom (Te) takes the lattice site of a pnictogen atom (Bi/Sb). 
In this scenario, the chalcogenide atom after completing bonds with the neighboring pnictogen 
atoms ends up with one free electron. Thus, Te antisite defect at Bi/Sb position (TeBi and TeSb) 
results in n-type doping. As Te naturally suffer from the thermal vacancies (VTe), this case is the 
less probable one112, 113.  

2. In the second case of antisite defects, a pnictogen atom takes the lattice position of a chalcogenide 
and after saturating the bonds with the neighboring chalcogenide atoms; it ends up with an 
electron deficiency that acts as a hole. Thus Bi/Sb antisite defect at Te position (BiTe and SbTe) 
results in p-type doping.  

As mentioned earlier, 3D TIs suffer heavily (1-3 %)115 from thermal vacancies of Te (VTe). It causes excess 
of electron with n-type charge carriers. Due to less availability of Te atoms (high Te vacancies), TeBi and 
TeSb antisite swapping are less probable. BiTe antisites in Bi2Te3 epilayer, as discussed above, are 
energetically also less favorable to occur. Thus, due to the cumulative effect of heavy Te vacancies (VTe) 
and less favorable BiTe antisite, Bi2Te3 crystal always exhibits n-type behavior. On the other hand, Sb2Te3 
with energetically favorable SbTe antisites exhibits high density of atomic switching where Sb fills most of 
Te thermal vacancies (VTe) in the lattice resulting in p-type carriers and neutralizing n-doping of VTe. That is 
why, naturally Sb2Te3 exhibits p-type behavior assisted by SbTe antisite defects. 
 

      

Fig. 2.16: STEM images acquired along Si [1-10] projection at high defect zone in Bi2Te3 epilayer. (a) HAADF image 
depicting the intercalated adatoms (red circles) at a TSF (yellow arrow) in highlighted area (blue box). (b) BF image of 
(a) represents the same information with the inverted contrast.  
 
Intercalation of adatoms: These are point defects that occur due to the presence of additional interstitial 
atoms at the high defect zones and thus, are hosted by the structural defects in the crystal. These defects 
include rotational domains, stacking faults, TSFs, antiphase domains and the screw dislocations. Near these 
defects, the crystal lattice deforms and adatoms do not take the conventional lattice positions. An example 
of this behavior can be seen in Figure 2.9 where twin domains are merging and due to periodic 
inhomogeneity in the lattice plane, additional atoms have intercalated. Another example is depicted in 
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Figure 2.16 where atoms have intercalated at a high defect zone forming a TSF. These defects are random 
in nature and cannot be predicted; however, can be avoided altogether with the growth of defect free 
crystalline epilayers.  

All crystal defects including the extended and the point deformations that occur during the epitaxial growth 
of conventional 3D TIs via MBE along with their resulting effects are summarized in Table 2.3.    

Table 2.3: An overview of all possible crystal defects during the epitaxial growth of conventional 3D TIs via MBE, their 
resulting effects and optimum solution.    

Defect Category Effects Solution 
Non Twinning 

Domains 
 
 
 
 
 

Extended 
Defect 

 Limits phase coherent length of 
quasiparticles 

 Increases carriers concentration 

Growth at optimum Tsub  
and RTF ~ 5 nm/h 

Twin Domains 

Stacking Faults 

TSFs   Limits phase coherent length of 
quasiparticles Antiphase 

Domains 
Cannot be avoided but reduced 

with the improvement in Si (111) 
surface misorientation angle  

along Si [112] and Si [110]  
Screw 

Dislocations 
 Increases carriers concentration Growth at optimum Tsub  

and RTF ~ 5 nm/h 
 

VTe  
 
 
 
 
 

Point 
Defect 

Increases n-type carrier 
concentration 

Cannot be avoided, although can 
be reduced by adjusting Tsub 

VSb, VBi Increases p-type carrier 
concentration 

Cannot be avoided, although can 
be reduced by adjusting Bi/Te and 

Sb/Te flux ratios 
TeBi & TeSb 
antisites 

Increases n-type carrier 
concentration 

Energetically less favorable to occur 
due to VTe and relatively higher 

optimum Tsub 
BiTe antisite Increases p-type carrier carriers Energetically less favorable to occur 

SbTe antisite Energetically favorable, can be 
reduced by optimizing epitaxy at 

higher Tsub 
Intercalation of 

Adatoms 
Increases carriers concentration Growth at optimum Tsub  

and RTF ~ 5 nm/h 
 
 

2.3 Morphology and surface roughness 

Topology, in 3D TIs, is a surface related attribute where surfaces exhibit topological Dirac states. Effective 
utilization of these materials, for advanced quantum and spin related applications, demands atomically 
clean and epitaxial interfaces with metallic electrodes. Thus, the optimization of surface roughness holds 
a key importance in achieving high quality crystalline growth of TI epilayers.  

The growth optimization process, discussed in section 2.2, brings the average surface roughness of 3D TIs 
to the rms value of approx. 1 nm. With minimal optimization, the surface quality (smoothness) can be 
further improved. As, most of the growth parameters during the structural optimization process are 
already tuned to their optimum values to obtain the least defective crystal quality; any change in those 
parameters including Tsub or Bi/Sb beam fluxes would cause the deviation from those optimum conditions 
and would result in structural defects. That is why, neither Tsub nor Bi/Sb beam fluxes can be modified and 
the attempts for surface treatment are carried out by modifying only Te beam flux (TTe). 
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As mentioned earlier, Te flux does not influence the epitaxial growth rate (RTF) of 3D TIs and is always kept 
an order of magnitude higher than Bi/Sb flux. However, it is observed that Bi/Te flux ratio plays a crucial 
role in controlling the morphology of the epitaxial film. With the controlled reduction in Te flux (increased 
Bi/Te flux ratio), the surface roughness of the epilayer can be improved below 1 nm rms values. Here, one 
must be careful while reducing the Te flux as it may also result in drastic structural and stoichiometric 
changes. During the surface optimization, the following points hold the critical importance.  

 It is extremely important not to reduce Te flux below the critical value that results in the 
stoichiometric shift of the material. For example in case of Bi2Te3 epitaxy, the reduced Te flux shifts 
the stoichiometric state containing 40% Bi contents (Bi2Te3) to higher values of BixTey states such 
as Bi1Te1 and Bi4Te3 (for details visit chapter 4).  

 The lowered Te flux might also lead to high vacancy defects (VTe) and possibly to higher 
unintentional carrier concentration that exhibit trivial features and would suppress the 
contribution of topological surface states (TSS) even more. 

 

     

  
Fig. 2.17: AFM images depicting the morphological information of (a) Sb2Te3 and (b) Bi2Te3. (c) Represents Bi2Te3 
epilayer without the planar correction performed in (b) following the misorientation induced substrate steps on  
Si (111) surface along Si [112] and Si [110]. (d) Represents the line scan in (c) depicting unequal terraces with average 
terrace length of 59nm. 
 
Figure 2.17 depicts AFM topographic images of Bi2Te3 and Sb2Te3 epilayers prepared on Si (111) substrate 
with TTe = 310 ֯C (green zone in Figure 2.18). The impact of Si misorientation angle on the epilayer surface 
and the formation of terraces with the increased surface roughness can also be witnessed in Figure 2.17c. 
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Figure 2.18 illustrates the trend in the surface roughness for all Te based TIs with the affective change in 
the Te flux (TTe). The data is obtained for the growth rate (RTF) of approx. 5 nm/h. The red zone indicates 
the “stoichiometric variation zone” with TTe resulted in the stoichiometric changes while the green zone 
represents the optimum Te flux range for best surface quality without affecting the stoichiometry. 
However, as mentioned earlier that decreasing the Te flux may result in the increased density of Te 
vacancies (VTe). In the end, it is a tradeoff between the high Te vacancies (VTe) and the improved surface 
quality of the epitaxial films.  

 

Fig. 2.18: The trend of average surface roughness with changing Te flux. The red zone indicates the critical TTe where 
Bi/Te or Sb/Te flux ratios cross the limit and result in the altered stoichiometry. The green zone indicates the lowest 
possible TTe that provides the best (lowest) surface roughness while keeping the stoichiometry intact.  
 

 
 

2.4 Effect of substrate resistivity on growth parameters  

Dynamic characterization tools and measurement techniques demand substrates with various electronic 
conductivities. Low temperature STM and STS investigations require highly conductive substrate, ARPES 
prefers relatively moderate to low resistive range while for the electronic transport investigations of 
topological epilayers, the highly resistive substrates are necessary. An advantage of conducting the 
epitaxial growths on Si substrates is that high quality wafers with a wide range of resistivity are readily 
available.  

Due to the requirements of performing several above mentioned characterizations, the growth 
optimization of 3D TIs is performed on substrates with a wide range of resistivity. It has been observed 
that with the increase in electronic conductivity of the substrate, the thermal conductivity also increases 

Fig. 2.19: The trend in the optimum Tsub measured with 
the changes in electronic resistivity of the substrates are 
depicted. With the increasing resistivity, optimum Tsub is 
observed to increase. The preferred ranges of various 
substrate conductivity for the specific characterization 
tool along with the optimized Tsub are also marked.  
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and correspondingly the optimum growth temperatures (Tsub) decreases. In order to evaluate the optimum 
growth parameters on substrates with different resistivity and to avoid structural optimization individually 
all over again, all the growth parameters are fixed to their optimum values (to achieve RTF = 5 nm/h) while 
the growth temperature (Tsub) alone is adjusted until the desired structural quality of the epilayer is 
achieved. The qualitative analysis of the grown epilayers is performed with Δω scans. Figure 2.19 illustrates 
the trend of optimum growth temperature (Tsub) obtained with the varying resistivity of Si (111) substrates.  

2.5 Summary 

The realization of futuristic quantum applications based on the exotic spin-momentum locked Dirac surface 
states of 3D TIs, requires the growth of high crystal quality epilayers with ultra-smooth and defect-free 
surfaces. Conventional 3D TIs are vdW assisted layer based materials that are prone to suffer from the high 
density of structural defects. A systematic study on the epitaxial growth of convention 3D TIs via MBE and 
the atomic-scale structural characterization via STEM, is performed to explore the growth challenges. At 
first, the passivation of Si dangling bonds is conducted with different elements and Te is found to be the 
optimum candidate. Later, Si-TI interface is investigated where an atomically clean, well defined, epitaxial 
and yet, an incoherent interface between the Te atomic layers (the passivated monolayer and the QL) 
across the vdW gap, is observed. The presence of an incoherent interface confirms the strain-free stacking 
of TI epilayer on the silicon substrate. By conducting a series of experiments, a relation between the growth 
parameters and the structural defect density in the epilayers is identified. The selection of optimum growth 
temperature (Tsub) and the control over thin film growth rate (RTF) = 5 nm/h have facilitated the 
achievement of defect-free and high structural quality epilayers of Te based 3D TIs. All structural 
(extended) defects including twin domains, stacking faults and TSFs are successfully evaded; however, the 
formation of substrates induced defects i.e. antiphase domains and screw dislocations, bound to appear 
on Si step edges, cannot be avoided. Finally, the surface morphology is optimized by managing the Bi/Te 
and Sb/Te flux ratios. The ultra-smooth epilayers with the surface roughness of 0.30 ± 0.02 nm rms values 
are achieved. The achievement of defect-free epilayers has paved a path towards the realization of pristine 
topological nanostructures, discussed in the next chapter.     
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Chapter – 3  
Selective Area Epitaxy (SAE)  

of 3D Topological Nanostructures 
Chapter 2 was dedicated to achieve successful epitaxy of Te based 3D TIs including Bi2Te3, Sb2Te3 and  
BixSb2-xTe3 (BST) alloys on planar Si (111) substrates where epilayers were prepared with high crystal 
quality. The detailed structural characterizations were performed and the optimum growth parameters for 
each topological material, were extracted. Though, high crystal quality epilayers were achieved, the 
utilization of exotic features offered by topological surface states (TSS) in advanced applications and their 
incorporation into quantum devices demand the availability of defect-free topological nanostructures.  

Topological nanostructures, other than attracting attention for fundamental research on quantum effects1, 

2, 3, 4 and material properties3, 4, 5, 6, 7, lay a foundation for realizing several potential applications including: 

 Topological switching9 and steering effect of TSS10 in quantized (quasi-1D) multi-terminal 
junctions11 (discussed in Section 3.6.2) 

 Low energy dissipation electronics such as single electron transistors12 
 Majorana quasi particles and Majorana zero modes in TI-SC hybrid nanostructures13, 14, 15, 16, 17 
 Quantum spintronics18, including spin valves19, TI-ferromagnetic hybrid structure assisted 

quantum anomalous Hall insulator (QAHI)20, 21 and topological antiferromagnetic spintronics21  
 Enhancement for figure of merit in topological thermoelectrics22, 23, 24, 25 
 Fault tolerant quantum computation26, 27 

The importance of scalable nano-architecture can be realized from a few above mentioned potential 
applications. These applications not only demand high crystal quality but also require pristine and ultra-
smooth surfaces to achieve defect-free epitaxial interfaces. Therefore, the realization of topological 
nanostructures requires the development of a platform with certain methodology/approach that must 
fulfill the following criteria: 

 Reliability: The approach to prepare nanostructures must not harm the topological material in any 
way. Oxidation via exposure to ambient conditions (discussed in Chapter 6) and chemical 
treatment during fabrication etc. are a few examples that may alter, damage or affect physical and 
electronic characteristics of the material.    

 Reproducibility: Each cycle of the technique with which the crystal growth and fabrication of 
nanostructures is performed must always produce equivalent results if conducted with similar 
parameters. This criterion ensures that results obtained from various samples do not provide any 
unintended digression. 

 Dimensionality: The platform must be adaptable. It must be capable of providing structures with a 
wide range of dimensions (from micro to nanoscale) that could be adopted without any 
complexity. Hence, when and if required, the controlled changes in dimensions could be achieved.  

 Scalability: The platform must be scalable for nano-architecture. It must be capable of providing 
structures of the desired dimensions in any complexity of design that could be readily 
implementable on any size of substrate. It must also support multi-step fabrication especially 
lithography processes with ultra-high alignment precision.  

3D TIs exhibit TSS, this feature allocates a critical importance to surfaces and interfaces. Nanostructures, 
in comparison to bulk crystals and thin films, exhibit enormously increased surface to volume ratio that 
also grants surfaces a key role. This role magnifies immensely in topological nanostructures where both 



Chapter 3: Selective Area Epitaxy of 3D Topological Nanostructures 

 
38 

surface related entities i.e. the material (TI) and the nano-architecture merge. Thus, the impact of any 
factor that harms, damages, alters or affects surfaces in any way would massively increase in topological 
nanostructures.  

Studies have illustrated that surface oxidation of 3D TIs, at the exposure to ambient conditions, is a critical 
problem28, 29, 30, 31, 32 (for details visit chapter 6). As topological states are protected by TRS, the surface 
oxidation or other non-magnetic impurities cannot destroy them rather bury them under the oxidized 
layer. This phenomenon increases the complexity of forming atomically clean and defect-free interfaces 
between the buried TI surfaces and metallic electrodes, required in most quantum devices. It has also been 
demonstrated that surface oxidation can be prevented by appropriate encapsulation or surface passivation 
with a thin oxide layer6, 33 e.g. Al2O3 or HfO2. Due to surface oxidation and challenges to attain atomically 
clean interfaces, reliability is one of the most important criteria for developing a platform to prepare 
topological nanostructures.   

There are several approaches that can be utilized to prepare topological nano-architecture. All of them can 
be categorized in following four groups. Based on the required criteria to fabricate topological 
nanostructures discussed above, pros and cons of these approaches are discussed and the best approach 
is adopted. 

 VLS nanowires: Among all approaches, VLS grown nanowires exhibit the best structural quality of 
TIs34, 35, 36, 37 and are extremely reproducible. However, this approach lacks control over dimensions 
and reliability as the surface passivation is complicated to achieve. Also, VLS nanowires have very 
limited application capability as they are not adaptable or scalable for complex architecture. 

 Exfoliated crystals: Crystals prepared via zone melt and Bridgman methods can only be utilized via 
exfoliation38, 39, 40. High quality crystals can be prepared and exfoliation conducted in controlled 
environment can also protect surface states. Still, the formation of nanostructures requires 
lithography and etching processes that brings challenges to reliability. This approach provides no 
support for dimensionality and scalability. 

 Mesa structures: Epilayers prepared via MBE, CVD, VPE, sputter deposition and PLD etc., all require 
fabrication process to create nanostructures. This is the most utilized approach by the topological 
and the thermoelectric communities41, 42, 43 where TI mesa structures are created via lithography 
and etching processes (ex situ). With the optimized parameters, reproducible epilayers can be 
prepared. Even if surfaces are protected by in situ passivation, exposure to fabrication chemicals 
create reliability issues that may be negligible in microstructures but cannot be disregarded for 
nano-architecture. Thus, in this approach reliability becomes an issue when dimensions reach at 
nanoscale while scalability is not a problem. 

 Selective area epitaxy (SAE): SAE is an inverse approach of the mesa structures and can be adopted 
with any of the above mentioned growth techniques; however, it is best suited for MBE. In this 
approach, at first patterns with the desired dimensions are transferred to the substrate via 
lithography and fabrication processes. Later, the controlled epitaxy is performed on the pre-
patterned substrate to obtain high quality nanostructures6, 7, 17, 44. This approach45, 46 provides 
reliable, dimensionally controllable and scalable nano-architecture. Reproducibility can also be 
achieved via optimization of growth parameters.  

Among all the above mentioned techniques, SAE is the most promising approach to fabricate structures at 
nanoscale as it fulfils all the necessary requirements including reliability, dimensionality and scalability. 
However, this technique is relatively new for topological materials and still under development by several 
research groups. That is why, SAE is adopted and explored in this study to develop a platform to fabricate 
nanostructures of all conventional 3D TIs, investigated in chapter 2. Initially, the working principles of SAE 
are explored, the fabrication challenges of pre-patterned substrates are addressed and the issues of 
selectivity are resolved. Finally, with the understanding of growth dynamics, high-quality selectively grown 



Chapter 3: Selective Area Epitaxy of 3D Topological Nanostructures 

 
39 

topological nanostructures of all Te based 3D TIs are prepared and characterized via structural and 
magneto-transport investigations.   

3.1 What is SAE? 

SAE is a technique that allows epitaxial growth of the desired crystal locally only on one of the two involved 
surfaces belonging to different materials. The combination of these surfaces is ratified based on two key 
requirements.  

 Crystal compatibility: One of the two surfaces must not favor the epitaxial growth of crystal and 
should not necessarily but preferably, be amorphous in nature. This surface is named the blocking 
surface while the other is called the epitaxial surface.  

 Thermal compatibility: The second requirement is the selective thermal compatibility of the 
blocking surface with respect to the epitaxial surface. It means that at the optimum growth 
temperature (Tsub) of the desired crystal, the blocking surface must has a very low adsorption to 
desorption ratio (ADR). This parameter confirms the quality of selectivity.   

As this work focuses on Si (111) for the epitaxial surface, SiO2 and Si3N4 are the most suitable candidates 
for the blocking materials. Other compatible materials that fulfil the above mentioned requirements, such 
as Al2O3 and HfO2 are also tested. Based on the preliminary growth experiments, SiO2 and Si3N4 are found 
to be relatively better than other material systems due to reasons discussed below and therefore, are 
selected to fabricate the blocking surfaces for SAE of 3D TIs.  

 Both materials i.e. SiO2 and Si3N4, remain amorphous even at high temperatures (Tsub ≥ 700 ֯C) 
during the substrate degassing and activation processes, discussed in chapter 2 (Section 2.1).  
In contrast, Al2O3 and HfO2 start to transform in polycrystalline phase after the thermal 
treatment47, 48. 

 SiO2 and Si3N4 are easily accessible and also compatible with the standard fabrication chemicals 
and tools. Al2O3 and HfO2 also offer similar features; however, the control over precise etching rate 
of Al2O3 and HfO2 that is required prior to epitaxy, is more challenging than for SiO2. 

 High quality thin films of SiO2 and Si3N4 with precisely controlled thicknesses and without 
unintentional cross contamination can be prepared using several deposition techniques.  

 
 

 

 

 
Fig. 3.1: A model representing positive (a-c) vs. negative (d-f) selective masks. (a) SOI wafer with Si (111) surface on 
SiO2 layer. (b) Patterned Si (111) surface as a positive mask. (c) TI epilayer selectively grown only on Si (111) surface 
exceeding the dimensional limits due to non-availability of side walls. (d) Si (111) wafer deposited with SiO2 and Si3N4 
as blocking materials. (e) Negative patterned in transferred by etching the blocking material into desired structures. 
(f) SAE of TI on exposed Si (111) surface confined by the wide walls of the blocking material.  
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3.1.1 Positive vs. negative masks for SAE 

There are two formats in which Si (111) as an epitaxial and SiO2/Si3N4 as a blocking surface can be 
structured and are discussed below: 

 Positive selective mask: This is the first format. The fabrication requires Si (111) mesa structures 
that after processing stands higher than the blocking surface of SiO2. This arrangement is only 
possible with a specific type of substrates known as silicon on insulator (SOI). Positive masking is 
not possible with conventional Si (111) wafers. Other than the requirement of the specific 
substrate, this format also lacks with the following mentioned features. 

 After growth, as soon as the substrate is taken out of MBE chamber the epilayer is exposed 
to the ambient conditions due to unprotected side surfaces, even if the top surface is 
passivated with a thin layer of Al, a technique developed in an earlier study49, 50. This 
problem, however, can be solved by using the in situ conformal passivation via ALD.  

 The epilayer over extends the dimensional limits of the pattern due to the unavailability 
of hard boundaries at the edges. Therefore, it is not possible to obtain patterns with sharp 
boundaries particularly at the nanoscale (Figure 3.2 c-d).  

Successful growth of Bi2Te3 epilayer on Si (111) mesa structures prepared with positive selective mask on 
SOI substrates is reported in previous studies44, 51 that confirms the above mentioned issues, as depicted 
in Figure 3.2. This technique, despite all drawbacks provides an advantage of being utilized as the back 
gate-able substrate for the advanced measurements e.g. in-situ STM and dual gated magneto-transport 
investigations.   
 

   
Fig. 3.2: Fabrication and SAE using positive selective mask on SOI wafer. (a) SOI wafer with 100nm wide suspended Si 
(111) patterned nanoribbons while SiO2 layer is wet etched, (b) similar to (a) but on large scale repetitive structures. 
(c) Bi2Te3 epilayer selectively grown only on Si (111) surface exceeding the dimensional limits due to non-availability 
of side walls as modeled in Fig. 1(c), (d) angular SEM image depicting extended growth and the limitation of positive 
selective mask for nanostructures. (Taken from Lanius et al.51) 
 

 Negative selective mask: In this technique the conventional Si (111) wafer is covered with thin 
layers of SiO2/Si3N4 to prepare the blocking surface. Later, via lithography processes, trenches of 
the desired dimensions are etched to expose the buried Si (111) epitaxial surface. This technique 
addresses both issues encountered with the positive masked substrates. The epitaxial film grows 
in the etched trenches where the shape of the geometrical pattern is always preserved and the 
protection of epilayer side walls from the ambient exposure is guaranteed by SiO2/Si3N4 trench 
walls as long as the epilayer thickness remains smaller than the trench depth.   

Using the negative mask technique, several devices are fabricated where the electronic investigations are 
performed including nano-Hallbar6, transmission line model (TLM) nanoribbons7 and superconducting 
Josephson junction (JJ)17. However, the lack of in-depth understanding of the growth dynamics and the 
relation between Tsub vs. RTF (Figure 2.7), had limited the fabrication of high quality nanostructures with 
precise thickness control. Moreover, this technique exhibits certain critical requirements and strain related 
issues that must be addressed in order to obtain high quality pristine nanostructures. The fabrication of 
pre-patterned substrates and the related issues are discussed in section 3.2 and 3.3 respectively. 
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3.2 Fabrication of the pre-patterned substrates  

This section focuses on the fabrication challenges related to the pre-patterned substrates for SAE. At first, 
Si (111) surface must be covered by the blocking material before the negative selective mask could be 
fabricated.  

3.2.1 Selection of the blocking material  

It has been mentioned earlier that among all materials, SiO2 and Si3N4 are the best candidates to fabricate 
the blocking surface. For SAE of nanostructures, the selection of a blocking material is of critical importance 
and certain aspects must be considered before the final selection including: 

 Interface protection: The removal of the blocking material in the trenches to expose the buried 
 Si (111) surface for epitaxial growth must not harm the interface.  

 HF Resistant: Before loading the sample into MBE system for epitaxy, Si native oxide (SiO2) on the 
epitaxial surface must be etched by HF and therefore, the blocking material must be resistant to 
HF etching to preserve the pattern dimensions.  

 Stress at the Interface: The blocking material must not exhibit any stress/strain with Si (111) surface 
so that the quality of epitaxial growth remains unaffected.  

SiO2 as the blocking surface: SiO2 can be prepared via dry and wet thermal oxidation, rapid thermal 
annealing (RTA), low pressure chemical vapor deposition (LPCVD), plasma enhanced chemical vapor 
deposition (PECVD), pulsed laser deposition (PLD) and atomic layer deposition (ALD). Irrespective of the 
tool being used, SiO2 at Si (111) interface exhibits compressive strain52. The strength of the strain in SiO2 
differs from one tool to another and it can also be managed by changing the deposition/oxidation 
parameters. The films prepared with dry thermal oxidation above 900 ֯C exhibit the least strain52 and the 
best structural and electronic characteristics. SiO2 exhibits stress at Si interface but due to being 
compressive in nature, it does not affect the epitaxial growth. While the Interface and the stress criteria 
are fulfilled by SiO2, it fails to provide the dimensional integrity. During the HF etching process, the isotropic 
etching of SiO2 results in the increased structural dimensions. Moreover, the continuous HF etching of SiO2 
causes the reduced thickness of the blocking layer. Hence, SiO2 is not a reliable blocking material for 
nanostructures.  

Si3N4 as the blocking surface: Si3N4 can be prepared via LPCVD and PECVD. Being deposited by both methods 
it exhibits high tensile strain at the Si (111) interface which, to some extent, can be reduced with the 
parameter adjustment53 but cannot be entirely neutralized54. Si3N4 deposited by LPCVD offers better 
structural quality and is resistant to HF etching and thus, provides the dimensional protection to the 
pattern at the nanoscale. Si3N4 with anisotropic profile is more effectively etched via dry etching; however, 
the dry etching via plasma treatment can always harm Si (111) surface. Damage to the epitaxial surface 
and high strain at the interface are the factors that do not allow Si3N4 to be a reliable blocking material. 

These issues can be addressed with the combinational layer stack of SiO2 and Si3N4 to fabricate the blocking 
surface. A very thin layer of SiO2 at Si (111) interface would protect the interface from the use of any strong 
chemical treatment as well as from any stain related problems while a relatively thicker Si3N4 layer on top 
of thin SiO2 would protect the pattern dimensions due to its resistance towards HF etching.  

3.2.2 Preparation of blocking surfaces with the combinational layer stack  

The first step in the fabrication of combinational layer stack is the selection of deposition methods. SiO2 is 
prepared via dry thermal oxidation due to its optimum structural characteristics and uniformity even in a 
few nm thin film. As far as Si3N4 is concerned, the highest quality films can be prepared via LPCVD. However, 
due to unavailability of LPCVD, Si3N4 films are prepared via PECVD utilizing Oxford instruments reaction 
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chamber. There are certain challenges involved in PECVD deposited Si3N4 that must be addressed before 
its utilization as the blocking surface. There challenges include: 

 Strong tensile strain (ranging in GPa) that would not allow the epitaxial growth of 3D TIs on Si (111) 
surface particularly in the nanostructures (for details visit Section 3.3.3). 

 Irresistance towards HF etching (due to H+ ions in the deposited SiNx film) would practically limit 
its utilization as the blocking material.  

The solution of above mentioned problems rests in understanding PECVD deposition processes and in the 
identification of key process controlling parameters.  

Strain management: The stoichiometric deposition of Si3N4 via PECVD always results in high tensile strain53, 

55. In order to manage the strain it is decided to deviate from conventional high radio frequency (HRF) 
plasma to low frequency (LRF) treatment for the following reasons: 

 At HRF = 13.56 MHz, ions do not respond to radio frequency (RF) field. Films with stoichiometric 
Si3N4 with high tensile strain are obtained.  

 At LRF = 100-350 KHz, ions respond and provide ion bombardment of the growing film. This feature 
changes the density of the films with slight stoichiometric shifts resulting in SiNx. Films prepared 
with only LRF field exhibit highly compressive strain.  

Thus, the best possibility is to prepare the films with mixed frequency PECVD process. Mixing of high (HRF) 
and low frequency (LRF) powers allow control over ion bombardment and hence, control over the film 
density and strain. Numerous deposition tests with varying HRF/LRF ratios are conducted (Figure 3.3) 
where the strain is evaluated by measuring the bow (curvature of the wafer profile) before and after SiNx 
deposition using the Dektak profiler. The best results are obtained with 70% HRF providing high surface 
quality films with slight tensile strain. 
 

 
 
Irresistance towards HF: The strain management in PECVD deposited SiNx films is conducted; however, the 
films still exhibited irresistance in HF solution with the etching rate of approx. 25 ± 2 nm/min. The reason 
for this behavior is the presence of high concentration of H+ ions in SiNx film. The etching rate of SiNx in HF-
based solutions strongly depends on Si/N ratio56, 57, 58 and on H+ ion density in the film56, 59, as described by 
Knotter’s reaction mechanism60, 61. As discussed earlier, adjusting the deposition conditions can tune the 
film composition, while the thermal treatment after deposition can decrease H+ concentration and 
increase the density of the film, thereby improving the etching resistance of SiNx in HF based solutions61, 

62. In order to improve the etching selectivity of SiNx in HF based solutions, films prepared via PECVD are 
thermally treated via RTA ranging from 500 ֯C to 1000 ֯C. Slight improved etching resistance is observed in 

Fig. 3.3: The trend of stress in mixed frequency 
PECVD deposited SiNx films. It is evident that with 
the increasing HRF fraction stress in the film shifts 
from compressive to tensile. The best quality films 
are produced with HRF around 70%. HRF fraction 

can be evaluated via 𝐻𝑅𝐹 =
்ಹೃಷ

்ಹೃಷା்ಽೃಷ
× 100%, 

where THRF and TLRF stand for the time duration in 
which high and low frequencies are applied in the 
film deposition process. 
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films annealed at 800 ֯C; however, the optimum results are obtained with films annealed at 1000 ֯C for 5 
mins in N2 environment. The annealing process reduced H+ concentration in SiNx films and in result 
decreased the etching rate of SiNx from 25 nm/min to 1.2 nm/min in the buffered HF. 

After both major issues related with PECVD SiNx i.e. tensile strain and irresistance in HF solution are 
resolved, the fabrication process of the blocking surfaces is continued with the following processing steps. 

 A 4-inch Si (111) wafer is processed via RCA cleaning steps (discussed in Table 2.2) to eliminate 
ionic particles and organic contaminations. 

 After native SiO2 removal in HF solution, the wafer is loaded into the tempress oxidation furnace 
and dry thermal oxidation is performed at 900 ֯C for 5 minutes to obtain 7 nm thermally grown 
high quality SiO2. 

 Oxidized wafer is then loaded into the Oxford PECVD chamber and 30 nm of SiNx is deposited at 
350 ֯C with HRF/LRF mixed frequency process discussed above. The detailed recipe with exact 
parameters of pre-conditioning and SiNx deposition steps is described in Appendix 3A.   

 SiNx deposited wafer is annealed via RTA at 1000 ֯C for 5 mins in N2 environment with the flow of 
5 liter/min and naturally cooled down with N2 flow of 0.5 liter/min till 150 ֯C.  

Now, the Si (111) wafer containing combination layer stack is ready for the fabrication steps to create 
patterns for SAE. The process is executed in the following steps. 

 Global alignment markers are written via e-beam lithography (EBL). After resist development, 
negative markers (700 nm deep in Si) are prepared with dry reactive ion etching (RIE). The global 
markers are necessary to write forthcoming lithography steps with precise alignment. Wafer is 
cleaned with Piranha, spin coated for protection and diced into smaller pieces (e.g. 7 x 7 mm2). 

 Each diced samples is passed through another EBL step to transfer the desired pattern in form of 
trenches (negative selective mask). Samples are developed and dry etched via RIE with precise 
thickness control until SiNx is completely etched and a few nm of SiO2 is left (a buffer for surface 
protection).   

 Now, each processed sample contains the desired patterns and it must be cleaned with Piranha 
and etched in HF solution to expose Si (111) surface before loading into MBE chamber to perform 
SAE. 

 

          
Fig. 3.4: (a-d) SEM images of a few pre-patterned substrates with pattern dimensions ranging from micro to nanoscale. 
The dark and light (grey) contrasts represent the exposed Si (111) surface and the blocking surface of SiNx (the 
combinational layer stack) respectively. 
 
Figure 3.4 depicts a few negatively patterned structures for SAE. The detailed fabrication processes 
including all steps of EBL, resist development and dry etching for LPCVD based SiNx are discussed already 

10 μm 500 nm 500 nm 500 nm 

SiNx 
SiNx 

SiNx Si (111) 

Si
 (1

11
) 

Si (111) 

Si
 (1

11
) 

(c) (b) (a) (d) 



Chapter 3: Selective Area Epitaxy of 3D Topological Nanostructures 

 
44 

in a previous study63. Due to slightly different characteristics of SiNx prepared via PECVD, all the modified 
parameters along with the summary of all fabrication steps are described in Appendix 3B.    

3.3 Selective growth of 3D TIs  

The efforts to achieve selective area growth of the 3D TIs on the pre-patterned substrates are initiated in 
the similar fashion as on the bare Si (111). A set of growth parameters with Tsub in a close proximity of the 
corresponding optimum value (± 10 ֯C) along with the RTF ranging from 20 nm/h (high) to 5 nm/h (low) are 
opted to conduct SAE of each 3D TI. The optimum growth parameters for planar epitaxy (RTF = 5 nm/h) are 
listed in Appendix 2B. The growth on an epitaxial surface, into the etched trench, should work similar to 
the planar substrate with the nucleation of islands that grow laterally, coalesce and form a closed layer. 
On the other hand, the blocking surface (SiNx) is amorphous in nature and does not provide any support 
for the epitaxial growth. It does not mean that the growth on an amorphous substrate is not possible. The 
crystalline growth of Bi2Se3 (3D TI) on the amorphous SiO2 substrate is reported earlier64, 65. Moreover, the 
growth of Te based TIs on ALD prepared high-K Al2O3 and HfO2 amorphous substrates is conducted and 
discussed in chapter 6 (Figure 6.11).  
 

           
Fig. 3.5: SEM images depict the first SAE attempts of (a) Bi2Te3 conducted at Tsub = 290 ֯C and RTF = 8 nm/h, (b) Bi2Se3 
conducted at Tsub = 295 ֯C and RTF = 8 nm/h and (c) Sb2Te3 conducted at Tsub = 285 ֯C and RTF = 10 nm/h. Orange arrows 
indicate the bad selectivity in (a) that is heavily improved in (b) by increasing Tsub by 5 ֯C while keeping TBi constant and 
in (c) Sb2Te3 due to low ADR exhibits the best selectivity even at Tsub = 285 ֯C. Red circles indicate fabrication defects 
while purple circle points to the growth defect due to residual oxide on Si (111) surface.  

If TIs can be grown on amorphous substrates then what is meant by the above mentioned statement “no 
epitaxial support is provided by an amorphous substrate”. The reality is, 3D TIs grow on amorphous 
substrates in form of islands that are highly unordered and exhibit a high defect density as the substrate 
does not provide any azimuthal or rotational alignment to the nucleating QLs. Similarly, parameter 
adjustment to achieve the coalescence of these islands to form an entirely closed layer is a complicated 
process. That is why, the optimum growth parameters on the amorphous substrates are entirely different 
from the crystalline surfaces. At the optimum growth parameters according to Si (111) surface, most of 
the amorphous substrates do not exhibit any considerable growth; that is why, amorphous materials 
provide the best blocking surfaces with the selective epitaxy only on Si (111) surface. Figure 3.5 depicts 
SEM images of the first SAE attempts of 3D TIs including Bi2Te3, Bi2Se3 and Sb2Te3.  

The initial SAE tests have demonstrated several fabrication issues and growth deficiencies that are required 
to be addressed first. Later, the structural optimization of selectively grown nanostructures will be 
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performed. The key issues, that are required to be addressed before successful SAE on the nanostructures 
can be achieved, are discussed below: 

 Selectivity of the epilayer 
 Fabrication defects in the patterned substrates 
 Strain issues of the blocking material 

3.3.1 Selectivity of the epilayer  

The selectivity is a qualitative attribute of epitaxy on the patterned substrate. It describes the relative 
partiality of the crystal to grow on one of the two surfaces i.e. Si (111) or SiNx. The sample without any 
growth on the blocking surface (SiNx) exhibits the best selectivity. In the growth of 3D TIs, the selectivity 
can be tuned by the compound adjustment of Tsub and RTF. Keeping RTF constant, the desorption rate of the 
incoming adatoms increases at the higher Tsub that stops the formation of nucleation on SiNx. While at the 
lower temperatures, ADR increases and the selectivity fails.  
 

 

Fig. 3.6: Temperature range for best selectivity. (a) Growth rate (RTF) vs. Tsub behavior of BixSb2-xTe3 alloy representing 
the selective zone at the border of the optimum and the deformation zones (purple color). (b) SEM image depicts SAE 
of BST alloy with perfect selectivity while Tsub is tuned in the selective temperature zone (Tsub = 305 ֯C) with RTF =  
5.5 nm/h. The red lines indicate some of the 2D defects originating from Si step edges periodically after 230 nm. 

 
Among 3D TIs, Sb2Te3 exhibits the best selectivity due to relatively higher desorption rate of Sb even at 
higher RTF; however, this is not the case with Bi based compounds. Bi based TIs due to the higher adhesion 
coefficient of Bi exhibit dramatic change in selectivity even with minor changes in RTF and Tsub. In case of 
Bi2Te3, Bi2Se3 and BST alloys the best selectivity is obtained with Tsub at the border of the optimum zone 
(green color) and the deformation zone (red color) according to Figure 2.6 and replotted in Figure 3.6 
where the purple marked zone identifies the temperature range for the best selectivity of BST alloy. An 
example of SAE of BST alloy with RTF = 5.5 nm/h at Tsub = 305 ֯C (conducted in the purple zone) is depicted 
in Figure 3.6b.  

Any attempt to perform SAE outside the purple marked (selective) temperature zone results in either failed 
or bad selectivity. A few examples are depicted in Figure 3.5 where (a) depicts the growth of Bi2Te3 epilayer 
with very poor selectivity (orange arrows). Due to the higher RTF and the lower corresponding Tsub several 
large islands can be observed on the surface of SiNx. Bi2Se3 growth, depicted in Figure 3.5b, indicates that 
the size and the density of islands are decreased due to increased Tsub (closer to purple zone) and hence, 
the selectivity is improved. While Figure 3.5c shows near perfect selectivity of Sb2Te3.  
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3.3.2 Fabrication defects in the patterned substrates  

The largest and the most common source of defects in patterned substrates is a fabrication cycle. A general 
fabrication cycle consists of two main steps:  

 Lithography  
 Etching / Deposition + Resist removal (Lift off) 

The defects can originate at both steps but statistically, the lithography process has higher probability as it 
contains several sub-steps including samples cleaning, spin coating, soft/hard resist baking, optical/e-beam 
writing and resist development. Any defect originated during the lithography process cannot be avoided 
during etching or deposition steps. Moreover, the shape and type of defects appear during lithography 
process depend entirely on the resist system in use. Figure 3.7 depicts some of the fabrication defects that 
are finalized in the dry etching step via RIE but are originated during the lithography process of pattern 
transfer.  
 

       
Fig. 3.7: SEM images depict fabrication defects in patterned substrates that originated in lithography process but 
finalized in etching step. (a) Red triangle indicates residual SiNx ring left in the etching process due to trapped air 
bubble in the resist while spin coating, (b) Yellow boxes indicate SiNx pillars left standing after RIE due to hard particles 
in the resist that failed to develop and (c) purple marked area depict an example of a damaged structure where desired 
pattern transfer failed due to underexposure or underdevelopment of resist in the lithography process. 
 

 The red triangle in Figure 3.7a indicates the presence of an air bubble in the resist that was trapped 
during the spin coating process. It took the shape of a circular ring during the resist soft baking 
step as the air was released. It got hardened with thickness variations and did not get exposed and 
developed properly and thus, left its footprint on the substrate during the etching process. This 
ring is the left over nitride circular wall that failed to be etched and now acts as a boundary defect 
in the crystal growth process.  

 The presence of hard particles in the resist left their marks on SiNx surface during the etching 
process, similar to the case of air bubbles in the resist. They took the shape of SiNx pillars that 
caused defects and restricted the growth of homogenous epilayer as shown in Figure 3.7b.  

 The inhomogeneous spin coating of the resist and the inappropriate exposure parameters during 
the e-beam lithography (EBL) resulted in an underexposed and underdeveloped structure, 
depicted in Figure 3.7c. With such defects the proper shape of the pattern cannot be transferred 
to the substrate. 

Other than these defects, there are also several critical parameters in the lithography process related to 
EBL such as coarse vs. fine exposure, beam defocus, dose factor and the proximity effect correction etc. 
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that, if not optimized properly, may lead to other defects or unintended changes in the patterns 
dimensions. Similarly during the etching process, the optimization of etch rate and the etching profile of 
side walls with the control over chemical vs. physical etching in the RIE process is also critical. A summary 
of all the fabrication processes along with the detailed steps and the optimum parameters, is described in 
Appendix 3B. 

3.3.3 Strain management in the combinational layer stack  

As discussed in Section 3.2, SiO2 and SiNx exhibit compressive and tensile strain respectively. SiO2 fails to 
provide dimensional protection while SiNx exerts strain onto the epitaxial film and causes structural 
damages. Hence, both of them cannot be utilized as the blocking material individually; however, with the 
fabrication of combination layer stack (SiO2 + SiNx), strain-free blocking surfaces can be prepared quite 
efficiently. The blocking surfaces prepared with the combinational layer stack are observed to exhibit a 
delicate stress balance where the thickness ratio between SiO2:SiNx controlled the overall strain. It is 
witnessed that the thickness ratio of 1:4 is the maximum that allows epitaxy of 3D TIs without any exerted 
strain or structural damages in the epilayer. It means that combinational layer with the thickness of 7 nm 
SiO2 can have a maximum 28 nm of SiNx. Any reduction in the thickness of SiO2 or an additional thickness 
in SiNx film will lead to stress misbalance that would affect the structural quality of the epilayer. 
  

       
Fig. 3.8: SEM images illustrate the effects of tensile strain exerted by SiNx (red arrows) in pre-patterned substrates 
prepared with SiO2:SiNx = 1:7 with lateral effects up to 80 nm. (a) Pattern with 1000 nm width exhibit damaged epilayer 
limited only to the edges, (b) enlarged area selected in (a) depicts the damaged layer and lateral extent of tensile 
strain, (c) strain damage became more significant in 500 nm wide structure although in central areas epitaxy is still 
successful, (d) Strain in 100 nm wide structure exceeded the critical value, so that epitaxy entirely failed. 
 
Figure 3.8 displays SEM images of SAE containing BST alloy, conducted on a pre-patterned substrate with 
SiO2:SiNx thickness ratio of 1:7, with SiO2 thickness kept at 7 nm. The tensile stress of 50 nm SiNx overcame 
the compressive stress and exerted strain on the substrate that affected the epitaxial film. It is observed 
that the extent of the exerted strain on the epilayer is limited laterally to approx. 70 nm. Further than that, 
the growth continued conventionally without any impact of strain induced defects. Figures 3.8a, c and d 
depict the effect of lateral strain on the epilayer in 1 μm, 500 nm and 100 nm wide trenches respectively. 
The damage to the crystal structure due to tensile strain is clearly visible in 1 μm wide pattern that 
increased with the reducing dimensions in 500 nm. Moreover, in 100 nm wide pattern, the epitaxial growth 
has entirely failed due to excessive lateral strain. Hence, if the total thickness of the blocking layers is 
required to increase, it is necessary to control the compressive/tensile strain balance with the optimization 
of SiO2:SiNx thickness ratio.  
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3.3.4 Micro to nanostructures  

The achievement of defect and strain free fabrication of patterned substrates resolved major obstacles for 
the successful SAE. By adjusting Tsub to the respective optimum values in the selective zone i.e. 300 ֯C for 
Bi2Te3, 285 ֯C for Sb2Te3 and 305 ֯C for BST ternary alloy, the selectivity is ensured and the growth of 3D TIs 
on pre-patterned substrate is acquired.  

SAE on micrometer scaled patterns worked without any noticeable difference in comparison to planar 
substrates (Figure 3.6b); however, it has been observed that trenches smaller than 1 μm in width exhibited 
textures of higher growth rate. This trend became more obvious with the continuous reduction in the 
trench width. For example, consider the case of 50 nm wide structure (Figure 3.9c) where the epitaxial 
growth rate was so high that 30 nm deep trench was entirely filled by the epilayer in just 90 minutes. That 
brings the epitaxial growth rate (Reff) in 50 nm wide trench to approximately 20 nm/h while the applied 
growth rate (RTF) was kept at 8 nm/h.  

Figure 3.9 depicts a few examples of overgrown trenches in the patterned nanostructures. Figure 3.9a 
displays a 500 nm wide trench with Sb2Te3 SAE performed at RTF = 12 nm/h. The trench is entirely filled and 
later started to grow laterally, indicated by orange arrows. Figure 3.9b displays SAE of BST alloys in 200 nm 
wide trench with RTF = 10 nm/h. The crystal has overgrown and due to higher effective growth rate (Reff) 
multiple twin domains have formed and are clearly visible, indicated by red and blue triangles. Figure 3.9c 
shows SAE of Bi2Te3 in 50 nm wide diamond array structure with RTF = 8 nm/h. The effective growth rate 
(Reff) was so high that after entirely filling the trenches, TI overgrew laterally to the extent that a suspended 
sheet of TI (Bi2Te3) film is formed being supported by the Bi2Te3 pillars in the trenches. All the stated 
examples have confirmed that SAE conducted at nanoscale alters the effective growth rate (Reff). 
  

        
Fig. 3.9: SEM images depict a few examples of overgrown epilayers in patterned substrates indicating the change in 
effective growth rate than applied RTF. All samples are grown for 90 minutes where (a) represents 500 nm wide trench 
with Sb2Te3 SAE with RTF = 12 nm/h, (b) SAE of BST alloys in 200 nm wide trench with RTF = 10 nm/h, (c) SAE of Bi2Te3 
in 50 nm wide diamond array structure with RTF = 8 nm/h. All trenches exhibited relatively high effective growth rates 
although the narrowest structure among all, depicted in (c), experienced highest effective changes in RTF. 
 
As the fabrication defects, strain management and selectivity challenges are addressed, SAE on micro and 
nanoscale structures is successfully achieved with one remaining issue that must be resolved. It is the 
structural optimization of the epilayer in the nanostructures that is directly related to growth rate of the 
crystal, as discussed in chapter 2. The higher effective growth rates (Reff) in the nano-trenches lead to 
higher defect density. In order to optimize the crystal quality in nanostructures, the relation between 
pattern dimensions and the effective growth rate (Reff) must be identified.  
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3.4 Growth dynamics in the nanostructures  

In SAE, the estimation of effective growth rate (Reff) is a bottleneck for the crystal optimization of 
topological nanostructures. For this purpose, a systematic study is carried out with hundreds of growths 
and a statistical analysis is performed to develop a model and formulize the effective growth rate (Reff). 
The dependency of Reff on the applied growth rate (RTF) and on the dimensional changes in the pattern is 
evaluated. In the first step, all structural parameters and material variables that may affect the epitaxial 
growth are identified.  

 The structural parameters include trench dimensions i.e. width (W), length (L), perimeter (P) and 
surface area (A). All the trenches, in this study, exhibit similar depth and therefore, the depth is 
not included as a structural variable for the analysis.  

 The material parameters include the applied thin film growth rate (RTF) and lateral diffusion length 
of adatoms on the blocking surface (LD).  

LD is a temperature dependent parameter however, its dependency on temperature is also not considered 
for the analysis as Tsub is kept constant in all experiments (at the corresponding selective Tsub) due to very 
narrow window of selectivity. For Reff dependency analysis, the growths are conducted with three different 
values of RTF including 5 nm/h, 10 nm/h and 15 nm/h.   
 

 

 

 

 

Fig. 3.10: A model represents three different trenches X, Y and Z. All trenches have different dimensions where X and 
Y exhibit same perimeter (P) and different surface area (A) while X and Z exhibit different perimeters but equivalent 
surface area. 
 
Structural dependency: Based on statistical results, it is observed that two trenches with similar perimeter 
(P) but different surface areas (A) exhibit different growth rates. For simplicity, Figure 3.10 depicts the top 
view of three different trenches where trench X and Y have similar perimeter of 40. The results have shown 
that Reff in the trench Y with smaller surface area (A = 36) is higher than the trench X containing the larger 
surface area i.e. A = 100. Hence, Reff exhibits inverse proportionality with the surface area (A) of the trench, 
as described in equation 3.1. Later results have shown that if the surface area of the trench is kept similar 
as in trench X and Z, Reff exhibits direct proportionality to the perimeter (P) of the trench and that is why, 
Reff in trench Z (P = 104) will be higher compared to the trench X (P = 40). Equations 3.2 and 3.3 summarize 
the structural dependency of the Reff.  

𝑅௘௙௙  ∝  1
𝐴ൗ                                                                         (3.1)    
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ቁ                                       (3.3)    

Material dependency: It is obvious that Reff must have a direct proportionality with RTF. It has been observed 
that the lateral diffusion length of the adatoms on the blocking surface (LD) is the key parameter that 
impacts heavily on the effective growth rate (Reff) as summarized in equations 3.4.   

𝑅௘௙௙  ∝  𝑅்ி  × 𝐿஽                                                                (3.4)    

Trench X 
Length (L) = 10 
Width (W) = 10 

Perimeter (P) = 40 
Area (A) = 100 

Trench Y 
L = 18 W = 2 
P = 40 A = 36 

Trench Z 
L = 50    W = 2 
P = 104      A = 100 
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Fig. 3.11: A model represents the lateral diffusion length (LD) in nanostructures. The impact of LD on the effective 
growth rate (Reff) can be visualized in this way that the trench with surface area (A=W×L) experiences the effective 
influx of adatoms from Aeff = (W+2LD) × (L+2LD) based on the applied rate (RTF). 
 
Figure 3.11 depicts a model, specific for a rectangular pattern that indicates how LD impacts Reff of the 
epilayer during SAE. In order to evaluate the effects of material and structural parameters on Reff 
quantitatively, the relation can be summarized in form of equation 3.5.  
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The term 4𝐿஽
ଶ /𝐴 is too small to have any considerable impact on Reff and therefore, can be ignored. 

Moreover, the length scale of most of the trenches investigated in this study is in micrometer scale which 
brings the parameter 1/𝐿 <<  1 and can also be ignored. The final formula, summarized in equation 3.9, 
indicates that major parameters affecting Reff other than RTF are the width of the trench (W) and the lateral 
diffusion length of the adatoms (LD).  

𝑅௘௙௙  =  𝑅்ி  ቀ1 +
ଶ௅ವ

ௐ
ቁ                                                            (3.9)    

The first requirement is to evaluate LD for each element i.e. Bi, Sb and Te. LD is extracted from the measured 
value of Reff using equation 3.9 while Reff is evaluated from the measured thickness of the epilayer in the 
trench using SEM images, acquired at the cross-section of selectively grown nanoribbon prepared via 
focused ion beam (FIB) as reported in Rosenbach et al.6 and via AFM discussed in Appendix 3C. The 
extracted values have indicated that Bi has much smaller lateral diffusion length (LD-Bi = 12 ± 0.5 nm) than 
Sb (LD-Sb = 20 ± 0.5 nm) on SiNx surface which is an opposite behavior compared to Si (111), reported in 
earlier studies66, 67. This is why, nanostructures during the growth of Sb2Te3 and BST alloy experienced 
elevated changes in Reff compared to SAE of Bi2Te3. Equation 3.9 holds true as long as the pattern length 
(L) remains > 1 μm; however, as soon as the length of the pattern drops below 1 μm, the assumption 1/𝐿 <

<  1 does not hold true and cannot be ignored anymore. In that case Reff can be described using equation 
3.10 and the resulting changes in Reff at nanoscale occur more rapidly. An example of such a change in 
effective growth rate can be seen via SEM image in Figure 3.9c where both dimensions i.e. width and length 
of the trench reached at the nanoscale (< 100 nm).  
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Figure 3.12a and c (purple colored zones) represent the corresponding changes in Reff with the applied 
rates i.e. RTF = 5 nm/h (green), 10 nm/h (red) and 15 nm/h (blue), when the trench width (W) is reduced 
from 250 nm down to 30 nm for Bi2Te3 exhibiting LD = 12 nm and Sb2Te3 with LD = 20 nm respectively. The 
circular points represent the measured Reff values from the selectively grown nanostructures while the 
dotted lines in the corresponding colors represent the fitting of these measured values according to the 
model presented in equation 3.9, ignoring the length scale (1/𝐿 <<  1). Similarly, the effect of decrement 
in length (L) on Reff is also measured and depicted in Figure 3.12b and d (orange colored zones) for Bi2Te3 
and Sb2Te3 respectively. In order to observe the effect more prominently, the trench width is fixed to W = 
50 nm while the trench length (L) is gradually decreased from 250 nm down to 30 nm. The dotted lines 
here represent the fitting of the measured values according to the model presented in equation 3.10, 
taking the length (L) of pattern into account.  

It can be observed that the decrement in both structural parameters (W and L) simultaneously impacts 
heavily on Reff where, the values can reach as high as 𝑅௘௙௙ ≥ 3 × 𝑅்ி  (Figure 3.12d). The colored zones in 
Figure 3.12 also assist in comparing the effect of LD along with the dimensional changes. The purple colored 
zones represent the trend of Reff for Bi2Te3 (Figure 3.12a) and Sb2Te3 (Figure 3.12c) with the changing 
widths; however, the effect is much pronounced in Sb2Te3 due to higher value of LD-Sb. Similarly, the orange 
colored zones represent changes in Reff when both dimensions (W and L) are at nanoscale. Once again, the 
higher value of LD-Sb impacted more prominently in Sb2Te3 (Figure 3.12d) than Bi2Te3 (Figure 3.12b). 
 

 
Fig. 3.12: Dependence of effective growth rate (Reff) on structural dimensions and lateral diffusion length (LD). Trend 
in resulting Reff for different applied RTF with decreasing trench width for (a) Bi2Te3 with LD = 10 nm and (c) Sb2Te3 with 
LD = 20 nm while 1/L << 1. The drastic enhancement in Reff with the decreasing trench length along for (b) Bi2Te3 and 
(d) Sb2Te3 while the width (W) is kept constant at 50 nm. 
 
Table 3.1: An overview of resulting Reff with the changing width of patterns for Bi1Sb1Te3 (LD = 16 nm) SAE with different 
applied rates (RTF). Higher applied rates (RTF) result in rapid increment of Reff particularly in narrow trenches. 

Bi1Sb1Te3  
LD = 16 nm 

Trench Width (nm) 
50 100 200 500 1000 

Reff (nm/h) for RTF = 8 nm/h  13.1  10.6  9.3  8.5  8.3 
Reff (nm/h) for RTF = 15 nm/h 24.6  19.8  17.4  16  15.5 

 
The fitting curves according to the model presented in equation 3.10 are in good agreement with the 
measured values as witnessed in Figure 3.12 and therefore is opted to adjust the growth parameters to 
tune Reff = 5 nm/h. As for binary compounds the proposed model can be utilized straight forward as Te 
does not take any part in determining the growth rate; however, this feature limits the evaluation of LD for 
Te. The value of LD-Te can only be evaluated in cases where the Te flux will start influencing the growth rate 
(RTF). It will be possible with SAE of BixTey stoichiometric alloys. The study of such compounds is out of 

(c) (b) (a) (d) 
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scope of this section; however, the detailed discussions can be found in chapter 4. In case of compositional 
alloys such as BST, the effective value of LD depends upon the exact stoichiometry of the material (i.e. 
relative presence of rate controlling elements). For example, in case of Bi1Sb1Te3 the effective values of LD 
will be the average of Sb and Bi with LD = 16 nm. The experimentally measured values of Reff during the 
growth of Bi1Sb1Te3 in trenches with various dimensions for the applied thin film rates (RTF) of 8 nm/h and 
15 nm/h are summarized in Table 3.1. 

Based on numerous conducted SAE runs and the analysis with the proposed model, the key observations 
are summarized in the following points: 

 When the width (W) of the pattern is in nanoscale whereas the length (L) is large enough to hold 
the condition (1/𝐿 <<  1) true, Reff can be approximated via equation 3.9. 

 When both W and L are in the nanoscale, the condition (1/𝐿 <<  1) does not remain true and Reff 
can be approximated using equation 3.10. 

 When both W and L are in the nanoscale and reaching values so small that the condition W ≤ 2LD, 
the term 4𝐿஽

ଶ /𝐴 cannot be ignored and Reff can be approximated correctly using equation 3.8. 

The model discussed here is specific only to rectangular and square patterns. The same model can be 
adopted to other geometries such as circular, elliptical and triangular etc. as well and discussed further in 
Appendix 3D. 

3.5 Structural optimization of topological nanostructures  

In the light of detailed structural characterization conducted on 3D TIs thin films (Section 2.2), it has been 
established that nearly all defects, other than antiphase domains and screw dislocations bound to appear 
at the substrate step edges, can be avoided by conducting growth at optimum Tsub and relatively low RTF 
of approx. 5 nm/h. The same principle is applied to the selectively prepared topological nanostructures to 
avoid any structural defects. 

In SAE, the choice of Tsub is always optimum by default, as the selectivity can only be achieved if Tsub resides 
in the “selective temperature zone” (Section 3.3.1). However, the selection of suitable RTF can be 
particularly challenging as Reff varies with changing dimensions of the pattern. It can be even more 
problematic if the pre-patterned substrate contains trenches with a variety of widths ranging from 
micrometer to nanometer scale. For instance, Reff can upsurge by a factor of 3 of the applied rate (RTF) in 
very narrow trenches as observed in Figure 3.12d while remains effectively unchanged at micrometer 
scale. The statistical model presented in equations 3.9 and 3.10 provided quite accurate estimations of the 
resulting Reff in nanostructures. In order to obtain defect-free nanostructure (Reff = 5 nm/h) of a particular 
dimension via SAE, the applied rate (RTF) can be tuned according to equation 3.10, without any 
complication. However, the selection of RTF can still be challenging if the pre-patterned substrate contains 
structures with various sizes as each pattern will experience different Reff according on its dimensions.  
 
Table 3.2: An overview of resulting Reff with optimum selected applied rate (RNS) for SAE of each 3D TI. RNS is opted in 
such a way that the resulting Reff = 5 nm/h in trenches with W = 150 nm for Bi2Te3 and 100 nm for Sb2Te3 and BST 
alloys to avoid structural defects in nanostructures. 

 

3D TIs 
Trench Width (nm) 

50 100 200 500 1000 
Reff for Bi2Te3 when RNS = 4.3 nm/h 6.38 5.34 4.82 4.52 4.41 

Reff for Sb2Te3 when RNS = 3.97 nm/h 7.16 5 4.78 4.29 4.14 
Reff for BST alloy when RNS = 3.8 nm/h 6.54 5 4.48 4.08 3.82 
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Fig. 3.13: SEM images represent SAE of 3D TIs with optimized applied rate (RNS) for nanostructures. (a) Bi2Te3 diamond 
array structures with W = 50 nm and L = 200 nm, (b) Sb2Te3 nano-hallbar with W = 50nm and L = 5 μm, (c) BST alloy 
nanoribbons with width (W) ranging from 50 nm to 500 nm resulting in different Reff and different thickness. 
 

   

   

Fig. 3.14: STEM-HAADF images of selectively grown 3D TIs acquired at the cross-section of 200 nm wide nanoribbons 
along Si [1-10] projection. (a) Defect-free and relaxed stacking of Bi2Te3 QLs are evident while (d) represents the 
enlarged area marked in (a). Similarly (b and e) represent Sb2Te3, while (c and f) depict defect free structure of 
Bi0.8Sb1.2Te3 QLs.      
 
In this study, the pre-patterned substrate are fabricated with trenches ranging in width from 10 μm down 
to 30 nm. The growth rate for the best crystal integrity in the nanostructures (RNS) is adopted to fulfill the 
rate requirements of all pattern dimensions and therefore, based on LD of Bi2Te3, Sb2Te3 and BST alloy of 
approx. 12 nm, 20 nm and 16 nm respectively, RNS for SAE of each material system are evaluated. RNS is the 
evaluated equivalent RTF for a specific trench width (RNS = RTF at a specific width) when Reff = 5 nm/h. For 
this purpose, the trench width of 150 nm is chosen as a standard for Bi2Te3 while due to relatively high 
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value of LD-Sb in Sb2Te3 and BST alloy, the standard width is selected as 100 nm. RNS for all 3D TIs is calculated 
(equation 3.11 is specific for Bi2Te3) and the resulting values of Reff for the key dimensions are listed in 
Table 3.2. 

𝑅௘௙௙  =  𝑅்ி  ቀ1 +
ଶ௅ವ

ௐ
ቁ      →       5 =  𝑅ேௌ  ቀ1 +

ଶ × ଵଶ

ଵହ଴
ቁ  for Bi2Te3                            (3.11)    

Due to quite narrow dimensions, structural investigations of the crystal in nanostructures is not possible 
with XRD and is only limited to STEM investigations. After the evaluation of optimum values of RNS for all 
TIs (Table 3.2), SAE of topological nanostructures is performed. Highly selective and smooth epilayers of 
nanostructures containing Bi2Te3, Sb2Te3 and BST alloy can be observed via SEM images depicted in Figure 
3.13a, b and c respectively. Later, STEM investigations are carried out at the cross-section of 500 nm wide 
nanoribbons of each TI material. Figure 3.14 depicts HAADF images of Bi2Te3 (a, d), Sb2Te3 (b, e) and BST 
alloy (c, f) acquired along Si [1-10] projection where the high crystal quality of nanostructures without any 
structural defects and dislocations, is evident. 

3.6 Electronic characterization of topological nanostructures  

Finally, the electronic characterization of the topological nanostructures is performed via magneto-
transport investigations. The magneto-transport is a very vast field of electronic characterization that 
facilitates diverse analysis techniques with various structural designs. 

The in-depth transport investigations of various topological nanostructures are performed; however, they 
are not the subject of discussion in this study. Here, a short summary of major results is presented to 
compare different material systems with the help of overall carrier concentration (𝜂) and the relative 
contribution of TSS. In order to analyze topological materials, the following three types of measurements 
are performed.   

 Hall effect (electronic characteristics of the material system) 
 Topological switching via steering effect of resistance in multi-terminal junctions (T and Y junctions 

to identify the contribution of TSS) 
 Aharonov–Bohm (AB) oscillations8, 68, 69 in a single O-ring and array structures (to identify the 

contribution of TSS)  

  
 

3.6.1 Hall effect  

The Hall effect arises due to the deflection of moving charge carriers because of the Lorentz force in an 
applied magnetic field where the periodic oscillations in the resistance can be observed because of the 
quantization of energy levels69, 70. The Hall measurement are performed to evaluate the electronic 
properties of topological materials. The details of measurement setup and the relevant theoretical 
background can be found in an earlier reported study i.e. Weyrich et al.70 Various selectively grown Hallbars 
of 3D TIs (Bi2Te3, Sb2Te3 and BST alloys) having widths (W) of 50 nm, 100 nm, 200 nm, 500 nm, 1 μm and 

X2 X1 
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SiNx 

Sb2Te3 

Y1 Y2 + 
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Ti 

Fig. 3.15: SEM image depicting 1 μm wide selectively 
grown Hallbar of Sb2Te3 with Ti electrodes. X1 and X2 
are the input longitudinal terminals with IXX applied 
current between the vertical outer contacts. Hall 
voltage is measured between terminals Y1 and Y2. 

10 μm 
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10 μm are investigated. The summary of the performed measurements and the analysis with an example 
of 1 μm wide hallbar of Sb2Te3 is discussed below. 

 The longitude resistance 𝑅௫௫  is measured between terminal X1 and X2 according to Figure 3.15 
where the temperature dependent magnetoresistance is observed (Figure 3.16a) along with the 
weak anti-localization (WAL) effect at low magnetic fields of ± 1T (Figure 3.16b). WAL is a quantum 
correction to the classic conductance that is caused by self-interference of charge carriers when 
they are coherently scattered in such a way, that they return to the same position after many 
scattering events. WAL can be observed in systems exhibiting strong spin-orbit coupling (SOC)70. 
The sheet resistance (𝑅௦௛௘௘௧) is also evaluated using equation 3.12 and is plotted in Figure 3.16c. 

 Utilizing Hikami-Larkin-Nagaoka (HLN) model70 described in equation 3.13, WAL data is fitted and 
the phase coherent length (𝑙ః) of charge carriers and factor (𝛼) are evaluated and plotted in Figure 
3.16d. 

 Transverse voltage 𝑉௫௬ is measured between terminal X1 and Y1 (according to Figure 3.15) and the 
Hall resistance (𝑅௫௬ =  𝑅ு) is plotted in Figure 3.16e. Using equation 3.14, the Hall constant (𝐴ு) 
and the 2D charge carrier density (𝜂ଶ஽) are extracted. As the obtained 𝜂ଶ஽ does not take the 
sample thickness (𝑑) into account, 3D carrier concentration (𝜂ଷ஽) and mobility (𝜇) are evaluated 
using equation 3.15 and 3.16 respectively. 

 

 

 

 
 
 

 

(a) (b) (c) 

(d) (e) 

Fig. 3.16: Hall measurement data. (a) Temperature dependent trend in longitudinal resistance (𝑅௫௫) vs. applied 
magnetic field (B). (b) Temperature dependent trend of weak anti-localization in 𝑅௫௫ at lower magnetic fields. The 
oscillations at 30 K appear due to the fluctuations in the PID loop of the heater. (c) Sheet resistance at base 
temperature of 1.6 K. (d) Exemplary HLN fitting of weak anti-localization to extract 𝑙ః and 𝛼. (e) Hall resistance vs. 
applied field to extract Hall constant (𝐴ு) in order to evaluate mobility (𝜇) and carrier concentration (𝜂ଶ஽) of the 
material system. 
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𝑅௦௛௘  =  𝑅௫௫
ௐ

௅
                                                                             (3.12) 

Here, 𝑊 and 𝐿 are the width and the length of the Hallbar respectively.              
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Here, 𝛥𝐺ୌ୐୒ is the measured change in the magneto-conductance, whereas 𝛼 is a pre-factor that 
determines the strength of the magnetic coupling. A value of 𝛼 = 0.5 represents one TI channel. Every 
additional channel will result in an addition of 0.5. 𝐵థ is the magnetic field associated with the phase 

coherence length via 𝐵థ =
௛

଼௘గ஻௟ഝ
  while 𝛹 represents the digamma function.  
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 =  𝐴ு
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ௗ
     →   𝐴ு  =  

ଵ
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                                             (3.14)    

Here, 𝑅ு and 𝑉ு are the Hall resistance and Hall voltage. 𝐼௫௫ is the longitudinal/applied current, 𝐵௭ is the 
applied out-of-plane magnetic field and 𝑑 is the thickness of the sample. 𝐴ு represents the Hall constant, 
𝑞 is the universal charge while 𝜂ଶ஽  and 𝜂ଷ஽  represent 2D and 3D charge carrier density respectively.       

𝜂ଷ஽  =  
ఎమವ

ௗ
                                                                                  (3.15)    

𝜇 =  
஺ಹ

ோೞ೓೐
                                                                               (3.16)    

Discussion: Following the above mentioned scheme, samples of various dimensions belonging to all Te 
based 3D TIs are investigated. The results obtained from each category of the samples are summarized in 
Table 3.3 and the best results are highlighted. The key observations are discussed below: 

 Unexpectedly, despite the fact of achieving high crystal quality selectively grown topological 
nanostructures, high carrier concentration in Hallbars belonging to each material system is 
observed where the lowest carrier density is witnessed in Bi2Te3 nanostructures with approx.  
2 x 1019 cm-3.  

 In BST alloys, the carrier density is supposed to be further improved from Bi2Te3 due to the 
neutralization effect of p- and n-type carriers exhibited by Sb and Bi respectively; however, the 
carrier concentration measured in BST epilayer is found to be higher than Bi2Te3.  

 Though, the overall carrier density is improved by almost 1 order in comparison to earlier reports 
including Lanius et al.51 and Weyrich et al.70 with the utilization of SAE and the in situ surface 
passivation. Still, the unexpected high carrier density in all material systems including BST alloys 
indicate the problem must reside somewhere other than the topological epilayers themselves. The 
issue may arise from the substrate or at the interface between Si-TI epilayers. In order to evaluate 
this problem, the structural investigations and the magneto-transport analysis of the substrate-TI 
interface is conducted with the growth of BST epilayers on another substrate and a comparison 
with Si (111) is conducted. The details can be found in chapter 6 (Section 6.3.3).     

 A noticeable difference in carrier density among the in situ capped (passivated) and the non-
capped samples is observed (Table 3.3).   

 An important feature about the phase coherent length (𝑙ః) of charged particles in Bi2Te3 epilayers 
is observed to be linked with the misorientation angle of Si (111) surface. As discussed earlier, 
Bi2Te3 epilayer forms an antiphase domain at the Si step edge. It seems that the antiphase domain 
acts as a barrier and limit 𝑙ః  of the charged particles. An example of this behavior can be observed 
in Table 3.3 where two Bi2Te3 Hallbars of same dimensions are prepared with similar growth 
parameters on different surfaces quality (miscut angle), have exhibited different results. The 
Hallbar prepared at the substrate with 0.5֯ miscut angle exhibited 𝑙ః  = 63 nm while, the other 
Hallbar belonging to substrate with the misorientation angle of 0.1֯ exhibited 𝑙ః  = 230 nm. These 
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values are matching perfectly with the terrace length of periodic steps at Si (111) surface 
corresponding to the miscut angle. The terrace length has also been confirmed via AFM and 
depicted in Figure 2.17 (Chapter 2). This trend is witnessed in all Bi2Te3 samples; however, it does 
not seem to impact Sb2Te3.  

 
Table 3.3: The summary of all material parameters extracted from Hall measurements. MR represents the percentage 
change in the magnetoresistance in RXX between B = 0 T and B = 10 T. 

Topological 
Material 

 
Carrier 

Width 
(nm) 

𝜼𝟐𝑫 
(x 1013 

cm-2) 

𝜼𝟑𝑫 
(x 1019 

cm-3) 

𝒍𝜱 
(nm) 

𝝁 
(cm2

/Vs) 

Si Miscut 
Angle ( ֯ )  

MR @  
10 T 
(%) 

 
Comments 

 
 

Bi2Te3 

 
 

n-type 

10,000 6.2 4.3 324 213 0.07 89  In situ capped 
1,000 9.4 7.8 154 124 0.2 54 -  
500  4.1 2.3 230 324 0.1 98 In situ capped 
500 6.9 8.6 63 136 0.5 38 In situ capped 
200  5.9 4.1 232 315 0.1 93 In situ capped 
100  3.9 2.5 234 342 0.1 88 In situ capped 
50  3.4 2.2 231 312 0.1 87 In situ capped 

 

 
 

Sb2Te3 

 
 

p-type 

10,000 7.2 5.3 418 442 0.1 64 In situ capped 
1,000 10.8 8.4 279 246 0.5 21 -  
1,000 7.7 5.4 364 386 0.2 42 In situ capped 
500  11.3 9.8 214 220 0.5 36 - 

 

 
 

BixSb2-xTe3 

 
 

- 

10,000 7.9 5.4 212 386 0.2 54 In situ capped 
1,000 10.3 8.9 109 156 0.5 28 -  
1,000 8.7 6.9 169 212 0.2 44 In situ capped 
500  11.1 9.5 98 87 0.5 23 - 

 
Surface transport investigations via SdH and AB oscillations: All the measured parameters listed in  
Table 3.3 describe the bulk electronic characteristics of materials. The surface transport contribution can 
only be witnessed with advanced analysis techniques. TSS can be simply envisioned as a 2-dimensional 
electron gas (2DEG) with a special property that electrons experience spin-momentum locking and Dirac 
dispersion. Their presence and contribution in the electronic transport can be identified with the presence 
of periodic oscillations in the resistance profile with the out-of-plane applied magnetic field. This 
phenomenon is known as Shubnikov-de Haas (SdH) effect70. SdH oscillations are witnessed in 500 nm wide 
Hallbar of Bi2Te3 where the detailed analysis is performed and reported in Rosenbach et al.6 However, in 
200 nm, 100 nm and 50 nm wide structures SdH oscillations are not witnessed due to the absence of TSS 
as the structures entered into the quasi-1D regime.   

In narrow structures, the Berry phase at the cross-section of the nanoribbon becomes trivial as soon as the 
perimeter of the nanoribbon becomes < 2𝑙ః. This regime is known as quasi-1D and results in opening the 
gap and diminishing TSS as depicted in Figure 3.17a. As listed in Table 3.3, 𝑙ః = 230 nm for Bi2Te3, this 
results in 500 nm wide structures to be topological while 200 nm and below structures fulfill the 
requirement of quasi-1D regime and lose topological protection. That is why, SdH oscillations are not 
witnessed in any structure smaller in width than 500 nm. The gap in quasi-1D structures can be closed 
again with the appearance of TSS by applying the in-plane field (B) equivalent to the flux 𝜑 2⁄  as depicted 
in Figure 3.17 where 𝜑 depends upon the cross-sectional area (𝐴) of the nanoribbon and can be calculated 
using equation 3.178, 68, 69.  

𝜑 =  𝐴 × 𝐵                                                                              (3.17)    

As soon as the in-plane applied field fulfills the requirements and the flux becomes equivalent to 𝜑 2⁄ , the 
evidence of TSS can be witnessed through periodic quantum interference effects (oscillations in resistance 
profile). This phenomenon is known as Aharonov–Bohm (AB) oscillations8, 68, 69 and can be observed in 



Chapter 3: Selective Area Epitaxy of 3D Topological Nanostructures 

 
58 

nanostructures where the surface to volume ratio is high enough to overcome the bulk contributions and 
manifest surface effects. As mentioned above, structures with width of 200 nm and below exhibited  
quasi-1D effects. With the applied in-plane magnetic field, AB oscillations in 200 nm, 100 nm and 50 nm 
wide nanoribbons, with a distinct frequency matching the corresponding cross-sectional areas of the 
structures, are witnessed. The details of AB oscillations analysis in all the structures is reported in 
Rosenbach et al6.   
 

 
 

 
 

 
Fig. 3.19: Currents through the T-shaped tri-junction as a function of in-plane magnetic field components. (a) The 
current is measured from the bottom leg to both output legs and individually to the left leg (b) and right leg (c). The 
coordinates exhibiting higher resistance are identified with letter “H”. The sketches on top of the plots indicate the 
current paths. The difference in leg resistance can be observed in the opposite diagonal coordinates for IL and IR where 
H represents the high resistance zone. 

3.6.2  Resistance steering effect in multi-terminal junctions 

A unique phenomenon in a quasi-1D multi-terminal nanoribbon structure where the surface current 
exhibits dependency on the in-plane magnetic field orientation with a distinct steering pattern was 
proposed by Moors et al.10 In order to confirm this proposed phenomenon of TSS, a multi-terminal  
T-junction is prepared via SAE as depicted in Figure 3.18 where the effect of current steering with the in-
plane magnetic field orientation is investigated. It has been observed that with changing the orientation of 

Fig. 3.17: (a) The nontrivial Berry phase causes a 
gap at zero flux in a TI nanowire (quasi-1D).  
(b) Applying a flux of φ/2 restores the gapless 
mode. (Taken from 8) 

(a) (b) 

IL + IR IL  IR  

   

(a) (c) (b) 

H 
H 

H 
H 

Fig. 3.18: SEM image of selectively grown T junction of Bi2Te3 
representing the basic measurement setup where Itot represent 
the total current flowing from the central leg. IL and IR represent 
the individual currents in left and right legs where the current 
variations are measured with the changes in the applied field 
orientation.  

SiNx 

Bi2Te3 
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in-plane field, this current steering originates from the orbital effect, trapping the coherent 3D TI surface 
states in the different legs of the junction on opposite sides of the nanoribbon and breaking the left-right 
symmetry of the transmission across the junction. The detailed analysis of the observed distinct pattern of 
the current steering is reported in Kölzer et al.11 An examples of distinct current pattern belonging to 
different legs of the junction in diagonal coordinates can be observed in Figure 3.19b and c. An important 
point to notice here is the heavy suppression of the steering effect due to high density of trivial bulk carriers  
(4 x 1019 cm-3) that do not exhibit steering rather enhance the background noise of the measured effect.   

3.6.3  Aharonov–Bohm (AB) oscillations in the ring structures 

AB oscillations measured in quasi-1D nanoribbons of Bi2Te3 with the in-plane applied field are discussed in 
Section 3.6.1. Here, a different geometrical structure in form of a ring, depicted in Figure 3.20, is fabricated 
to investigate AB oscillations in the perpendicular (out-of-plane) applied field. As mentioned above that AB 
oscillations can only be observed in a structure when the length of interference path < 2𝑙ః. In ring 
structures, this path is equivalent to the half of circumference of the ring radius.  

The ring structures of BST alloy with various sizes are prepared via SAE and the investigations are 
performed71. An example of selectively grown BST ring structure with 50 nm radius is depicted in 3.20a. 
Among all the samples, only two structures with radii 50 nm and 70 nm have fulfilled the requirement of 
phase dependent quantum interference and therefore, in both structures two distinct frequencies in the 
Fourier spectrum of magneto-conductance measurements are observed. The observed oscillation and the 
FFT spectrum of 50 nm ring are depicted in Figure 3.20 (b-c). The peak values can be translated back to 
certain radii within the finite width of the ring. For both rings a peak at the frequency corresponding to the 
inner surface as well as a peak at the frequency corresponding to the mean path (mean radius, middle of 
the ring) are observed. The frequency of the oscillation corresponding to the inner surface can be 
attributed to an interference of electrons occupying TSS on the inner side of the ring, whereas the other 
peak can be attributed to a bulk contribution. The details about the experimental setup and measurements 
can be found in Behner et al.71 A comparative analysis, with the help of AB oscillations in ring structures, 
between BST alloy (STI) and Bi1Te1 (WTI) is conducted in chapter 4 (Section 4.9). 
 

              

  
 

Fig. 3.20: (a) SAE of BST alloy in a ring structure. The orange and 
purple circles represent the shortest and the mean interference 
paths respectively. (b) RXX vs. applied out-of-plane magnetic 
field (B) plot where the oscillations in the resistance profile 
represents the presence of AB oscillations via coherent 
interference. (c) The Fourier spectrum of the filtered data of (b) 
representing two distinct peaks at different frequencies 
indicating the AB interference of TSS at the inner circle and the 
bulk interference at the mean radius circular path. 

(c) 

(b) 

Peak 1 (TSS) 

Peak 2 (Bulk) 

(a) 
SiNx 
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With the help of magneto-transport investigations, the electronic characterization of 3D TIs is performed. 
The presence of unexpected high density of bulk carriers is a massive drawback that heavily suppressed 
the contribution of TSS; however, the high crystal quality of topological nanostructures have allowed to 
observe several unique and distinct effects of TSS in form of SdH and AB oscillations along with the steering 
effect in multi-terminal junctions. With the attenuation of high concentration of trivial (bulk) carriers, the 
exotic effects, offered by TSS would, be more pronounced.  

3.7 Summary 

This chapter is dedicated to the development of a scalable nano-architecture to fulfill the demands of 
integratable and pristine nanostructures with adaptable dimensions. Utilizing CMOS compatible 
fabrication technology, Si (111) substrates with crystalline and amorphous combinational surfaces are 
prepared. The development of PECVD SiNx to be resistant in HF based solutions has enabled the realization 
of blocking surfaces and subsequently, the patterned substrates. The fabrication challenges in the 
patterned substrates and the strain related issues in the combinational blocking surfaces are systematically 
addressed. Later, the optimum growth parameters (Tsub and RTF), extracted from the high quality planar 
growths of 3D TIs, are subjected to the pre-patterned substrates. The technique of SAE has facilitated the 
achievement of high quality selectively grown structures at the macroscale (> 1 μm); however, the 
nanostructures have exhibited the high defect density. The encountered challenges of crystal defects in 
selectively grown nanostructures are addressed with the development of a specialized growth model. This 
model, by incorporating the pattern dimensions into account, has provided control over the effective 
growth rate (Reff) of the crystal, and in succession, has facilitated the preparation of defect-free structures 
at the nanoscale. Atomic scale structural characterizations conducted on selectively grown topological 
nanostructures have confirmed the high-quality of the grown crystals. Moreover, the magneto-transport 
investigations have revealed the improved electronic properties of 3D TIs, particularly the bulk carrier 
density (2 x 10-19 cm3) is observed to decrease by almost 1 order, compared to the earlier reports  
(5 x 10-20 cm3)44, 51, 70, 72, 73. Though, the improved results are obtained, the observed carrier density is still 
at least 2 orders higher than the utilizable conditions (10-17 cm3)74, 75 for most of the advanced quantum 
applications. This deficiency in electronic properties could not be associated to the crystal quality of  
3D TIs, as almost defect-free nanostructures are realized. Despite the limitation of high density of trivial 
bulk carriers, distinct phenomena in magneto-transport due to the presence of TSS including the weak 
anti-localization (WAL) effect, the Shubnikov-de Haas (SdH) and the Aharonov–Bohm (AB) oscillations, and 
the resistive steering effect are witnessed. The observation of these effects can be associated to the high 
crystal quality of the selectively grown topological nanostructures and the in situ passivation of surfaces 
that prevented them from oxidation and other aging effects. The realization selectively grown 
nanostructures with adaptable dimensions and scalable architecture has facilitated the fabrication of 
complex quantum devices with pristine and high quality layers of 3D TIs which was not easily attainable in 
the past.   
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Chapter – 4  
Topological-Trivial Heterostructures:  

BixTey Stoichiometric Family 
The topological state of a 3D material can be modified using the technique of topological phase 
transformation2, introduced in chapter 1 (section 1.2). Applying this technique via stoichiometric tuning3, 
various compositional alloys consisting of “base” (topological) and “additive” (trivial) heterostructures can 
be prepared. The stoichiometry of such materials can be tuned by controlling the relative contents of 
“base” and “additive” that assist in engineering the electronic band structure of the alloy to achieve novel 
3D topological phases. Among them, one of the most desired phase is the topological Dirac semi-metal 
(TDSM) that can be engineered if the “base” material exhibits the topology of weak topological insulator 
(WTI) or topological crystalline insulator (TCI), introduced in section 1.2 (Figure 1.8). None of the 
conventional 3D TIs exhibit WTI phase; however, Bi2Te3 is the only member of 3D TIs that exhibit dual 
topology4 i.e. TCI features along with the strong topological insulator (STI) phase. This phenomenon 
renders Bi2Te3 to utilize in topological-trivial heterostructures to engineer TDSM phase.  

The one possibility of achieving topological transformation of Bi2Te3 is via BixTey stoichiometric alloys where 
Bi2Te3 quintuple layer (QL) and Bi2 bilayer (BL) act as “base” and “additive” respectively. BixTey alloys exist 
naturally in form of (Bi2)m(Bi2Te3)n superlattices where (m:n) represents the relative abundance of BLs and 
QLs respectively. These alloys attract a lot of attention and curiosity of material scientists and physicists 
for their utilization in future applications. The importance of this stoichiometric family can be estimated 
from the experimentally proven and theoretically predicted topological phases from STI to WTI3, TCI3, 4 to 
HOTI5, 6 and TSM7.  

Bismuth (Bi2 BL) as an “additive” is not truly a trivial neither purely a topological material. According to  
𝑍ଶ-classifications, bismuth is trivial with invariants 0; (000) and does not exhibit 3D topological states 
protected by time-reversal symmetry (TRS). However, recent studies have shown the crystal symmetry 
(CS) protected 1D helical hinge states in Bi2 crystals8 i.e. the higher-order topological insulator (HOTI) 
phase, observed via STM at ultra-low temperatures6, 9. Still, in bulk bismuth is categorized as a trivial 
material and therefore, is utilized as an “additive” in this study. Due to well-known thermoelectric 
properties of Bi chalcogenides10, some members of the BixTey stoichiometric series have already been 
prepared via zone melt, Bridgeman method10, 11, 12, sputter deposition7, PLD13 and MBE3. During the 
preparation of BixTey alloys for thermoelectric applications, the exact stacking sequence of QLs and BLs in 
a particular stoichiometric state, is not important as the only purpose is to alter the composition11. In the 
topological transformation; however, it is critically important for the particular stoichiometric state to 
exhibit the corresponding stacking sequence periodically to ensure the CS. The importance of CS in a 
material can be estimated from the recent studies that indicate a higher tendency of a crystal to host HOTI 
phase5, 6, 9, 14, 15 if it exhibits TCI features. This can be quite challenging to control via MBE as BixTey crystals, 
depending upon the relative presence of Bi contents, naturally arrange themselves in an arbitrary order 
without any particular stacking sequence.  

This chapter is dedicated to study the growth feasibility of BixTey = (Bi2)m(Bi2Te3)n stoichiometric states via 
MBE. To investigate the individual topological phases of these alloys via ARPES is beyond the scope of this 
work. The aim is to conduct a systematic study on the epitaxial growth of BixTey alloys on planar Si (111) 
substrates, to investigate the extent of possibilities in tuning the composition (how precisely stoichiometry 
can be tuned), the periodicity of the stacking sequences and the stability/reproducibility of these 
stoichiometric states. In order to do so, the detailed structural characterizations of the grown epilayers are 
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performed via XRD and the stacking sequences are confirmed via STEM. The stoichiometric tuned 
parameters are then subjected to the pre-patterned substrates and via SAE, the defect-free nanostructures 
are fabricated. Thus, when required, any targeted stoichiometry (the desired 3D topology) can be 
incorporated into the nano-architecture to fabricate the quantum devices.  
 

 
Fig. 4.1: An overview of unit cells representing BixTey = (Bi2)m(Bi2Te3)n key stoichiometric states along with the stacking 
sequences. Difference in the color of blocks represents the change in layer architecture where the green block indicates 
the presence of Bi2Te3 QL while the red block represents a Bi2 bilayer. On top of the stacking sequences of each 
stoichiometry, the relative presence of BLs and QLs are indicated by the values (m:n). 
 

4.1 BixTey: Layer architecture and nomenclature 

BixTey family is a layered based system supported by vdW interactions that exhibits a unique phenomenon 
of keeping the layer architecture of “base” and “additive” intact unlike other layer based stoichiometric 
systems such as GST/GBT16, 17, 18, 19, 20, 21, 22 and MST/MBT23, 24 alloys, where “base” and “additive” lose their 
individual layer structure, amalgamate and form new compound layers (for details visit chapter 5). As 
mentioned above, BixTey stoichiometric states naturally arrange themselves in (Bi2)m(Bi2Te3)n superlattices 
where any stoichiometry can be identified by (m:n)25 = (number of BLs: number of QLs) in a unit cell of that 
specific alloy as depicted in Figure 4.1 along with the corresponding stacking sequences. Some of BixTey 
alloys were studied by the thermoelectric community10 were primarily synthesized using the Bridgeman 
method10, 11, 12 that occasionally did not exhibit the periodic stacking sequences (mixed states). Due to this 
reason, BixTey alloys are identified by different nomenclature in the literature. These nomenclature include: 

 Normalized unit cell25: This is the most common form that identifies the formula unit or 
characteristic unit cell for example Bi2Te3, Bi1Te1 and Bi4Te3 etc. 

 Entire unit cell26, 27: This is the least common form used; however, it helps to identify the total 
number of BLs and QLs in the unit cell. For example Bi2Te3 would be named Bi6Te9 (3QLs), Bi1Te1 
as Bi6Te6 (2QLs + 1BL) and Bi4Te3 as Bi12Te9 (3QLs + 3BLs). 
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 Atomic fraction26, 28, 29: This is the second most common form that mostly used when the crystal 
contains mixture of two or more stoichiometric states (non-periodic stacking sequences). It 
identifies the relative contents of elements in the crystal. For example Bi2Te3 would be named 
Bi40Te60, Bi1Te1 as Bi50Te50 and Bi4Te3 as Bi57Te43. 

4.2 Epitaxy & stoichiometric analysis of BixTey alloys 

The growth of any BixTey stoichiometric state demands the incorporation of Bi2 BL in the layer stack. This 
can be acquired with the increment in Bi/Te flux ratio to enrich Bi contents in the crystal that would lead 
to the formation of Bi2 BL. The tuning of Bi/Te flux ratio can be achieved with two different approaches 
discussed below. Both approaches have their pros and cons.  

 Approach 1: Increasing Bi flux while Te flux and Tsub are kept constant. 
 Approach 2: Decreasing Te flux while Bi flux and Tsub remained unchanged. 

Approach 1: In the MBE growth process, the individual beam fluxes are controlled by adjusting the effusion 
cell temperatures of the corresponding elements. The search for stoichiometric alloys is conducted with 
the first approach where Bi/Te flux ratio is tuned by increasing the Bi flux (TBi) during epitaxy while the Te 
flux is kept constant. In order to do so, TBi is gradually increased from 470 ֯C (parameters extracted from 
Bi2Te3 optimized growth in chapter 2) while TTe and Tsub are kept constant at 320 ֯C and 300 ֯C respectively. 
 

       

Fig. 4.2: The search for BixTey stoichiometric states with the variable parameters TBi. (a) The trend of increasing Bi 
contents in the epilayer with the increment in the applied Bi flux (TBi) can be observed. After TBi = 485 ֯C, the presence 
of Bi bilayer with the increased Bi contents in the epilayer is evident. The Bi contents in the epilayer are measured via 
RBS. (b) The corresponding change in the thin film growth rate (RTF) of the epilayer with the increasing TBi, measured 
via XRR. 
 
It was established in chapter 2 that thin film growth rate (RTF) is solely controlled by Bi flux and Te flux does 
not have any influence on it. That is why, during the growth of 3D TIs, Te flux is always kept relatively higher 
than the required ratio to avoid Te thermal vacancies (VTe) in the epilayer. Starting from the base state of 
Bi2Te3 at TBi = 470 ֯C, with the gradual increment in TBi (Bi flux) the corresponding RTF of the epilayer kept 
on increasing while Bi contents in the epilayer remained constant with the stoichiometric state of Bi2Te3 
(Bi = 40 %). This phenomenon can be explained by the availability of auxiliary Te atoms that were present 
due to the additional Te flux applied to keep Te vacancies at minimum. The incoming Bi atoms kept on 
using the excess Te until the Bi flux reached a critical point at TBi = 485 ֯C where the availability of Te atoms 
was not sufficient to form a QL. Eventually, extra bismuth adatoms formed a Bi2 BL and the formation of 
stoichiometric alloys started (see Figure 4.2). With further increment in TBi, the density of Bi2 BL in the film 
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started to increase. Hence, by controlling Bi/Te flux ratio using the first approach, the desired stoichiometry 
can be achieved.  

Figure 4.2a depicts the observed trend of Bi fraction in the epilayer due to appearance and increasing 
density of Bi2 BLs in the layer stack. The bismuth contents in the epilayer are measured via Rutherford 
backscattering spectroscopy (RBS) where TBi is systematically increased. As soon as TBi reached 485 ֯C, the 
presence of first Bi2 BL in the layer stack is identified with the sudden increment in Bi contents. It is also 
observed with the slight shifts in XRD 2𝜃-𝜔 characteristic peaks of Bi2Te3. With the continuous increment 
in TBi, the density of Bi2 BLs in the layer stack kept on increasing until a BL periodically appeared after eight 
QLs at the applied TBi =  495 ֯C. At this point (Bi2)m(Bi2Te3)n with (m:n) = (1:8) resulted the stoichiometric 
state of Bi3Te4, identified in Figure 4.2a. Similarly, with the further increment in TBi other stoichiometric 
states, having higher Bi contents, are also obtained. The corresponding trend in RTF with the increasing TBi 
is depicted in Figure 4.2b.  

Following the first approach, several stoichiometric states including Bi3Te4, Bi7Te9 and Bi4Te5 are 
successfully achieved as identified in Figure 4.2a but two main challenges hindered the growth quality and 
the reproducibility of these states. These challenges include the unintentional high RTF and the 
compositional stability of the stoichiometric alloy.  

 TBi controls RTF in Bi2Te3. It has been established that all epitaxial growths with RTF > 5 nm/h (TBi > 
470 ֯C) are prone to suffer from structural defects (see Figure 2.10). BixTey states require Bi 
contents > 40% and, therefore, are obtained at TBi >> 470 ֯C that corresponds to RTF >> 5 nm/h 
(Figure 4.2b). This trend also predicts further increase in RTF with increasing TBi while reaching for 
the stoichiometric states with higher Bi contents. It would lead to the epitaxial growth of nearly all 
members of BixTey with very high defect density.  

 The higher RTF may also disrupt the periodic stacking sequence of QLs and BLs in the epitaxial film 
that would result in the altered stoichiometry and in the broken/damaged crystal symmetry (CS).  

 The higher RTF would also lead to the failed selectivity; furthermore, the fabrication of 
nanostructures via SAE would not be possible.   

 The reproducibility is critical for any epitaxial growth. The trend in Figure 4.2a depicts the very 
narrow tolerance in the Bi flux (TBi) for stable stoichiometric state. Any variation is Bi flux may lead 
to a stoichiometric shift that will become more problematic with the increasing TBi. It can be 
witnessed with the reduced stability window in Bi4Te5 vs. Bi3Te4 in Figure 4.2a. Therefore, more 
appropriate parameters are essential for the stable and reproducible epitaxy of these 
stoichiometric alloys.    

In some way all of these challenges are directly linked to the high values of RTF. Summarizing from the 
results of Figure 4.2, it can be deduced that TBi is not the correct variable to tune stoichiometry as it directly 
affects RTF. The lower RTF can only be obtained at the lower TBi and therefore, TBi must be fixed to the 
optimum value, extracted from Bi2Te3 epitaxy i.e. 470 ֯C to achieve defect free growths. Thus, using the 
first approach stoichiometry can be tuned; however, the defect free growth will not possible.   

Approach 2: The focus is shifted to the second approach where Te flux is used as a variable parameter while 
Bi flux is kept constant to avoid any drastic changes in RTF. This approach is expected to fix the above 
mentioned issues as Te flux does not affect RTF and therefore, tuning stoichiometry with changing Te flux 
(approach 2) is more appropriate than changing Bi flux (approach 1). The Te flux unlike Bi suffers from 
adsorption to desorption ratio (ADR) and is heavily dependent on Tsub. Any change in Tsub would result in 
an altered Bi/Te flux ratio and hence, for simplicity Tsub must also be fixed to the optimum value. After 
fixing TBi = 470 ֯C (for RTF control) and Tsub = 300 C֯ (to keep ADR constant), TTe is systematically reduced 
from 320 ֯C to tune the Bi/Te flux ratio in search of BixTey stoichiometric alloys. 
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Fig. 4.3: The search for BixTey stoichiometric states with the variable parameters TTe. (a) The trend of increasing Bi 
contents in the epilayer with the gradual decrement in the applied Te flux (TTe) can be observed. As soon as TTe drops 
below 312 ֯C, the presence of Bi bilayer with the increased Bi contents in the epilayer can be witnessed. The Bi contents 
in the epilayer are measured via RBS. (b) The corresponding change in the thin film growth rate (RTF) of the epilayer 
with the decreasing TTe, measured via XRR. 
 
With the reduced incoming Te flux, the availability of Te atoms to form Bi2Te3 QL decreased and eventually 
extra Bi adatoms formed a Bi2 BL. As soon as TTe dropped below 312 ֯C, the presence of Bi2 BL is identified 
via RBS and XRD similar to the first approach. Figure 4.3a illustrates the trend of increasing Bi fraction in 
the epilayers with the gradual reduction in TTe. The appearance of several stoichiometric states with the 
continuous reduction in Te flux is also evident. It can be clearly seen, the two major challenges that limited 
the first approach where TBi is used as the variable parameter to tune the stoichiometry, are now fixed 
with the replacement of TTe. Figure 4.3b illustrates that RTF always resides in the optimum range (≤ 5 nm/h) 
and further growth optimization to reduce the structural defects is not required. Also, the stability of the 
stoichiometric states is much improved as the parameter window is now more tolerant to the fluctuations 
in Bi/Te flux ratio. Hence, the reproducibility of stoichiometric states is not an issue anymore. Depending 
upon the above mentioned conclusions, the growth process of BixTey family is conducted with a systematic 
approach in three different stages. These stages are divided on the basis of parameter utilized as a variable 
to tune the Bi/Te flux ratio and discussed in detail in the next sections. The stages are: 

 Stage 1: From Bi2Te3 to Bi1Te1 
 Stage 2: From Bi1Te1 to Bi4Te3 
 Stage 3: Bi4Te3 to Bi  

Each stage focuses on a group of stoichiometric alloys with key members where the epitaxial growth and 
the structural characterization of each member is individually performed in the following two steps.  

 In the first step, the growth optimization of epitaxial thin film on Si (111) planar substrate is 
conducted. The stoichiometric stacking sequence based structural characterization is performed 
with XRD 2𝜃-𝜔 scans as each member has its own characteristic diffraction peaks. The lattice 
parameters are evaluated using the Braggs law via XRD 2𝜃/𝜃 and RSM scans. The presence of twin 
defects and the quality of the epilayer is investigated with 𝜑 and 𝛥𝜔 scans respectively. 

 In the second step, the optimized parameters are applied to the pre-patterned substrates and SAE 
is performed to fabricate nanostructures. Due to limitations of XRD at the nanoscale, structural 
characterization is performed via STEM where the stacking sequences are identified and the lattice 
parameters (unit cell length, vdW gap and bond lengths etc.) are evaluated.     
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4.3 Stage 1: Bi2Te3 to Bi1Te1 - Epitaxy and structural characterization 
The epitaxial growth of the BixTey members performed in this stage are summarized in Table 4.1, where m 
and n indicate the total number of Bi2 BLs and Bi2Te3 QLs in a unit cell respectively. The increasing number 
of Bi2 BLs in a unit cell increases the relative contents of Bi in the corresponding alloy. The varying fractions 
of Bi and Te in each alloy are also tabulated. Among the tabulated parameters is also the in-plane lattice 
constant “a” that increases approx. 1.1 % from Bi2Te3 to Bi1Te1 due to the presence of Bi bilayers11, 12. The 
predicted out-of-plane lattice constant “cpredicted” is evaluated using the equation 4.1 where 𝑐′ and 𝑐′′ 
indicate the unit cell length of Bi2 = 11.86 Å11 and Bi2Te3 = 30.48 Å11, 30, 31, 32, 33 respectively.  

𝑐௣௥௘ௗ௜௖௧௘ௗ =  
ଵ

ଷ
 (𝑚𝑐ᇱ + 𝑛𝑐′′)                                                       (4.1) 

 
Table 4.1: An overview of BixTey stoichiometric alloys prepared via MBE in the stage 1. For each state the relative 
contents of individual elements i.e. Bi and Te, the total number of individual layers of additive (m) and base (n) in a 
unit cell, the in-plane lattice constant (a) and the out-of-plane predicted (Cpredicted) and measured (Cactual) lattice 
constants are listed. Alloys for whom SAE is performed and STEM investigations are conducted, are also identified.  

 

BixTey 
 

m 
 

n 
 

Comments 
 

Bi (%) 
 

Te (%) a 
 (Å)  

cpredicted 
(Å) 

cactual 
(Å) 

STEM 
Analysis 

 

SAE 

Bi2Te3 0 3 Reference 40.00  60.00  4.38 30.47 30.48 Yes Yes 
Bi3Te4 1 8 QL-BL stacks  42.85  57.15  4.40 85.23 84.98 No Yes 
Bi3Te4 0 3* SL stacks 42.85  57.15  4.38 42.72 - - - 
Bi7Te9 3 18 Multiple of 3 43.75  56.25  4.41 194.74 193.98 No Yes 
Bi4Te5 1 5 - 44.45  55.55  4.42 54.74 54.47 Yes Yes 

Bi22Te27 6 27 Multiple of 3 44.90 55.10 4.42 298.04 296.6 No No 
Bi5Te6 3 12 Multiple of 3 45.45  54.55  4.42 133.78 133.02 No Yes 
Bi6Te7 2 7 - 46.15  53.85  4.42 79.03 78.51 Yes Yes 
Bi7Te8 5 16 Long period 46.66  53.34  4.42 182.32 - No Yes 
Bi8Te9 3 9 Multiple of 3 47.06  52.94  4.43 103.28 102.58 Yes Yes 
Bi9Te10 7 20 Long period  47.37  52.63  4.43 230.98 - No No 
Bi14Te15 6 15 Multiple of 3 48.28 51.72 4.43 176.12 174.72 Yes Yes 
Bi1Te1 1 2 -  50.00  50.00  4.43 24.27 24.01 Yes Yes 

 
Before the individual stoichiometric states are discussed, there are a few important points that must be 
addressed in order to comprehend Table 4.1.  

 Multiple of 3: The dramatic change in cpredicted (unit cell length) from one stoichiometric state to the 
next. The reason is the periodic arrangement of atoms (ABC-ABC stacking order) in a unit cell of a 
trigonal lattice can only be achieved if the total number of atoms, along “c” direction (out-of-
plane), is a multiple of 3. For example, Bi2Te3 unit cell comprises of 3 QLs where each QL is a 
characteristic unit that contains 5 atomic layers but cannot be a unit cell as it does not ensure the 
ABC-ABC stacking order. 5 being not a multiple of 3, a QL has to repeat itself 3 times with 15 atoms 
to ensure the periodicity of the stacking order to complete a unit cell with 3 QLs. Similarly, the unit 
cell of bismuth comprises of 3 BLs with a total of 6 atoms. Simply stating, in BixTey stoichiometric 
alloys, the total no of layers (m+n) must be a multiple of 3. Otherwise, the complete layer stack 
must repeat itself 3 times to complete a unit cell. For example Bi4Te5 with (m+n) = (1+5) is a 
multiple of 3 and therefore, it acts as a complete unit cell. On the other hand, Bi8Te9 with (m+n) = 
(1+3) is not a multiple of 3. The complete stack (1+3) has to repeat 3 times to ensure the stacking 
sequence and thus, a unit cell of Bi8Te9 contains (m+n) = (3+9) with cpredicted = 102.90 Å.  

 Long stacking sequence: Another reason for the unexpected high values of cpredicted in some 
stoichiometric states is the presence of unprecedentedly long stacking period in a unit cell. 
Examples of such states are Bi7Te8 and Bi9Te10 with (m:n) = (5:16) and (7:20) respectively. Another 
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state Bi22Te27 suffers from both issues. It has a long period of (2:9) which is not a multiple of 3 and 
therefore, it ends up with the period of (6:27) in a unit cell with cpredicted = 298.04 Å. 

 Multilayer architecture: Some of BixTey alloys are predicted to exist in the septuple layer (SL) 
architecture7, 34, 35 similar to GST-124 (discussed in chapter 5). Bi3Te4 is the ground state of SL 
architecture just as Bi2Te3 is the ground state of QL architecture. Bi3Te4 alloy grown in this study is 
found to be comprised of one BL and eight QLs. The presence of SL architecture is not observed. 
Similarly, all the other stoichiometric alloys grown in this study are always found to be a 
composition of BL and QL multiples and none of the structures with SL architecture is observed.  

 
 

                

 

Fig. 4.4: A model representing Bi4Te5 unit cell and the layer stacking sequence along [001], [110] and [110] 
orientations. The red color represents Bi atoms while the green color indicates the locations of Te atoms. The stacking 
order of QQQQBQ along [001] orientation is evident where Q and B represent Bi2Te3 quintuple layer and Bi2 bilayer 
respectively. The dotted orange lines are indicating the presence of van der Waals interactions (vdW gaps). 
 

4.3.1 Epilayer thickness vs. stoichiometry 
It is observed that XRD peaks of several epilayers prepared with similar stoichiometric parameters and 
having different thicknesses, exhibited minor deviations. These deviations are mostly observed in alloys 
having Bi fraction between 41 % - 47 % and are found to be associated with the presence of an incomplete 
unit cell in the epilayer. An incomplete unit cell does not conserve stoichiometry of a complete unit cell as 
both Bi2Te3 and Bi2 preserve their individual layer structure and therefore, epilayers having different 
thicknesses that are prepared with similar parameters may end up having different stoichiometry. For 
example, Bi4Te5 with (m:n) = (1:5) has a unit cell length of 54.33 Å (5.43 nm)36. The stacking sequence and 
the lattice information of Bi4Te5 can be seen in Figure 4.4. Bi4Te5 epilayers with 10.86 nm, 16.29 nm and 
21.72 nm, in general any films having the thickness that is a multiple of its unit cell length will not exhibit 
any deviation in XRD as the stoichiometry remains conserved. However, an epilayer with thickness of 8 nm 
(not a multiple of the unit cell length) contains 1 complete unit cell (conserved stoichiometry with 44.45% 
Bi) while the remaining thickness 8 nm - 5.43 nm = 2.57 nm contains only QLs (40 % Bi). The resulting 
stoichiometry of the epilayer changes. Hence, for reliable characterization via XRD, this issue can be 
avoided by either growing films where the thickness is always a multiple of its unit cell length or the 
thickness is large enough to contain multiple unit cells. In this way the stoichiometric variation due to the 
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presence of an incomplete unit cell will be ignorable. For example, a 50 nm thick Bi4Te5 film contains  
48.87 nm with conserved stoichiometry (Bi = 44.45 %) while the remaining 1.13 nm contains only 40 % Bi 
contents. The overall Bi contents will become (44.45 x 48.87 + 1.13 x 40)/50 = 44.35 % where the deviations 
will be ignorable. Due to this reason the structural characterization via XRD, in this section, is limited to the 
stoichiometric states with unit cell length ≤ 15 nm and the films are prepared with approx. 60nm to 
minimize any stoichiometric deviations.  

4.3.2 Bi3Te4 and Bi4Te5 

As depicted in Figure 4.3, with gradually decreasing Te flux, the first BL appeared in the layer stack at TTe = 
310 ֯C. With the further controlled reduction in Te flux, the density and periodicity of Bi2 BL is controlled. 
At TTe = 307 ֯C, the stoichiometric state of Bi3Te4 is obtained. Bi3Te4 (Bi18Te24) comprises of (m:n) = (1:8) 
with out-of-plane lattice parameter “cactual” = 84.98 Å. In literature, the information is available only for SL 
architecture34, 35, any crystallographic reference for QL-BL stacks of Bi3Te4, to our knowledge, is not 
available37. The high quality epitaxial films of Bi3Te4 are prepared and characterized. The XRD 2𝜃-𝜔 scan is 
depicted in Figure 4.5a.  
 

     

Fig. 4.5: XRD 2θ-ω scans. (a) Bi3Te4 consists of (m:n)=(1:8) exhibiting the unit cell length cactual = 84.98 ± 0.01 Å. Δω 
scan revealed FWHM values of 142″ obtained at the (000 42) peak indicating high structural quality of the epilayer. 
(b) Bi4Te5 consists of (m:n)=(1:5) exhibiting the unit cell length cactual = 54.47 ± 0.01 Å. Δω scan revealed FWHM values 
of 124″ obtained at the (000 27) peak.  
 
The stoichiometric state Bi4Te5 (Bi12Te15), as described above, comprises of (m:n) = (1:5) with the stacking 
sequence of (QQQQBQ) where Q and B represent QL and BL respectively as depicted in Figure 4.4. Bi4Te5 
exhibit a trigonal crystal structure with P-3m1 (164) space group29, 36. The detailed crystallographic 
information of this state is not readily available in the literature; however, a few studies have reported the 
crystal preparation via Bridgeman method11, 34 where the lattice parameters were investigated for 
Bi43Te57

29, 36. Bi4Te5 state is also been observed to appear as a defect after the annealing process of Bi2Te3
13, 

38, 39. In the process of stoichiometric tuning via MBE, Bi4Te5 state is obtained with the further reduced Te 
flux at TTe = 300 ֯C with RTF = 4.8 nm/h. Figure 4.5b displays the XRD pattern of 60nm thick epilayer of Bi4Te5.  

Based on XRD 2𝜃-𝜃 scan, the unit cell length is evaluated using the Bragg diffraction law40, stated in 
equation 4.2. The relation between the diffraction index (𝑛) and Sin(𝜃௡) is plotted in Figure 4.6a where 𝜃௡ 
represents the angle of incidence40 corresponding to the particular diffraction index. The unit cell length is 
found to be “cactual” = 54.469 ± 0.001 Å which deviates slightly from the reported value of 54.9 Å12, 36. It also 
deviates from the theoretical value of “cpredicted” = 54.74 Å. In order to confirm the observed deviation, the 
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unit cell parameters are measured again via XRD reciprocal space map (RSM) using the (0 -1 0 37) peak, 
depicted in Figure 4.6b. The values obtained via RSM matched perfectly with XRD 2𝜃-𝜃 scan and confirmed 
that the observed deviation in the unit cell length is not an artifact. The reason for this deviation can only 
be identified with the atomic scale structural investigations via STEM and is conducted later. The 𝜑-scan, 
similar to the Bi2Te3 obtained with RTF < 5 nm/h and depicted in Figure 2.10, confirmed the absence of twin 
domains while the rocking curve (𝛥𝜔) analysis with FWHM value of 124″, ensured the high structural 
quality of the epilayer as the parameters reside in the defect free zone (RTF < 5 nm/h). 

𝑆𝑖𝑛(𝜃௡)  =  
௡ ఒ

ଶ௖
                                                                  (4.2) 

 

     

     

Fig. 4.6: Investigation of lattice parameters for Bi4Te5. (a) The evaluation of unit cell length “c” according to Bragg 
diffraction principle via XRD 2θ/θ scan. The plot depicts the trend between the diffraction index (n) and the angle of 
incidence (θn). (b) The reciprocal space map of Bi4Te5 acquired via XRD along the (0 -1 0 37) peak indicating the unit 
cell length “cactual” in good agreement with the value obtained via XRD 2θ/θ scan. (c) STEM HAADF image acquired 
along Si [211] projection. The lamella is extracted at the cross section of 500 nm wide T-junction (inset) of selectively 
grown Bi4Te5. The image represents a unit cell with the stacking sequence of QQQQBQ with (m:n) = (1:5) where red 
and green color dots are representing Bi and Te atoms respectively. (d) The line profile of HAADF image, depicted in 
(c), representing a Bi4Te5 unit cell. 
 
Selective area epitaxy (SAE): After the epitaxial growth and XRD characterization of Bi4Te5 epilayers on 
planar Si (111) substrates, the parameter are transferred to the pre-patterned substrates in order to 
achieve SAE. Based on the discussion in chapter 3, there are two key parameters i.e. Reff and Tsub that must 
be tuned for the growth of high quality nanostructures via SAE. Reff is combinedly controlled by RTF and LD 
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(lateral diffusion length of adatoms) that determines the crystal quality while Tsub ensures the selectivity. 
Due to the pre-optimized parameters, SAE of Bi4Te5 is successfully achieved and the structural 
characterization in large area structures is conducted via XRD. Observations have indicated slight 
deviations in XRD characteristic peaks in comparison to the planar epilayers. At first it was being associated 
with the presence of an incomplete unit cell effect, discussed in section 4.3.1; however, after the 
characterization of several growths having thickness a multiple of its unit cell length, it became obvious 
that the observed stoichiometric deviations are real and have another origin. A factor that alters 
stoichiometry (the Bi/Te effective flux ratio) of BixTey stoichiometric states while remains ineffective during 
the SAE of the ground state (Bi2Te3).  

Based on numerous SAE growths including several stoichiometric states, it is discovered that the lateral 
diffusion length (LD) of Te on the blocking surface is different from Bi. This factor has no influence in the 
SAE of 3D TIs (Bi2Te3, Sb2Te3 and BST alloy); however, it changes the effective Bi/Te flux ratio during the 
SAE of BixTey alloys. The effective change in the flux ratio is not enormous; however, it is enough to alter 
the layer stacking sequence. The analysis has revealed that LD for Te is 14 nm (evaluated using equation 
3.10) slightly higher than LD for Bi = 12 nm and due to this reason SAE of Bi4Te5 exhibited slightly higher Te 
contents. This factor does not affect the Bi/Te flux ratio for the planar epitaxy, however, must be tuned 
separately for the SAE. The correct Bi/Te flux ratio for SAE is obtained at TTe = 299 ֯C, decreased by 1 ֯C. 
From this corrected parameters the growth of Bi4Te5 nanostructures is achieved and the structural 
characterization is performed via STEM. Figure 4.6c and d depict STEM-HAADF images of Bi4Te5 acquired 
at the cross-section of a 500 nm wide T-junction along [211] projection and the extracted line profile of a 
unit cell respectively.  
 

 
 
 
 

 
 

Reduced dimensions of the unit cell: As mentioned earlier, the length of Bi4Te5 unit cells (cactual), measured 
via XRD, is found to be slightly less than theoretically evaluated value (cpredicted). The unit cell length is 
measured again via STEM line scan (depicted in Figure 4.6d) i.e. 54.48 ± 0.04 Å that is found to be in good 
agreement with the values obtained via XRD (54.469 ± 0.001 Å). The question arises, where the unit cell 
faces reduction in length to have slightly reduced cactual than cpredicted. Is it happening in the vdW gaps or 
QLs themselves are having slightly reduced dimensions as well? Once again, STEM investigations have 
revealed that the lengths of a QL in Bi2Te3 (stated in Table 4.2) and Bi4Te5 are identical. As far as vdW gaps 
are concerned, the gaps of two reference materials i.e. Bi2Te3 and Bi2 are taken into account for the 
calculations of cpredicted in all stoichiometric alloys (equation 4.1). However, there is an important point to 
notice that vdW gaps in Bi2Te3 and Bi2 are between Te – Te and Bi – Bi atoms, the similar elements. While, 

(b) (a) 

Fig. 4.7: A model representing the vdW based layer structures with pristine (P) and hybrid (H) gaps. (a) Layer 
stacking with pristine vdW interactions between QLs where the vdW gap is highlighted with the yellow arrow while 
the orange arrow is representing the projected bond length between neighboring Te atoms on both sides of the 
vdW gap. (b) Hybrid stacking with left hybrid (LH) vdW (between Te-Bi atoms) and right hybrid (RH) vdW 
interactions (between Bi-Te atoms) are highlighted with the blue and purple arrows along with the projected bond 
length respectively. 
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in BixTey stoichiometric alloys due to the presence of Bi2 BL between QLs stack, now three types of vdW 
gaps exist including the pristine (P) Te – Te (between QLs) and two hybrid vdW gaps Te – Bi (between QL 
– BL) and Bi – Te (between BL – QL) named left hybrid (LH) and right hybrid (RH) respectively for the 
reference in future discussions.  

In order to understand the relation between slightly reduced measured values of unit cell length (cactual) 
and the effect of increasing density of Bi2 BLs in the stacking sequence, the height of QL, all three types of 
vdW gaps (P, LH and RH) along with the corresponding projected bond lengths (highlighted in figure 4.7) 
are measured via STEM line scans for each stoichiometric state. The measured values of Bi4Te5 crystal are 
listed in Table 4.2. To have broader understanding, a comparative analysis of the reduced cactual for all the 
stoichiometric states is combinedly performed in section 4.6. In order to avoid the repetitive structural 
information, only XRD 2𝜃-𝜔 scans and STEM-HAADF images, confirming the stacking sequences of the 
corresponding alloy, will be presented in future while RSM, 𝛥𝜔 and 𝜑-scans will not be presented for each 
stoichiometric state. 
 
Table 4.2: An overview of the measured structural parameters via STEM-HAADF line profiles including the unit cell 
length (cactual), the height of a QL, all vdW gaps (pristine and hybrid) and the corresponding projected bond lengths for 
the stoichiometric states of Bi2Te3 (reference), Bi4Te5 and Bi6Te7.  

Parameter Bi4Te5 Bi6Te7 Bi2Te3 

cactual  (Å) 54.48 ± 0.04 78.49 ± 0.03 30.48 ± 0.03 
Height of QL  Teout-Teout (Å) 7.61 ± 0.03 7.60 ± 0.03 7.62 ± 0.03 
vdW Gap (P) QL – QL (Å) 2.52 ± 0.04 2.53 ± 0.04 2.55 ± 0.03 

Projected Bond Length (P) Te – Te (Å) n/a: Si [211] orientation 2.86 ± 0.04 2.88 ± 0.04 
vdW Gap (LH) QL – BL (Å) 2.41 ± 0.04 2.40 ± 0.03  -  

Projected Bond Length (LH) Te – Bi (Å) n/a: Si [211] orientation 2.71 ± 0.04 -  
vdW Gap (RH) BL – QL (Å) 2.42 ± 0.03 2.41 ± 0.03 -  

Projected Bond Length (RH) Bi – Te (Å) n/a: Si [211] orientation 2.72 ± 0.05 -  
 

 4.3.3 Bi6Te7 and Bi8Te9  

The stoichiometric state Bi6Te7 (Bi18Te21) contains 46.15 % Bi contents and exhibits a unit cell with (m:n) = 
(2:7) with the stacking sequence of (QQQB-QQQBQ) where Q and B represent QL and BL respectively. 
Bi6Te7 exhibits a trigonal crystal structure with P-3m1 (164) space group12, 26. Similar to Bi4Te5, the extensive 
structural information of Bi6Te7 alloy is not available in the literature; however, one study has reported the 
lattice parameters for Bi45Te55

12, 26 crystal prepared via the Bridgeman method. The epitaxial films of Bi6Te7 
via MBE, are obtained at further reduced Te flux with TTe = 294 ֯C with RTF = 4.5 nm/h. Figure 4.7a displays 
XRD pattern of 47 nm thick epilayer of Bi6Te7. XRD measurements have revealed the unit cell length of MBE 
grown Bi6Te7 crystal (cactual) = 78.51 ± 0.01 Å that is slightly reduced from cpredicted = 79.03 Å similar to Bi4Te5. 
XRD 𝜑-scan and 𝛥𝜔 analysis with FWHM = 128″ confirmed the high quality epilayer without the presence 
of twin defects. 

As, all growth parameters (Tsub and RTF) reside in the optimum zone of selectivity, the stoichiometric tuned 
parameters are subjected to the pre-patterned substrates and SAE is successfully achieved. As discussed 
earlier, to conserve the stoichiometry in selectively grown nanostructures due to slightly larger LD of Te, 
the Bi/Te flux ratio is adjusted by reducing TTe by 1 ֯C to 293 ֯C. The nanostructures with various dimensions 
are prepared using TBi/TTe = 470 ֯C /293 ֯C and the detailed structural characterization at the cross-section 
of 500 nm wide Hallbar structure is performed via STEM and the stacking sequence is identified. Figure 
4.8b depicts HAADF image of Bi6Te7 epilayer acquired along Si [1-10] orientation. The unit cell length (cactual) 
is extracted, all the vdW gaps and the corresponding projected bond lengths are measured and listed in 
Table 4.2. 
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Fig. 4.8: (a) XRD 2θ-ω scan of Bi6Te7 epilayer, consists of (m:n)=(2:7) exhibiting the unit cell length cactual = 78.51 ±  
0.01 Å. Δω scan revealed FWHM values of 128″ obtained at the (000 39) peak. (b) STEM-HAADF image acquired along 
Si [1-10], confirms the stacking sequence of QQQB-QQQQB in Bi6Te7. The red and green color dots are representing Bi 
and Te atoms respectively. 
 

 

      

 

 

 

The stoichiometric state Bi8Te9 (Bi24Te27) contains 47.06 % Bi contents and exhibits a characteristic cell with 
(m:n) = (1:3) with the sequence of (QQBQ); however, it suffers from multiple of 3 issue and therefore, a 
complete unit cell comprises of (m:n) = (3:9) with the sequence of (QQBQ-QQBQ-QQBQ). The display of 
the stacking sequence along [001], [110] and [1-10] orientations can be seen in Appendix 4A. The epitaxial 
films of Bi8Te9 are prepared via MBE at TTe = 289 ֯C with RTF = 4.2 nm/h. Figure 4.9a displays XRD 2𝜃-𝜔 scan 
of 73 nm thick epilayer of Bi8Te9. The 𝜑-scan revealed domain free growth and 𝛥𝜔 analysis with FWHM = 
103″ confirmed the high structural quality of the epilayer. Bi8Te9 belongs to a rhombohedral crystal 
structure with R-3m (166) space group41, 42 with cpredicted = 103.28 Å. The literature contains several reported 
values of Bi8Te9 unit cell length from 102.99 Å42, 103.57 Å41 to 103.90 Å12 where crystals were prepared via 
the Bridgeman method. The unit cell length of MBE grown Bi8Te9 crystal measured by XRD diffraction 

FWHM = 128″ 

FWHM = 103″ 

O
xidized layer 

(b) (a) 

(b) (a) 

Fig. 4.9: (a) XRD 2θ-ω scan of Bi8Te9 epilayer, consists of (m:n)=(3:9) exhibiting the unit cell length cactual = 102.58 ± 
0.01 Å. Δω scan revealed FWHM values of 103″ obtained at the (000 51) peak. (b) STEM-HAADF image acquired along 
Si [211] orientation representing a unit cell of Bi8Te9 and confirms the stacking sequence of QBQQ-QBQQ-QBQQ. The 
red and green color dots are representing Bi and Te atoms respectively. The yellow dotted line indicates the interface 
with the oxidized layer.  
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pattern is found to be cactual = 102.58 ± 0.01 Å that does not exactly match with any reported values and 
similar to other stoichiometric states is also found to be slightly less than cpredicted.  

The nanostructures of Bi8Te9 crystal are prepared via SAE by applying the stoichiometric adjusted 
parameters TBi/TTe = 470 ֯C/288 ֯C to the pre-patterned substrates (TTe is reduced by 1 ֯C to conserve the 
stoichiometry). The detailed structural investigations are conducted via STEM at the cross-section of  
500 nm wide nanoribbon of Bi8Te9, the stacking sequence is confirmed and depicted in Figure 4.9b. Due to 
limitations of structural investigations i.e. the projected bond length measurements along Si [211] 
orientation, further investigations are conducted with a new lamella extracted along Si [1-10] orientation 
(A bright field image of Bi8Te9 epilayer along Si [1-10] can be observed in Figure 4.33a). The unit cell length 
cactual = 102.58 ± 0.04 Å is extracted from STEM line scan that is found to be in good agreement with the 
value obtained via XRD. For further analysis, all vdW gaps and the corresponding projected bond lengths 
are measured and listed in Table 4.3.    

4.3.4 Bi14Te15 and Bi1Te1 

The stoichiometric state Bi14Te15 contains 48.28 % Bi contents with a very large unit cell having cpredicted = 
176.12 Å. It exhibits a characteristic cell with (m:n) = (2:5) with the sequence of (QQBQQQB); however, 
similar to Bi8Te9, it suffers from the multiple of 3 issue and a complete unit cell comprises of (m:n) = (6:15) 
with the sequence of (QQBQQQB-QQBQQQB-QQBQQQ). Bi14Te15 belongs to a rhombohedral crystal 
structure with R-3m (166) space group and is reported to be synthesized via zone melt method by several 
groups42, 43, 44, 45. Yet, the structural details or any other crystallographic information is not available in the 
literature. The epitaxial films of Bi14Te15 are obtained via MBE at TTe = 285 ֯C with RTF = 3.90 nm/h. Figure 
4.10 displays the XRD pattern of 52 nm thick epilayer of Bi14Te15. The unit cell dimensions, measured by 
XRD, are found to be in good match with the suggested value by Mansour et al.44, though slightly less than 
cpredicted. The crystal quality of the epilayer is confirmed by 𝛥𝜔 scan with FWHM = 105″. The selectively 
grown nanostructures of Bi14Te15 are successfully achieved by applying the compositional tuned 
parameters with TBi/TTe = 470 ֯C/284 ֯C to the pre-patterned substrates. Figure 4.10b depicts the HAADF 
image of the characteristic cell (QQBQQQB), acquired at the cross-section of 200 nm wide nanoribbon. The 
unit cell length (cactual) and all the vdW gaps along with the corresponding projected bond lengths are 
measured and listed in Table 4.3 

 

      

 
 
 

FWHM = 105″ 

(b) (a) 

Fig. 4.10: (a) XRD 2θ-ω scan of Bi14Te15 epilayer, consists of (m:n)=(6:15) exhibiting the unit cell length cactual = 174.72 
± 0.01 Å. Δω scan revealed FWHM values of 105″ obtained at the (000 87) peak. (b) STEM-HAADF image acquired 
along Si [1-10] orientation representing a characteristic cell of Bi14Te15. It confirming the stacking sequence of QQB-
QQQB. The red and green color dots are representing Bi and Te atoms respectively.  
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Bi1Te1 (Bi6Te6) is one of the most studied stoichiometric state after Bi2Te3 due to its outstanding 
thermoelectric characteristics11, 13, 28, 42, 46, 47, 48. The crystal contains even contents of Bi and Te with the 
smallest unit cell among all the stoichiometric states investigated till now with cpredicted = 24.27 Å. The unit 
cell comprises of (m:n) = (1:2) with the stacking sequence of QBQ indicating a BL sandwiched between two 
QLs. The stacking sequence along [001], [110] and [1-10] orientations can be seen in Appendix 4A. Bi1Te1 
exhibits a trigonal crystal structure with P-3m1 (164) space group46. Several studies have reported the 
crystal preparation via zone melt and Bridgeman methods12, 27, 28, 46 where the lattice parameters were 
investigated for Bi49Te51

28, Bi1Te1
46 and Bi2Te2

27 with the unit cell length of 24 Å, 24.22 Å and 24.33 Å 
respectively. There are also a few reports on the crystal preparation via PLD13, sputter deposition7, 
MOVPE49 and a recent study on Bi1Te1 epitaxial thin film growth via MBE3. This report includes the 
preliminary structural characterization via STEM. It also confirmed the trivial (0001) surface of the 
predicted WTI phase3 in Bi1Te1, where the investigations were performed via the spin-polarized ARPES3. 
 
 

    

          
Fig. 4.11: (a) XRD 2θ-ω scan of Bi1Te1 epilayer, consists of (m:n)=(1:2) exhibiting the unit cell length cactual = 24.02 ± 
0.01 Å. Δω scan revealed FWHM values of 98″ obtained at the (000 12) peak. (b) STEM-HAADF image acquired along 
Si [1-10] orientation of Bi1Te1 confirms the stacking sequence of QQB. The presence of Bi2 bilayers is highlighted with 
red color. (c-f) SEM images of several selectively grown nanostructures of Bi1Te1 with Ti contact lines. 
 
The growth parameters are tuned and Bi1Te1 stoichiometric state is obtained with the Bi/Te flux ratio at 
TTe = 280 ֯C with RTF = 3.5 nm/h. Figure 4.11 displays the XRD pattern of 48 nm thick epilayer of Bi1Te1. The 
lattice parameters, observed via XRD (cactual = 24.02 ± 0.01 Å), are found to be in agreement with the earlier 
report3. The trend of slightly reduced cactual than cpredicted remains true in Bi1Te1 as well. The absence of twin 
domains, observed via 𝜑-scan, and RC analysis with FWHM = 98″ confirmed the high crystalline quality of 
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the epilayers. After XRD characterization, the stoichiometric tuned and modified parameters with TBi/TTe = 
470 ֯C/279 ֯C (LD neutralization of Te) are subjected to the pre-patterned substrates and selectively grown 
nanostructures are obtained as shown in Figure 4.11(c-f). The structural investigations are performed via 
STEM at the cross-section of 200 nm wide Hallbar along Si [1-10] orientation, also depicted in Figure 4.11b. 
The unit cell length cactual, all the vdW gaps and the corresponding projected bond lengths are measured 
and are listed in Table 4.3.  

With the Bi1Te1 stoichiometric growth, the stage 1 has completed. All BixTey stoichiometric alloys of this 
stage with their corresponding Bi contents, the required Te flux (TTe) and the growth rates (RTF) are 
summarized in Figure 4.12. 
 
Table 4.3: An overview of the measured structural parameters via STEM-HAADF line profiles including the unit cell 
length (cactual), the height of a QL, all vdW gaps sizes (pristine and hybrid) and the corresponding projected bond lengths 
for the stoichiometric states of Bi8Te9, Bi14Te15 and Bi1Te1.  

Parameter Bi8Te9 Bi14Te15 Bi1Te1 
cactual  (Å) 102.58 ± 0.04 174.72 ± 0.04 24.02 ± 0.03 

Height of QL  Teout-Teout (Å) 7.62 ± 0.03 7.60 ± 0.03 7.61 ± 0.03 
vdW Gap (P) QL – QL (Å) 2.54 ± 0.03 2.53 ± 0.04 2.53 ± 0.04 

Projected Bond Length (P) Te – Te (Å) 2.87 ± 0.04 2.87 ± 0.03 2.86 ± 0.04 
vdW Gap (LH) QL – BL (Å) 2.40 ± 0.05  2.39 ± 0.04  2.39 ± 0.05  

Projected Bond Length (LH) Te – Bi (Å) 2.71 ± 0.04 2.71 ± 0.04 2.71 ± 0.04 
vdW Gap (RH) BL – QL (Å) 2.41 ± 0.05 2.40 ± 0.05 2.40 ± 0.04 

Projected Bond Length (RH) Bi – Te (Å) 2.72 ± 0.05 2.71 ± 0.04 2.71 ± 0.04 
 
 

 

Fig. 4.12: An overview of the key BixTey stoichiometric states belong to Stage 1. The stoichiometric alloys are obtained 
by tuning the Bi/Te flux ratio by gradually decreasing TTe (the only variable parameter) while all the other parameters 
are fixed to the corresponding optimum values including TBi and Tsub at 470 ֯C and 300 ֯C respectively. (a) The decrement 
in the thin film growth rate (RTF) with the decreasing TTe is evident. RTF is measured via XRR. (b) The trend of Bi contents 
with decreasing TTe, measured via RBS of the corresponding epilayers mentioned in (a). The drop in TTe from 320 ֯C to 
280 ֯C resulted in the stoichiometric shift from 40 % (Bi2Te3) to 50 % (Bi1Te1) in bismuth contents.  
 

4.4 Stage 2: Bi1Te1 to Bi4Te3 - Epitaxy and structural characterization 

BixTey stoichiometric states in this stage contain Bi contents from 50 % to approx. 57 % and nearly all of 
them are scarcely studied in the literature. The reason to separate this stage from the previous one is the 
necessity to alter the approach of flux tuning in order to search for the next stoichiometric states. In the 
previous stage, TTe is utilized as a variable parameter to tune the Bi/Te flux ratio. If the similar approach is 
continued to grow the stoichiometric alloys of this stage, TTe will be required to drop below 240 ֯C with 
extremely low RTF. The growth parameters and their stability vary from one growth chamber to another 
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and it has been noticed through several growth tests that in the current system (BST-MBE in PGI-9), the 
homogeneity of Te flux does not remain intact as soon as TTe drops below 270 ֯C. That is why, for the stable 
growth conditions, search for next stoichiometric states is switched to the first approach where TTe is kept 
constant and TBi is utilized as a variable parameter to tune the Bi/Te flux ratio. The epitaxial growth of BixTey 
alloys, performed in this stage, are summarized in Table 4.4 where the expected unit cell length (cpredicted) 
is evaluated using the equation 4.1.  
 
Table 4.4: An overview of BixTey alloys prepared via MBE in the stage 2. For each state the relative contents of individual 
elements Bi and Te, the total number of individual building blocks/layers of additive (m) and base (n) in a unit cell, the 
in-plane lattice constant (a) and the out-of-plane predicted (Cpredicted) and measured (Cactual) lattice constants are listed. 
Alloys for whom SAE is performed and STEM investigations are conducted, are also identified. 

 

BixTey 
 

m 
 

n 
 

Comments Bi  
(%) 

Te  
(%) 

a  
(Å)  

cpredicted  
(Å) 

cactual  
(Å) 

STEM 
Analysis 

 

SAE 

Bi1Te1 1 2 Reference 50.00 50.00 4.43 24.27 24.01 Yes Yes 
Bi16Te15 9 15 Multiple of 3 51.61 48.39 4.43 187.98 186.11 Yes Yes 
Bi14Te13 8 13 Long period 54.85 48.15 4.43 163.71 162.07 No Yes 
Bi12Te11 7 11 Long period 52.17 47.83 4.43 139.43 137.91 No Yes 
Bi10Te9 6 9 Multiple of 3 52.63 47.37 4.43 115.16 113.96 Yes Yes 
Bi9Te8 11 16 Long period 52.94 47.06 4.43 206.05 204.4 No No 
Bi8Te7 5 7 - 53.33 46.67 4.43 90.89 89.91 Yes Yes 
Bi7Te6 9 12 Multiple of 3 53.85 46.15 4.44 157.5 155.76 Yes Yes 
Bi6Te5 4 5 - 54.54 45.46 4.44 66.61 65.91 Yes Yes 
Bi5Te4 7 8 - 55.55 44.45 4.44 108.95 107.85 No Yes 
Bi4Te3 3 3 Multiple of 3 57.14 42.86 4.45 42.34 41.89 Yes Yes 

 
The approach utilized for the stoichiometric growth and the structural characterization of stage 1 alloys 
can be summarized in following steps.  

 thin film growth on planar Si (111) substrates  
 structural characterization of BixTey epilayer via XRD 2𝜃-𝜔, 𝛥𝜔, 𝜑 and RSM scans 
 parameters correction for the stoichiometric tuning and SAE  
 investigation of the stacking sequence via STEM in selectively grown nanostructures 

Using this methodology, the epitaxial growths of all BixTey stoichiometric alloys of stage 2, listed in  
Table 4.4, are conducted. The stoichiometric tuning is performed by keeping TTe and Tsub constant at 280 ֯C 
and 300 ֯C respectively and utilizing TBi as a variable parameter. In order to avoid the repetitive information, 
only XRD and STEM data of the key states, is presented here.  

Bi16Te15: The stoichiometric state Bi16Te15 (Bi48Te45) contains 51.6 % Bi contents and exhibits a characteristic 
cell of (m:n) = (3:5). Due to multiple of 3 issue, a complete unit cell consists of (m:n) = (9:15) with the 
sequence of (QQBQQBQB-QQBQQBQB-QQBQQBQB). It exhibits a rhombohedral crystal structure with  
R-3m (166) space group. To our knowledge, only one study has reported the crystal preparation of this 
alloy via the Bridgeman method50; however, the structural characterization is not performed.  

Bi16Te15 state is achieved via MBE at TBi/TTe = 476 ֯C/280 ֯C with RTF = 3.8 nm/h. Figure 4.13 displays the XRD 
pattern of 74 nm thick epilayer of Bi16Te15. The detailed structural investigations are performed via STEM 
at the cross-section of 1 μm wide selectively grown Hallbar along Si [1-10] orientation. The characteristic 
cell is depicted in Figure 4.13b and the measured structural parameters are listed in Table 4.5. One 
important observation worth mentioning here is the emergence of unequal gap lengths between the 
hybrid vdW stacks as soon as the alternating QL-BL stacks appear in the stacking sequence i.e. LH ≠ RH. 
This effect is most prominent in Bi4Te3 stoichiometry and is discussed in section 4.6. 
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Fig. 4.13: (a) XRD 2θ-ω scan of Bi16Te15 epilayer exhibiting the unit cell length cactual = 186.11 ± 0.01 Å. Δω scan revealed 
FWHM values of 98″ obtained at the (000 93) peak. (b) STEM-HAADF image acquired along Si [1-10] orientation 
representing a characteristic cell of Bi16Te15 and confirms the stacking sequence of QQBQQBQB. The presence of Bi2 
bilayers is highlighted with red color.  
 
Bi12Te11: The stoichiometric state of Bi12Te11 (Bi36Te33) contain 52.2 % Bi contents. It exhibits a large unit cell 
of (m:n) = (7:11) with a long and non-repetitive stacking sequence of (QQBQB-QQB-QQBQB-QQBQB) and 
results in the unit cell length (cpredicted) = 139.43 Å. The state of Bi12Te11 is obtained at TBi/TTe = 481 ֯C/280 ֯C 
with RTF = 4 nm/h. The unit cell length of MBE grown Bi12Te11 epilayer, measured via XRD, is found to be 
cactual = 137.91 ± 0.01 Å that is as expected, similar to the other stoichiometric states, slightly less than 
cpredicted. Figure 4.14 displays the XRD pattern of 66 nm thick epilayer of Bi12Te11. To our knowledge, no 
study about the crystal preparation or the structural characterization of this alloy is reported until now. 
 

 
 
Instability of non-repetitive long stacking order: Bi12Te11 is an intermediate state between Bi16Te15 and 
Bi10Te9. Any stoichiometric state with such a long and non-repetitive stacking order such as Bi12Te11 
(m:n)=(7:11), is prone to instability of maintaining the exact stacking sequence during the growth. This 
phenomenon is observed via XRD characterization of Bi12Te11 where several epilayers with similar 
parameters and thickness are prepared but only 70% of them exhibited the characteristic peaks of Bi12Te11 
while the rest of them presented deviations in XRD 2𝜃-𝜔 scans. RBS investigations of all those samples 
provided similar results with equal bismuth contents. These observations indicate the presence of non-

Fig. 4.14: XRD 2θ-ω scan of Bi12Te11 epilayer, consists 
of (m:n)=(7:11) exhibiting the unit cell length cactual = 
137.91 ± 0.01 Å. Δω scan revealed FWHM values of 
102″ obtained at the (000 69) peak indicating high 
structural quality of the epilayer. 
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periodic stacking as RBS is insensitive to it while any change in the stacking sequence changes the out-of-
plane lattice parameter and XRD is extremely sensitive to even small changes in the unit cell length. Hence, 
Bi12Te11 epilayers are grown with only 70% success rate and thus, it is categorized as an intermediate state. 

Bi10Te9: Bi10Te9 (Bi30Te27) stoichiometric state contains 52.63 % Bi contents and exhibits a very simple 
characteristic cell of (m:n) = (2:3) with the sequence of (QQBQB); however, a complete unit cell comprises 
of (m:n) = (6:9) with the sequence of (QQBQB-QQBQB-QQBQB). It exhibits a rhombohedral crystal 
structure with R-3m (166) space group. Bi10Te9 is a stoichiometric states that is predicted by several 
groups51 including Bos et al.12; however, the successful preparation of single crystalline phase, to our 
knowledge, is never reported. A few studies have reported the presence of Bi10Te9 crystal in a mixed state 
with Bi4Te3, prepared via MOVPE48, 49 and the Bridgeman methods via extreme solid state refrigeration52.  

For the epitaxial growth of Bi10Te9 via MBE, the optimum Bi/Te flux ratio is achieved at TBi/TTe =  
484 ֯C/280 ֯C with RTF = 4.2 nm/h. The unit cell length of MBE grown epilayers, measured via XRD, is found 
to be cactual = 113.96 ± 0.01 Å. Figure 4.15a displays the XRD pattern of 57 nm thick epilayer of Bi10Te9 and 
the RC analysis confirmed the high structural quality of the epilayer with the FWHM = 96″. SAE is achieved 
with the corrected parameters at TBi/TTe = 484 ֯C/278 ֯C with TTe reduced by 2 ֯C. The detailed structural 
investigations are performed via STEM at the cross-section of 600 nm wide selectively grown nanoribbon 
along Si [1-10] orientation. The HAADF image of the unit cell is depicted in Figure 4.15b while the measured 
structural parameters are listed in Table 4.5.  
 

   

Fig. 4.15: (a) XRD 2θ-ω scan of Bi10Te9 epilayer, consists of (m:n)=(6:9) exhibiting the unit cell length cactual = 113.96 ± 
0.01 Å. Δω scan revealed FWHM values of 96″ obtained at the (000 57) peak. (b) STEM-HAADF image acquired along 
Si [1-10] orientation representing a unit cell of Bi10Te9 and confirms the stacking sequence of QBQQB-QBQQB-QBQQB. 
The presence of Bi2 bilayers is highlighted with red color.  
 
Table 4.5: An overview of the measured structural parameters including the unit cell length (cactual), the height of a QL, 
all vdW gaps sizes (pristine and hybrid) and the corresponding projected bond lengths for Bi16Te15, Bi10Te9 and Bi8Te7. 

Parameter Bi16Te15 Bi10Te9 Bi8Te7 
cactual  (Å) 186.11 ± 0.04 113.96 ± 0.03 89.91 ± 0.04 

Height of QL  Teout-Teout (Å) 7.61 ± 0.03 7.62 ± 0.03 7.61 ± 0.03 
vdW Gap (P) QL – QL (Å)  2.55 ± 0.03 2.54 ± 0.04 2.55 ± 0.03 

Projected Bond Length (P) Te – Te (Å) 2.87 ± 0.04 2.86 ± 0.04 2.87 ± 0.04 
vdW Gap (LH) QL – BL (Å) 2.39 ± 0.05  2.39 ± 0.04  2.39 ± 0.05  

Projected Bond Length (LH) Te – Bi (Å) 2.69 ± 0.05 2.69 ± 0.05 2.69 ± 0.05 
vdW Gap (RH) BL – QL (Å) 2.43 ± 0.05  2.44 ± 0.03  2.43 ± 0.05  

Projected Bond Length (RH) Bi – Te (Å) 2.77 ± 0.04 2.76 ± 0.04 2.77 ± 0.04 

FWHM = 96″ 
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Bi8Te7: The stoichiometric state Bi8Te7 (Bi24Te21) with 53.33 % Bi contents, comprises of a large unit cell 
with (m:n) = (5:7) exhibiting the sequence of (QBQQB-QBQB-QQB). It exhibits a trigonal crystal structure 
with P-3m1 (164) space group53. The epitaxial growth of this state is achieved via MBE at TBi/TTe =  
487 ֯C/280 ֯C with RTF = 4.4 nm/h. XRD based structural characterizations are performed where the 
measured unit cell length is found to be cactual = 89.91 ± 0.01 Å which is, similar to the other states, slightly 
less than cpredicted. Similarly, 𝜑 and 𝛥𝜔 scans with FWHM value of 91″ have confirmed the domain-free and 
high crystal quality of the epilayer. The structural quality of the crystal can also be witnessed via thickness 
oscillations at the (000 19) and the (000 45) peaks in XRD 2𝜃-𝜔 scan of 27 nm thick epilayer of Bi8Te7, 
depicted in Figure 4.16a. Here, the thickness oscillations are observed, in comparison all previous 
measurements, due to very thin epilayer. With the increasing thickness of the epilayer, the oscillation 
period gets smaller until they start to merge together and disappear. After XRD characterization, 
nanostructures are prepared via SAE by applying the modified parameters with TBi/TTe = 487 ֯C/278 ֯C to 
the pre-patterned substrates. The detailed structural investigations are performed via STEM at the cross-
section of 500 nm wide selectively grown nanoribbon along Si [1-10] orientation. The HAADF image of the 
unit cell is depicted in Figure 4.16b while the measured structural parameters are listed in Table 4.5. To 
our knowledge, no report about the crystal preparation or the structural characterization of this alloy, is 
available.  

 

        

Fig. 4.16: (a) XRD 2θ-ω scan of Bi8Te7 epilayer, consists of (m:n)=(5:7) exhibiting the unit cell length cactual = 89.91 ± 
0.01 Å. Δω scan revealed FWHM values of 98″ obtained at the (000 45) peak. (b) STEM-HAADF image acquired along 
Si [1-10] orientation representing a unit cell of Bi8Te7 and confirms the stacking sequence of QBQQB-QBQB-QQB. The 
presence of Bi2 bilayers is highlighted with red color.  
 
Bi7Te6: The stoichiometry of Bi7Te6 (Bi42Te36) contains 53.85 % Bi contents. It exhibits the multiple of 3 issue 
and therefore, a unit cell comprises of (m:n) = (9:12) with the sequence of (QQBQBQB-QQBQBQB-
QQBQBQB). It exhibits a rhombohedral crystal structure with R-3m (166) space group. Bi7Te6 has been 
extensively studied theoretically by several groups for its predicted outstanding thermoelectric features44, 

54 and phase change characteristics55. However, to our knowledge, there is not a single study reported 
about the crystal preparation or the structural characterization of this alloy. 

Bi7Te6 epitaxial growth is achieved via MBE at TBi/TTe = 489 ֯C/280 ֯C with RTF = 4.5 nm/h. The unit cell length 
of MBE grown epilayers measured via XRD is found to be cactual = 155.76 ± 0.01 Å which is, similar to the 
other states, slightly less than cpredicted. Figure 4.17a displays the XRD pattern of 63 nm thick epilayer of 
Bi7Te6 and the RC analysis confirmed the high structural quality of the epilayer with FWHM = 88″. Later, 
nanostructures are prepared via SAE by applying the modified parameters with TBi/TTe = 489 ֯C/278 ֯C to 

FWHM = 98″ 
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the pre-patterned substrates. STEM based structural investigations are performed at the cross-section of 
600 nm wide nanoribbon along Si [1-10] orientation. The HAADF image is depicted in Figure 4.17b while 
the measured structural parameters are listed in Table 4.6.  
 

 

 
Fig. 4.17: (a) XRD 2θ-ω scan of Bi7Te6 epilayer, consists of (m:n)=(9:12) exhibiting the unit cell length cactual = 155.76 Å. 
Δω scan revealed FWHM values of 88 obtained at the (000 78) peak. (b) STEM-HAADF image acquired along Si [1-10] 
orientation representing a unit cell of Bi7Te6 and confirms the stacking sequence of QQBQBQB-QQBQBQB-QQBQBQB. 
The presence of Bi2 bilayers is highlighted with red color. 

 

     

Fig. 4.18: (a) XRD 2θ-ω scan of Bi6Te5 epilayer, consists of (m:n)=(4:5) exhibiting the unit cell length cactual = 65.91 ± 
0.01 Å. Δω scan revealed FWHM values of 92″ obtained at the (000 33) peak. (b) STEM-HAADF image acquired along 
Si [1-10] orientation representing a unit cell of Bi6Te5 and confirms the stacking sequence of QBQB-QQBQB. The 
presence of Bi2 bilayers is highlighted with red color. 
 
Bi6Te5 and Bi5Te4: Bi6Te5 (Bi18Te15) contains 54.54 % Bi contents and exhibits a unit cell containing (m:n) = 
(4:5) with the sequence of (QBQB-QQBQB). Bi5Te4 (Bi30Te24), on the other hand, contains 55.55 % Bi 
contents and exhibits a unit cell of (m:n) = (7:8) with the sequence of (QBQBQB-QQB-QBQBQB). Both states 
exhibit the trigonal crystal structure with P-3m1 (164) space group. Bi6Te5, similar to Bi7Te6, is a 
stoichiometric state that has been theoretically studied by several groups for its thermoelectric features44, 

56, 57 and phase change characteristics55. A few studies have reported the synthesis of Bi6Te5 nanoparticles 
composite44, 58; however, the preparation of single crystalline films of Bi6Te5 and Bi5Te4, to our knowledge, 
has never been achieved59, 60.  
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The stoichiometric states of Bi6Te5 and Bi5Te4 are obtained via MBE at TBi/TTe = 492 ֯C/280 C֯ and  
497 ֯C/280 ֯C where the epilayers are prepared with RTF = 4.7 nm/h and 5 nm/h respectively. Figure 4.18a 
and 4.19 display the XRD patterns of 46 nm and 54 nm thick epilayers of Bi6Te5 and Bi5Te4 while the unit 
cell lengths, measured via XRD, are found to be cactual = 65.91 ± 0.01 Å and 107.85 ± 0.01 Å respectively. 
Later, the pristine nanostructures of Bi6Te5 and Bi5Te4 are prepared via SAE by applying the modified 
parameters with TBi/TTe = 492 ֯C/278 C֯ and 497 ֯C/278 C֯ to the pre-patterned substrates. The detailed 
structural investigations are performed via STEM at the cross-section of 500 nm wide T-junction of Bi6Te5 
along Si [1-10] projection. The HAADF image of the unit cell is depicted in Figure 4.18b while the measured 
structural parameters are listed in Table 4.6. The stacking sequence and atomic scale structural 
investigations have failed for Bi5Te4 due to excessive damage to the lamella. 
 

 
 
Table 4.6: An overview of the measured structural parameters via STEM-HAADF line profiles including the unit cell 
length (cactual), the height of a QL, all vdW gaps sizes (pristine and hybrid) and the corresponding projected bond lengths 
for the stoichiometric states of Bi7Te6, Bi6Te5, Bi4Te3 and Bi3Te2. 

Parameter Bi7Te6 Bi6Te5 Bi4Te3 Bi3Te2 
cactual (Å) - 155.76 ± 0.04 65.92 ± 0.03 41.90 ± 0.03 59.86 ± 0.03 

Height of QL (Å) Teout-Teout 7.61 ± 0.03 7.62 ± 0.03 7.61 ± 0.03 7.61 ± 0.03 
vdW Gap (P) QL – QL (Å) 2.55 ± 0.03 2.54 ± 0.04 - 2.48 ± 0.03 

Projected Distance (P) Te – Te (Å) 2.87 ± 0.04 2.86 ± 0.04 - 2.80 ± 0.03 
vdW Gap (LH) QL – BL (Å) 2.39 ± 0.05 2.39 ± 0.04 2.37 ± 0.04 2.42 ± 0.04 

Projected Distance (LH) Te – Bi (Å) 2.69 ± 0.05 2.68 ± 0.05 2.68 ± 0.05 2.73 ± 0.05 
vdW Gap (RH) BL – QL (Å) 2.43 ± 0.05  2.44 ± 0.05  2.47 ± 0.04  2.41 ± 0.04  

Projected Distance (RH) Bi – Te (Å) 2.77 ± 0.04 2.78 ± 0.04 2.79 ± 0.05 2.74 ± 0.05 
 
Bi4Te3: The stoichiometric alloy Bi4Te3 (Bi12Te9) is the third most studied member of BixTey family after Bi2Te3 
and Bi1Te1 due to its outstanding thermoelectric properties and the only member of this stage to be 
explored in the literature47, 49, 61, 62, 63. It contains 57.14 % bismuth contents and exhibits a unique and the 
smallest characteristic unit of (m:n) = (1:1) with the stacking sequence of (QB); however, it suffers from 
multiple of 3 issue and therefore, a complete unit cell comprises of (m:n) = (3:3) with the sequence of (QB-
QB-QB) and cpredicted = 42.34 Å. The stacking sequence along [001], [110] and [1-10] orientations can be 
seen in Appendix 4A.  

Bi4Te3 exhibits a rhombohedral crystal structure with R-3m (166) space group61. Several studies have 
reported Bi4Te3 crystal preparation using the Bridgeman method11, 12, 34, 47, 64, PLD13, sputter deposition7, 
MOVPE48, 49, 63 and MBE62, 64. Most of these reports have not dealt with the epitaxial layer growth of high 
quality thin films rather with bulk crystals or nanoparticles composites62, 63 including nanowires62, 63 and 

Fig. 4.19: XRD 2θ-ω scan of Bi5Te4 epilayer, consists of 
(m:n)=(7:8) with the stacking sequence of QBQBQB-
QQB-QBQBQB exhibiting the unit cell length cactual = 
107.85 ± 0.01 Å. Δω scan revealed FWHM values of 
88″ obtained at the (000 54) peak. 

FWHM = 88″ 
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nanoplates49 etc. The structural characterizations have been performed by several groups where the lattice 
parameters are investigated for Bi57Te43 bulk crystals and Bi4Te3 layers having the unit cell length of  
42.34 Å34, 42.24 Å59 and 41.89 Å7, 47, 49, 61.  

In order to obtain Bi4Te3 stoichiometry via MBE, TBi is gradually increased from 497 ֯C and at TBi/TTe =  
505 ֯C/280 ֯C, epitaxial growth of Bi4Te3 is successfully achieved with RTF = 5.4 nm/h. Figure 4.20a displays 
the XRD pattern of 25 nm thick epilayer of Bi4Te3. The unit cell length of MBE grown Bi4Te3 epilayers, 
measured via XRD, is found to be cactual = 41.889 ± 0.002 Å which is, similar to the other stoichiometric 
states, slightly less than cpredicted. Once again, the thickness oscillations, due to high crystal quality and small 
thickness of the epilayer, can be observed at the (000 21) peak. The structural characterizations are 
performed via 𝜑 and 𝛥𝜔 scans where the FWHM value of 68″ revealed the domain-free and highest quality 
of BixTey crystal achieved yet. After XRD characterization on Si (111) planar substrates, the focus is turned 
towards the SAE and epitaxial nanostructures are obtained by applying the modified parameters with 
TBi/TTe = 505 ֯C/278 ֯C to the pre-patterned substrates. The detailed structural investigations are performed 
via STEM at the cross-section of the 600 nm wide nanoribbon along Si [1-10] orientation. The STEM-HAADF 
image, representing the stacking order, is depicted in Figure 4.20b. The unit cell length cactual, all the vdW 
gaps along with the corresponding projected bond lengths are measured and listed in Table 4.6.  

 

       

       
Fig. 4.20: (a) XRD 2θ-ω scan of Bi4Te3 epilayer, consists of (m:n)=(3:3) with the stacking sequence of QB-QB-QB 
exhibiting the unit cell length cactual = 41.89 ± 0.01 Å. Δω scan revealed FWHM values of 68″ obtained at the (000 21) 
peak indicating high structural quality of the epilayer. (b) STEM-HAADF image acquired along Si [1-10] orientation of 
Bi4Te3 confirms the stacking sequence of QB. The presence of Bi2 bilayers is highlighted with red color. (c-f) SEM images 
of several selectively grown nanostructures of Bi4Te3 with Ti contact lines.  
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Bi4Te3 is a very important stoichiometric state as it exhibits several unique structural and chemical features; 
some of them are mentioned below: 

 Bi4Te3 is the equilibrium stoichiometric state between Bi2 and Bi2Te3. 
 Bi4Te3 is the only state that does not host any pristine vdW gap between Te-Te or Bi-Bi atoms. Any 

state with slightly higher or lower Bi contents must have at least one pristine vdW stack.  
 Due to the alternating QL-BL stacking, Bi4Te3 exhibits the most diverse relation between the left 

handed (LH) and the right handed (RH) hybrid vdW gaps (discussed in section 4.6) 
 Electronically Bi4Te3 crystal exhibits near semi metallic behavior7, 59, 65, 66. (discussed in section 4.8) 
 The highly compressive crystal state with the presence of only hybrid vdW stacks makes Bi4Te3 a 

prime candidate for phase change material (PCM) particularly from one crystalline phase (trigonal) 
to another (cubic)60, 67.  

 Bi4Te3 exhibits superconductivity when applied to high pressure conditions65.  

With the successful planar and SAE of Bi4Te3 stoichiometric alloy, the stage 2 has completed. All 
stoichiometric alloys prepared in this stage with their corresponding Bi contents, the required Bi flux (TBi) 
and the growth rates (RTF) are summarized in Figure 4.21. 
 

 
Fig. 4.21: An overview of the key BixTey stoichiometric states belong to Stage 2. The stoichiometric alloys are obtained 
by tuning the Bi/Te flux ratio by gradually increasing TBi (the only variable parameter) while all the other parameters 
are fixed to the corresponding optimum values including TTe and Tsub at 280 ֯C and 300 ֯C respectively. (a) The increment 
in the thin film growth rate (RTF) with the increasing TBi is evident. RTF is measured via XRR. (b) The trend of Bi contents 
with increasing TBi, measured via RBS of the corresponding epilayers mentioned in (a). The rise in TBi from 470 ֯C to  
504 ֯C resulted in the stoichiometric shift from 50 % (Bi1Te1) to 57 % (Bi4Te3) in bismuth contents. 
 

4.5 Stage 3: Bi4Te3 to Bi2 - Epitaxy and structural characterization 

This stage contains stoichiometric alloys with Bi contents from 57.1 % to 100 %. The range of Bi contents 
is so vast that hundreds of stacking combinations are possible and their systematic growth and structural 
investigations demand years of research. The reasons to separate this stage from other two stages are as 
follow: 

 Diverse flux ratio: The preliminary growth tests indicated that for stoichiometric tuning of BixTey 
members in this stage, none of the growth parameters TBi, TTe and Tsub can be fixed. In other words, 
the requirement of Bi/Te flux ratio is so diverse that the stoichiometric growth cannot be achieved 
by adjusting a single variable parameter, an approach utilized in the previous two stages. The 
optimum Bi/Te flux ratio can only be achieved with the mutual adjustment of TTe and TBi. 

 Thermal stability: All stoichiometric states of this stage contain at least one dual Bi2 BL in the 
stacking sequence. Tsub is required to drop with the increasing density of BLs due to the thermal 
instability of Bi rich films at higher temperatures. The extent of drop in Tsub can be estimated from 
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this fact that the epitaxial films of pure Bi crystal are achieved at Tsub < 70 ֯C. If the epitaxial growth 
of the stoichiometric states are still conducted at higher temperatures it will result in epilayers 
with rough surfaces exhibiting high density of Bi crystallites. 

 Challenges for SAE: Due to relatively higher requirement of Bi flux and poor thermal stability, SAE 
is extremely challenging to achieve. 

The epitaxial growth of BixTey members performed in this stage are summarized in Table 4.7 where the 
theoretical out-of-plane lattice constant (cpredicted) is evaluated using the equation 4.1. Due to above 
mentioned challenges, particularly the thermal instability, SAE is failed for most of the states, also 
mentioned in Table 4.7. The detailed structural characterizations are performed via XRD for all 
stoichiometric states; however, STEM investigations are conducted only for Bi3Te2, the last stoichiometric 
state that allowed SAE. The literature is quite silent about the members of this stage. The only information 
that can be found is about Bi2Te and Bi2 crystals. In comparison to stage 1, it is the least studied material 
group in the literature.  
 
Table 4.7: An overview of the BixTey stoichiometric alloys prepared via MBE in the stage 3. For each state the relative 
contents of individual elements Bi and Te, the total number of individual building blocks/layers of additive (m) and 
base (n) in a unit cell, the in-plane lattice constant (a) and the out-of-plane predicted (Cpredicted) and measured (Cactual) 
lattice constants are listed. Alloys for whom SAE is performed and STEM investigations are conducted, are also 
identified. 

 

BixTey 
 

m 
 

n 
 

Comments Bi  
(%) 

Te  
(%) 

a  
(Å)  

cpredicted  
(Å) 

cactual  
(Å) 

STEM 
Analysis 

 

SAE 

Bi4Te3 3 3 Multiple of 3 57.14 42.86 4.45 42.34 41.89 Yes Yes 
Bi7Te5 11 10 Long period 58.33 41.67 4.45 145.09 143.69 No Yes 
Bi10Te7 8 7 Long period 58.82 41.18 4.45 102.75 101.80 No Yes 
Bi3Te2 5 4 - 60 40 4.46 60.41 59.85 Yes Yes 
Bi14Te9 12 9 Multiple of 3 60.87 39.13 4.46 138.88 137.62 No Failed 
Bi8Te5 7 5 - 61.54 38.46 4.46 78.47 77.77 No Failed 
Bi5Te3 9 6 Multiple of 3 62.5 37.5 4.46 96.54 95.71 No Failed 
Bi12Te7 11 7 Long period 63.15 36.85 4.47 114.61 113.62 No Failed 
Bi7Te4 13 8 Long period 63.63 36.37 4.47 132.67 131.55 No Failed 
Bi2Te1 2 1 - 66.67 33.33 4.48 18.07 17.92 No Failed 

Bi2 3 0 Multiple of 3 100 0 4.54 11.85 11.86 No Failed 
 
Approach to tune stoichiometric states: Due to the less demand of Te flux and keeping RTF in defect free 
zone (< 5 nm/h), the search for next state after Bi4Te3 started with gradually decreasing TTe from 280 ֯C (i.e. 
from Bi4Te3 parameters) while keeping Tsub and TBi constant at 300 ֯C and 505 ֯C respectively. The resulting 
effects of the increased Bi/Te flux ratio are immediately identified via SEM and XRD. It is observed that 
with the decreasing Te flux, the excessive Bi adatoms did not favor the formation of an additional Bi2 BL 
rather kept the stoichiometric state stable at Bi4Te3 (confirmed via XRD) with the additional formation of 
Bi2 crystallites on the surface as shown in Figure 4.22 (a-d). The density of crystallites changed according 
to the Te flux (TTe) until the epilayer started to disintegrate.  

The initial conclusion extracted from these observations is the thermal instability of Bi rich epilayer 
prepared with the reduced Te flux than TTe = 280 ֯C. This assumption also justifies the increased surface 
roughness and the epilayer degradation observed in Figure 4.22 (d). In order to confirm this theory, the 
growth parameters are tuned again where TTe and TBi are kept constant at 280 ֯C and 505 ֯C respectively 
while Tsub is gradually increased from 300 ֯C to 315 ֯C. At first, the surface roughness started increasing until 
Tsub reached 305 ֯C (Figure 4.22e). With the further increment in Tsub, the decreasing ADR of Te altered the 
Bi/Te flux ratio that, similar to the case observed in Figure 4.22 (a-d), resulted in the stable stoichiometry 
of Bi4Te3, whereas, the excessive Bi adatoms formed Bi2 crystallites as can be seen in Figure 4.22 (f-h).  
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Fig. 4.22: SEM images representing the attempts to obtain the stoichiometric growth of BixTey states having Bi 
contents higher than Bi4Te3 (57 %). (a-d) The effect of decreasing Te flux on the surface morphology while keeping Tsub 
and TBi constant. With the continuously decreasing Te flux, the density of Bi crystallites are observed to increase until 
the epilayer started to destabilize. (e-h) The effect of increasing Tsub on the surface morphology while keeping TTe and 
TBi constant. With the continuously increasing Tsub, the surface roughness kept increasing until Bi crystallites appeared. 
The density of Bi crystallites exhibited a direct proportionality with Tsub. (*scale bar = 1 μm) 
 
As both approaches i.e. variable TTe and Tsub to obtain the next stoichiometric states have failed, the Bi/Te 
flux ratio is now adjusted by increasing the Bi flux (TBi) from 505 ֯C while keeping TTe and Tsub constant at  
280 ֯C and 300 ֯C respectively. Once again, the formation of Bi crystallites is observed; however, unlike the 
other two approaches, the shifts in the XRD characteristic peaks from Bi4Te3 stoichiometry are also 
witnessed. Hence with TBi as a variable parameter, the next stoichiometric states can be achieved; 
however, due to the thermal instability of Bi rich epilayers, the issue of Bi crystallite formation still 
remained unresolved. Based on the above mentioned experiments, the key observations are stated below:  

 At Tsub = 300 ֯C, Bi4Te3 is the most stable alloy that can be achieved with the defect-free epilayers 
while TTe is kept at 280 ֯C. The epilayers with higher Bi contents will result in the formation of Bi 
crystallites. 

 The correct Bi/Te flux ratio is not the only factor to tune the stoichiometry anymore. The 
adjustment of minimum Te flux at the corresponding Tsub is also critical to avoid the formation of 
Bi crystallites. 

 The formation of the Bi crystallites can be avoided at lower Tsub. The combined reduction of TTe 
and Tsub can solve this problem; however, it may also result in high defect density in the epilayer 
and failed SAE. 

 If Tsub must be kept close to 300 ֯C, the stoichiometric growth of higher Bi contents demands TTe > 
280 ֯C and must be tuned accordingly. It will result in higher RTF and therefore with the high defect 

TTe = 278 ֯C TTe = 276 ֯C TTe = 274 ֯C TTe = 270 ֯C 

Tsub = 305 ֯C Tsub = 308 ֯C Tsub = 312 ֯C Tsub = 315 ֯C 
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density; however, the defect density using this approach would be lower in comparison to the 
growths conducted at lower Tsub. 

In order to avoid the formation of Bi crystallites in the next stoichiometric states, the growth experiments 
are conducted with new parameters where Tsub and TBi are increased to 305 ֯C and 520 ֯C respectively while 
TTe is gradually increased from 280 ֯C. The density of Bi crystallites, observed at TTe = 280 ֯C, kept on 
decreasing with the increasing Te flux until they completely vanished at TTe = 285 ֯C. The corresponding 
behavior can be witnessed in Figure 4.23. From this point onward, the flux ratio adjustment is conducted 
by increasing TBi while Tsub and TTe are kept constant at 305 ֯C at 285 ֯C respectively.  
 

    
Fig. 4.23: SEM images representing the search of optimum TTe to avoid the formation of Bi crystallites during the 
growth of BixTey states having Bi contents higher than Bi4Te3 (57 %). (a-d) The effect of increasing Te flux on the surface 
morphology while keeping Tsub and TBi constant at 305 ֯C and 520 ֯C respectively. With the continuously increasing Te 
flux, the density of Bi crystallites are observed to decrease until they completely vanished at TTe = 285 ֯C.  
 

    
Fig. 4.24: XRD 2θ-ω scans. (a) Bi7Te5 epilayer, consists of (m:n)=(11:10) exhibiting the unit cell length cactual = 143.7 ± 
0.01 Å. Δω scan revealed FWHM values of 88″ obtained at the (000 72) peak indicating high structural quality of the 
epilayer. (b) Bi10Te7 epilayer, consists of (m:n)=(8:7) exhibiting the unit cell length cactual = 101.8 ± 0.01 Å. Δω scan 
revealed FWHM values of 89″ obtained at the (000 51) peak.  
 
Bi7Te5 and Bi10Te7: The stoichiometric states Bi7Te5 and Bi10Te7 contain 58.33 % and 58.82 % bismuth 
contents and exhibit unit cells comprise of (m:n) = (11:10) and (8:7) with the stacking sequences of 
(QBQBQB-QBQBB-QBQB-QBQBQB) and (QBQBQB-QBB-QBQBQB) respectively. Both states exhibit the 
trigonal crystal structure with P-3m1 (164) space group11, 68. These stoichiometric states are successfully 
achieved at TBi/TTe = 515 ֯C/285 ֯C and 518 ֯C/285 ֯C with RTF = 7.0 nm/h and 7.2 nm/h respectively while Tsub 

TTe = 280֯C TTe = 282 ֯C TTe = 284 ֯C TTe = 285 ֯C (a) (b) (c) (d) 

FWHM = 88″ FWHM = 89″ 
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is kept at 305 ֯C. Figure 4.24a displays the XRD patterns of 59 nm thick epilayer of Bi7Te5 while Figure 4.24b 
depicts the diffraction pattern obtained from 31 nm thick epilayer of Bi10Te7. The unit cell lengths, 
measured via XRD, are found to be cactual = 143.69 ± 0.01 Å and 101.80 ± 0.01 Å respectively. Both values 
are observed to follow the similar trend and are found be smaller than the predicted values. Later, SAE is 
successfully achieved for both states by applying the corrected parameters to the pre-patterned substrates 
with TTe reduced by 3 ֯C and keeping Tsub at 305 ֯C. To our knowledge, the crystalline growth or the structural 
characterization of both states are never reported until now. 
 

  

    
Fig. 4.25: (a) XRD 2θ-ω scan of Bi3Te2 epilayer, consists of (m:n)=(5:4) exhibiting the unit cell length cactual = 59.85 ± 
0.01 Å. Δω scan revealed FWHM values of 76″ obtained at the (000 30) peak. (b) STEM-HAADF image acquired along 
Si [1-10] orientation confirms the stacking sequence of QBQB-BQBQB. The presence of Bi2 bilayers is highlighted with 
red color. (c-f) SEM images of several selectively grown nanostructures of Bi3Te2. 
 
Bi3Te2: The stoichiometric state Bi3Te2 (Bi18Te12) contains 60 % bismuth contents and exhibits a unit cell of 
(m:n) = (5:4) with the stacking sequence of (QBQB-QBBQB). It exhibits a trigonal crystal structure with  
P-3m1 (164) space group69 and cpredicted = 60.41 Å. To our knowledge, there is only one study that reported 
the preparation of Bi3Te2 single crystal via the Bridgeman method11. There are also a couple of studies that 
have reported the preparation of nanoparticle composite for thermoelectric applications70, 71. Bi3Te2 is 
reported to exhibit outstanding thermoelectric features11, 71 that are quite unique for low temperature 
applications51, 70, 71, 72, 73, 74, 75 just as SiGe alloys are the best for high temperature applications71, 76.   

Bi3Te2 stoichiometry is achieved via MBE at TBi/TTe = 522 ֯C/285 ֯C with RTF = 7.5 nm/h while Tsub is kept 
constant at 305 ֯C. Figure 4.25a displays the XRD pattern of 44 nm thick epilayer of Bi3Te2. The unit cell 
length of MBE grown Bi3Te2 crystal, measured via XRD, is found to be cactual = 59.85 ± 0.01 Å which is as 
expected slightly less than cpredicted. Due to relatively high growth rate (RTF = 7.5 > 5 nm/h), twin domains 
are observed for the first time in any BixTey stoichiometric state with the relative intensity of 1:39, 
measured via XRD 𝜑-scan, where the dominant domain is observed to be collinear with Si (311), depicted 
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in Appendix 4A. Later, high quality nanostructures are prepared via SAE by applying the modified 
parameters with TBi/TTe = 522 ֯C/282 ֯C to the pre-patterned substrates. Once again, due to LD-Te > LD-Bi, the 
Bi/Te effective flux ratio is obtained with TTe decreased by 3 ֯C. The detailed structural investigations are 
performed via STEM at the cross-section of the 500 nm wide nanoribbon along Si [1-10] orientation. HAADF 
image of the unit cell along with SEM images of SAE are depicted in Figure 4.25. An important point to 
observe in HAADF image is the re-appearance of the pristine vdW stacking; however, it did not appear 
between QLs (Te-Te atoms) rather between BLs (Bi-Bi atoms). The unit cell length cactual, vdW gaps along 
with the corresponding projected bond lengths are measured and listed in Table 4.6. 

Bi14Te9: The stoichiometric state Bi14Te9 (Bi42Te27) contains 60.88 % Bi contents. Due to multiple of 3 issue, 
it exhibits a unit cell that comprises of (m:n) = (12:9) with the sequence of (QBQBBQB-QBQBBQB-
QBQBBQB). It exhibits a rhombohedral crystal structure with R-3m (166) space group and cpredicted =  
138.88 Å. No report about the crystal preparation of Bi14Te9 is found in the literature.  
 

       
 

      
Fig. 4.26: XRD 2θ-ω scans. (a) Bi14Te9 epilayer, consists of (m:n)=(12:9) exhibiting the unit cell length cactual =  
137.62 ± 0.01 Å. Δω scan revealed FWHM values of 102″ obtained at the (000 69) peak while φ-scan revealed the 
relative intensity of twins = 1:21. (b) Bi5Te3 epilayer, consists of (m:n)=(9:6) exhibiting the unit cell length cactual = 95.72 
± 0.01 Å. Δω scan revealed FWHM values of 101″ obtained at the (000 48) peak. (c-f) SEM images representing the 
attempts of failed selectivity due to thermal instability of the epilayers at high Tsub. By increasing Tsub, epilayers 
disintegrate more quickly than the ADR drop to achieve selectivity (d and e). At Tsub >> optimum values, selectivity is 
achieved with the epilayer evaporated and only a few Bi crystals left in the patterned area (f). (*scale bar = 1 μm) 

 
During the epitaxial growth, the re-appearance of Bi crystallites has forced Tsub to be dropped at 290 ֯C. The 
optimum Bi/Te flux ratio is achieved at TBi/TTe = 520 ֯C/275 ֯C with RTF = 7.2 nm/h. Figure 4.26a displays the 
XRD pattern of 53 nm thick epilayer of Bi14Te9. The unit cell length of the epilayer, measured via XRD, is 
found to be cactual = 137.62 ± 0.01 Å which is as expected slightly less than cpredicted. Unfortunately, due to 

(a) (b) 

FWHM = 102″ FWHM = 101″ 

(c) (e) (d) (f) 

Bi14Te9 Bi5Te3 

SiNx 

Bi  
crystallites 
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lower Tsub, the selectivity is not achieved. Various attempts are conducted to tune the Bi/Te flux ratio at 
higher Tsub to achieve selectivity; however, the poor thermal stability of Bi rich epilayer resulted in the 
damaged crystal and all attempts of SAE have failed, as depicted in Figure 4.26 (c-f). 

Bi5Te3: The stoichiometric state of Bi5Te3 (Bi30Te18) contains 62.5 % bismuth contents and exhibits a very 
simple characteristic cell of (m:n) = (3:2) with the stacking sequence of (QB-QBB); however, as it suffers 
from multiple of 3 issue and a complete unit cell comprises of (m:n) = (9:6) with the sequence of (QBQBB-
QBQBB-QBQBB). It exhibits a rhombohedral crystal structure with cpredicted = 96.54 Å. The stoichiometric 
flux tuning of Bi5Te3 state is successfully achieved at TBi/TTe = 525 ֯C/275 ֯C with RTF = 7.4 nm/h while Tsub is 
kept at 290 ֯C. Figure 4.26b displays the XRD pattern of 28 nm thick epilayer of Bi5Te3. The unit cell length 
of Bi5Te3 epilayer, measured via XRD, is found cactual = 95.71 ± 0.01 Å, slightly less than cpredicted.  

Bi12Te7 and Bi7Te4: The stoichiometric states Bi12Te7 (Bi36Te21) and Bi7Te4 (Bi42Te24) contain 63.15 % and 
63.63 % bismuth contents respectively. Both alloys belong to a trigonal crystal structure and exhibit unit 
cells with long stacking periods of (m:n) = (11:7) and (13:8) with the sequence of (BQBQB-BQBQB-BQB-
BQBQB) along with the cpredicted = 114.61 Å and (BQBQB-BQBQB-BQB-BQB-BQBQB) with cpredicted = 132.67 Å 
respectively. The stoichiometric flux tuning of Bi12Te7 and Bi7Te4 states is successfully achieved at TBi/TTe = 
528 ֯C/270 C֯ with RTF = 7.9 nm/h and at TBi/TTe = 532 C֯/270 ֯C with RTF = 8.2 nm/h respectively while Tsub is 
dropped by 5 ֯C to ensure the thermal stability of epilayer and kept at 285 ֯C. The unit cell length of Bi12Te7 
epilayer measured via XRD, is found cactual = 113.62 ± 0.01 Å while Bi7Te4 epilayer exhibited cactual = 131.55 
± 0.01 Å, as expected, slightly less than cpredicted. To our knowledge, the single crystalline growth or the 
structural characterization are never reported for any of these stoichiometric states.  

Bi2Te: Bi2Te (Bi6Te3) is the last stoichiometric state of BixTey series that is investigated in this study. It 
contains 66.67 % bismuth contents and similar to Bi1Te1 exhibits the simplest unit cell of (m:n) = (2:1) with 
the stacking sequence of (BQB). The stacking sequence along [001], [110] and [1-10] orientations can be 
seen in Appendix 4A. Bi2Te exhibits a trigonal crystal structure and belong to P-3m1, (164) space group11, 

12, 25, 58 with cpredicted = 18.07 Å. Bi2Te is reported to prepare by the Bridgeman method by a couple of 
studies11, 12. The stoichiometric flux tuning of Bi2Te state is successfully achieved at TBi/TTe = 542 ֯C/260 ֯C 
with RTF = 8.7 nm/h while Tsub is further decreased to 280 ֯C. Figure 4.27 displays the XRD pattern of 45 nm 
thick epilayer of Bi2Te. The unit cell length of Bi2Te epilayer, measured via XRD, is found to be cactual = 17.92 
± 0.01 Å that is also slightly less than cpredicted. Due to quite high requirement of Bi flux, Bi crystallites are 
also formed at the surface of the epilayer. The further optimizations are required to avoid the crystallites 
formation at lower Tsub; however, it are not conducted in this work. The achievement of high structural 
quality epitaxial growth of Bi2Te via MBE will opens up possibilities to utilize this material for low energy 
and low temperature applications.  
 

 

Fig. 4.27: XRD 2θ-ω scan of Bi2Te1 epilayer, consists of 
(m:n)=(2:1) exhibiting the unit cell length cactual = 17.92 ± 
0.01 Å. Δω scan revealed the FWHM values of 108″ 
obtained at the (000 9) peak indicating the high structural 
quality of the epilayer. Along with Bi2Te1 characteristic 
peaks, the diffraction peaks of bismuth are also observed, 
indexed with purple color, due to the presence of Bi 
crystallites on the Bi2Te1 epilayer surface. 

FWHM = 108″ 

Bi2Te 
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A few characteristics of Bi2Te stoichiometry are mentioned below:  

 Bi2Te (BQB) is the inverse equilibrium stoichiometric state of Bi1Te1 (QBQ). 
 Bi2Te crystal exhibits semi metallic behavior7, 59, 65, 66 and similar to Bi4Te3 is a prime candidate for 

the PCM particularly from one crystalline phase to another crystal phase60, 67, 77. 
 Due to this characteristic stacking of sandwiched QL between two BLs, Bi2Te is the only 

stoichiometric state after Bi4Te3 that exhibit superconductivity with Tc = 8.6 K77 when applied to 
high pressure conditions. 

Starting from the stoichiometry of Bi2Te3 (Bi = 40 %) till Bi2Te1 (Bi = 66.67 %), the epitaxial growth of 38 
distinct phases (alloys) is achieved. Among them, 5 are found to exhibit the intermediate phases i.e. the 
instability due to long stacking period that either resulted in a mixed state or transformed into another 
close by stoichiometry and thus, are failed to be prepared with 100 % yield. The detailed structural 
characterizations are performed via XRD for the rest of 33 states while SAE is achieved successfully for 26 
of them. The stacking sequences in unit cells along with the changes in vdW gaps at the atomic scale are 
investigated via STEM for 13 key states. The summary of all BixTey states along with the growth parameters, 
the stacking sequences and the structural parameters are listed in Appendix 4B. The accumulative analysis 
of pristine vs. hybrid vdW gaps for BixTey family is conducted in the next section.  

4.6 Structural analysis: Interlayer gaps, bonding & unit cell dimensions 

It was mentioned during the structural characterization of the individual states that all BixTey alloys 
exhibited a trend of slightly reduced measured unit cell lengths (cactual) then the calculated (cpredicted) ones. 
The presence of Bi2 BL among QLs introduces hybrid vdW gaps (Figure 4.7). The atomic scale 
measurements via STEM have indicated the relatively short lengths of hybrid vdW stacks in comparison to 
the pristine gaps, listed in Tables 4.2, 4.3, 4.5 and 4.6 for all stoichiometric states. It is also noticed that the 
change in a unit cell length (𝛥𝑐), according to equation 4.3, between the experimentally measured and the 
theoretically predicted values is not constant nor does it seem to be following any distinct pattern with the 
changing stoichiometry. In order to understand the resulting changes in unit cell length (𝛥𝑐) due to hybrid 
gaps, it is necessary to understand the impact on the bonding with the appearance and increasing density 
of Bi2 BLs in the stacking sequence. 

𝛥𝑐 =  𝑐௣௥௘ௗ௜௖௧௘ௗ − 𝑐௔௖௧௨௔௟                                                              (4.3) 

 

 
 

     

Fig. 4.28: A model representing the five unique structural blocks of BixTey system that in various combinations provide 
all stoichiometric layer sequences. These building blocks are named QQ, QBQ, QB, BQB and BB. The red and green 
colors are representing Bi and Te atoms respectively. The orange arrows along with the dotted lines represent pristine 
(P) vdW stacking while the blue and purple color represent the hybrid, LH and RH gaps respectively. 
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Considering all the stacking sequences of BixTey alloys, there are only five unique characteristic blocks, 
depicted in Figure 4.28, that by combining in various ratios facilitate any possible stacking order in 
(Bi2)m(Bi2Te3)n series. Hence, understanding the origin, inter-block transformation and bonding 
mechanisms of these five characteristic blocks is actually understanding the entire BixTey family.  

4.6.1 The QQ block  

A QQ block (QQ stacking) exhibits only pristine vdW gaps between Te-Te atoms for example Bi2Te3. It 
facilitates the strain-free and relaxed stacking of layers. During the structural characterization of Bi2Te3, 
the interlayer gap between Te-Te atoms and the projected bond length were measured and listed in Table 
4.2. The accuracy of the measured data can be confirmed with the evaluation of the angle of atomic 
arrangement in the crystal with the help of Pythagorean Theorem. It can also be visualized in Figure 4.29a.  

The measured interlayer gap in a QQ Block between Te atoms (𝛼) = Pristine vdW gap = 2.55 ± 0.03 Å 
The measured projected bond length (𝛽) = 2.88 ± 0.03 Å 

The angle of atomic arrangement (𝜃) = Sin-1 (𝛼/𝛽) = 62.19֯ ± 0.04֯ 
 

       
Fig. 4.29: A model representing (a) the vdW Gap in a QQ block between two QLs where 𝛼 indicates the pristine vdW 
gap, 𝛽 represents the projected bond length between neighboring Te atoms on the opposite side of the vdW gap and 
𝜃 represents the angle of atomic arrangement. (b) The same QQ block rotated 30 ֯ around the z-axis to represent 𝜗 
that indicates the in-plane angle between the Te atoms that was not possible to visualize in the projected image along 
the [110] orientation in (a). With 𝜗 the real bond length between Te atoms can be evaluated. 
 
The evaluated angle fits perfectly with Bi2Te3 reported crystal structure25, 78 and confirms the accuracy of 
the measured data. Now, using the projected bond length (𝛽), the actual bond length between Te-Te 
atoms through the vdW gap can be evaluated. It is known from the theoretical models that the in-plane 
angle between two Te atoms is approximately 37֯ (represented by 𝜗 in Figure 4.29b where the plane is 
highlighted by the pink color), so according to Pythagorean Theorem: 

The actual bond length (Te-Te) = the projected bond length / cos (37֯) = 3.61 ± 0.04 Å 

The bond length, reported for Sb2Te3, between Te-Te atoms across a pristine vdW gap in a QQ block is 3.63 
Å79, 80, 81, 82 that is in good agreement with the measured value for Bi2Te3 which also confirms the accuracy 
of the measurements. Thus, this method is adopted to evaluate the changes in bond length with the 
appearance and increasing density of Bi2 BL in the stacking sequences e.g. in the blocks QBQ, QB and BQB. 
It will also assist in understand the changes in the bond strength and any effective change in lattice 
parameters. 

 

ϑ 𝛽 𝛽 𝛼 𝛼 
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4.6.2 The QBQ block (Stage 1 alloys of BixTey) 

A QBQ block can also be named as BQQ and QQB, represents a Bi2 BL sandwiched between 2 QLs. It exhibits 
3 interlayer gaps including one pristine and two hybrid named LH and RH, introduced in Figure 4.7.  

 The pristine gap appears when a QBQ block stacks with another QBQ or a QQ block. It exhibits 
vdW gap between Te atoms with similar characteristics i.e. inter atomic interaction and bond 
length of a QQ block, discussed above for Bi2Te3. It can be visualized in Figure 4.28, represented 
by orange arrow along with a dotted line. 

 Two hybrid gaps appear on both sides of the sandwiched Bi2 BL between two QLs in QB and BQ 
stacking exhibiting vdW gaps between Te-Bi and Bi-Te atoms named left hybrid (LH) and right 
hybrid (RH) respectively. They are named to distinguish, if they exhibit identical or different 
behavior. LH and RH can be visualized in Figure 4.28, represented by blue and purple arrows along 
with a dotted lines respectively. 

STEM measurements have indicated that both LH and RH gaps are identical in a QBQ block and listed in 
Table 4.8. It is also evident that both hybrid gaps are slightly smaller than the pristine gap. It can be directly 
linked to stronger interatomic interaction between Te-Bi atoms in comparison to Te-Te atoms. Due to 
these strong interaction both QLs are attracted towards Bi2 BL resulting in reduced gap lengths while the 
pristine interlayer gap remained intact. This phenomenon creates the QBQ block, a unit with stronger intra-
block interactions exhibiting hybrid gaps and weak inter-block interactions with the pristine gap (QQ stack).  
 
Table 4.8: The measured structural parameters including the vdW gaps (pristine and hybrid) and the corresponding 
projected bond lengths via STEM in a QBQ block. 

Interlayer Gap 
(Type) 

Layer Stack 
(Order) 

Interlayer Gap 
(Å) 

Projected Bond 
Length (Å) 

Bond Length  
 (Å) 

Pristine  QQ Stack 2.55 ± 0.03 2.88 ± 0.04 3.61 ± 0.04 
Hybrid – LH QB Stack 2.42 ± 0.04 2.73 ± 0.04 3.42 ± 0.04 
Hybrid – RH BQ Stack 2.43 ± 0.05  2.74 ± 0.05  3.43 ± 0.05  

 
Bi1Te1 is the simplest example where a single QBQ block acts as a complete unit cell. The unit cell length of 
Bi1Te1, measured via STEM and listed in Table 4.3, is cactual = 24.02 ± 0.03 Å while the theoretical predicted 
value without taking the hybrid interactions into account is cpredicted = 24.27 Å. The overall difference 
imposed by the both hybrid gaps, in comparison to pristine gaps can be evaluated from Table 4.8, is 0.25 
± 0.04 Å that fits perfectly to the difference in unit cell length (𝛥𝑐) of Bi1Te1. Hence, it became evident that 
the reduced bond length of hybrid gaps, due to the appearance of a Bi2 BLs in stacking sequence, is the 
source of decrement in the unit cell length for all BixTey crystals. That is why, cactual is always observed to 
be slightly less than the cpredicted.  

QQ to QBQ transformation: The transformation of QQ blocks into QBQ blocks can be observed in the 
stoichiometric alloys of stage 1, discussed in Section 4.3. As soon as a Bi2 BL appeared in the stacking order, 
the QQ block transformed into a QBQ block resulting in a reduced unit cell length (cactual) of the crystal. The 
transformations can be observed in Bi3Te4 with (QQ-QQ-QQ-QBQ), Bi4Te5 with (QQQ-QBQ), Bi6Te7 with 
(QBQ-QQQ-QBQ), Bi8Te9 with (QQ-QBQ-QQ-QBQ-QQ-QBQ) and ending at Bi1Te1 (QBQ) that contains only 
QBQ blocks.  

Normalized compression: In order to compare the strength of compression in different stoichiometric 
states having diverse unit cell dimensions, the compression per unit length (normalized compression) is 
calculated according to equation 4.4. (Note: The term compression here represents the decrement in the 
unit cell length due to enhanced inter-atomic interactions via hybrid stacks. No external physical parameter 
is involved.) It is observed that the normalized compression in a crystal increases with the increasing 
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density of QBQ blocks in the stacking sequence. In other words, it increases with the increasing density of 
Bi2 BLs in a unit cell. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =  ൫𝛥𝑐
𝑐௔௖௧௨௔௟

ൗ ൯  ×  100 %                                       (4.4) 

 

  

 

Fig. 4.30: The effect of Hybrid stacking on the unit cell length and the transformation from QQ to QBQ blocks. (a) An 
overview of the pristine ideal gaps between Te atoms (I-QQ), Bi atoms (I-BB) and the measured bond lengths of all 
three vdW stacks in a QBQ block. (b) A trend in the normalized compression of BixTey unit cells of stage 1 alloys from 
Bi2Te3 to Bi1Te1 with the increasing density of Bi2 BLs. (c) A cumulative XRD pattern of stage 1 alloys indicating the 
increment in normalized compression due to gradual transformation of QQ blocks into QBQ bocks and the resulting 
changes in the unit cell length. The (000 3) peak in Bi2Te3 at 2θ = 8.64֯ is observed to split (divide) into two separate 
peaks due to vertical compression. With the further increase in compression the divided peaks can be observed to 
move in the opposite directions. Similar trend can also be observed with other peaks bringing a ripple like behavior 
where the peak indices are marked according to Bi2Te3. For better visibility, follow the red arrows. 
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Figure 4.30a represents various ideal (according to definition) and measured vdW gaps along with the 
largest limit of the covalent bond length. An ideal vdW gap between two atoms is the sum of their individual 
vdW radii79. That is why, the ideal vdW gaps between two Bi atoms (I-BB) and two Te atoms  
(I-QQ) are almost identical as both atoms i.e. Bi and Te exhibit almost similar vdW radii. Any material that 
exhibits vdW gap smaller than the ideal case indicates the strong atomic interactions between atoms while 
the larger gap represents the weekly bonded layers. For further details of vdW bonding refer to 79, 80, 83, 84.  

It is evident that all the measured vdW gaps exhibited stronger interactions than the ideal case however, 
the hybrid gaps (LH and RH) in comparison to the pristine gap (QQ), are much stronger and therefore, also 
shorter in length. Due to higher bond strength and strong atomic interactions in the hybrid stacking, the 
trend of increasing normalized compression with the increasing Bi contents in the epilayer (increasing 
density of BLs) and the resulting transformation of QQ blocks into QBQ blocks can be visualized in Figure 
4.30b. The trend of normalized compression can also be observed via the cumulative XRD patterns of the 
stage 1 alloys from Bi2Te3 to Bi1Te1, depicted in Figure 4.30c (divided into four parts for better resolution). 
The introduction of Bi2 BL in the stacking sequence compresses the (000 3) peak of Bi2Te3 and splits into 
two parts. Similarly, splitting of the (000 18) and (000 30) peaks can also be witnessed. With the 
continuously increasing strength of the normalized compression in the crystal, the peaks can be observed 
to move in opposite directions as indicated by the red arrows in Figure 4.30c. 

Lateral strain: Bos et al.11, 12 proposed another model to explain the compression in BixTey crystals where a 
few BixTey alloys were prepared via the Bridgeman method for the thermoelectric investigations. As, the 
structural investigations were not performed via STEM, the different interlayer gaps and the stacking 
blocks were not observed. That is why, the proposed model lacks the structural information about the 
hybrid gaps and the interatomic interactions were not considered as a factor to induce vertical 
compression in a unit cell. According to Bos et al., the unit cell of BixTey experiences compression due to 
exerted lateral strain by the Bi2 BL as the in-plane lattice constant “a” of Bi2 is larger than Bi2Te3 
𝑎஻௜మ

(4.57 Å)  >  𝑎஻௜మ்௘య
 (4.38 Å). With the incorporation of Bi2 BL, the crystal experiences lateral strain 

and the out-of-plane lattice constant (cactual) decreases. This theory could not justify changes in the unit 
cell for all stoichiometric states. Also, it does not explain the bond length differences in the pristine (QQ) 
and hybrid (QB) stacks and does not even identify the difference in behavior of the hybrid interlayer gaps 
in comparison to the pristine gaps. A recent study85 has also reported the observation of lateral strain in 
the MBE grown BixTey films prepared on the graphene layer. In this study, however, the detailed XRD 
characterizations and RSM measurements have confirmed the absence of any strain related effect in BixTey 
crystals (For details visit Appendix 4B). According to this work, above mentioned factor (𝑎஻௜మ

> 𝑎஻௜మ்௘య
) 

plays an important role in switching the growth mode from Stranski-Krastanov regime in Bi2Te3 to high 
quality 2D Frank–van der Merwe growth mode in BixTey. It happens due to the enhanced interaction of Bi 
atoms with Te in the hybrid vdW stacking (QB and BQ). The appearance of Bi2 BL stretches the crystal 
laterally forcing incoming adatoms to grow more uniformly and resulting in an improved surface 
roughness.    

4.6.3 The QB block (Stage 2 alloys of BixTey) 

The QB block is a unique structural unit as it exhibits alternating QL-BL stacking and does not host any 
pristine interlayer gap. The only 2 interlayer gaps that exist are both hybrid in nature. Bi4Te3 is the ground 
state of the QB block. Similar to QBQ block, a BL attracts QLs at both interfaces however, the situation 
becomes different from a QBQ block as the attracted QLs are also being attracted by two other BLs on 
their opposite sides (depicted in Figure 4.28) whereas in a QBQ block they always remain in the relaxed 
state with QQ stacking. In other words, each layer (BL or QL) is being attracted by two layers of the opposite 
type on each sides i.e. a BL is being attracted by two QLs while each of those two QLs are also being 
attracted by other two BLs on the opposite direction. 
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QBQ vs. QB: As far as LH and RH gaps are concerned; based on the stacking sequence, it can be assumed 
that hybrid gaps in a QB block should be more relaxed (less compressed) than the hybrid gaps of a QBQ 
block. The reason are stated below.  

 In a QBQ block, the BL attraction of both QLs is not challenged by any entity as both attracted QLs 
exhibit relaxed (QQ) stacking with neighboring QLs through weak interactions.  

 In a QB block, when a BL attracts QLs at each side, both of those QLs are also being attracted by 
other BLs simultaneously. It can be imagined like a chain fully stretched, quite opposite to the case 
of QBQ block where a block is strong in itself, however, exhibits weak interactions with other 
blocks. Hence, according to this model, both hybrid gaps in a QB block are predicted to be equal 
in strength; although, a little stretched i.e. weaker and longer than the hybrid gaps in a QBQ block. 

The observed reality is, however, completely opposite. It is witnessed via STEM measurements that both 
hybrid gaps are different in strength. The LH gap is observed to be much shorter than the estimated value 
while the RH gap is observed to be in more relaxed state as listed in Table 4.9. It seems that the anticipated 
stretched chain model does not apply to a QB block rather a trade-off agreement is witnessed to hold 
where one hybrid gap takes more strength with shorter interlayer gap while the other relaxes. The reason 
of this tradeoff is unknown and requires detailed chemical and structural analysis to enlighten the physics 
behind it. At the end, it results in a unit of two layers, a QB block that stacks with another QB block in a 
relatively weaker hybrid stacking though much stronger than the pristine QQ stack observed in QBQ blocks.  
 
Table 4.9: The measured structural parameters including the vdW gaps (pristine and hybrid) and the corresponding 
projected bond lengths via STEM in a QB block. 

Interlayer Gap 
(Type) 

Layer Stack 
(Order) 

Interlayer Gap 
(Å) 

Projected Bond 
Length (Å) 

Bond Length  
 (Å) 

Hybrid – LH QB Stack 2.37 ± 0.04 2.68 ± 0.04 3.35 ± 0.04 
Hybrid – RH BQ Stack 2.47 ± 0.05  2.79 ± 0.05  3.49 ± 0.05  

 
Transformation into QB blocks: A transformation from QBQ blocks into QB blocks happened in the stage 2 
alloys, discussed in section 4.4. As soon as Bi contents increased from 50%, the stoichiometry with the 
additional Bi2 BL forced the transformation of uniform QBQ blocks (Bi1Te1) into the QB blocks. Starting from 
Bi1Te1 with (QBQ), the gradual transformation took place through the major stoichiometric states of 
Bi16Te15 with (QBQ-QB-QBQ-QBQ-QB-QBQ-QBQ-QBQ-BQ), Bi12Te11 with (QBQ-QBQ-QB-QBQ-QB-QBQ-QB), 
Bi10Te9 with (QB-QBQ-QB-QBQ-QBQ-BQ), Bi9Te8 with (QBQ-BQ-BQ-QBQ-BQ), Bi7Te6 with (QB-QB-QBQ-QB-
QB-QBQ-QB-QB-QB), Bi6Te5 with (QBQ-QB-QB-QB), Bi5Te4 with (QB-QB-QB-QQB-QB-QB-QB) and ending at 
Bi4Te3 with (QB-QB-QB), a ground state of the QB block.  

The normalized compression: The transformation of a QB block from the QBQ annihilated the pristine QQ 
stacking (relaxed state) and introduced the hybrid QB stacking (compressed state) bringing the crystal in 
further compressed state. That is why after Bi1Te1, the vertical compression continued to increase until the 
density of the QB blocks became enough to stop the rising vertical compression through the tradeoff 
agreement between LH and RH (discussed above). The crystal started to rearrange itself and the vertical 
compression started to reduce until it reaches the periodic QB stacking in Bi4Te3. The normalized 
compression of stage 2 alloys is calculated according to equation 4.4 and depicted in Figure 4.31b. The 
similar behavior is also evident through the cumulative XRD patterns of stage 2 alloys from Bi1Te1 to Bi4Te3, 
depicted in Figure 4.31c. For better understanding, follow the red arrows where, at first the increasing and 
later the gradually decreasing strength of the normalized compression in the crystal forced the diffraction 
peaks to switch the direction.     
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Fig. 4.31: The effect of Hybrid stacking on the unit cell length and the transformation from QBQ to QB blocks. (a) An 
overview of the pristine ideal gaps between Te atoms (I-QQ), Bi atoms (I-BB) and the measured bond lengths of both 
vdW stacks in a QB block. (b) A trend in the normalized compression of BixTey stoichiometric states of the stage 2 alloys 
from Bi1Te1 to Bi4Te3 with the increasing density of Bi2 BLs. (c) A cumulative XRD pattern of stage 2 alloys indicating 
the increment in normalized compression at the early stages due to gradual transformation of QBQ blocks into QB 
bocks and the resulting changes in the unit cell length. The trend of increasing compression is shifted after the 
stoichiometry of Bi12Te11 where the tradeoff agreement between LH and RH became dominant, the normalized 
compression started to decrease and eventually came back to the equivalent value in Bi4Te3 to Bi1Te1. This behavior of 
increasing the compression in early stages and later decreasing can be easily observed with the change in the direction 
of peak shifts by following the red arrows. The peak indices are marked according to Bi1Te1.  
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4.6.4 The BQB block (Stage 3 alloys of BixTey) 

The BQB block is just the exact opposite of a QBQ block, discussed in Section 4.6.2, with the role of QL and 
BL reversed. A BQB block can also be named as QBB and BBQ, represents a QL sandwiched between 2 BLs. 
It exhibits 3 interlayer gaps including one pristine and two hybrid.  

 The pristine gap exists when a BQB block stacks with another BB or BQB block via BB stacking 
exhibiting the vdW gap between Bi atoms with similar characteristics i.e. inter-atomic interaction 
and bond length of a BB block in pure bismuth crystal. It can be visualized in Figure 4.28, 
represented by orange arrow along with a dotted line. 

 Two hybrid gaps exist on both sides of the sandwiched QL between two BLs in BQ and QB stacking 
exhibiting RH and LH gaps respectively. The QL attracts both BLs reducing the interlayer gap and 
the bond lengths. STEM measurements have shown that similar to a QBQ block, both LH and RH 
gaps are identical in a BQB block and the measured values are listed in Table 4.10.  

 
Table 4.10: The measured structural parameters including the vdW gaps (pristine and hybrid) and the corresponding 
projected bond lengths via STEM in a BQB block. 

Interlayer Gap 
(Type) 

Layer Stack 
(Order) 

Interlayer Gap 
(Å) 

Projected Bond 
Length (Å) 

Bond Length  
 (Å) 

Pristine  BB Stack 2.48 ± 0.03 2.80 ± 0.04 3.51 ± 0.04 
Hybrid – LH QB Stack 2.42 ± 0.04 2.73 ± 0.04 3.41 ± 0.04 
Hybrid – RH BQ Stack 2.41 ± 0.03  2.74 ± 0.05  3.42 ± 0.05  

 

 

   

Fig. 4.32: The effect of Hybrid stacking on the unit cell length and the transformation from QB to BQB blocks. (a) An 
overview of the pristine ideal gaps between Te atoms (I-QQ), Bi atoms (I-BB) and all the measured bond lengths of 
vdW stacks in a BQB block. (b) A trend in the normalized compression of BixTey stoichiometric states of the stage 3 
alloys from Bi4Te3 to Bi2Te1 with the increasing density of Bi2 BLs. 
 
Transformation into BQB blocks: The transformation of QB blocks into BQB blocks occurred in the stage 3 
alloys, discussed in section 4.5. With the continuous addition of Bi contents, natural stacking order forced 
the additional Bi2 BL into the uniform QB stacking of Bi4Te3, transforming it into a BQB blocks. This 
phenomenon introduced, once again, the pristine interlayer gap; however, not in the form of QQ instead, 
in form of BB stacking between Bi atoms. Starting from Bi4Te3 with (QB-QB-QB), the gradual transformation 
into the BQB blocks took place through the major stoichiometric states of Bi10Te7 with (QB-QB-QB-QB-QB-
QB-BQB), Bi3Te2 with (QB-QB-BQB-QB), Bi8Te5 with (QB-BQB-QB-BQB-QB), Bi7Te4 with (BQB-QB-BQB-BQB-
QB-BQB-BQB-QB) and ending with Bi2Te1 (BQB), a ground state of the BQB block. With the increasing 

(a) (b) 
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density of transformation into BQB blocks, as mentioned above, the density of pristine gaps also increased 
and the overall compression in the crystal decreased. The normalized compression of the stage 3 alloys is 
calculated according to equation 4.4 and depicted in Figure 4.32. After Bi2Te (BQB), the further addition of 
Bi2 BL in the stacking order will gradually transform the BQB blocks into the BB blocks that will end at 
bismuth, comprises only of BB blocks. 

4.7 Structural defects in BixTey material system 

It has already been established in chapter 2 that almost all structural defects in Bi2Te3 epilayers (other than 
the substrate induced effects) can be avoided just by controlling the growth rate (RTF) ≤ 5 nm/h while 
keeping Tsub at the optimum value of 300 ֯C. All growths of BixTey alloys, discussed in Section 4.3 and 4.4, 
are conducted at the optimum Tsub while RTF remained ≤ 5 nm/h. That is why, defect free epilayers are 
obtained for all the stoichiometric states from Bi2Te3 till Bi3Te2 (stage 3), confirmed by 𝜑-scans while 𝛥𝜔 
scans confirmed the high structural quality of the crystals (for details visit Appendix 4B). The epitaxial 
growths of stoichiometric states, having higher bismuth contents than Bi3Te2 (Bi = 60 %), exhibited 
suppressed twin domains as their growths are conducted at lower Tsub due to thermal instability of the 
epilayers. Before the development of building a platform, where only one variable parameter is utilized to 
tune the Bi/Te flux ratio, attempts to achieve the desired stoichiometric alloys were conducted with 
random parameters where in some cases, RTF reached as high as 12 nm/h. During the structural 
investigations of these growths, conducted at high RTF, a few structural defects were witnessed; however, 
the defect density in these crystals still remained quite low in comparison to conventional 3D TIs. 

Domains: Observations have indicated that among all structural defects, the rotational twin domains are 
the first to appear. The relative intensity of twins in BixTey system, measured via XRD 𝜑-scans is observed 
to be 1:30, for the growths conducted at RTF = 12 nm/h; however, as soon as RTF dropped below 5 nm/h, 
the twin domains disappeared, exhibiting entire epilayer collinear with Si (311). In STEM investigations of 
all BixTey system, twins are never witnessed. An example of STEM bright field image of Bi8Te9 epilayer at  
Si (111) interface is depicted in Figure 4.33a, where epilayer collinearity with Si (311) is evident. 
 

           
Fig. 4.33: A cross-sectional overview of Bi8Te9 epilayer prepared on Si (111) substrate acquired with the help of a bright 
field STEM images along Si [1-10] projection indicating an atomically sharp interface and the domain collinearity with  
Si (311). (b) HAADF image of Bi4Te5 epilayer, prepared with the non-optimized growth parameters with RTF = 12 nm/h 
and Tsub = 285 ֯C, indicating a couple of stacking faults including layer architecture defect with the appearance of SL 
(blue color) and a TSF (yellow arrow). The presence of bilayer is marked with the red color. 
 
Stacking Faults: The main structural defect observed in BixTey material system is the stacking fault. Among 
various types of stacking faults, three most common to this material system are the periodic stacking 
disorder, translation shear fault (TSF) and switching layer architecture.  

(a) (b) 
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 The stacking order, also known as the periodic stacking sequence is unique for each stoichiometric 
state. Any variation in the periodic sequence results in stoichiometric deviation and forms the 
mixed phase crystal. Stacking order defect is the most complicated to control and can be avoided 
with the precise tuning of Bi/Te flux ratio and the optimum Tsub. It has been discussed in detail for 
each stoichiometric state in Sections 4.3 - 4.5.  

 TSF is also known as the out-of-plane rotational domain and the stacking rotational disorder (SRD), 
already introduced in chapter 2 (Figure 2.13). This defect can also be avoided by reducing RTF to  
5 nm/h. BixTey epilayers prepared with RTF >> 5 nm/h exhibited TSFs. The most interesting fact 
about TSF in BixTey material system is the location of its appearance. It has been noticed that only 
the weakly bonded stacks that exhibit characteristics closer to an ideal vdW bonding like QQ and 
BB stacks, host TSFs. Even in the QBQ and BQB blocks, TSFs only appear between the weakly 
bonded QQ and BB stacked layers with pristine vdW gaps. None of hybrid stacking (LH and RH), 
probably due to the relatively stronger atomic interactions, allow a TSF to develop. Figure 4.33b 
depicts a TSF, appeared between the QQ stacked layers of the stage 1 alloy, prepared with  
RTF = 12 nm/h at Tsub = 285 ֯C.    

 Layer architecture defect is the deviation from the standard layer structure. In a few epilayers 
prepared at the non-optimized parameters i.e. RTF >> 5 nm/h and Tsub lower than the optimum 
value, layer architecture defects are observed. At places, the formation of septuple layer (SL) in 
the layer stack instead of QL+BL is witnessed (Figure 4.33b) but only twice. Such defects disrupt 
the periodic staking order and alter the stoichiometry of the system. The epilayers prepared with 
optimum Tsub have never exhibited layer architecture defects. The formation of such defects is also 
reported during the epitaxial growth of Bi2Te3 crystal.  

Antiphase Domain: According to discussions in chapter 2, the one and only category of structural defects 
that cannot be avoided even in the highest quality epitaxial growth of 3D TIs on Si (111) substrates is the 
step edge induced defects. It has also been discussed how these 2D step defects force QLs to form either 
an antiphase domain or a screw dislocation, depending upon the collinearity of the epilayer (Figure 2.13). 
In BixTey material system, due to collinearity of epilayer with Si (311), only antiphase type domains are 
observed. The antiphase domain density that could not be avoided in Bi2Te3, can be naturally suppressed 
in BixTey however, it depends entirely on the stacking order (stoichiometry) of the alloy. The most 
prominent case for QL architecture (Bi2Te3) is discussed in Figure 2.14, while the other three prominent 
cases with the presence of Bi2 BLs are introduced here. The probability of an antiphase domain formation 
in all BixTey is observed to change with the density of BLs in the stacking order, depicted in Figure 4.34e. 

 The height of a Bi2 BL (inclusive of hybrid gap) is approximately 3.95 Å11, 12 that matches perfectly 
with the height of Si step edge. It suggests that with the presence of Bi2 BL in the stacking 
sequence, the effects of Si step edges can be neutralized. As soon as the stacking sequence drops 
below (m:n) = (1:4), Bi2 BL injects itself between lower and upper terraces and assists to overcome 
the step edge defect. Thus, the growth of uniform epilayer begins (Figure 4.34a). This 
phenomenon starts to overtake in Bi5Te6 state (section 4.3) and continues all the way through 
Bi1Te1 until Bi7Te6 (discussed in section 4.4). The one major drawback of this phenomenon is the 
disorder of stacking sequence in first few layers as depicted in Figure 4.34a particular for the state 
of Bi1Te1. However, epilayers after the first couple of disordered stacks can be grown with the 
perfect periodic sequence. On the bright side, phase coherent length of quasi-particle in the 
magneto-transport investigations which was observed to be limited by the antiphase domains86 in 
Bi2Te3 can be much improved in BixTey due to BL assisted blockage of the hard stacking shifts. 

 With the increasing density of Bi2 BLs, density of strongly coupled QB blocks with only hybrid 
stacking also increases. With this, assistance offered by Bi2 BL to block step edge continuity 
gradually stops as hybrid stacking does not allow disordered sequences at all. This phenomenon is 
most prominent in Bi4Te3 that comprises only of QB blocks with the hybrid stacks. Keeping in mind 
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the strong interaction among QB blocks, the behavior of Bi4Te3 epilayer at Si step edge is predicted 
to be similar to Bi2Te3 (hard stacking shift). However, an interesting and unexpected phenomenon 
is observed. The hard stacking shift is energetically not favorable and layers, whenever possible, 
tend to avoid its formation. As mentioned in section 4.5 during the growth of stage 3 alloys that Bi 
has very low thermal budget and is not stable at high temperatures and form crystallites. In Bi4Te3, 
however, it is observed that due to the strong interaction of hybrid stacking, epilayer forces the 
formation of Bi2 BL at the interface with Si (111) to overtake step edge and avoid hard stacking 
shift. This phenomenon is depicted in Figure 4.34 (b, d). This behavior indicates and confirms two 
key points, assumed earlier i.e. the energetically unfavorable hard stacking shift and the strength 
of QB stacking to inforce Bi2 BL at the interface at high temperature. This phenomenon stops the 
step edge continuity; however, as soon as the epilayer reaches the next step edge, in order to 
preserve stacking order, QB block now has no option but to hard shift the entire stack forming an 
antiphase domain, as depicted in Figure 4.34c. Overall, QB stacks in Bi4Te3 neutralize one step 
defect and exhibit hard stacking on the next bringing the probability of the antiphase domain 
formation to the half (50 %).  

 As soon as, the density of Bi2 BL increases further and weakly bonded BB stacks appear in the 
stacking sequence and the probability of step edge induced antiphase domain formation drops 
exponentially. Particularly all states after Bi2Te do not exhibit any antiphase domain at all. 

 

           

    
Fig. 4.34: 2D atomic model along Si [1-10] projection representing the defect formation at Si step edge with 
three probable cases. (a) In Bi1Te1, Bi2 BL forces the stacking disorder in layer close to the interface with the substrate 
(red color), blocks the continuity of the antiphase domain and the epilayer continues to grow without further defects. 
(b) In Bi4Te3, The hybrid stack forces Bi2 BL to get in contact with the interface and neutralize step defect (blue to green 
color) however, (c) the strong interaction of the hybrid stacking does not allow stacking disorder and the complete 
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epilayer had to hard shift creating an antiphase domain at the next Si step (green to red color). (d) The formation of 
Bi2 BL at the interface with the neutralization of step defect (identified with white arrow), proposed in a model 
presented in (b) and can be visualized via HAADF image of Bi4Te3. (e) A trend of changing the probability to form 
antiphase domains with the increasing density of Bi2 BLs in the stacking sequence.  

4.8 Topology in BixTey stoichiometric family 

BixTey family, with distinct combinations of Bi2Te3 and Bi2, is proposed to be one of the richest material 
system in topology. The discovery of TCI phase in Bi2Te3 along with the conventional STI phase, the recent 
findings of Bi1Te1 as a dual TI with WTI phase along with TCI3 and Bi2 as a higher-order TI6, attracts the 
attention of chemists and physics to this stoichiometric series for the probable discovery of TSM phases.  

4.8.1 Bi4Te3: Electronic band structure 

In an earlier study3, the detailed electronic band calculations of Bi1Te1 was reported. In this study, the 
electronic band calculations of individual structural blocks, discussed in section 4.6, are performed in order 
to understand, the electronic transformation among various structural blocks. However, as all individual 
blocks exhibit a maximum length (along the “c” direction) of 2.5 nm, they do not qualify for 3D topology 
and therefore, are not presented here.  Among the states after Bi2Te3 and Bi1Te1, Bi4Te3 (the bulk state of 
QB blocks) holds the key importance. Therefore, the electronic band calculations with various 
approximations to the exchange-correlation energy in density functional theory (DFT) are performed for 
bulk Bi4Te3. Using VASP, the bulk band structure of Bi4Te3 including spin-orbit coupling (SOC), is calculated 
and depicted in Figure 4.35. 
 

  
Fig. 4.35: (a) The Brillion zone of a trigonal crystal with R-3m (166) space group indicating the location of TRIM points. 
(b) The simulated electronic band structure of bulk Bi4Te3 using VASP. The bulk indicates the semi-metallic behavior 
with pockets of energy in valance and conduction bands overlapping between TRIM points Γ and Z and also between 
Z and K. The overlap can easily be observed in the purple colored zone. Simulation results are kindly provided by Gustav 
Bhilmayer87. 
 
The band structure, depicted in Figure 4.35, exhibits a gap at the TRIM point Γ; however, there are pockets 
of overlap between the valence and the conducted bands that can be observed between the TRIM points 
Γ and Z and also between points Z and K, for better visibility follow the purple color zone. These small 
overlap designate Bi4Te3 as a bulk semimetal with trivial attributes. In order to confirm the evaluated 
bands, the calculations are performed again using different approximations to the exchange-correlation 
energy including PBE, G0W0 (Diag), G0W0 using Wannier interpolation and G0W0 (full). The results are 

(a) 

(b) 
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depicted in Figure 4.36. According to the G0W0 (full) model, the valance and conduction bands are in very 
close proximity and exhibit a small and indirect band gap of approx. 2 meV (cannot be resolved in Figure 
4.36).     
 

 
 

 

   

   

Fig. 4.37: The simulated surface states projected on the bulk bands of Bi4Te3 using FLEUR. The density of surface states 
(red color), depending upon the terminating layer being (a-b) Bi2Te3 QL and (c-d) Bi2 BL, along with the projected bulk 
states (grey color), can be visualized. Simulation results are kindly provided by Gustav Bhilmayer87. 

Fig. 4.36: The simulated electronic band structure 
of bulk Bi4Te3 using different approximations to 
the exchange–correlation energy including PBE, 
G0W0 (Wannier) using Wannier interpolation, 
G0W0 (diag) and G0W0 (full). The small changes in 
the band structures are evident where the 
overlap in the purple colored zone can be 
observed. The best approximations are achieved 
via G0W0 (full). Simulation results are kindly 
provided by Irene Aguilera1. 
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4.8.2 Bi4Te3: Topology 

In order to evaluate the topological attributes, the 𝑍ଶ invariants of Bi4Te3 are calculated and found to 
be 𝑣଴; (𝑣ଵ𝑣ଶ𝑣ଷ) = 1; (111). To calculate the 𝑍ଶ invariant, one Γ (0.0 0.0 0.0), one Z (0.5 0.5 0.5), 
three L (0.0 0.5 0.0), and three F (0.5 0.5 0.0) points are selected, while the corresponding parity 
products are found to be Γ (-1), Z (-1), F (-1), and L (+1) resulting in 𝜋୻𝜋௓𝜋ி𝜋௅ = (−1) confirming a strong 
topological phase in Bi4Te3 protected by time-reversal symmetry (TRS). Later, using FLEUR, the surface 
states are calculated and depicted in Figure 4.37. These calculations are in line with an earlier reported 
calculations of Bi4Te3 band structure by Saito et al.7 where the evolution of surface states with the different 
top layer (Bi2Te3/Bi2) and topological evaluations are not performed.  

Surface States: It is observed that the surface states in Bi4Te3 vary in density based on the terminating layer 
on the (000 1) surface being Bi2Te3 or Bi2. Bi2Te3 hosts limited number of surface states while the density 
of states is observed to be much high in case of Bi2 termination, as depicted in Figure 4.37 where, the red 
color indicates topological surface states (TSS) while the grey color represents the projection of bulk states. 
Due to very small bulk bandgap of 2 meV in Bi4Te3, the contribution of TSS will be heavily suppressed.  

Dual Topology: After the evaluation of time-reversal symmetry (TRS) protected topological attributes in 
Bi4Te3, the crystal symmetry (CS) based investigations are performed. It is observed that Bi4Te3, similar to 
Bi2Te3 and Bi1Te1, exhibits dual topology with a non-zero mirror Chern number (𝑛ϻ ≠ 0) and exhibits TCI 
phase as well. The mirror Chern number for Bi4Te3 is found to be 𝑛ϻ = +1 that represents the opposite 
chirality of the Dirac states compared to Bi2Te3 with 𝑛ϻ = −1 and Bi1Te1 with 𝑛ϻ = −2.  
 

 
Fig. 4.38: The trend of decreasing bandgap vs. stoichiometry, plotted with data that is acquired from a few reported 
studies on BixTey in literature. The increasing density of Bi2 BLs with the changing stoichiometry resulted in weakening 
the strength of SOC and consequently in decreasing the inverted bandgap from -210 meV (Bi2Te3) to -2 meV (Bi4Te3). 
The stoichiometric states with higher Bi contents than Bi4Te3 such as Bi3Te2 and Bi2Te1 must exhibit semi-metallic 
behavior and therefore must pass through the critical point of 0 eV (phase transition boundary) and would most 
probably result in the formation of a topological Dirac semi-metal (TDSM). 
 

4.8.3 BixTey: Topological phase transformation  

Applying the model of topological phase transition, introduced in chapter 1 (Section 1.2), to BixTey 
stoichiometric family, the change in electronic band structure with the increasing density of Bi2 BLs is 
evident and can be observed in Figure 4.38. The addition of trivial into a topological material i.e. Bi2 into 
Bi2Te3 resulted in weakening the strength of SOC and consequently in decreasing the inverted bandgap 
from -210 meV (Bi2Te3) to -2 meV (Bi4Te3). The stoichiometry of Bi4Te3 with such a small bandgap indicates 
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that it resides very close to topological-trivial phase transition boundary (0 eV), as depicted in Figure 1.8. 
This trend also indicates that stoichiometric states with higher Bi contents than Bi4Te3 such as Bi3Te2 and 
Bi2Te1 must pass through the critical point of 0 eV (phase transition boundary) and would most probably 
result in the formation of a topological Dirac semi-metal (TDSM). That is why, these states hold a key 
importance for the topological investigations.  

4.9 Magneto-transport investigations of BixTey  

At last, the electronic characterization of the selected few BixTey stoichiometric states is performed via 
magneto-transport investigations. The Hall investigations are conducted to observe the change in carrier 
concentration with the decreasing inverted bandgap, plotted in Figure 4.38. After the Hall analysis, 
Aharonov–Bohm (AB) oscillations in ring structures are investigated to observe the dark (000 1) surfaces 
(trivial i.e. without topological surface states) of the weak topological insulator Bi1Te1 via magneto-
transport investigations and compared with the strong topology of Bi2Te3

86 and BST alloy88 (section 3.6).  

4.9.1 Hall investigations of BixTey alloys  

The measurement setup and the analysis techniques are already introduced in chapter 3 (section 3.6), 
during the magneto-transport investigations of 3D TIs. The similar approach is utilized to perform 
preliminary investigation of several selectively grown Hallbars of Bi1Te1, Bi6Te5 and Bi4Te3. The SEM images 
of the Hallbars can be visualized in Figures 4.11 and 4.20.  Figure 4.39a depicts the trend in the longitudinal 
resistance (R୶୶) vs. the perpendicular applied magnetic field (B) in a 500 nm wide Hallbar of Bi1Te1. The 
weak anti-localization (WAL) effect can be observed at lower magnetic fields, highlighted with red color 
zone. Figure 4.39b depicts HLN fit (equation 3.13) of the WAL data to extract the coherent length (𝑙ః) of 
the charged particles. Summary of the measured data is listed in Table 4.11. In comparison to Bi2Te3, two 
major differences are observed in Bi1Te1 characteristics and discussed below: 

 The magneto-resistive change in Bi2Te3 was observed to reach 98 % at B = 10 T (Table 3.3). In 
Bi1Te1, due to lower bandgap, higher density of carriers and the weak topology with the trivial  
(000 1) surfaces, the magnetoresistance (MR) has dropped to only 4 %. Another factor that played 
an important role in this trend is the increase in the misorientation angle of the substrate. The MR 
is also observed to drop for Bi2Te3 from 98 % to 38 % when substrate misorientation angle changed 
from 0.1֯ to 0.5֯ (Table 4.11).  

 In Bi2Te3, the coherent length (𝑙ః) is observed to be limited by the misorientation angle of the 
substrate89. For example, the value of 𝑙ః  is observed to drop from 230 nm to 63 nm (Table 4.11) 
when the misorientation angle is changed from 0.1֯ to 0.5֯ respectively.  On the other hand, due to 
its natural ability to overcome the Si step defect by inserting a Bi2 bilayer (Figure 4.34), 𝑙ః  in Bi1Te1 
is not limited by the miscut angle and exhibited an improvement from 63 nm (in Bi2Te3) to 460 nm.  

Similarly, Bi6Te5 and Bi4Te3 Hallbars are also investigated. Figure 4.40a depicts the changes in R୶୶ when 
the perpendicular field (B) varies from -7 T to 11 T in a 500 nm wide Hallbar of Bi4Te3. Unlike other BixTey 
alloys, a novel phenomenon of negative magnetoresistance (NMR) is observed in thin Bi4Te3 epilayer. NMR 
is an unusual phenomenon that involves novel and fascinating physics and is reported to occur in three 
distinct cases90 i.e. quenching of the Kondo effect91, 92, the existence of the ferromagnetic metallic state 
(also known as colossal MR)93 and the chiral anomaly in topological Dirac and Weyl semimetals under 
longitudinal magnetic field94, 95, 96, 97. None of these cases apply to Bi4Te3 and thus, there must be another 
factor responsible for such a unique behavior. It is also important to notice that NMR in Bi4Te3 is observed 
under the perpendicular magnetic field unlike the chiral anomaly in topological semimetals (TSMs).  
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Table 4.11: The summary of all electronic properties in the selected few BixTey materials, extracted from the Hall 
measurements. MR represents the percentage change in the magnetoresistance in RXX between B = 0 T and B = 10 T. 

 

Topological 
Material 

 
Carrier 

Width 
(nm) 

𝜼𝟐𝑫 
(x 1013 

cm-2) 

𝜼𝟑𝑫 
(x 1019 

cm-3) 

𝒍𝜱 
(nm) 

𝝁 
(cm2/

Vs) 

Si Miscut 
Angle ( ֯ )  

MR @  
10 T 
(%) 

 
Comments 

Bi2Te3 
(Reference) 

 

n-type 500  4.1 2.3 230 324 0.1 98 In situ capped 
500 6.9 8.6 63 136 0.5 38 In situ capped 

 

 
Bi1Te1 

 
n-type 

1000 13.4 15.2 311 136 0.5 2.4 In situ capped 
500 11.5 13.2 460 154 0.5 3.8 In situ capped 
100 12.3 12.9 446 143 0.5 3.6 In situ capped 

 

Bi6Te5 n-type 500 14.5 16.2 436 139 0.5 3.9 In situ capped 
 

 
Bi4Te3 

 
n-type 

1000 98.4 153.2 113 187 0.5 9.8 In situ capped 
500 86.5 144.2 137 212 0.5 14.4 In situ capped 
100 87.3 132.9 124 176 0.5 12.3 In situ capped 

 

           
Fig. 4.39: Hall measurement data of Bi1Te1. (a) The trend in longitudinal resistance (𝑅௫௫) vs. applied magnetic field 
(𝐵). The weak anti-localization can be observed at lower magnetic fields, highlighted with red color zone. (b) HLN 
fitting of weak anti-localization, red zone in (a), to extract the coherent length (𝑙ః) and factor 𝛼. 
 

           
Fig. 4.40: Hall measurement data of Bi4Te3. (a) The trend in NMR, the longitudinal resistance (𝑅௫௫) vs. applied magnetic 
field (𝐵). The weak localization can be observed at lower magnetic fields, highlighted with green color zone. (b) HLN 
fitting of weak localization, green zone in (a), to extract the coherent length (𝑙ః) and factor 𝛼. 
 
Recently, the phenomenon of NMR was reported in 3D TIs as well. Zhang et al.98 reported NMR in CVD 
grown Bi2Se3 flakes due to the spatial inhomogeneity of carrier density and mobility in the crystal99, 100. 
Breunig et al.90 reported NMR in TBST (TlBi0.15Sb0.85Te2), Singh et al.101 reported in Bi2Se3–ySy and Yadav  
et al.102 reported in the sculpted nanowires of Bi2Te3 under the perpendicular magnetic fields. All reports 
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agreed on the common factor with the presence of spatial disorder in the crystal that led to the formation 
of electron puddles103, 104 and altered the carrier concentration and mobility in the crystal99, 100.  

The NMR observed in Bi4Te3 somehow differs from the above mentioned reports as well. The magneto-
resistive behavior reported in those studies exhibited WAL at low magnetic field and the trend later 
switched to NMR. In Bi4Te3, WAL is not observed rather a continuously increasing NMR is witnessed. Also, 
the presence of hybrid stacking and structural characterization via XRD and STEM have confirmed the 
defect-free epilayer (Figure 4.20). Thus, the defects induced localized variation in the carrier density cannot 
be a reason of NMR in Bi4Te3. Based on discussions in section 4.4, 4.6 and 4.8, there are two factor that 
may have impacted R୶୶ behavior in Bi4Te3 crystal, observed in Figure 4.40. The near semi-metallic band 
structure (high carrier density) along with the strong 3D topology with non-ending weak indices as the 𝑍ଶ 
invariants for Bi4Te3 are 1; (111) (Section 4.8). The stoichiometric location in topological-trivial phase 
diagram with a close proximity to the critical point (0 eV) i.e. the phase boundary with probable TDSM 
phase (Figure 4.38). Both of the above mentioned factors may have impacted the magneto-transport 
behavior of Bi4Te3. However, nothing can be said with certainty and further detailed and systematic 
electronic investigations are required to understand the physics responsible for NMR in Bi4Te3. Another 
important point to notice in Bi4Te3 epilayers, is the improvement of 𝑙ః, compared to Bi2Te3. This features 
confirms the structural ability of Bi4Te3 to suppress the Si step defect, depicted in Figure 4.34, with the 
reduced probability of antiphase domain formation to 50 %.  

4.9.2 Aharonov–Bohm (AB) oscillations in ring structures 

The presence of topological surface states (TSS) via AB oscillations originating in ring shaped structures of 
BST alloy under the perpendicular applied magnetic field, is already witnessed in chapter 3 (Figure 3.20). 
In order to confirm the dark (trivial) surface of WTI, the selectively grown ring structures of Bi1Te1 are 
investigated and the results, along with Bi2Te3, are depicted in Figure 4.41.   

 

Fig. 4.41: Investigation of TSS on (000 1) surfaces via Aharonov–Bohm oscillations performed on the selectively grown 
ring structures of (a) BST alloy and (b) Bi1Te1. The green and blue colored circles represent the shortest and the mean 
radii of the ring structures respectively. (c) The Fourier spectrum of the filtered data measured on BST alloy ring i.e. 
the device presented in (a) representing two distinct peaks at different frequencies. (d) The Fourier spectrum of the 
filtered data obtained from Bi1Te1 ring representing only one distinct peak. 
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A comparative analysis between ring structures of BST alloy (STI) and Bi1Te1 (WTI) is conducted and the key 
observations are discussed below: 

 The ring containing BST alloy (Figure 4.41a) due to presence of strong topology exhibited TSS. The 
Fourier spectrum of magneto-conductance (Figure 4.41c) revealed two distinct peaks where the 
frequency can be translated back to certain radii. The first one, marked with green color, is 
corresponding to the shortest radius of the ring (attributed to an interference of electrons 
occupying TSS at the inner surface of the ring). The second, marked with blue color, is 
corresponding to the mean radius (attributed to a bulk contribution)105. In Bi1Te1 ring structure 
(Figure 4.41b), however, the Fourier spectrum of magneto-conductance (Figure 4.41d) revealed 
only one peak that is corresponding to the mean path and thus, must have originated due to bulk 
contribution. While the spectrum position corresponding to the inner radius of interference path 
(due to TSS) exhibited no peak rather the residual background noise. This feature confirms the 
(000 1) surfaces of Bi1Te1 being dark (trivial) with the absence of TSS, just as witnessed via ARPES 
by Eschbach et al.3  

 The investigation of AB oscillations in ring structures containing BST alloy were limited to a 
maximum radius of 70 nm. It was due to the requirement i.e. the interference path length < 2𝑙ః 
where 𝑙ః = 212 nm for the BST alloy (for details visit Table 3.3). Figure 4.41a displays a BST ring 
structure with the mean radius of 70 nm. Bi1Te1 on the other hand, exhibited highly improved 𝑙ః 
due to natural suppression of antiphase domains with the insertion of a Bi2 bilayer between the 
top and bottom terraces at the Si step edge, observed during the Hallbar measurement and listed 
in Table 4.11. This property of Bi1Te1 facilitated the investigation of ring structures with the mean 
radius reaching up to 180 nm. Figure 4.41b displays a Bi1Te1 ring structure with the shortest radius 
of 150 nm while the mean radius is 175 nm. 

The AB-oscillations based investigations on Bi4Te3 ring structures are not performed. Having strong 
topology with near semi-metallic band structure and exhibiting NMR behavior, the measurement of Bi4Te3 
ring structures will shed further light into the fascinating physics of the material. The magneto-transport 
investigation, discussed in section 4.9, have provided the preliminary results. However, further detailed 
and systematic investigations including gated Hallbars and ring structures of various BixTey alloys are 
required to be performed in order to understand the effects of changing spin-orbit coupling (SOC), the 
topology and the structural changes with the increasing density of Bi2 bilayers in the stacking order.    

4.10 Summary 
To address the issue of high density of trivial carriers in conventional 3D TIs, the technique of topological 
band engineering (TBE) is adopted to transform the topological phase of materials into the TSMs (DSM, 
TDSM, WSM etc.), the phases that exhibit topologically protected bulk states. In order to do so, the 
capabilities of vdW epitaxy are exploited via MBE. A systematic study is performed where the epitaxial 
growth of topological-trivial heterostructures in form of Bi2 bilayers and Bi2Te3 QLs is explored resulting in 
BixTey stoichiometric alloys. The gradual and controlled accumulation of Bi2 bilayers in the stacking order 
allowed the epitaxial growth of 38 distinct states of BixTey family starting from Bi2Te3 and passing through 
the key compositions of Bi4Te5, Bi6Te7, Bi8Te9, Bi1Te1, Bi10Te9, Bi8Te7, Bi6Te5, Bi4Te3, Bi3Te2, and ending at 
Bi2Te1. The theoretical evaluations have revealed the existence of dual topological phases in the three key 
states including Bi2Te3 and Bi4Te3 with the STI and TCI phases while Bi1Te1 exhibits the WTI along with the 
TCI phase. The increasing contents of bismuth in these alloys impacts the strength of SOC and decreases 
the inverted bandgap from -210 meV (Bi2Te3) to almost 0 eV (Bi4Te3); however, most of these states are 
electronically and topologically unexplored. The detailed theoretical (DFT) investigations of all BixTey alloys 
are required to have an overview of the trend in topology that would be able to provide an insight of the 
target stoichiometry that can be tuned exactly to engineer the electronic band structures of a TDSM phase. 
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For the first time, a systematic atomic-scale structural characterization (via STEM) of BixTey alloys has 
facilitated the observation of unique stacking sequences of Bi2 and Bi2Te3 layers along with the diverse 
variety of vdW interactions including the pristine (relatively weak) and the hybrid (relatively strong) 
stacking. The localized variations in the bond lengths due to the deviations in the atomic interactions with 
the changing vdW stack, and the resulting impact on the dimensional changes in the corresponding unit 
cells are explored. These observations can be extremely helpful in understanding the classification of 
bonding (pseudo-vdW, metavalent etc.) and their impact on the structural and the electronic properties 
of the layer based material systems. Once again, the support of theoretical calculations and the simulations 
of structural models are required. 
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Chapter – 5 
3D TIs - GeTe Heterostructures:  

Towards Selective Nano-architecture 
Thin film epitaxy on planar substrates and SAE of nanostructures on pre-patterned substrates of various 
BixTey alloys, in form of (Bi2)m(Bi2Te3)n stoichiometric superlattices, are discussed in chapter 4. This chapter 
is dedicated to study the epitaxial growth of (GeTe)m(Bi2Te3/Sb2Te3)n based heterostructures that 
materialize into stoichiometric GBT/GST ternary alloys respectively. The importance BixTey alloys hold for 
their novel crystal symmetry (CS) based topological features1, 2, 3 and outstanding thermoelectric 
properties4, 5, 6, 7, 8, 9, 10, the equivalent importance is carried by GeTe based GST/GBT alloys for their time-
reversal symmetry (TRS) based topological11 and phase change characteristics (PCM)12, 13, 14, 15, 16, 17, 18, 19, 20. 
Based on discussions in chapter 1 (Section 1.2), the stoichiometric modulation assisted topological phase 
transitions are conducted once again with a new set of “base” (topological) – “additive” (trivial) material 
combinations. Here, GeTe is utilized as an “additive”. GeTe is a semiconductor that exhibits topologically 
trivial attributes with 0.6 eV non-inverted bandgap11, 12, 15, 21, 22 while one of the 3D TIs i.e. Sb2Te3/Bi2Te3, 
serves as the “base” formulating stoichiometric GST/GBT alloys. In GST/GBT stoichiometric alloys, with 
increasing contents of GeTe, the strength of spin orbit coupling (SOC) decreases causing the inverted 
bandgap to shrink until it reaches a critical point of 0 eV (becomes SM), breaks TRS and loses its topological 
features23, 24. With further addition of GeTe, the non-inverted bandgap with trivial attributes starts 
increasing until the material reaches the exact stoichiometry of GeTe.  

The two stoichiometric material systems BixTey = (Bi2)m(Bi2Te3)n (discussed in chapter 4) and GST/GBT = 
(GeTe)m(Sb2Te3/Bi2Te3)n have a few similarities; however, they also exhibit unique differences as well. The 
key similarities and differences are discussed below:  

 Multiple of 3 issue: Both systems belong to the trigonal (either H- or R- centered) crystal structure. 
Both systems exhibit ABC-ABC stacking order and therefore, the total number of atomic layers 
along the “c” lattice in a characteristic cell must be a multiple of 3 or the characteristics cell must 
repeat itself 3 times to complete a unit cell, as introduced in section 4.1. 

 Layer architecture: In BixTey stoichiometric system, both the “base” (Bi2Te3 QL) and the “additive” 
(Bi2 bilayer) preserve their individual identity by not merging into each other and forming a new 
compound layer. In GST/GBT alloys, however, the “base” (Sb2Te3/Bi2Te3 QL) and the “additive” 
(GeTe) in most conditions form a composite super cell with 7, 9, 11, 13… atomic layers (depending 
upon the exact stoichiometric state) and lose their individual identity (Section 5.1). 

 Nomenclature: Preserving the individual identity by “additive” and “base” in BixTey family brings 
complications in comprehending various nomenclatures. BixTey = (Bi2)m(Bi2Te3)n where (x,y) 
represents the normalized atomic contents and (m:n) represents the total number of BLs and QLs 
in a unit cell. The conversion of (x,y) into (m:n) can be quite complicated and not readily attainable. 
While, in GST/GBT alloys due to the formation of compound layer architecture or supercells, the 
nomenclature is relatively easy to understand and conversion is less complicated.   

 Pristine vs. hybrid stacks: BixTey family exhibits variety of layer stacking (pristine and hybrid) 
including QQ, QB and BB etc. (discussed in section 4.6) that results in different interlayer gaps. All 
of these different stacking orders make structural understanding quite unique and complicated at 
the same time. GST/GBT alloys other than IPCMs, always exhibit relatively weak stacking between 
Te atoms similar to QQ stack in Sb2Te3 and Bi2Te3 with pristine interlayer gaps. 

 Topological protection via TRS vs. CS: Nearly all members of BixTey exhibit topological protection, if 
not by TRS then via CS. Topologically, BixTey is still a new material system that requires detailed 
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investigations. Lack of knowledge about topological effect on different stacking order and coupling 
of various blocks is the missing link. However, with upcoming new discoveries such as the recent 
findings of Bi as HOTI3, 25, possibilities of topological features in BixTey series are endless. On the 
other hand, GST system lacks such complexity and is an example of classical phase transformation. 
Sb2Te3 exhibits STI phase via TRS protection and with continuous accumulation of GeTe in the alloy, 
inverted bandgap of the stoichiometric state decreases that eventually switches to a non-inverted 
band with topologically trivial phase (the details can be found in chapter 1, section 1.2).      

 Stoichiometric tuning: The stoichiometric tuning of GST/GBT alloys is more complicated than BixTey 
as now three elements i.e., three different beam fluxes are involved in the optimization of  
a stoichiometric state. In BixTey, the stoichiometry is tuned via only Bi/Te flux ratio while in GST 
system, all Ge/Sb, Ge/Te and Sb/Te flux ratios must be tuned to obtain the desired stoichiometry.  

Due to the well-known amorphous ↔ crystalline phase transformation of Ge based chalcogenides26, 27, 28, 

29, GST alloys and GeTe are extensively studied; however, GBTs even after predicted of being a better PCM 
(fast conversion) than GSTs30, 31, lack reported studies. This chapter is dedicated to perform the epitaxial 
growth of GST and GBT stoichiometric states along with pure GeTe via MBE on Si (111) planar substrates. 
Later, nanostructures via SAE are prepared by applying optimized parameters to the pre-patterned 
substrates and the detailed structural investigations are performed. 

5.1 (GeTe)m(Sb2Te3)n nomenclature and layer architecture  

Unlike BixTey, the nomenclature and conversion of GST alloys to their basic layer stacks i.e. GeTe and Sb2Te3 
is not complicated as individual layers lose their identity and form supercells. In general, any GST 
stoichiometric state GexSbyTez = (GeTe)m(Sb2Te3)n can also be represented in simplified version with  
GST-xyz. The values of (x, y, z) represent the normalized atomic contents while the values of (m:n) 
represent relative contributions of GeTe and Sb2Te3 in a unit cell. Similarly, the relation between the layer 
size (layer architecture) and the unit cell can be readily evaluated by checking if (x+y+z) or (m+n) is a 
multiple of 3 or not. Here are a few examples to explain this trend.  

 GST-225 represents Ge2Sb2Te5. It comprises of, as indicated by Ge (x = 2), Sb (y = 2) and Te (z = 5), 
with (m:n) = (2:1) as (GeTe)2(Sb2Te3)1. As (x+y+z) = (2+2+5) = 9 a multiple of 3, this stoichiometric 
state consists of periodic stacking of 9-atomic layers where each individual layer acts as a unit cell. 

 GST-124 represents Ge1Sb2Te4. It comprises of (m:n) = (1:1) as (GeTe)1(Sb2Te3)1. Because (x+y+z) = 
(1+2+4) = 7, this stoichiometric state comprises of periodic stacking of septuple layer (SL) and 7 
being not a multiple of 3, a SL alone cannot act as a unit cell rather a unit cell in GST-124 comprises 
of (m:n) = (3:3) with 3 SLs.  

Considering the stoichiometric pure growths of GST alloys, the layer architecture can be identified by the 
value of x (Ge) with the following rules.  

 If x = 0, only QL architecture exists. Example: Sb2Te3 
 If x < y, SL and QL architecture should exist. Example: GST-124 and GST-147 
 If x = y, 9-atomic layer architecture exists. Example: GST-225 
 If x > y, architecture must contain supercells with 11 or more atomic layers. The value of (x+y+z) 

provides information about layer architecture for example GST-326 comprises of 11 atomic layers. 
 If y = 0, two distinct possibilities exist: 

 x = z, layer free architecture. Example: GeTe  
 x < z, trilayer (TL) architecture. Example: GeTe2  

The key members of GST stoichiometric states in a tri-elemental phase diagram along with their layer 
stacks in a unit cell are depicted in Figure 5.1 
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5.2 Epitaxial growth of GST ternary alloys 

The stoichiometric growth of GST ternary alloys, in comparison to Sb2Te3, requires additional tuning of 
Ge/Sb flux ratio and therefore, the initial attempts are started with the pre-optimized growth rate (RTF) of 
Sb2Te3 (Figure 2.7).  In order to simplify the process, only Ge flux (TGe) is used as a variable parameter. Tsub, 
TTe and TSb are kept constant at 300 ֯C, 320 ֯C and 470 ֯C respectively while TGe is gradually increased from 
1180 ֯C in steps of 10 ֯C. Unexpectedly, no change in the surface morphology of the epilayers is observed 
that are prepared with TGe from 1180 ֯C to 1220 ֯C. XRD diffraction patterns also confirmed no changes in 
the stoichiometry of Sb2Te3. Nonetheless, the Ge flux is kept increasing and at TGe = 1250 ֯C, the XRD pattern 
indicated single crystalline yet, mixed phase growth of GST alloy. The Rutherford backscattering 
spectroscopy (RBS) measurements revealed the presence of 18.7 % Ge in the epilayer which brings the 
stoichiometry between GST-124 (14.2 % Ge) and GST-225 (22.2 % Ge) states. In order to better understand 
the relation between the applied Ge flux (TGe) and the accumulation of Ge in the epilayer, a couple of 
growths are conducted with TGe at 1245 ֯C and 1255 ֯C. XRD patterns revealed that the epilayer prepared 
at 1245 ֯C is still majorly Sb2Te3 with minor shifts in characteristic peaks (indicates very low accumulation 
of Ge) while the sample prepared at 1255 ֯C exhibited once again, the mixed phase crystal of GST alloy.  
        

Fig. 5.1: Overview of unit cells in GST = (GeTe)m(Sb2Te3)n 
stoichiometric series along with the stacking sequences.  
(a) Difference in color of various blocks represents change 
in layer architecture with increasing Ge contents. Green, 
orange, blue, yellow and purple blocks represent QL, SL, 
 9-atomic, 11-atomic and 13-atomic layer architecture 
respectively while red color represents layer-free 
architecture of GeTe. (b) Tri-elemental phase diagram of 
GST alloys exist at pseudo-binary line between Sb2Te3 and 
GeTe. Key members are marked. 

(b) 

(a) 
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Fig. 5.2: Tsub - ADR dependency of Ge on Tsub. (a) The change in Ge contents with both modified (green with TSb = X ֯C 
where X represents a variable value of TSb changed corresponding to Tsub) and unmodified (red with TSb =  
470 ֯C) conventional approaches with gradually decreasing Tsub is depicted. The effect of ARD dependency of Sb and 
the resulting inaccuracy in Ge contents is evident in unmodified approach which is corrected with modified Sb flux and 
the effective change can be associated directly to Ge accumulation in the epilayer. (b) The corresponding changes in 
RTF of epilayer discussed in (a). The constant TSb in unmodified conventional approach resulted in drastic increase in 
RTF with decreasing Tsub as both Sb and Ge exhibit ADR dependency while in modified conventional approach Sb 
contents are influentially kept constant by correspondingly reducing TSb and Ge accumulation is the only feature that 
resulted in gradual increment in RTF.  
 
The above mentioned experiments indicated abrupt, rather than gradual accumulation of Ge contents in 
the epilayer. Such a behavior points towards the higher adsorption to desorption ratio (ADR) dependency 
of Ge adatoms on Tsub just like Sb, observed during Sb2Te3 growth (discussed in chapter 2). In order to tune 
the gradual accumulation of Ge in the epilayer, ADR dependency on Tsub must be investigated. The 
investigations are conducted using the following approaches:  

 Flux variation: Keeping Tsub constant at 300 ֯C and assisting Ge accumulation in the epilayer by 
increasing RTF with the additional Sb flux (increasing TSb). The average thermal energy per adatoms 
will decrease and Ge enriched epilayers could be achieved. This approach is not recommended 
due to two reasons. First is the unavailability of the growth rate (RTF) reference points at higher Sb 
fluxes as in all previous experiments (conducted in chapter 2), TSb is never increased from 470 ֯C. 
Dealing with two unknowns i.e. Ge and Sb beam fluxes will simply increase the complexity of 
analysis. Second reason is the unnecessary increment in RTF that would lead to high defect density.    

 Temperature variation: This approach is the conventional one, where dependency can be simply 
investigated by keeping all fluxes TGe, TSb and TTe constant and altering Tsub in gradual steps. Due to 
very high ADR dependency of Sb on Tsub (Figure 2.7), the conventional approach also will not 
provide accurate results. As with gradual decrement in Tsub, Sb contents in epilayer will increase 
and it will not be possible to identify changes in RTF due to additional Ge contents precisely. This 
phenomenon can be visualized in Figure 5.2b (red data points) where it is also compared with the 
modified approach (green) to evaluate the accurate changes in Ge contents discussed below.  

 Modified temperature variation: The above mentioned conventional approach with minor 
modifications can be used to realize the precise changes in Ge contents. The idea is to lower TSb 
with the decreasing Tsub to keep Sb accumulation in the epilayer constant (RTF due to Sb); so that 
the resulting changes in RTF can be attributed directly and only to Ge. To execute this scheme, the 
availability of reference data of changes in Sb accumulation with varying Tsub is mandatory. As ADR 
dependency study of Sb with Tsub is conducted in chapter 2, the corresponding reference data is 
available and exploited with this approach to evaluate ADR of Ge with Tsub.  

(b) (a) 
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Hence, Tsub - ADR dependency of Ge is conducted where TGe and TTe are kept constant at 1240 ֯C and 320 ֯C 
respectively while Tsub is gradually decreased along with the corresponding reduced TSb (for details please 
refer to Figure 2.7). At Tsub = 300 ֯C, the epilayer that exhibited pure Sb2Te3 state (confirmed via XRD) 
presented minor shifts in characteristic peaks that indicates the Ge accumulation while prepared at Tsub = 
295 C֯. Ge contents in the epilayer kept increasing but mostly in mixed states until crystalline near single 
state is obtained at Tsub = 285 ֯C with TSb = 460 ֯C. This trend of changing Ge accumulation in the epilayer is 
depicted in Figure 5.2 along with unmodified conventional approach. The extent of ADR dependency of Ge 
on Tsub can be visualized from this experiment where 15 ֯C decline in Tsub has transformed the stoichiometry 
from pure Sb2Te3 state (0 % Ge) to near GST-124 with 14.28 % Ge.  

Based on these results, all epitaxial growths of GST alloys are conducted at Tsub = 285 ֯C.  Epitaxial thin films 
of key GST members that are successfully achieved in this study are summarized in Table 5.1, where m and 
n indicate the total number of GeTe blocks and Sb2Te3 QLs in a unit cell. The varying fractions of Ge, Sb and 
Te in each alloy are tabulated. The predicted out of plane lattice constant (cpredicted) is evaluated using the 
equation 5.1 where c’ and c’’ indicate the out of plane lattice constants of GeTe = 10.47 Å12, 32, 33 and Sb2Te3 
= 30.45 Å respectively.  

𝑐௣௥௘ௗ௜௖௧௘ௗ =  
ଵ

ଷ
 (𝑚𝑐ᇱ + 𝑛𝑐′′)                                                      (5.1) 

 
Table 5.1: An overview the GST stoichiometric alloys prepared via MBE. For each state the relative contents of 
individual elements Ge, Sb and Te, the total number of individual building blocks/layers of additive (n) and base (m) in 
a unit cell, the in plane lattice constant (a) and the out of plane predicted (Cpredicted) and actual (Cactual) lattice constants 
are listed. 

 

GST-xyz 
 

m 
 

n 
 

Comments Ge  
(%) 

Sb 
 (%) 

Te  
(%) 

a  
(Å)  

Cpredicted  
(Å) 

cactual  
(Å) 

GST-023 0 3 Reference 0 40.00  60.00  4.26 30.45 30.46 
GST-1610 3 9 Multiple of 3 5.88 35.29 58.82 4.25 101.8 101.74 
GST-147 1 2 - 8.33 33.33 58.33 4.25 23.79 23.82 

GST-2611 6 9 Multiple of 3 10.53 31.58 57.89 4.25 112.25 112.29 
GST-3815 9 12 Multiple of 3 11.53 30.77 57.69 4.24 142.78 142.72 
GST-124 3 3 Multiple of 3 14.28 28.57 57.14 4.24 40.96 40.97 
GST-225 2 1 - 22.22 22.22 55.55 4.22 17.12 17.17 
GST-326 9 3 Multiple of 3 27.27 18.18 54.54 4.21 61.79 61.81 

 
The last set of experiment assisted to evaluate optimum values of Tsub = 285 ֯C and TSb = 460 ֯C for the 
growth of GST alloys while TTe is kept constant at 320 ֯C. Unlike BixTey but similar to the growth of 3D TIs, 
TTe does not take any part in determining the growth rate. In GST alloys, the accumulative beam flux of Ge 
and Sb controls the growth rate (RTF). This behavior can also be seen clearly in Figure 5.2 that indicates the 
rate of increasing RTF is higher when TSb is kept constant at 470 ֯C (unmodified conventional approach) in 
comparison to the modified conventional approach where ADR of Sb is kept constant and only Ge flux was 
responsible for increasing RTF. The tuning of GST stoichiometric states is started with the last growth 
parameter of TGe = 1240 ֯C that exhibited the Ge contents in the epilayer close to 14.8 % (Figure 5.2).  

5.2.1 Epitaxial growth of GST-124 

The stoichiometric state GST-124 contains 14.28 % Ge contents. It exhibits a characteristic unit cell of (m:n) 
= (1:1) where a single GeTe block merges with a QL and forms a septuple layer (SL). As it suffers from 
multiple of 3 issue, a complete unit cell comprises of (m:n) = (3:3) with 3 SLs. GST-124 exhibits  
a rhombohedral crystal structure with R-3m (166) space group and unit cell length cpredicted = 40.96 Å34, 35, 

36. After GST-225, it is the most extensively studied stoichiometry in literature as PCM11, 27, 34, 37, 38, 39, 40.  
GST-124 is reported to be prepared via Bridgeman and zone-melt methods11, 41, 42, CVD42, MOVPE43, 44, 45, 
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sputter deposition46, 47, 48, PLD49 and MBE50, 51. Among all of them, MBE is the least studied technique. 
Though it provides the best crystal quality, it is not favored in PCM community due to a relatively slower 
and expensive technique to prepare epilayers. Also, the stoichiometric control via MBE is relatively more 
challenging in comparison to all other methods. Despite all of these challenges, epilayers prepared via MBE 
exhibit an order or two reduced defect density52 (reduced carrier concentration) in comparison to other 
techniques which designates it as the best tool to prepare high quality crystals for quantum applications.   
 

    

    

Fig. 5.3: XRD patters of key members of GST alloys according to hexagonal crystal lattices. (a) Diffraction peaks of 
Sb2Te3 (GST-023) with (m:n)=(0:3) matching perfectly with c = 30.45 Å. Δω scan revealed FWHM values of 276″ 
obtained at 2θ=44.45֯ (000 15) peak indicating high crystal quality. (b) Diffraction peaks of GST-147 with (m:n)=(1:2) 
exhibiting c = 23.82 Å. Δω scan revealed FWHM values of 486″. (c) Diffraction peaks of GST-124 with (m:n)=(3:3) 
exhibiting c = 40.96 Å with FWHM values of 356″. (d) Diffraction pattern of GST-225 with (m:n)=(2:1) exhibiting c = 
17.28 Å. Δω scan with FWHM values of 389″ obtained at 2θ=47.25 ֯ (000 9) peak. 
 
The tuning of GST-124 stoichiometric state is started with TGe = 1240 ֯C while all other fluxes and Tsub are 
kept constant at the corresponding optimum values. With gradual decrement of Ge flux, the accurate 
Ge/Sb flux ratio is obtained at TGe = 1236 ֯C and single crystalline epilayer of GST-124 is achieved with RTF = 
9.2 nm/h. Figure 5.3c displays XRD 2θ-ω scan of 78 nm thick epilayer of GST-124. The unit cell dimensions 
measured via XRD RSM and 2θ/θ diffraction pattern, displayed in Figure 5.4, are found cactual = 40.97 ±  
0.02 Å that is in agreement with the earlier reports34, 39. It is really interesting to notice here that the 
measured unit cell length cactual does not deviate from the theoretical value cpredicted unlike BixTey 
stoichiometric states. It can be associated to the absence of hybrid stacking in GST-124. XRD 𝜑-scan 

(b) (a) 

(d) (c) 

FWHM = 276″ FWHM = 486″ 

FWHM = 356″ FWHM = 389″ 

GST-023 

GST-124 GST-225 

GST-147 
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indicated the presence of suppressed twin domains with the relative intensity of (1:11) and dominant 
domain collinear with Si (311), depicted in Appendix 5B. With further growth optimization, twins can be 
entirely avoided; although, here the presence of twins can be directly linked to RTF > 5 nm/h. The structural 
quality of epilayer is investigated via rocking curve (Δω) analysis with FWHM value of 356″.  
  

    

 Fig. 5.4: Investigation of lattice parameters via XRD. (a) Reciprocal space map (RSM) of GST-124 acquired along  
the (0 -1 0 23) peak indicating lattice constants “a” and “c” in good agreement with cpredicted. (b) Evaluation of unit cell 
length “c” according to Bragg diffraction principle via XRD 2θ/θ scan.  

5.2.2 Epitaxy from GST-124 to Sb2Te3 (GST-023) 

Several stoichiometric states exist that contain either higher or lower Ge contents than GST-124 (Ge = 
14.28 %). The search for next stoichiometric states started with the lower Ge contents towards Sb2Te3 
because of their topologically non-trivial attributes and stacking variety16, 36, 53. Keeping all parameters 
constant, TGe is gradually decreased from 1236 ֯C and a couple of stoichiometric states including GST-3815 
at TGe = 1229 ֯C and GST-2611 at TGe = 1221 ֯C with characteristic cells of (m:n) = (3:4) and (2:3) respectively, 
are achieved (for details visit Table 5.1). Both stoichiometric states exhibit the multiple of 3 issue and their 
complete unit cells comprise of (m:n) = (9:12) and (6:9) with the stacking sequences of SSSQ-SSSQ-SSSQ 
and SSQ-SSQ-SSQ where S and Q represent SL and QL respectively. Similar to the structural characterization 
of GST-124, depicted in Figure 5.4, XRD 2θ/θ and RSM investigations for both states i.e. GST-3815 and GST-
2611 are performed and the lattice parameters are confirmed. None of these alloys are comprehensively 
studied in literature and no explicit report about their crystal preparation or structural characterization, is 
available.  

GST-147: Gradually decreasing TGe from 1221 ֯C, the optimum Ge/Sb flux ratio is obtained at TGe = 1215 ֯C 
with the stoichiometry of GST-147 that contains 8.33 % Ge. It exhibits a unit cell with (m:n) = (1:2) with the 
stacking sequence of SQ and unit cell length cpredicted = 23.79 Å. GST-147 is not as commonly studied as  
GST-124; however, in the last few years a lot of attention is attracted by this state due to its topological 
and PCM characteristics35, 54, 55, 56. GST-147 is reported to be prepared via Bridgeman55, 56and zone-melt 
methods11, 41, 42, CVD42, sputter deposition46, 47, 48, 57, PLD20, 26, 58, 59, 60, 61 and MBE62.  It exhibits a trigonal 
crystal structure with P-3m1 (164) space group35, 63, 64, 65. Figure 5.3b displays XRD 2θ-ω scan of a 88 nm 
thick epilayer of GST-147. The unit cell dimensions evaluated via RSM and XRD 2θ/θ diffraction pattern, 
depicted in Appendix 5B, are found to be in good match with the literature66, 67 having cactual = 23.82  ±  
0.02 Å. Once again, no deviations between cactual and cpredicted are observed. XRD 𝜑-scan (plotted in Appendix 
5B) indicated the presence of heavily suppressed twins with relative intensity of (1:18) where the dominant 
domain is found collinear with Si (311). Though GST-147 epilayer exhibited the single crystalline state, the 

(b) (a) 
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quality of epilayer investigated via rocking curve (Δω) analysis with FWHM value of 486″ indicated the 
presence of a few interlayer defects (possible stacking sequence disorder) as other GST epilayers exhibited 
FWHM values close to 300″. 

TGe is gradually decreased further from 1215 ֯C (state of GST-147) and at 1203 ֯C stoichiometric state of 
GST-1610 with the characteristics cell (m:n) = (1:3) is successfully achieved. It exhibits the multiple of 3 
issue and thus, a unit cell comprises of (m:n) = (3:9) with the stacking sequences of SQQ-SQQ-SQQ 
respectively. It also exhibits the trigonal crystal structure; however, the literature holds no report about 
the crystal preparation or structural characterization of this alloy. With the continuous decrement in Ge 
flux, XRD characteristic peaks shifted to Sb2Te3 as soon as TGe reached 1195 ֯C indicating the absence of Ge 
in the epilayer. Here, the term absence of Ge implied to the absence of SL architecture as Ge atoms may 
still be present in the epilayer as dopants or as antisites in small quantities.  

5.2.3 Epitaxy from GST-124 to GeTe 

After reaching the lowest limit of Ge contents in GST alloys i.e. Sb2Te3 (GST-023), the search for 
stoichiometric states with higher Ge contents is initiated. In order to do so, TGe is set to the value of  
GST-124 with TGe = 1236 ֯C. All parameters TSb, TTe and Tsub are kept constant while TGe is gradually increased. 
Passing through several mixed phase states at TGe = 1252 C֯, the stoichiometric state of GST-225 is 
successfully achieved. GST-225 contains 22.22% Ge and exhibits the smallest unit cell length among all GST 
alloys with cpredicted = 17.18 Å and (m:n) = (2:1). The layer stack and the relative atomic distribution of Ge 
and Sb in a GST-225 unit cell are depicted in Appendix 5A. 

GST-225 is the most extensively studied material in the PCM community. It is reported to be prepared 
using all crystal preparation methods including Bridgeman12, 46, 68, 69, CVD42, sputter deposition70, PLD26, 58, 

59, 60, 61, 71, 72 and MBE16, 54, 62. GST-225 exhibits a trigonal crystal structure with P-3m1 (164) space group73. 
Figure 5.3d displays the XRD pattern of a 73 nm thick epilayer of GST-225. The unit cell dimensions 
evaluated from RSM and XRD 2θ/θ diffraction pattern, depicted in Appendix 5B, are found be in good 
match with the literature73. The quality of the epilayer is investigated via Δω scan with the FWHM value of 
389″. Structurally, GST-225 is one of the most interesting stoichiometric states. It consists of 9-atomic layer 
stacks in a trigonal lattice. The 9-atomic cell readily transforms itself into various isomers that exhibit 
several phase change properties including: 

 Conventional bulk PCM: GST-225 acts as a bulk PCM18, 68, 69. It transforms between crystalline (low 
resistive) ↔ amorphous (high resistive) states and is one of the most suitable candidate for non-
volatile memory applications12, 35, 46, 54, 68, 70.  

 Crystalline bulk PCM: Based on the applied probe, GST-225 transforms into a cubic crystal structure 
(c-GST)74 through vdW gap reconfiguration technique75 and demonstrates three times higher 
conductivity (low resistive state) in comparison to the trigonal crystal structure (t-GST) (high 
resistive state). 

 Interfacial PCM: Among all GST alloys, it is one of the best reported candidate for the interfacial 
PCM (IPCM)76, 77, 78. Within the trigonal crystal structure (t-GST), various configurations exist where  
9-atomic super cell transforms into a group of 5 atomic QL and 4 atomic block of (GeTe)2. These 
configurations with different arrangements of Ge/Te atoms in (GeTe)2 block, depicted in  
Appendix 5A, result in different electronic states and are often recognized by their explicit names 
including Kooi79, 80, 81, Petrov82, 83, 84, inverse Petrov69, 85 and Ferro76, 86. These inter-configuration 
changes (interfacial transformations) in GST-225 result in low ↔ high resistive states formulating 
IPCM. Structurally, these configurations also introduce hybrid vdW stacks between Te and Ge 
atoms of QL and (GeTe)2 blocks of GST-225. 
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 Topological switches: The above mentioned interfacial configurations not only vary in their 
electronic resistivity but also transform through topologically trivial and non-trivial states as well83, 

86 and therefore, can be utilized as topological switches83, 86.   

IPCMs due to low energy consumption are the future of conventional bulk PCMs. Realization and utilization 
of IPCMs require defect free, reliable and scalable nano-atrchitecture76 for low energy applications. 
Understanding the structural transformations and individual electronic states of bulk and different 
interfacial phases in GST-225 is beyond the scope of this work; however, it is important to mention the 
potential applications that drive the demand of high quality epitaxial growth. Fabrication of high quality 
nanostructures and the control over interfacial configurations for IPCMs is still an ongoing research for 
GST-22576, 77, 87, 88, 89.  

GST-326: After attaining GST-225 at TGe = 1252 ֯C, TGe is gradually increased once again and the 
stoichiometric state of GST-326 is achieved successfully at TGe = 1265 ֯C. It contains 27.27 % Ge and exhibits 
the characteristic cell with (m:n) = (3:1) and comprises of 11-atomic layer supercell. Due to facing multiple 
of 3 issue, a complete unit cell consists of (m:n) = (9:3) with the unit cell length of cpredicted = 61.79 Å.  
GST-326 state is not favored in the topological community due to its topologically trivial i.e. non-inverted 
bandgap52, 90, 91; however, is extensively studied in literature as a conventional bulk PCM35, 52, 90, 91. GST-326 
exhibits a rhombohedral crystal structure with R-3m (166) space group35, 52, 90, 91. The quality of the epilayer 
is investigated via Δω scan with FWHM value of 373″. 
 

     

Fig. 5.5: An overview of epitaxial thin film growths of targeted GST stoichiometric states via MBE. (a) The trend of 
increasing Ge contents in the epilayer with variable TGe while all the other parameters are fixed to optimum values 
including TSb and Tsub at 460 ֯C and 285 ֯C respectively. The stoichiometric states of GST-1610, GST-147, GST-124, GST-
225 and GST-326 are obtained with TGe at 1203 ֯C, 1215 ֯C, 1236 ֯C, 1252 ֯C and 1265 ֯C respectively. (b) The 
corresponding epilayers mentioned in (a) are achieved with the growth rate (RTF) of 8.1 nm/h, 8.6 nm/h, 9.2 nm/h, 
10.8 nm/h and 12.6 nm/h respectively. The rate map is divided into 2 zones: yellow zone with the suppressed twin 
domains ranging 5 nm/h < RTF < 12 nm/h and high defect density red zone for RTF > 12 nm/h. All alloys, except  
GST-326 reside in the yellow zone and exhibit suppressed twin domains. 
 
After GST-326, the search for next stoichiometric states with higher Ge contents such as GST-427, 528 etc. 
is not conducted. The trend of Ge contents in the epilayer with the applied TGe along with the 
corresponding RTF, during the epitaxial growth of key GST stoichiometric alloys, is displayed in Figure 5.5. 
The increment in RTF with the rising Ge contents in alloys is obvious as the pursuit of these stoichiometric 
states requires Ge/Sb flux tuning which is achieved with the variable TGe while TSb is kept constant. Based 
on previous extensive structural investigations of 3D TIs (chapter 2 and 3) and BixTey family (chapter 4), it 
can be concluded that higher RTF (> 5 nm/h) steers towards higher probability of twin domains presence. 
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The XRD φ-scans conducted for all GST alloys exhibited almost identical results with the presence of 
suppressed twins exhibiting dominant domain collinear with Si (311). In order to avoid twin domains, RTF 
must be brought down to 5 nm/h that demands the decrement in total flux while keeping Ge/Sb flux ratio 
intact. It can be achieved; however, it requires extensive set of experiments. Due to limited availability of 
time, the focus is shifted towards SAE to prepare nanostructures while RTF optimization is postponed for 
the future studies.  

5.2.4 SAE of GST nanostructures 

Motivation: High structural quality nanostructures of GST alloys, particularly GST-225, are extremely 
desired and long awaited in the PCM community for ultra-fast phase transitions and low power 
applications26, 76 via IPCMs. Being at topological-trivial transition critical point23, 83, 92 with almost 0 eV 
bandgap54, 69, 93, 94, GST-225 attracts attention of topological community as well, particularly in 
transformable IPCMs29, 53, 95 for topological switching83, 86. GST-225 can also be utilized as a topological 
switch while acting as non-conventional bulk PCM where in trigonal crystal structure (t-GST) it exhibits the 
topologically non-trivial16, 24, 93, 94, 96, 97, 98, 99, 100 while in cubic structure (c-GST) it exhibits the trivial features85, 

94, 101. Similarly, all GST phases with lower Ge contents than GST-225, including GST-12429, 36, 53, 102, 103 and 
GST-14729, 53 are proposed to exhibit topologically non-trivial attributes. Hence, the successful fabrication 
with reliable, reproducible and scalable nano-architecture of GST alloys will open new paths for the 
advanced application research in the fields of phase-change and topological communities.  

Selectivity: The stoichiometric tuned parameters of several GST alloys, mentioned in Figure 5.5, are now 
applied one by one to the pre-patterned substrates to prepare selectively grown nanostructures. As 
discussed in chapter 3, the strong ADR dependency of Sb on Tsub helps in attaining selectivity of Sb2Te3 in 
comparison to Bi2Te3 even at low Tsub. In GST alloys, strong ADR dependency of Ge on Tsub (discussed in 
section 5.1) along with Sb, assisted in achieving 100 % selectivity. Thus, without the requirement of further 
optimization for selectivity, nanostructures of GST alloys are successfully achieved.   
 

     
Fig. 5.6: SEM images depicting SAE of GST-225 on pre-patterned substrates. The darker contrast points to the blocking 
surface of SiNx while the lighter contrast represents the epitaxial growth of GST alloy on Si (111) surface. (a) SAE of  
1 μm wide Hallbar with much wider contacting lines. (b) Better resolved image of contacting lines of the Hallbar 
displayed in (a) with large twin domains. (c) SAE in the combinational structure with a narrow (100 nm) and wide 
pattern (5 μm). (d) Similar to (c) yet better resolved image of the epitaxial growth in a wide structure.  
 
SAE of GST-225: The first attempt to prepare nanostructures via SAE is performed with the stoichiometric 
state of GST-225. Having RTF = 10.8 nm/h (Figure 5.5), the expected Reff = 11.67 nm/h is evaluated for  
500 nm wide nanoribbon using SAE model stated in equation 3.10, considering LD for Ge is equal to Sb. The 
epitaxial growth is performed for 2:30 hours (150 minutes) to achieve 30 nm deep trenches entirely filled. 
It is observed that the obtained thickness of epilayer is approx. 39 nm (measured via FIB and AFM, 
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discussed in Appendix 3C) while, the epilayer in 50 nm wide trench is excessively overgrown just as 
observed during the growth of 3D TIs depicted in Figure 3.9c (Chapter 3). The higher obtained values of 
the epilayer thickness and the enhanced Reff than the estimated value, can be directly associated to the 
fact that assumed LD for Ge is not equal rather higher than Sb. This assumption is also confirmed via 
observed deviations in XRD characteristic peaks in large area growth indicating the epilayer with mixed 
stoichiometric state containing higher Ge contents than the targeted state of GST-225. Figure 5.6 displays 
SEM images of the first attempt of SAE for GST-225 in various large structures of pre-patterned substrate. 
Due to relatively high Reff, twin domains are formed and are clearly visible, indicated by maroon and orange 
triangles.  

SAE of GST-124: In order to confirm this behavior and to evaluate the precise LD of Ge, which according to 
the initial estimations seems higher than Sb, SAE of another stoichiometric state i.e. GST-124 is performed 
with TGe = 1236 ֯C. The repeated growth experiment exhibited similar results with higher Ge contents in 
the epilayer and confirmed the hypothesis LD-Ge > LD-Sb. Quantitatively, based on the epilayer thickness 
measured at the cross-section of 500 nm wide nanoribbon via FIB, the exact value of LD-Ge is extracted using 
equation 3.10. It is interesting to know that LD-Ge is found to be 39 ± 0.5 nm that is approx. double than  
LD-Sb = 20 nm. This is why, the SAE of both GST alloys resulted in higher Reff than the estimated values. 
Moreover, the phenomenon of difference in the lateral diffusion lengths (ΔLD) of rate controlling elements 
i.e. Ge and Sb is the source of stoichiometric shift observed during SAE of GST-225 and GST-124. This 
phenomenon is named the selective stoichiometric shift (SSS). SSS is an enormous obstacle in obtaining the 
selectively grown nanostructures of the desired stoichiometry in GST alloys and must be addressed. 

The effect of material parameters on stoichiometry: As discussed in chapter 3, during SAE changes in Reff are 
determined by two factors i.e. structural dimensions and LD of rate controlling elements (equation 3.10). 
In order to resolve the issue of higher Reff and the phenomenon of SSS, the impact of each factor must be 
analyzed individually. At first, the focus is turned towards the material parameter LD and assessing its 
impact on SAE.    

 LD vs. Reff: In binary TIs, the impact of LD is quite simple to assess as only one element controls RTF 
(as discussed during SAE of 3D TIs in chapter 3); however, the influence of LD in compositional 
alloys is more complicated and must be assessed separately for each stoichiometry. In case of 
alloys, the cumulative LD can be evaluated by the compositional average of individual LD exhibited 
by each element. For example GST-225 contains equal amount of Ge and Sb and as Te does not 
influence RTF, the cumulative LD will be (50x39 + 50x20)/100 = 29.5 nm which is the average values 
of both elements. While in case of GST-427, the cumulative LD will change to (66.7x39 + 
33.3x20)/100 = 32.63 nm and to 26.33 nm for GST-124. Hence, any change in composition will 
always result in an altered cumulative LD that eventually will affect Reff. 

 LD vs. SSS: The differential LD (ΔLD) between rate controlling elements (Ge, Sb) in an alloy (GST), not 
only influences Reff as discussed above, it also alters the effective flux ratio (Ge/Sb) that leads to 
the stoichiometric shift in the epilayer (the phenomenon of SSS). The complexity enhances further 
as above mentioned stoichiometric shift does not remain constant rather varies with the 
compositional changes. It means, if SAE of GST-225 (with 22.22 % Ge) shifts Ge contents in the 
selectively grown structures to 28.22% with 6% additional Ge, the stoichiometric shift during SAE 
of GST-124 will not be similar rather it will change depending upon the Ge contents of each 
stoichiometric state. Where ΔLD enhances the complexity of achieving nanostructures with the 
desired stoichiometry, the dynamics of SAE (equation 3.10) offers a solution. With the help of pre-
evaluated LD of Ge and Reff combinedly, the required change in Ge flux (TGe) can be evaluated that 
will ease the tuning of correct flux ratio during SAE of the desired stoichiometry and will neutralize 
the phenomenon of SSS. The only drawback is the requirement of tuning the optimum Ge/Sb flux 
ratio individually for the planar epitaxy and for the selectively grown nanostructures.  
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Fig. 5.7: STEM images acquired along Si [1-10] projection. The lamella is extracted at the cross section of 500 nm wide 
Hallbar of selectively grown GST alloy on Si (111) surface. (a) HAADF image acquired at Si (111)-GST interface. No 
defects, other than a few TSFs close to the interface (indicated with pink arrows), are observed. (b) The corresponding 
bright field (BF) image of (a). (c) HAADF image focusing the defects at the interface and the resulting inter-layer 
transitions occurring at Si step edge (better resolved in d, blue box) and the rotational twin domain coalescence (better 
resolved in e, orange box). Pink, green and yellow arrows indicate TSFs, bilayer switching and Ge vacancy layer assisted 
vdW reconfiguration. (d) Low-pass filtered HAADF image at Si step edge. Sb-Te antisite assisted bilayer switching 
transforming 7-7 atomic layer stack to 3-9 layer stack. (e) Low pass filtered HAADF image at the rotational twin domain 
coalescence. SL via Ge vacancy layer assisted vdW reconfiguration (yellow arrows) converts into QL. (f) Better resolved 
image of an area from (a) depicting a sandwiched SL between two TSFs.  
 
For the detailed structural investigations and to observe the phenomenon of selective stoichiometric shift 
(SSS) at the atomic scale, a lamella at the cross-section of 500 nm wide selectively grown nanoribbon of 
GST-124 (SL architecture) is extracted and STEM measurements are performed. The results are depicted 
in Figure 5.7 while the key observations based on STEM results are mentioned below: 
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 The growth is started with only Sb flux for the first 2 minutes before Ge shutter is opened for the 
epitaxial growth of GST. This is why the formation of Sb2Te3 QL is observed at Si (111) interface. To 
achieve homogenous stacking, this step is reduced to only 30 seconds in all future growths.  

 According to applied Ge flux, only SL architecture should have existed (assuming LD-Ge = LD-Sb). The 
observations have indicated that most of the blocks comprise of 9 and 11-atomic layers where one 
block even contains 13-atomic cell confirming the higher accumulation of Ge in the trench 
(enhanced Ge/Sb flux ratio as LD-Ge > LD-Sb) and resulting in mixed phase growth of GST. 

 Due to relatively higher Reff ≈ 12 nm/h, the rotational twin domains are witnessed (white arrow in 
Figure 5.7c, e); however, the selection of optimum Tsub limited them to only one layer stack before 
getting engulfed by the dominant domain originating a translational shear fault (TSF).  

 A few TSFs are witnessed, some originated at the twins coalescence while the origin of others 
could not be identified. The presence of all TSFs is limited to approx. first 5 nm of epilayer 
(indicated by pink arrows in Figure 5.7a, b and f). 

 Inter-block transition (transformation of one layer architecture into another) is not observed in 
the defect-free zones; however near defects, transitions are witnessed via vdW reconfiguration75 
mechanisms including Sb-Te antisite assisted bilayer switching78 (indicated by green arrows in 
Figure 5.7c and d) and Ge vacancy (VGe) layer assisted vdW transformation (indicated by yellow 
arrows in Figure 5.7c and e). Ge vacancy (VGe) exhibits the lowest formation energy of approx.  
0.1 eV in GSTs51, 87, 89. That is why, VGe assisted vdW reconfiguration is the key mechanism in  
crystal ↔ amorphous phase transformation in GST and GBT alloys77, 87, 88, 89. 

 At coalescence of twin domains, a TSF rearranged itself at lower energy state via VGe layer 
assisted vdW reconfiguration transforming 7-7 layer blocks into 5-9 layer blocks  
(Figure 5.7e). 

 Ge, with the capability of vacancy layer assisted vdW switching transformed into a stable 
trilayer (TL) formation of GeTe2

104 at Si step edge witnessed in Figure 5.7c. The vdW 
switching is also observed at twin domain coalescence (yellow arrows in Figure 5.7d).  

 The formation of antiphase domains and screw dislocations at Si step edge, one of the major defect 
observed in 3D TIs that limits the phase coherent length of quasi-particles in magneto-transport105 
and acts as bottleneck for some applications, is not witnessed in GST alloys. The step edge defect 
continuity is blocked combinedly with Sb-Te antisite assisted inter-block transition from 3-9 into 
7-7 (2 additional atomic layers appeared due to the step edge height) and Ge vacancy layer 
assisted formation of GeTe2 (Figure 5.7c and d). 

The deviation from SL architecture, observed in Figure 5.7, can only be linked to higher Ge contents in the 
epilayer that confirms the phenomenon of selective stoichiometric shift (SSS). To obtain the target 
stoichiometry, the Ge/Sb flux ratio is tuned again with the reduced Ge flux (TGe) according to equation 3.10 
(Chapter 3) and SAE of GST-124 is performed again. Figure 5.8 depicts SEM images of a few selectively 
grown GST-124 nanostructures. STEM investigations have confirmed that, the substrate induced defects 
including antiphase domains and screw dislocations are entirely avoided assisted by the natural 
phenomenon of inter-layer transitions (vdW reconfiguration) in GST alloys. Twin domains are observed 
however suppressed to only one layer similarly a few TSFs are also witnessed. Both of these defects can 
be directly associated to higher Reff and can be avoided by conducting the growth at lower Reff.  

The effect of dimensional changes on stoichiometry: After assessing the effects of material parameter LD on 
SAE of GST alloys, the effects of dimensional changes on Reff and the stoichiometry are investigated.   

 Reff vs. pattern dimensions: The effect of dimensional changes on Reff are discussed earlier in 
chapter 3 (Section 3.4) where it has been witnessed that Reff is inversely proportional to the 
pattern’s surface area. In binary compounds, the dimensional changes impact only Reff; however, 
in compositional alloys any change in dimensions not only impacts Reff, it also influences the 
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stoichiometry by altering the effective flux ratios. Stoichiometric variation only occurs when the 
rate controlling elements exhibit different LD (ΔLD ≠ 0) such as GSTs. 

 

    
Fig. 5.8: SEM images of selectivity area epitaxy of GST-124 crystal on pre patterned substrates. (a) SAE of 100 nm wide 
Hallbar with ultra-smooth crystalline surface and 100% selectivity. (b) SAE of 100 nm wide array of diamond shaped 
structure with 100 nm gaps. It can also be visualized as the 100 nm wide pillars of SiNx with 200 nm pitch piercing 
through the epilayer and forming an array of square shaped structures. (c) Selectively grown 500 nm wide Hallbar of 
GST with much wider contacting lines. (d) Better resolved image of the marked area depicted in orange dotted shape 
in (c) indicating high quality epitaxial growth and surface roughness of approx. 1 nm (rms). The bubbles on the surface 
appear due to Al capping layer (yellow arrow).   
 

 ΔLD vs. pattern dimensions: In case of compositional alloys where ΔLD ≠ 0 such as GSTs with  
ΔLD = 19 nm between Ge and Sb (rate controlling elements), SAE results in SSS, discussed above. 
Based on the corrections provided by dynamics of SAE, the issue of SSS can be resolved by reducing 
the Ge flux (TGe) in such a way that effective flux will keep the targeted Ge/Sb flux ratio intact for 
the desired stoichiometry and any unintentional stoichiometric shift will be avoided (neutralization 
of ΔLD). This solution, however, has a limitation for changes in pattern dimensions. The corrected 
Ge flux (TGe) corresponds only to a specific set of dimensions (length and width). Any change in 
those dimensions, even after the corrected parameters for SSS, will result in an altered 
stoichiometry. Hence, the stoichiometric tuning to obtain selectively grown nanostructures with 
the targeted state of GST alloy can be performed as long as the pattern dimensions remain intact 
(partial neutralization of dimensional issue). In other words, the desired stoichiometry of GST alloy 
can be achieved via SAE for any dimensions; however, the flux tuning has to be performed 
individually for each of them and if SAE will be required to perform on two patterns with different 
dimensions at the same time, both patterns will exhibit different stoichiometry. This phenomenon 
where the stoichiometric shift occurs due to structural changes even after the correction of Ge 
flux for SSS, is named the selective dynamic stoichiometry (SDS). SDS can also be viewed as a 2nd 
order effect of SSS specific to dimensional changes.  

Similar to the investigations of SSS, the phenomenon of selective dynamic stoichiometry (SDS) is also 
investigated. In order to do so, SAE of GST-147 is conducted where Ge/Sb flux ratio modifications to avoid 
any stoichiometric shifts are performed by changing TGe from 1215 ֯C to 1202 ֯C according to  
1 μm wide pattern (SSS neutralization). In order to observe the probable stoichiometric shifts due to 
dimensional changes (the phenomenon of SDS), three lamellae are extracted at the cross-section of  
200 nm, 500 nm and 1 μm wide nanoribbons from the same substrate i.e. prepared with similar parameters 
(TGe = 1202 ֯C). STEM investigations are performed where the stoichiometry of GST-147 is observed, as 
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intended, in 1 μm wide structure confirming the neutralization of SSS. The STEM-HAADF image is depicted 
in Appendix 5B while the images acquired at the cross-section of other two nanoribbons i.e. 200 nm and 
500 nm are displayed in Figure 5.9. STEM investigations have confirmed the deviations in both structures 
from the target stoichiometry of GST-147 confirming the phenomenon of SDS. According to dynamics of 
SAE, the extent of compositional deviation depends upon changes in pattern dimensions i.e. effective flux 
change in 200 nm wide pattern should be higher than the pattern with 500 nm width. GST-147 (Ge =  
8.33 %) exhibits the stacking sequence of SQ while STEM investigations, depicted in Figure 5.9, confirmed 
that 200 nm wide structure exhibited SSSQ-SSSQ stacking of GST-3815 (Ge = 11.53 %) with higher 
compositional deviation than SSQ-SSQ stacking of GST-2611 (Ge = 10.53 %) observed in 500 nm structure.  
 

  
Fig. 5.9: STEM images acquired along Si [1-10] projection from selectively grown structures of GST-147 alloy.  
(Left) HAADF image acquired at the cross-section of 200 nm wide structure. Layer stacking of SSSQ-SSSQ is evident 
confirming the stoichiometric shift from GST-147 state to GST-3815. (Right) HAADF image belong to 500 nm wide 
structure grown together with the structure having width of 200 nm. Layer stacking of SSQ-SSQ confirm relatively 
smaller stoichiometric shift from GST-147 stoichiometric state to GST-2611. 
 
Based on all STEM investigations conducted on selectively grown GST nanostructures, the key observations 
are summarized below: 

 For all GST alloys, SAE of the desired stoichiometry is possible; however, the flux tuning for planar 
and selective growths are required to be performed separately. (SSS neutralization) 

 The flux tuning for SAE is always limited to a specific set of dimensions. Any change in dimension 
would result in altered stoichiometry and therefore, the stoichiometric SAE on different 
dimensions cannot be achieved on the same substrate (same growth run). (SDS limitation) 

 The growth tests, required to perform the stoichiometric flux tuning for each different dimension, 
are not necessary. Based on the dynamics of SAE, a couple of growths can help to evaluate the 
right set of parameters to tune the stoichiometry for all dimensions.  

 SDS is a limiting factor that does not allow SAE of multiple dimensions without changing the 
stoichiometry of the alloy. However, it can be applied as a useful tool to explore the in-plane 
physics of quantum wells and fabricate novel devices such as topological switches (section 5.4).  

5.3 Epitaxy and structural characterization of GBT alloys 
Structurally GBTs and GSTs are alike, only difference is the replaced Sb atoms with Bi. Though their physical 
and electronic characteristics strongly overlap, they also exhibit slight deviation from each other such as:  

 Relatively strong spin-orbit coupling (SOC) in Bi2Te3 compared to Sb2Te3, results in higher band 
inversion in GBTs than GSTs. In GSTs, as discussed in section 5.2, all stoichiometric states with 
lower Ge contents than GST-225 exhibit topologically non-trivial features with inverted band 
structures. With GST-225 being at the critical point, all states above GST-225 including GST-326 
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and GST-427 exhibit non-inverted trivial band structures. GBTs, on the other hand, exhibit 
relatively strong topology54, 103, 106, 107, 108, 109. The strength of SOC offered by Bi2Te3 shifts the critical 
point from 225 state in GSTs to 326 stoichiometry in GBTs. Based on all reported and predicted 
electronic features of GST and GBT states, the band gaps vs. stoichiometry data is replotted in 
Figure 5.10 that provides a relatively better overview of topological ↔ trivial phase transition. 
Note: The values plotted in Figure 5.10 are just rough estimates that are acquired from different sources. The 
idea is to demonstrate the trend of changing bandgap. For the exact value of bandgap belonging to any 
stoichiometry, more precise calculations are recommended.  

 Topologically another difference in GBTs from GST is the presence and evolution of crystal 
symmetry (CS) protected TCI features introduced by Bi2Te3. Sb2Te3 and, therefore, GSTs do not 
exhibit TCI characteristics (for details visit chapter 1).  

 GBTs just like GSTs exhibit PCM characteristics28, 31, 110, 111, 112 not just as bulk but also as IPCMs. 
Studies have shown structural similarity of 225 stoichiometric state in GBT and GST with the 
transformation into a cubic crystal structure113 (c-GBT) exhibiting crystalline bulk PCM. Relatively 
higher BiTe antisite energy than SbTe (discussed in chapter 2), restricts bilayer switching mechanism 
in GBTs that increases the probability of transformation into interfacial layer stack in GBT-225 than 
GST-225. This property predicts GBTs as more promising candidate for IPCMs than GSTs.   

 

 
Fig. 5.10: The trend of changing band gaps vs. stoichiometry, plotted with data acquired from various reported studies 
about GSTs and GBTs in literature. It is interesting to observe relatively higher spin-orbit coupling (SOC) strength in 
Bi2Te3 that results in inverted bandgap of -210 meV in comparison -170 meV in Sb2Te3. With Ge accumulation in alloys, 
the decreasing strength of SOC brings the critical point (0 eV) in GSTs around the stoichiometric state of 225 while in 
GBTs relatively stronger SOC shifts it around the state of 326 (orange box). After passing through the critical point, 
alloys lose time-reversal symmetry (TRS) based topological protection and exhibit continuously increasing non-inverted 
bandgaps with relative increase in Ge contents. (Inset) The theoretical model of topological trivial phase transition23.   

5.3.1 Stoichiometric tuning of GBTs 

The growth parameters for GBT alloys cannot be adopted from pre-optimized parameters of GST alloys 
due to two main reasons, both are related to Bi2Te3 epitaxy and are mentioned below:  

 Based on the discussion in chapter 2, Bi2Te3 crystal exhibits high defect density if growth is 
conducted at Tsub < 300 ֯C. 

 Bi2Te3 exhibits a narrow window of temperature (298 ֯C < Tsub < 302 ֯C) for optimum SAE. If GBT 
stoichiometric tuning on planar substrates is conducted at lower Tsub (285 ֯C), SAE will fail and in 
order to improve selectivity Tsub would be required to increase. This step will alter the targeted 
stoichiometry due to strong ADR dependency of Ge on Tsub (Figure 5.2). 
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Fig. 5.11: A comparative overview of thin film growths of targeted GBT vs. GST stoichiometric states via MBE. (a) The 
trend of increasing Ge contents in the epilayer of GBTs with variable TGe is apparent. The GBT states are realized at 
higher TGe than their equivalent GST states due to increased Tsub from 285 ֯C for GSTs to 300 ֯C for GBTs. (b) The growth 
rates of GBTs and GSTs corresponding epilayers mentioned in (a). According to the standard zones of the rate map, 
all GBT epilayers are obtained with rates in yellow zone (suppressed twin zone) although with the reduced values than 
their GST equivalent despite the fact of higher applied TGe.  
 
Considering both above mentioned points, the Ge/Bi flux tuning for the epitaxial growth of GBT alloys is 
started with the optimum parameters of Bi2Te3 epitaxy (adopted from chapter 2) at Tsub = 300 ֯C. Keeping 
in mind the required Ge flux for the GST-124 (TGe = 1236 ֯C) and the increased Tsub from 285 ֯C to 300 ֯C, the 
stoichiometric flux tuning for GBTs is started with TGe = 1240 ֯C. After a series of tests and failed attempts 
to tune the flux ratio, finally the stoichiometric states GBT-147, GBT-124 and GBT-225 are successfully 
achieved at TGe = 1242 ֯C, 1261 ֯C and 1279 ֯C respectively. The structural characterization of GBT epilayers 
is conducted with XRD 2θ-ω scans. Due to near identical unit cell length of Sb2Te3 (30.45 Å) and Bi2Te3 
(30.48 Å), XRD diffraction peaks of GST and GBT are almost identical (see Figure 5.3) and therefore, are not 
explicitly depicted here. However, Δω scans revealed slightly improved crystal quality of GBT-124 and  
GBT-225, in comparison to their GST equivalents, with FWHM values of 255″ and 273″ respectively, due to 
the epitaxial growth performed at higher Tsub. 

Figure 5.11 depicts the required values of Ge flux (TGe) for GXT stoichiometric states where X represents 
Sb for GSTs and Bi for GBTs. It is important to notice the effect of ADR dependency of Ge on Tsub with the 
increased demand of Ge for GBTs even though the corresponding RTF of GBTs in comparison to their GST 
equivalents are quite low (Figure 5.11b). After the structural characterization of epilayers via XRD, 
stoichiometric tuned parameters are subjected to the pre-patterned substrates and nanostructures of 
various dimensions are prepared via SAE. Figure 5.12 depicts SEM images of planar and selectively grown 
nanostructures of GBT-124 and GBT-225 stoichiometric states. The phenomena of SSS and SDS, observed 
during SAE of GST alloys, have also been witnessed during the SAE of GBTs, and are investigated via STEM. 

5.3.2 GBTs: Structural characterization via STEM  

In order to investigate layer stacking sequences and to observe the phenomena of SSS and SDS, STEM 
investigations are performed on a lamella extracted at the cross-section of selectively grown 500 nm wide 
Hallbar of GBT-225. Based on previous STEM investigations of GST-124 and 147, the phenomenon of SSS 
i.e. the increased Ge contents in selectively grown epilayer due to enhanced Ge/Sb flux ratio, is expected 
to shift the stoichiometry from GBT-225 to another state with higher Ge contents. The flux ratio 
modifications to neutralize the effects of SSS are not performed. The aim is to investigate the extended 
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effects of ΔLD when SAE is conducted at higher Tsub and enhanced TGe. Unfortunately, two factors have 
limited the detailed structural analysis of this sample: 

 The lamella is extracted along Si [211] orientation. It not only projects high density of atoms but 
also limits the information of twin domains and TSFs. 

 During STEM investigations, strong mechanical vibrations due to construction work in the lab, 
hindered the acquisition of high quality atomic resolution images and EDX spectra.  

 

          
Fig. 5.12: SEM images of planar and selective area epitaxy of GBT alloys on Si (111) non-patterned and patterned 
substrates. The darker contrast points to the blocking surface of SiNx while the lighter contrast represents the epitaxial 
growth of GBT alloy. (a) Ultra-smooth GBT-124 epilayer on planar Si (111) substrate. (b) SAE of GBT-124 upon the 
patterned substrate containing 50nm wide array of diamond shaped ring structure with 100 nm gaps. (c) GBT-225 
epilayer on planar Si (111) substrate. (d) SAE of GBT-225 on 500 nm wide Hallbar with large connecting pads. After 
entirely filling the trench, the overgrown epilayer started to expand laterally (indicated with yellow arrows) 
 

      

Fig. 5.13: STEM images captured along Si [211] projection. The lamella is extracted at the cross-section of 500 nm 
wide Hallbar of epitaxial and selectively grown GBT-225 on Si (111) surface. (a) HAADF image acquired at Si (111)-
GBT interface. The monoatomic Te layer passivated Si dangling bonds. An unexpected trilayer structure is observed 
between Te passivation layer and the GBT layer stacks. The relatively high ΔLD between Bi and Ge enhanced the 
effective flux ratio during SAE and altered the targeted 9-atomic layer architecture of GBT-225 into larger cells with 
17, 19, 21 and 23 atomic layers indicating the phenomenon of selective stoichiometric shift. (b) The better resolved 
area of (a) marked with red rectangle, to observe the structure of this unexpected trilayer with unique periodic contrast 
variations.    
 
The acquired STEM images of GBT-225 are depicted in Figure 5.13 displaying the overall stack in the 
epilayer while Figure 5.14 depicts the appearance of a unique trilayer structure at the interface with  
Si (111). Based on STEM measurements, the key observations are stated below: 
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Fig. 5.14: STEM images captured along Si [211] projection of selectively grown GBT-225 on Si (111) surface. (a) HAADF 
image indicating dual stacked exotic trilayer structure at the interface. Another trilayer with homogeneous contrast is 
also observed that indicate the presence of GeTe2. (b) The better resolved and low pass filtered images of area marked 
in (a) with blue rectangle, to observe the structure of dual stacked trilayer with unique periodic contrast variations. 
The atomic contrast indicates the presence of heavier element (Bi) in the central atomic layer (indicated with yellow 
arrows). The detailed observations indicate the periodic sequence of two adjusted Bi atom with one hole/vacancy spot 
with relatively dark contrast (indicated by orange circles). (c) An atomic model representing the observed structure of 
exotic trilayer with probable holes along Si [1-10] projection.  
 

 As expected, the phenomenon of selective stoichiometric shift (SSS) is witnessed in GBTs as well. 
The effective Ge flux has pushed the targeted stoichiometric state of GBT-225 (Ge = 22.22 %) with 
9-atomic layer architecture to a composition with approx. 37 % Ge contents and  layer architecture 
containing mostly 19 and 21-atomic blocks (Figure 5.13).  

 It is also observed that the stoichiometric shift in GBTs is much more pronounced than in GSTs. It 
can be associated to relatively high ΔLD between Ge and Bi in GBTs than Ge and Sb in GSTs as Bi 
exhibits smaller LD-Bi = 12 nm than LD-Sb = 20 nm (evaluated in section 3.4). This factor slightly 
enhanced the effective Ge/Bi flux ratio but not as drastic as observed in Figure 5.13. An interesting 
point to notice here is the temperature dependency of LD-Ge. The value of LD-Ge = 39 nm is evaluated 
for Tsub = 285 ֯C for GSTs while at Tsub = 300 ֯C for SAE of GBTs, the value of LD-Ge will be slightly 
higher and thus, it has influenced the Ge/Bi flux ratio even more.  

 The major compositional shift, however, occurred due to the requirement of higher demand of Ge 
flux for GBT-225 (TGe = 1279 ֯C) than the equivalent GST state (TGe = 1252 ֯C) due to the growth of 
GBT at higher Tsub. Hence, with high LD of Ge and higher applied flux (TGe), the resulting impact on 
the effective Ge/Bi flux ratio was also higher.  

 Based on conclusions from STEM investigations of GST alloys (Figure 5.7), Bi shutter is opened only 
for 30 seconds prior to opening Ge shutter to avoid the formation of Bi2Te3 QL at the interface. As 
intended unlike GST, no QL is observed at the interface with Si (111); however, a unique trilayer 
structure with apparent periodic holes/vacancies (or the probable presence of relatively light 
atoms such as Ge) is witnessed as depicted in Figure 5.13 and 5.14.  

 The atomic contrast in a couple of better resolved images indicates the higher contrast presumably 
caused by the presence of Bi atoms at the center of the observed exotic trilayer (yellow arrows in 
Figure 5.14 and 5.15) sandwiched between Te atomic layers on both sides. To our knowledge, no 
such layer structure is reported in the literature for Bi chalcogenides.  
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 There are several questions regarding the atomic arrangement, the composition and the formation 
of such an exotic trilayer architecture. Since neither the detailed atomic structure (due to Si [211] 
orientation) nor the exact atomic composition are known, further STEM and EDX investigations 
including the image simulations are required. At present, the atomic model presented in Figure 
5.14c is only a rough guess based on the assumption that the bright atomic contrast arises from Bi 
atomic rows. So far the driving force for the formation of this exotic interface structure (trilayer 
architecture) is unknown and can only be speculated about.  

 

      

     

Fig. 5.15: A set of STEM images belong to GBT-225 selective area epitaxy on Si (111) surface captured along Si [211] 
projection depicting inter-layer transition mechanisms and structural changes at defects. (a) HAADF image 
representing all mechanisms of inter-layer transition including merging of exotic trilayer with GBT supercell (green 
box), Ge vacancy layer assisted conversion of a large supercell into two smaller supercells (blue box) and the vdW 
reconfiguration (indicated by two opposing blue arrows). (b) HAADF overview image indicating the behavior of layer 
transition at Si step edge. (c) A better resolved image of an area marked with green box in image (a) representing the 
merger of exotic trilayer with GBT supercell. The position of Bi layer in GBT cell (marked with yellow arrow) is taken by 
Ge. The vdW gap is annihilated by Ge accumulation (marked with purple arrow) and the central atomic layer of exotic 
trilayer takes the position of Bi layer in new GBT supercell (marked with maroon arrows). (d) A better resolved image 
of an area marked with blue box in image (a) representing the merger of two GBT supercell into a larger cells and vice 
versa. The vdW gap between two cells (marked with purple arrow) is annihilated by Ge atoms while the position of 
the two bordering Bi atomic layers (marked with red arrow) is also taken by Ge atoms forming a larger cell. (e) A better 
resolved image of an area marked with orange box in image (b) representing the merger and separation of the exotic 
trilayer with GBT cell while passing through Si Step edge.  
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 An interesting feature observed about the exotic trilayer structure is its ability to merge with the 
neighboring GBT layer and transforming back into itself after passing through the defects such as 
Si step edges (Figure 5.15e) 

 Due to relatively higher Bi-Te antisites energy in comparison to Sb-Te antisites, GBTs do not readily 
form antisite defects and therefore, the antisite assisted bilayer swapping, the key inter-layer 
transition mechanism in GSTs, is not observed in GBTs (Figure 5.13-5.15). The inter-layer transition 
in GBTs is mainly observed to occur via Ge vacancy layer/Ge accumulation layer assisted vdW 
switching. Following are a few observed examples of such inter-layer transitions. 

 The exotic trilayer, at lower availability of Bi atoms, lost its identity and merged with 
neighboring GBT layer (Figure 5.15c). The central atoms of trilayer (predicted to be Bi) 
occupied the Bi slot in a GBT cell (maroon arrows) while the Te layers kept their relative 
positions. The vdW gap between trilayer and GBT layer vanished by the Ge accumulation 
(purple arrow) as depicted in Figure 5.15c.   

 Opposite to the first mechanism, the Ge layer discontinued and generated a vacancy layer that 
allowed Bi atoms to accumulate at both sides of the vacancy layer, dividing a relatively large 
GBT layer into two smaller layers. The creation of vacancy layer is indicated by the purple arrow 
while Bi accumulation is represented by maroon arrows in Figure 5.15d. 

 Ge with the help of vacancy /accumulation layer generated and obliterated vdW gaps that 
allowed atomic layers from one supercell (layer) to slide and merge with the other supercell 
as depicted in Figure 5.15a (two opposing blue arrows indicate the switching of vdW gap). 

 

 The antiphase domains and screw dislocations are not observed. Once again, at Si step edge, the 
exotic trilayer deformed itself by merging with the neighboring GBT layer, impeded the step 
continuity and restructured itself after passing through the step edge. (Figure 5.15e) 

 At places the appearance of GeTe2 trilayer architecture is also observed (Figure 5.14a) which 
quickly merged with the supercell and lost its identity.  

For the first time, STEM assisted structural characterizations of GBT alloy on Si (111) substrate are 
performed. The formation of layer stacks along with the phenomena of inter-layer transition, changes in 
layer architecture at defects and the formation of exotic trilayer structure is observed. The deep 
understanding of GBT structural features require further growth studies and structural characterization via 
STEM and EDX, particularly along Si [1-10] orientation to observe the effects at atomic scale without the 
limitations of crystal orientation.  

5.4 Selective dynamic stoichiometry: limitations and applications 

The phenomenon of selective dynamic stoichiometry (SDS) became evident during the structural 
characterization of selectively grown nanostructures of GST and GBT compositional alloys, discussed in 
section 5.2 and 5.3 respectively. SDS is a bottleneck to obtain the stable stoichiometric state in 
nanostructures if substrate contains patterns with different dimensions. The relatively larger LD of Ge in 
comparison to Sb and Bi alters the Ge/Sb and the Ge/Bi flux ratios depending upon the structural 
dimensions leading to stoichiometric variations. While this phenomenon increases the growth complexity 
and adds limitations to dimensional changes for stoichiometric growth, it can be utilized for some novel 
conceptual applications as well.  

It is known that stoichiometric states with changing Ge contents exhibit subsequent changes in the 
electronic bandgap, depicted in Figure 5.10. These stoichiometric variations not only impact the electronic 
band structure, they affect the strength of SOC in the alloys as well resulting in the transformed topological 
attributes. Utilizing this feature (i.e. SDS), a number of novel applications can be designed. The 
experimental realization of these applications requires extensive research and experience to control the 
targeted stoichiometry while here, just a few key ideas are presented.   
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Electronic characterization and understanding the physics of changes to the in-plane band structure. The 
lateral structures with gradual and abrupt dimensional changes can be fabricated to study the variations 
in material’s electronic properties with the continuous or immediate changes in the electronic bandgap. 
(Figure 5.16a, b) 

 The fabrication of in-plane quantum well (QW). Assisted by SDS, pattern with sudden large 
dimensional variations can be designed in such a way that the stoichiometry can be tuned to 
fabricate the in-plane QWs (Figure 5.16c). This technique can help to improve the performance of 
device with higher carrier concentration at low temperatures by limiting their paths physically and 
confining them in certain targeted areas.  

 Topological-trivial switch array. Inverse of the in-plane QW design, SDS can be tuned in such a way 
that the confined and surrounding areas end up with stoichiometry containing non-inverted and 
inverted bandgap respectively. Such in-plane topological-trivial junctions can be utilized in 
superconducting quantum applications for example, Majorana box qubit114. (Figure 5.16d) 

 

 

Fig. 5.16: A few models presenting the top view of patterns for the in-plane electronic band engineering utilizing the 
phenomenon of selective dynamic stoichiometry (SDS). Any change in pattern dimensions will alter Ge/Sb or Ge/Bi flux 
ratio where each different width will accumulate different amount of Ge resulting in localized changes in the electronic 
band structure. Pattern with smallest dimensions will accommodate highest Ge contents and will exhibit relatively 
largest non-invested gap depending upon the targeted stoichiometry. The in-plane band engineering can be designed 
in two different ways such as (a) where largest band is in the center and (b) while smallest gap in surrounded by 
relatively larger localized gaps. These changes in the electronic band structure can be gradual or abrupt just as 
depicted in (c) for in-plane quantum well design. Similar design can be utilized as the in-plane topological-trivial 
switches by designing the topologically trivial and non-trivial heterostructures as depicted in (d). 

5.5 GeTe: Epitaxy and structural characterization 

GeTe, as mentioned in the beginning of this chapter, exhibits topologically trivial features with non-
inverted structure; however, the unique interatomic bonding32, 115, 116, 117, 118 and strong SOC makes it gem 
of a material with characteristics ranging from bulk PCM11, 15, 17, 18, 20, 71, 119 to Rashba semiconductor120, 121, 

122. It also exhibits thermoelectricity6, 20, 26, 123, ferroelectric features15, 32, 124 along with the conventional 
superconductivity below 300 mK125. It is theoretically predicted120 and experimentally demonstrated to be 
a non-centrosymmetric superconductor120, 126 which makes it a prominent candidate for quantum 
computation. In the last 2 decades, GeTe is comprehensively studied due to its emerging phase change 
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features. The interest has boosted further with the discovery of topology in several Ge based 
chalcogenides20, 127, 128, 129, 130, 131 and the presence of giant Rashba spin splitting120, 124 in GeTe. With rising 
interest in the material system, the demand for high quality crystalline growth has also increased 
specifically for superconducting quantum and low power PCM applications (Section 5.2). The quest for 
pristine GeTe nanostructures is spiking29, 53, 76 and acting as a bottleneck for the advanced material 
characterizations and in rapid application development.   

GeTe crystal is reported to be prepared with various methods including the Bridgeman method12, 21, PLD71, 
ALD132, CVD, sputter deposition13, 70, 133 and MBE15, 134. Among them, MBE is the least studied technique 
with only a couple of reports in literature about the epitaxial growth on the non-reconstructed Si (111) 
surfaces. Various advantages including the precise thickness control of the epilayer, the least defect density 
and the probability of high quality nanostructures preparation via SAE designate MBE one of the unique 
tool to grow epilayers of such a sensitive material to ambient conditions (for details visit Chapter 6). To out 
knowledge, any information about the atomic scale-structural characterization of GeTe epilayer at Si (111) 
substrates including the interface, and the analysis of extended defects including twin domains, formation 
of TSFs and the behavior at substrate induced defects i.e. antiphase domains and screw dislocations, in a 
layer-free system of GeTe, are not available in the literature. 

5.5.1 GeTe epitaxy on Si (111) 
The epitaxy of GeTe binary system does not offer major growth challenges including the stoichiometric 
tuning and flux ratio adjustment, encountered during the epitaxial growth of GST and GBT alloys. Among 
all studied materials till now including 3D TIs (chapter 2) and BixTey family (chapter 4), GeTe is the only 
material system that exists without the vdW based layer stacks. Such a structure brings the epitaxial growth 
of GeTe quite close to the classical epitaxy which would not be possible on Si (111) surface due to 
enormous lattice mismatch of approx. 8.5%. However, the capability of Te atoms to readily transform and 
support the vdW based layer architecture provides an avenue for the successful growth of GeTe.  

The growth attempts of GeTe are started by keeping Tsub and TTe constant at 300 ֯C and 320 ֯C respectively 
while TGe is gradually increased from 1220 ֯C. With the increasing Ge flux, no growth of the epilayer is 
observed until TGe reached 1270 ֯C. At this temperature, triangular shaped crystallites of GeTe (confirmed 
via XRD) are obtained; however, the density of these crystallites was too low. TGe is kept increasing until 
1300 ֯C where each step of increased Ge flux resulted in an enhanced density of crystallites forming a semi-
closed layer as depicted in Figure 5.17 while the achievement of a smooth epilayer remained unsuccessful.  
 
 

      
 
 

 

(c) (b) (a) (d) TGe = 1270 ֯C TGe = 1280 ֯C TGe = 1290 ֯C TGe = 1300 ֯C 

Fig. 5.17: SEM images representing attempts to obtain epitaxial growth of GeTe on Si (111) non-reconstructed 
substrates. (a) Small sized triangular shaped crystallites of GeTe are observed at TGe = 1270 ֯C. (b) Size of GeTe 
crystallites enhanced with increased Ge flux at TGe = 1280 ֯C although which further increment in Ge flux, overall 
coverage of GeTe increased with (c) TGe = 1290 ֯C without any change in size of crystallites. (d) Fully closed epilayer 
with high surface roughness of GeTe is obtained at TGe = 1300 ֯C. (*scale bar = 1 μm) 
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The continuously failing attempts to grow an entirely closed and smooth thin films of GeTe have raised a 
few questions. What can be the reason of such inhomogeneity? Why is it difficult to grow a thin film of 
GeTe on the non-reconstructed Si (111) surface in comparison to GSTs and GBTs via MBE? Why is the high 
quality thin film growth on non-reconstructed Si (111) surface reported only twice after two decades of 
research? Why do the reported growths of GeTe on 7 x 7 reconstructed Si (111) surfaces lack surface 
smoothness and occasionally exhibit the Peierls distortions19, 134, 135? Is it related to the non-vdW epitaxy 
where strain related issues arising from the substrate lattice mismatch result in defects and hinder a 
smooth growth or it is purely the matter of the incorrect growth parameters that require adjustments?  

GeTe epitaxy on pseudo-substrates: In order to obtain smooth and high quality thin films of GeTe, it was 
necessary to answer the above mentioned questions. In order to do so, a few small set of experiments are 
conducted including the growth of GeTe on pseudo-substrate by introducing a thin layer of Bi2Te3 between 
Si (111) and GeTe interfaces. It is started with 3 nm thick epilayer of Bi2Te3 on which the growth of GeTe is 
conducted with unchanged previous parameters including Tsub, TTe and TGe at 300 ֯C, 320 ֯C and 1300 ֯C 
respectively. Surprisingly, entirely closed epilayer of GeTe with surface roughness of 1.8 ± 0.1 nm (rms 
value) is obtained. In the next steps, thickness of Bi2Te3 support layer is gradually decreased and the 
successful achievement of GeTe epilayer in each step is witnessed until the thickness of pseudo-substrate 
reached 0.3 nm (1/3 QL). Unexpectedly, even with such a low thickness of the support layer, GeTe epilayer 
remained entirely closed as depicted in Figure 5.18a. Moreover, no major changes in the surface roughness 
with reducing Bi2Te3 thickness is observed. Finally, the growth of GeTe is conducted again on Si (111) 
surface without Bi2Te3 support layer and once again, similar results with epilayer having high surface 
roughness (observed earlier in Figure 5.17d), are obtained.   

With these successes and failures of achieving closed films of GeTe without the presence of a support 
layer, the focus is turned towards the epitaxy of GST and GBT alloys. During the growth optimization of 
GSTs, for the first time ADR dependency of Ge on Tsub is observed (Figure 5.2) which pointed out the 
discrepancy of parameter adjustment during GeTe growth, not to conduct the epitaxy with varying Tsub. If 
the high desorption rate of Ge is the real issue then it is obvious that optimum Tsub is required to be 
evaluated in order to achieve thin film epitaxy of GeTe. It also explains successful epitaxy of GeTe with 
Bi2Te3 support layer as Bi provides adhesive strength to Ge similar to the case of Sb, observed during the 
growth of BST alloys (Figure 2.7).  
 

        
Fig. 5.18: SEM images representing epitaxial growth of GeTe for the search of optimum Tsub while TGe is kept constant 
at 1300 ֯C. (a) An entirely close epilayer of GeTe grown on top of 0.3 nm thick Bi2Te3 support layer at Tsub = 300 ֯C. 
Images representing changing coverage and textures of GeTe films grown on Si (111) without any support layer with 
decreasing Tsub at (b) 290 ֯C, (c) 280 ֯C and (d) 270 ֯C where best results are obtained at Tsub in vicinity of 280 ֯C. 
 
In search of optimum Tsub, parameters TGe and TTe are fixed at 1300 ֯C and 320 ֯C respectively while Tsub is 
decreased in gradual steps from 300 ֯C to 260 ֯C. A soon as Tsub reached 290 ֯C, the epilayer is observed to 
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exhibit slightly improved surface quality however, the surface roughness was still too high and not 
acceptable for the utilization into devices. With continuously decreasing Tsub, the optimum range with 
improved surface quality is observed between 280 ֯C - 285 ֯C while dropping below this range, epilayers 
once again resulted in heavily degraded surface quality. The effects of decreasing Tsub and the 
corresponding textures of epilayer can be visualized with the help of SEM images in Figure 5.18 (b-d). The 
identified range of Tsub still exhibited one major problem i.e. the relatively high value of RTF (> 5 nm/h) that 
would lead to high defect density and therefore, the optimum flux (TGe) must also be adjusted to bring RTF 
in the defect free zone (≤ 5 nm/h). The trend in RTF and surface quality vs. Tsub is depicted in Figure 5.19a. 

In order to optimize RTF, parameters Tsub and TTe are fixed at optimum values of 285 ֯C and 320 ֯C respectively 
while TGe is decreased is gradual steps from 1300 ֯C to 1260 ֯C. With decreasing TGe, the resulting changes 
in RTF led to the improved crystal quality and enhanced surface smoothness of epilayers. The best growth 
is obtained at TGe = 1280 ֯C. Below this temperature, the ADR of Ge became too low and resulted in the 
defective (non-closed) films with the increased surface roughness that eventually started to evaporate as 
depicted in Figure 5.20. The trend in RTF and surface quality vs. TGe is depicted in Figure 5.19b.  
 

        
Fig. 5.19: The search for optimum Tsub and RTF for GeTe epitaxy on Si (111) via MBE. (a) The trend of increasing RTF and 
changing surface roughness with decreasing Tsub while all other parameters are fixed including TGe = 1300 ֯C. Entirely 
closed and smooth films are obtained with temperature range between 278 ֯C and 285 ֯C (identified with the green 
zone), (b) the trend of decreasing RTF and changing surface roughness with decreasing TGe while Tsub is kept constant 
at 285 ֯C. Epilayer with the best surface quality is observed at TGe = 1280 ֯C (identified with the green zone). 
 

        
Fig. 5.20: SEM images representing epitaxial growth of GeTe for the search of optimum surface roughness and RTF 
while Tsub is kept constant at 285 ֯C. The changing roughness of epilayer with changing ADR of Ge via applied Ge flux 
is evident where (a) represent epilayer prepared with TGe = 1300 ֯C, (b) with TGe = 1290 ֯C, (c) with TGe = 1280 ֯C and (d) 
with TGe = 1270 ֯C. Results with best surface quality are obtained at TGe = 1280 ֯C with RTF = 5.6 nm/h. 
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After the evaluation of optimum parameters including Tsub and TGe at 285 ֯C and 1280 ֯C respectively with 
RTF = 5.6 nm/h, high quality ultra-smooth films of GeTe are prepared. GeTe exhibits a trigonal crystal 
structure with R3m (160) space group136 and a unit cell with 6 covalently bonded atomic layers comprising 
3 blocks of GeTe with cpredicted = 10.67 Å13, 21, 31, 104, 132. XRD characterizations have been performed on GeTe 
thin films similar to GST and GBT alloys. Figure 5.21 displays XRD 2θ-ω scan and RSM of GeTe confirming 
lattice parameters while XRD 𝜑-scan revealed the domain free and high quality growth of GeTe.  
 

      

Fig. 5.21: Structural characterization of 42 nm thick epilayer of GeTe. (a) Diffraction peaks of GeTe with (m:n)=(3:0) 
exhibiting c = 10.67 Å. Δω scan revealed FWHM values of 136″ obtained at 2θ=52.61֯, the (000 6) peak indicating high 
structural quality of the epilayer. (b) Reciprocal space map (RSM) of GeTe epilayer acquired via XRD indicating lattice 
constants “a” and “c” in good agreement with literature. 
 
GeTe vs. vdW systems: After successful growth of GeTe planar films, it has been realized that among all 
initially raised questions associated with recurrent failures of GeTe epitaxy, the selection of inappropriate 
parameters was the main cause of failure. However, if the wrong choice of parameters was the only reason 
of failure, how to justify the enhanced complexity in achieving GeTe epitaxy in comparison to other 
materials including GSTs, GBTs and 3D TIs? This complexity, as observed, can be linked to a very narrow 
window of parameters that allows the formation of entirely coalesced and smooth epilayers. Figure 5.19a 
indicates a very small range of Tsub with approx. 8 ֯C window that allowed fully-coalesced growth of GeTe 
(indicated by the green zone). This range is narrowed down further with the optimization of applied flux 
(TGe) to adjust RTF in order to achieve defect free epilayers of GeTe. The parameters range, particularly to 
obtain entirely closed film in vdW based materials i.e. 3D TIs sometime exceeds even 50 ֯C in comparison 
to less than 8 ֯C for GeTe. This phenomenon signifies the growth complexity and also indicates how critical 
it is to tune the right parameters, in order to obtain the defect-free and smooth epilayers of GeTe.   

5.5.2 Selective area epitaxy (SAE) of GeTe 

After XRD characterization, focus is turned towards SAE. The optimized parameters of GeTe are subjected 
to pre-patterned substrates in order to obtain selectively grown nanostructures. All materials with high 
ADR dependency on Tsub always exhibit very low adhesive strength to amorphous surfaces, thus assist in 
achieving the selectivity. Ge, being a member of this group, also exhibited similar behavior and without 
the requirement of any modifications in Tsub or RTF, selectively grown nanostructures are realized and 
depicted in Figure 5.22. The results obtained from SAE presented a couple of interesting observations 
mentioned below. 
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 Due to quite high LD of Ge = 39 nm, Reff in 50 nm wide trenches reached as high as 4 x RTF (Figure 
5.22b) that enhanced further to approx. 5 x RTF in diamond array pattern (Figure 5.22c) and 
resulted in excessively overgrown nanostructures. Such a high Reff will always result in 
nanostructures with high defect density. 

 An important observation is the texture of overgrown GeTe epilayer, in comparison to all vdW 
based layered materials, is the avoidance of epilayer to grow laterally even after trenches were 
entirely filled. Unlike GSTs and GBTs, the overgrown GeTe films are observed to keep the pattern 
dimensions intact by growing only vertically without any considerable lateral expanse as depicted 
in Figure 5.22b and c.  

 

              
Fig. 5.22: SEM images representing SAE of GeTe on pre-patterned substrates with Tsub = 285 ֯C and TGe = 1280 ֯C.  
(a) Represents SAE on 1 μm wide Hallbar, (b) represents SAE in 500 nm wide Hallbar with slightly increased thickness 
of epilayer, (c) represents drastic increase in thickness of epilayer in 50 nm wide diamond array structures, while (d) 
also represents SAE in 50 nm wide diamond array structure similar to (c) although with increased Tsub = 300 ֯C resulting 
in reduced Reff. 
 
In order to reduce Reff and to obtain defect-free nanostructures, two different approaches are exercised. 
In the first approach RTF is lowered by decreasing TGe while in the second approach TGe is kept constant and 
Tsub is ramped up to 300 ֯C. Both approaches have been proven fatal for thin film epitaxy due to very low 
ADR as depicted in Figure 5.18 and 5.20. During SAE, the relatively high LD of Ge compensated low ADR 
and did not allow epilayers to get defective. In general, results obtained with both approaches solved the 
problem of Reff >> 5 nm/h during SAE; however, the second approach with constant TGe and increased Tsub 
proved to be more useful and easy to control. An example of SAE using the second approach is depicted in 
Figure 5.22d where epilayer is grown with similar parameters as other samples depicted in Figure 5.20(a-
c), only Tsub is ramped up from 285 ֯C to 300 ֯C. It is evident that the second approach led to the drastic 
reduction in Reff due to lowered ADR(Ge) and hence without probabilistic high defect density, selectively 
grown nanostructures are obtained.  

5.5.3 STEM investigation of GeTe nanostructures 

The detailed structural investigations of selectively grown GeTe nanostructures and interface studies with 
Si (111) are performed via STEM at the cross-section of three different GeTe samples mentioned below. 
Each lamella is extracted from 500 nm wide Hallbar.  

 Sample 1: GeTe epilayer grown on 0.3 nm thick Bi2Te3 support layer.  
Limitation: Lamella is along Si [211] orientation. 

 Sample 2: Pristine GeTe, selectively grown at TGe = 1260 ֯C at Tsub = 285 ֯C using the first approach 
to reduce Reff by decreasing TGe. Limitation: Lamella is along Si [211] orientation. 

 Sample 3: Pristine GeTe, selectively grown at TGe = 1280 ֯C at Tsub = 300 ֯C using the second approach 
to control Reff by increasing Tsub.  

(c) (b) (a) (d) 

10 μm 2 μm 1 μm 200 nm 

GeTe 

SiNx 

SiNx 
GeTe 

GeTe 



Chapter 5: 3D TIs - GeTe Heterostructures: Towards Selective Nano-architecture 
 

 
136 

Based on STEM measurements, key observations are stated below: 

Sample 1: Figure 5.23a depicts Si – Bi2Te3 – GeTe interface. A monolayer of Te atoms, utilized to saturate 
Si dangling bonds, is visible. The presence of exotic trilayer architecture, observed during STEM 
investigations of GBT alloys, is witnessed once again at the interface. Such an exotic trilayer is always 
observed in epilayers containing Ge-Bi-Te elemental combinations. No such structures are observed in 
pure GeTe, GSTs or in BixTey systems. The reason of the formation and exact stoichiometry of this structure 
are still unknown. The trilayer stacked with the vdW gap supported by Te monolayer at the interface. On 
top of trilayer, the growth of GeTe started with GBT infinite layer architecture. It means that Bi-Te dual 
layer started the formation of GBT layer (purple arrows in the Figure 5.23a) assisted by vdW epitaxy; 
however, with only incoming flux of Ge and Te, GeTe epilayer kept on growing without any vdW gaps and 
ending Bi-Te dual layer. Other than the appearance of exotic trilayer and GBT assisted start of GeTe epitaxy, 
no defects are observed; however, the lamella being along Si [211] orientation limited the observations of 
defects such as twins and TSFs.   
 

     
Fig. 5.23: STEM images of GeTe acquired along Si [211] projection. (a) HAADF image of sample 1 where GeTe is grown 
on top of 0.3 nm Bi2Te3 support layer. The presence of exotic trilayer structure at the interface is evident. On top of 
trilayer, GeTe epitaxy started with the GBT layer stack and continued in form of the layer-free architecture of GeTe 
due to unavailability of Bi atoms. The low-pass filtered image of marked area in (a) indicates the periodic appearance 
of low contrast structure in the exotic trilayer (inset). (b) HAADF image of sample 2 where GeTe epilayer is grown on 
Si (111) without any support layer. A completely relaxed and strain free growth of GeTe without any defects is 
witnessed. (c) GeTe epilayer (sample 2) passing through a Si step edge (green arrow). The discontinuity of step defect 
and growth of homogenous layer is evident without any presence of antiphase type domain or a screw dislocation.  
 
Sample 2:  Figure 5.23b depicts Si - GeTe interface where once again monoatomic layer of Te atoms, utilized 
to saturate Si dangling bonds, is visible. The layer-free architecture of GeTe with the periodic and regular 
arrangement of covalently bonded Ge and Te atoms without the presence of any vdW based layers is 
evident. Though, it is worth noticing that starting Te layer in GeTe block does not exhibit one to one relation 
with the saturated Te monolayer in a covalent type bond rather exhibits vdW type epitaxy with an 
incoherent interface at Si (111) surface similar to the vdW based layer structured materials i.e. 3D TIs, GSTs 
etc. Hence, a completely relaxed covalently bonded epilayer of GeTe acts as one solid block floating with 
weak vdW interaction on Te passivation layer, is observed. This attribute can be associated to the 
phenomenon of the resonant bonding76, 86, 107, 119 that allows GeTe, even after having 8.5 % lattice 
mismatch, to grow uniformly and strain free not only on Si (111) surfaces but also on various other 
substrates. One of the key defects in 3D TIs i.e. the antiphase domain that forms at each periodic step edge 
of the substrate, is not observed in GeTe epilayer. At Si step edge, a single GeTe block (1/3 unit cell) with 
3.6 Å in height matches in good approximation with the height of Si step edge as witnessed in Figure 5.23c. 
It discontinued the step induced effect (Figure 5.23c, green arrow) with a homogenous and continuous 
growth of GeTe epilayer and neutralized the formation of an antiphase domain or a screw dislocation. 
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Fig. 5.24: STEM images of GeTe acquired along Si [1-10] projection. a) HAADF image of sample 3 where GeTe epilayer 
is grown without any support layer with relatively higher Reff. The layer free architecture of GeTe block floating on Te 
passivated Si surface is evident. The presence of GeTe2 TL structure at the interface is observed at a few places (red 
arrow). The presence and coalescence of rotation twin domains is observed (marked with blue box) where domain 
collinear with Si (311) engulfed the domain collinear with Si (220) giving rise to a TSF marked with purple arrows.  
(b) A magnified area marked in (a) depicts the phenomenon of twin domains coalescence that gave rise to a domain 
wall (indicated with yellow arrow) and a TSF. (c) Magnified and low pass filtered area marked in (a) depicting Ge 
vacancy layer assisted formation of a vdW gap to support a TSF.  
 

    
Fig. 5.25: STEM images of GeTe acquired along Si [1-10] projection. (a) HAADF image of sample 3 where GeTe epilayer 
passing through a Si step edge (indicated by green arrow) without the step induced defect continuity. The rare 
presence of Ge vacancy layer assisted formation of vdW gap without the presence of any defect is also witnessed 
(marked with yellow box). (b) Magnified and low pass filtered area marked in (a) depicts homogeneous growth of 
GeTe epilayer through a Si step edge where no antiphase type domain is observed. (c) Magnified area marked in (a) 
depicts the presence of a vdW gap without any neighboring defect. The vdW gap formation started after passing 
through a step edge due to slight height mismatch between GeTe block and Si substrate step. (d) The presence of 
multiple GeTe2 TL structure at the interface is observed (marked with red box). The lattice sites of Ge atoms in trilayers 
seem cloudy where the position of Ge atoms could not be resolved as depicted also in (e) with a magnified and low 
pass filtered image however can be identified quite accurately in GeTe epilayer.  
 
Sample 3: Figure 5.24a depicts Si - GeTe interface of sample 3, prepared at Tsub = 300 ֯C with Reff = 8.8 nm/h. 
The floating GeTe epilayer on Te monolayer is evident. Due to relatively higher Reff suppressed twin 
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domains are present where the dominant domain collinear with Si (311) engulfed the minor one. It resulted 
in the formation of a domain wall (magnified in Figure 5.24b) and a TSF (Figure 5.24c). It is quite interesting 
to visualize how the Ge vacancy layer assisted the formation of a TSF at coalescence of twin domains 
through vdW gap (indicated by purple arrows in Figure 5.24a and b).  

Figure 5.25a depicts the behavior of GeTe epilayer at Si step edge similar to Figure 5.23c. Here with  
Si [1-10] projection, the formation of GeTe additional block at the step edge between upper and lower 
terraces and neutralizing the step defect continuity is witnessed (Figure 5.25b, green arrow). It also 
describes the ability of GeTe to grow across 2D defects without influencing the epilayer and ensuring high 
crystal quality. Figure 5.25c depicts occasionally appearing layer defect in GeTe where Ge vacancy layer 
forces neighboring Te atoms to form a vdW gap and continues the crystal formation (this is not a TSF as 
crystal formation continues along the same orientation after Ge vacancy layer). The reason for these layer 
defect formation is not entirely known. To our understanding, Ge vacancy layer assists GeTe to release 
out-of-plane strain caused by minor lattice mismatch after encountering defects such as a step edges. As 
discussed above that Si step edge height meets nicely with a block of GeTe; although, differs by  
3.84 Å - 3.6 Å = 0.24 Å. This difference in the lattice pushes GeTe crystal to the interface after encountering 
a step edge and creates minor lattice strain. Such a strain can easily be released by a Ge vacancy layer that 
forces neighboring Te atoms to form a vdW gap and brings Te atoms closer. Hence, it helps the crystal to 
release strain and allows homogenous growth of the epilayer as indicated by purple arrow in 5.25c. After 
passing through such a vdW gap, the changes in Ge lattice positions relative to Te is also witnessed. This 
feature provides the ferroelectric behavior to GeTe crystal; however, is out of scope of this work and 
therefore not discussed here. While Figure 5.24a depicts the occasional formation of GeTe2 layer at the 
interface, the formation of multi-layer stack of GeTe2 at the interface makes it quite interesting (Figure 
5.25d). The reason of GeTe2 trilayer formation can be linked to Ge vacancies during the oxidation of GeTe 
in thin films, discussed in chapter 6 (Figure 6.4). One interesting observation is the delocalization of Ge 
atoms in trilayers. In GeTe crystal, Ge atoms are clearly visible while in GeTe2 trilayers, the Ge positions 
seem like a cloud where the clear visibility of Ge atoms is not achieved.  

In general, SAE of GeTe to fabricate pristine nanostructures along with the atomic resolution structural 
characterization to understand the formation of extended defects and interfaces has made the realization 
of low-power PCM and superconducting quantum applications more feasible.  

5.6 Summary 

The epitaxial growths of several key members of GST and GBT alloys along with GeTe, in form of high crystal 
quality thin films are achieved on planar Si (111) substrates. Using the technique of selective area epitaxy 
(SAE), stoichiometric nanostructures of these compositional alloys are prepared for the first time where 
the detailed structural characterizations are performed via XRD and STEM. The technique of SAE has 
facilitated the preparation of pristine nanostructures on one hand; while presented several challenges in 
form of unintentional stoichiometric shifts giving rise to the phenomena of selective stoichiometric shift 
(SSS) and selective dynamic stoichiometry (SDS). With the help of SAE growth model, the issues of SSS are 
resolved; however, the challenges of SDS can only be resolved partially. The phenomenon of SDS that 
results in the localized compositional variation based on changes in the geometrical pattern, can be utilized 
with the precise design modeling to engineer the in-plane electronic band structures and thus to fabricate 
novel devices such as quantum wells and topological switches. STEM based structural investigations 
facilitated the observation of inter-layer transition mechanisms including the Ge vacancy layer based vdW 
switching. Some novel layer structures at the interface are also observed; however, the deep 
understanding of those exotic structures and the layer architecture transformation mechanisms require 
further studies with the localized composition analysis via atomic resolution EDX and the image simulation 
techniques.  
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Chapter – 6 
Surface Oxidation and Substrate Induced Effects 
In the process of realizing any functional quantum device based on a topological material, the first step is 
to optimize the crystal quality of epilayers. Considering Si (111) as the standard substrate, the crystal 
growth optimization of 3D topological materials is conducted via MBE and discussed in chapter 2, 4 and 5 
including the conventional 3D TIs i.e. Bi2Te3, Sb2Te3 and BixSb2-xTe3, the exotic 3D topological materials i.e. 
BixTey series and Ge based materials including GSTs, GBTs and GeTe respectively. Structural defects in those 
crystals such as domains and dislocations are systematically investigated, their sources are identified and 
neutralized with the optimization of growth parameters. Finally, high structural quality crystalline epilayers 
of all the above mentioned materials are prepared. 

The next step is the optimization of surface quality. Topology is a surface related attribute and its successful 
utilization depends entirely on the reliability of surface quality, particularly in conventional 3D TIs that 
exhibit topological surface states (TSS) on all facets. This feature not only assigns critical importance to 
surfaces, it also indicates the inevitability to investigate surface reliability with possible degradation and 
ageing effects. Moreover, the development of an adoptable technique for the protection against the 
probable degradation is also of critical importance. A parallelepiped epilayer contains 6 surfaces in total; 
all of them become more prominent at nanoscale with the increased surface to volume ratio. Using the 
technique of selective area epitaxy (SAE), the 4 out of 6 surfaces are always protected by the side walls of 
the blocking material (SiNx) while the remaining two i.e. the (0001) surfaces impact every aspect (i.e. 
structural and electronic characteristics) of the epilayer and, therefore, hold a key importance.  

 The bottom (0001) surface is always in contact with the substrate and plays a significant role in 
the VdW epitaxy. It determines the probable band bending1, 2 along with the electronic transfer at 
the interface with the substrate3 and the propagation of substrate induced defects4 in the epilayer 
such as antiphase domains and screw dislocations (for details refer to Figure 2.14). 

 The top (0001) surface exhibits an interface with air (the ambient conditions) and is subject to 
surface degradation and ageing effects. Also, it is the top surface that determines the interface 
quality with the metallic electrodes required in almost all applications (for details visit Chapter 7). 

This chapter is dedicated to investigate the effects arising from both TI (0001) surfaces.  

 In the first part, the probable degradation of the top surfaces via oxidation along with the 
degradation mechanism in various material systems is investigated. The resulting changes such as 
structural reconfiguration near the surface along with the ageing effects are studied. Later, a 
solution for the protective measurement is devised and a comparative analysis between the 
protected and non-protected epilayers is performed.  

 In the second part, the effects of the substrate material and its crystal structure on the bottom TI 
interface and the resulting changes in the electronic and structural characteristics of the TI epilayer 
are explored. Finally, a comparative analysis of TI epilayer being prepared at different substrates, 
is performed.    

6.1 Surface inertness vs. rapid degradation    
The topological community is largely divided on the issues of surface stability and degradation of 3D TIs 
under the exposure to ambient conditions. The existence of contradictory and in some cases, rather 
controversial reports have described the two extremely opposite behavior of 3D TIs that makes it quite 
challenging to summarize the general behavior of surface stability. These contradicting cases are: 
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 Stable surfaces in ambient conditions: The flat surface of 3D TIs i.e. top Te layer exhibits inertness 
towards oxidation, not only in ambient conditions but also in the controlled environment with 
relatively high humidity and oxygen rich conditions5, 6, 7. In general, 3D TIs exhibit no ageing effect.  

 Degradation in UHV: 3D TI crystalline flakes that are exfoliated under vacuum conditions started 
to exhibit minor degradation after 1 hour of exfoliation while kept under UHV conditions without 
any exposure to the ambient conditions8, 9, 10, 11.  

The experimental observations in this study refute both of the above mentioned cases. In 3D TI epilayers, 
relatively stable and reliable surfaces without any noticeable degradation are realized that are grown and 
kept under UHV conditions for months while STM investigations are performed12. Similarly, as reported in 
earlier studies, no evident transformation is witnessed in ARPES measurements that are conducted on a 
freshly grown epilayer in comparison to samples that were kept under UHV conditions for longer 
durations13, 14, 15. However, as soon as the epilayer is exposed to ambient conditions, the resulting effects 
of the surface degradation are immediately observed via ARPES16. Such a fast degradation can be 
associated to the probable surface oxidation.  

The observations of surface degradation, irrespective of the technique using which the TI epilayers are 
prepared, has been reported for Bi2Te3

19, 20, 21, 22, 23, Bi2Se3
17, 18, 19, 20, Sb2Te3

21, 22, 23, BST alloys24, GST and GBT 
alloys25, 26, 27 and GeTe25, 28, 29, 30. The oxidation process is reported not only to degrade the surface quality 
of epilayers, but to impact the structural and electronic characteristics of the bulk crystal as well. The 
impact of surface oxidation can be realized from the following few points.  

 Surface degradation: The ARPES measurement, one of the most surface sensitive technique 
performed on 3D TI epilayers, lost the intensity and resolution as soon as the epilayer is exposed 
to ambient conditions for a few minutes (decreased signal to noise ratio) and could not be resolved 
at all when the exposure durations elongated until the surface is physically treated with Ar+ plasma 
to remove the contaminated (oxidized) area16.  

 Non-functional interfaces: The Fermi velocity (𝑣ி) is a critical parameter that impacts the induced 
superconducting coherence length and the interface transparency in a TI-SC hybrid junction. The 
Fermi velocity at the surface of Bi2Te3 epilayer has been observed to drop by an order of 2 from  
4 x 105 m/s31, 32, 33 (measured in an epilayer that was kept under UHV condition) to 3260 m/s34 after 
the surface was exposed to the ambient conditions. Such a large degradation in 𝑣ி would not 
facilitate a high quality interface. 

 Fermi shift and enhanced trivial carriers: After the exposure to ambient conditions, an unexpected 
shift in the Fermi level of the material along with the increment in the carrier concentration is 
observed in all 3D TIs including Sb2Te3, Bi2Te3 and Bi2Se3

17, 35, 36. This phenomenon also decreases 
the overall contribution of TSS in magneto-transport investigations17, 35.  

The above mentioned points affirm that surface degradation via oxidation is a real problem that severely 
influences the crystal bulk characteristics and reduces the contribution of topological features. Earlier, the 
oxidation of various TI surfaces is reported where the investigation of oxidation states is conducted via  
X-ray photoemission spectroscopy (XPS)25, 27, 37, 38. The one critical information those reports lack is the 
structural investigation of surfaces after oxidation. The information about structural classification of the 
oxidized region, the oxidation rate and the probable structural changes in the non-oxidized crystal are 
primarily unknown. In the next section, STEM assisted structural characterizations of various oxidized 
layers are conducted and the electronic states of elements in the oxidized layer are investigated via XPS.  

6.2 Surface oxidation of topological epilayers     
The electronegativity difference between two elements indicates their reactivity39. When an atom of a 
certain element with higher electronegativity comes in contact with a compound containing elements with 
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relatively low electronegativity difference, the intruding atom chemically reacts with the compound 
resulting in the structural and chemical changes39. Oxygen exhibits the electronegativity of 3.539, the 
second highest in the periodic table and therefore, as soon as it gets in contact with any materials, there 
is always a very high probability for the oxidation process to occur. Based on the electronegativity 
difference with oxygen, all the elements involved in this study can be classified from the highest to the 
lowest reactivity as39: Ge > Bi > Sb > Te. This grading will help to understand the oxidation strength and the 
surface degradation rate in different compounds.  

The oxidized layers of various topological materials are investigated via STEM where epilayers are exposed 
to the ambient conditions for various durations. The exposure time is varied from the shortest period of 1 
hour ranging to the longest exposure of 4320 hours (6 months). In order to protect the epilayer surface 
from any unintended contamination i.e. dirt and other particles, the grown epilayers are kept in a clean 
plastic box with the lid closed and stored for the planned period of time in ambient environment. Based 
on the structural analysis of the oxidized layers, performed via STEM investigations, all materials can be 
divided into two categories. 

 Amorphous oxidized layer: All material including Sb2Te3, SbxTey, BixSb2-xTe3 alloys, GST and GBT 
alloys and GeTe exhibit oxidation with the formation of an amorphous oxidized layer.  

 Crystalline oxidized layer: The pure Bi based material system such as Bi2Se3, Bi2Te3 and all BixTey 
stoichiometric states exhibit the formation of a crystalline oxidized layer.  

6.2.1 Oxidation with amorphous layer structure 
The materials that belong to this group exhibited slight variations in the oxidation process from one 
another; however, they always resulted in an oxidized layer with amorphous structure under the exposure 
to ambient conditions. The summary of their oxidation processes is discussed below.  

Sb based 3D TIs: Starting with Sb2Te3 (Figure 6.1), the oxidation process is observed to occur in the following 
three steps. The steps are: 

 Physisorption: The oxygen molecules adsorbed on the epilayer surface. This process is relatively 
fast and generally occurs within a few seconds of exposure to ambient environment. 

 Chemisorption: The adsorbed oxygen reacted with Sb and Te atoms forming the corresponding 
oxides i.e. Sb2O3 and TeO2, witnessed via XPS measurements (Figure 6.2). This step was rapid; 
however, slower than physisorption and is observed to start in less than 15 minutes of exposure. 
(Figure 6.1a and b). Moreover, the homogenous oxidation of one complete QL throughout the 
surface is witnessed before the next QL started to oxidize (Figure 6.1c). 

 Oxide layer growth: Diffusion limited growth of the oxide layer is observed where the oxygen kept 
on diffusing though the initially oxidized layer and simultaneously a small quantity of Te atoms 
kept on leaving the epilayer surface. This step is observed to be much slower than chemisorption. 

The first two steps occurred rapidly and their effects can be easily seen via SEM images, depicted in  
Figure 6.1. The smooth surface with QL terraces suddenly transforms into a surface with numerous 5 – 10 
nm wide holes of increasing density with the increasing exposure to ambient environment. These holes 
are believed to be the indication of the chemisorption process with Te atoms diffusing out and the oxygen 
molecules diffusing into the epilayer. After 2 hours of exposure to ambient conditions, a lamella at the 
cross-section of the epilayer is extracted; and via STEM investigation, the formation of an amorphous 
oxidized layer at the surface is observed as depicted in Figure 6.1c. After the oxidization of the first QL  
(≈ 1 nm), the decrement in the oxidation rate is witnessed as the oxidation process is now being controlled 
solely by the diffusion rate of oxygen into the epilayer through the pre-oxidized layer. The oxidation rate 
kept on decreasing with the increasing thickness of the oxidized layer.  
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Fig. 6.1: Surface oxidation in Sb based materials. SEM images indicating the formation of holes on the surface of Sb2Te3 
epilayer after exposure to ambient conditions for the duration of (a) 15 minutes and (b) 30 minutes. STEM-HAADF 
image, acquired along Si [1-10] projection, of (c) Sb2Te3 epilayer with approx. 2 nm of oxidized layer after exposure to 
ambient conditions for 2 hours. And (d) Sb8Te9 epilayer with approx. 2.5 nm of oxidized layer after exposure to ambient 
conditions for 90 minutes. The oxidized layers are marked with yellow lines. Purple arrows indicate the presence of Sb2 
bilayer while red arrows indicate the switching of bilayer structure through Sb-Te antisites.  
 

       

Fig. 6.2: XPS spectrum acquired under UHV conditions at the surface of Sb2Te3 epilayer after exposure to ambient 
conditions for 3 weeks. (a) The acquired spectrum between 520 eV and 545 eV along with the fitted 3d peaks of Sb 
based compounds. (b) The spectrum between 565 eV and 590 eV along with the fitted 3d peaks for Te compounds. 
The formation of Te sub oxide is witnessed in all samples until the homogenous stoichiometry of Sb2Te2O7 is achieved. 
 
The diffusion process continued for those samples which were exposed for longer durations to ambient 
environment until the homogenous stoichiometry of Sb2Te2O7 (Sb2O3 + 2TeO2) in the oxidized layer is 
achieved. This behavior is confirmed via XPS measurements where the high resolution spectrum is acquired 
under UHV conditions and depicted in Figure 6.2. This is in-line with the earlier findings21, 22, 23. The similar 
oxidation behavior is also observed in BST alloys with the additional presence of Bi2O3. In SbxTey 
stoichiometric epilayers, the surface oxidation is witnessed to be slightly faster than Sb2Te3 due to relatively 
less availability of Te atoms (Figure 6.1d). In order to witness the extent of oxidation, STEM-HAADF images 
of Sb2Te3 and Bi0.8Sb1.2Te3 epilayers after elongated exposures to ambient conditions with 3 weeks and  
5 months respectively, are acquired and depicted in Figure 6.3. 

GeTe: The oxidation process observed in the pristine GeTe epilayers is slightly different than other Ge 
containing alloys such as GSTs and GBTs; however, the oxidation in all Ge based materials is found to be 
mainly controlled by the self-diffusion of Ge atoms towards the surface followed by the structural 
reconfiguration25, 29, 40. The oxidation process in GeTe epilayers is observed to occur in the following steps.  
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Fig. 6.3: Ageing effect in Sb based topological epilayers. STEM-HAADF image, acquired along Si [1-10] projection, of 
(a) Sb2Te3 epilayer after the exposure to ambient conditions for 3 weeks and (b) Bi0.8Sb1.2Te3 epilayer after the exposure 
of 5 months with 4.5 nm and 9.8 nm thick oxidized layer respectively. The oxidized layers are marked with yellow lines.  
 

     
Fig. 6.4: Ageing effect in Ge based epilayers. STEM-HAADF image, acquired along Si [1-10] projection, of (a) GeTe 
epilayer after the exposure to ambient conditions for 2 months and (b) GBT epilayer after the exposure of 2 months. 
The oxidized layers are marked with yellow lines. The inhomogeneous thickness of GeOx is evident in (a) where the 
high density of Ge vacancies in thin films led to the formation of GeTe2 layer structure (inset). The oxidized layer in 
GBT in (b) can be divided into two groups having different contrast due to difference in density. 
 

 The surface oxidation in GeTe epilayer, similar to Sb based materials, occurred very rapidly where 
the oxidation of both elements i.e. Ge and Te atoms on the surface is observed. 

 With the increasing exposure to the ambient conditions, Ge atoms are observed to migrate 
towards the oxidized surface where they reacted with the diffusing oxygen molecules and formed 
GeOx that slowly and steadily transformed into GeO2 (confirmed via XPS).  

 The migration of Ge atoms to the surface left behind a Te rich epilayer that in thick films (> 20 nm) 
helped to fill Te vacancies. In thin films ranging in thickness 20 nm or below, however, these 
vacancies have forced the transformation of layer-free structure of GeTe into pockets of VdW 
based layered architecture of GeTe2, as depicted in Figure 6.4a (inset) and observed in Figure 5.25. 

The above mentioned oxidation steps are found to be in agreement with the proposed model29; however, 
the formation of GeTe2 layered structure has never been predicted or observed during the oxidation 
process. The entire process is governed by the migration of Ge atoms forming Ge vacancies (VGe). VGe 
exhibits a very low formation energy of 0.08 eV41 and has been confirmed by various theoretical models 
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as an agent to stabilize the structural transformations (amorphous ↔ crystalline) which makes GeTe a 
prominent phase change material (PCM)42, 43, 44, 45, 46. In GeTe epilayers, other than playing a crucial role in 
the crystal phase transformation; VGe is reported to be utilized as a tool to modify electronic band 
structures47, 48, tune the Fermi level and alter bulk carrier concentration48. In agreement with the earlier 
reports28, 29, the oxidized layer of GeTe is found to be comprised majorly of GeO2 with smaller contents of 
TeO2 forming (m x GeO2 + n x TeO2) where m >> n. GeTe epilayers, unlike all other investigated materials 
in this study, exhibited a non-uniform thickness of the oxidized layer throughout the sample surface, as 
depicted in Figure 6.4a.  

GBT epilayers: The earlier stages of surface oxidation in GBT alloys occurred in a similar fashion to BST alloys 
where all the present elements i.e. Bi, Te and Ge exhibited oxidation and formed their corresponding 
oxides. However, after a few hours of oxidation; Ge atoms took control of the stoichiometry and the 
oxidation rate, just as observed in the case of GeTe. In GBT alloys, the oxidation rate is observed to be 
much slower than pristine GeTe. It is mostly due to the restricted diffusion of Ge atoms to the surface 
offered by the presence of relatively dense Bi2O3 which was not there in pristine GeTe epilayers. Based on 
the relative density of materials observed via STEM-HAADF images, the oxidized layer in GBT alloys can be 
divided into two separate layers as depicted in Figure 6.4b. 

 The first layer is relatively thin, dense (bright contrast) and closer to the surface of the GBT 
epilayer. It consists heavily of Bi and Te oxides. 

 The second layer is closer to the interface with air. It is relatively thicker, less dense (dark contrast) 
and consists heavily of GeOx.    

The segregation of two different stoichiometric oxidize layers was also indicated in earlier reports25, 26, 27 
where the investigation were performed via XPS. The order of stoichiometric oxide layers observed in this 
study is, however, found to be the exact opposite of the earlier reports. STEM investigations along with 
XPS measurements in this study, provided an undeniable evidence about the order of the oxides where Ge 
rich oxide layer is witnessed to exist much closer to the interface with air.  

GST epilayers: Unlike GBTs, the surface oxidation of GST alloys is observed to happen in similar fashion to 
GeTe epilayers. A very interesting phenomenon of structural reconfiguration, initiated by the diffusion and 
resulting vacancies of Ge atoms, has been observed that has neither been witnessed in GBTs nor has ever 
been identified in earlier reports25, 26, 27.  

 At the exposure to ambient conditions, Ge atoms started to diffuse out of the current layer 
towards the exposed surface. It initiated the transformation of Ge rich layer architecture to Ge 
poor layers i.e. transformation of large layer structure to smaller ones as depicted in Figure 6.5a.  

 The structural transformation continued until the layer architecture converted entirely in QLs 
(Figure 6.5b) while the surface oxide is observed to be comprised of GeOx. The range of such 
structural transformations is observed to reach approx. 10 nm deep into the epilayer from the 
bottom of the oxidized surface (Figure 6.5b).  

The one question arises at this point is why such a phenomenon is not witnessed in GBT epilayers while 
occurred in GSTs? It can be linked to higher energy requirements of Bi-Te antisites in GBTs in comparison 
to low energy formation of Sb-Te antisites (discussed in section 2.2.3). The combined phenomena of Ge 
migration (VGe) towards the surface and energetically favored Sb-Te antisites assisted the transformation 
of layer architecture and that is most probably why, such a behavior is witnessed in GSTs and not in GBT 
epilayers. Now, the question arises that how the oxidation will continue with the elongated exposure after 
the extraction of Ge from the top layers? This question cannot be answered at this point and requires more 
detailed investigations to understand the continuation of oxidation process in GSTs. The trend of increasing 
thickness with the ageing effect of all material systems that form amorphous oxidized layers, is summarized 
in Figure 6.6.     
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Fig. 6.5: STEM-HAADF images acquired along Si [1-10] projection, of (a) GST epilayer after the exposure to ambient 
conditions for 2 hours and (b) 1 month. The phenomenon of Ge vacancy assisted transformation of large layer 
architecture into smaller layer can be visualized in (a) where 11-atomic layer (red lines) is converting into 2 QLs with 
the central Ge atom layer forming a VdW gap (purple arrow). Similarly the conversion of SL into QL with Ge atoms 
gassing out is also evident. The formation of Ge poor region with Ge migration towards the surface and forming GeOx 
can be visualized in (b) where the oxidized layer is presented by yellow lines. 
 

 
 

6.2.2 Oxidation with crystalline layer structure 
The surface oxidation process in all pure Bi chalcogenides epilayers including Bi2Te3, BixTey alloys and Bi2Se3 
is witnessed to be similar where the oxidized surface exhibited the formation of a crystalline structure with 
the hexagonal surface. To our knowledge, the structural characterization of the oxidized layers in these 
material systems has never been reported until now; however, several studies have investigated the 
chemical composition via XPS 19, 37, 49, 50. The combined investigation with STEM and XPS in this study shed 
light on an entirely different oxidation process and the chemical composition of the oxidized region.  

As established earlier that after Ge, Bi exhibits the highest reactivity towards oxygen and that is why, a 
rapid surface oxidation in Bi chalcogenides is observed. The surface oxidation process is witnessed to occur 
in the following steps.   

5 5 

Fig. 6.6: Trend of ageing effect in various Sb and Ge 
based topological materials that structure in 
amorphous oxidized layer. The data is evaluated with 
multiple STEM investigations of epilayers that were 
exposed to ambient condition for different durations. 
The rapid surface oxidation and the resulting 
increment in thickness of oxide layer in the first 3 days 
is depicted in the inset. With increasing exposure, the 
oxidation rate of the epilayer decreases exponentially 
where the thickness of the oxide layer starts to 
saturate. The highest oxidation rate is exhibited by 
GeTe. 
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Fig. 6.7: STEM based structural investigations of crystalline Bi1O1 layer. (a) HAADF images of Bi8Te9 epilayer, acquired 
along Si [211] projection, after 1 hour of exposure to ambient conditions. The formation of three Bi1O1 layers and a 
very thin amorphous layer of TeOx is evident (confirmed via XPS). (b) HAADF images of Bi6Te7 epilayer, acquired along 
Si [1-10] projection, after 1 month of exposure to ambient conditions. The increasing thickness of Bi1O1 layers have 
forced Te atoms to penetrate inwards where extra Te converted Bi2 bilayers into QLs and altered the stoichiometric 
state of the epilayer. The inset images (orange boxes) in (b) represent magnified structure of the oxide layer where 
green and red atoms represent Bi and O respectively and FFT spectrum of the crystal structure. (c) A magnified image 
of the selected area in (a) depicting early stages of Bi1O1 layer. (d) The systematic decomposition of QL into Bi1O1 in a 
Bi8Te9 epilayer. (e) Representing the selected area in (b) where Bi1O1 layer has exceed the critical thickness of 4 nm 
and Te is diffusing inwards and converting Bi2 bilayers into QLs. (f) Bright field image of oxidized layer observed in 
Bi4Te3 after 1 month of exposure to ambient conditions. The formation of TSF is also witnessed. (g)  HAADF image of 
the oxidized layer observed in Bi1Te1 after 5 weeks of exposure. The relaxed layers of Bi1O1 are evident as they are not 
exhibiting one-to-one atomic correspondence (yellow vs. red lines) with the non-oxidized epilayer. The stoichiometric 
variations are witnessed in all (b, d, e, f and g) images due to elongated period of exposure. 
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 The physisorbed oxygen molecules diffused into Bi2Te3 (0001) surface and passed through Te basal 
planes and preferably interacted with Bi due to relatively higher interaction and bond strength 
between Bi-O than Te-O as reported earlier51. This feature provided unanticipated atomic 
processes with ultrafast transient mechanisms among Bi, Te and O at room temperature37, 51.  

 Bi atoms started to form hexagonal surface compatible crystal structure with oxygen and forced 
Te atoms from the first QL to be released and migrated to the surface. The newly formed Bi-O 
crystalline structure later confirmed to be Bi1O1 via XPS analysis (Figure 6.8a) and STEM measured 
lattice parameters (Figure 6.7) including a = 3.86 ± 0.04 Å and c = 9.76 ± 0.03 Å,  is a trigonal crystal 
structure52, 53, 54 that has never been observed in the oxidation process of Bi chalcogenides.  

 The Bi atoms transformed the first QL into three Bi1O1 (0001) epitaxial layers (Figure 6.7a), 
witnessed earlier only in pure Bi crystals55, 56, 57. The newly formed Bi1O1 layers are yet chemically 
not pure and most probably contain Te atoms as antisites. However, the composition of Bi1O1 
layers is observed to be improved in time with Te atoms gradually gassing out of the surface 
assisted by water vapors in the air (Figure 6.7b). On top of Bi1O1 self-organizing epilayer, the 
formation of a very thin and amorphous TeOx layer is revealed by XPS and can also be observed in 
HAADF images (Figure 6.7a and c).  

 After a rapid surface oxidation and the formation of three Bi1O1 epitaxial layers, the oxidation rate, 
in comparison to the amorphous oxidized layer, is observed to follow a linear trend. In time, the 
thickness of the oxide layer is observed to increase in gradual steps and simultaneously, the 
composition of Bi1O1 crystal became stoichiometrically purer with Te atoms leaving the surface.  

 The oxidized layer thickness increased further as the oxygen molecules kept on diffusing inward 
through the crystalline Bi1O1 layers. The diffusing molecules reacted with Bi atoms of the non-
oxidized epilayer and reconfigured the crystal structure (Figure 6.7d). Simultaneously, Te atoms 
through atomic bond transitions with Bi and oxygen, gradually migrated outwards through the 
crystalline Bi1O1 layers and degassed.   

 After Bi1O1 layer reached a certain thickness (approx. 4 nm), another trend of Te atoms migration 
in BixTey crystals is observed. Te atoms, instead of migrating outwards to the surface, are observed 
to be penetrating inwards to the non-oxidized region where they started to transform Bi2 bilayers 
into Bi2Te3 QLs. This behaviors can be visualized via STEM image depicted in Figure 6.7e. 

 With the increasing exposure to ambient conditions, the inward migrating Te atoms have 
saturated all nearby Bi2 bilayers into QLs. Figures 6.7 b, f and g depict epilayers of Bi6Te7, Bi4Te3 
and Bi1Te1 respectively where all neighboring Bi2 bilayers, due to inward diffusing Te atoms, have 
converted into Bi2Te3 QLs and lost their stoichiometric identity. After reaching the saturation point, 
Te atoms, once again, are forced to migrate outwards to the top surface.  

 With the increasing thickness of Bi1O1, both elements i.e. oxygen and Te atoms have to travel 
through crystal planes inwards and outwards respectively to continue the oxidation process. This 
is why, the oxidation rate is observed to deviate from the linear trend and decreased with the 
increasing thickness of the oxidized layer. This feature has also assisted in understanding the 
slightly higher oxidation rate in Bi rich alloys in comparison to the Te rich epilayers of BixTey.       

Bi1O1: Bismuth oxides exist in several stoichiometric states; however, the naturally occurring and the most 
stable form is Bi2O3

49, 50, 58, 59 that exhibits monoclinic crystal structure60, 61 with a large bandgap ranging 
2.78 – 3.31 eV49, 50, 58. Based on XPS investigations, all the earlier conducted studies on the oxidation of 
Bi2Te3 crystals have reported the formation of Bi2O3 with Bi3+ oxidation state37, 38, 51, 62 while the structural 
characterization of the oxidized layers via XRD or TEM has never been reported. In this study, the formation 
of Bi1O1 (BiO), a crystalline bismuth oxide with Bi2+ oxidation state is witnessed via STEM investigations 
(Figure 6.7) and confirmed via XPS spectrum (Figure 6.8a). Bi1O1 is one of the rarest 56, 57 and only stable 
state of bismuth oxide that exhibits a hexagonal compatible crystal structure52, 63. It has been reported only 
a number of times as the result of Bi (0001) surface oxidation53, 55, 56, 57. It is an exotic oxide material that 
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exhibits semi-metallic behavior56, 59, 64 and attracts the oxide community for its physical and electronic 
characteristics54, 65. However, due to its relatively challenging synthesis56, 57, 66, it is also one of the least 
explored materials in the literature.  

Bi1O1 vs. Bi2O3: Bi1O1 is a very stable compound in ambient conditions53, 63, 67 that readily decomposes to 
(Bi2O3 + Bi) as soon as it is exposed to oxygen rich environment at high temperatures49, 50, 58, 59, 65. That is 
why, most of the oxidation studies of Bi based compounds e.g. Bi2Te3 and Bi2Se3 conducted under the 
controlled environment conditions always resulted in Bi2O3

37, 38, 51, 68 and Bi1O1 stoichiometry was never 
witnessed. In order to confirm this theory, Bi8Te9 epilayer is exposed to the ambient conditions for 2 weeks 
and as witnessed from STEM investigations (Figure 6.7d), the formation of Bi1O1 is observed and confirmed 
via XPS spectrum with the peak position at 158.45 eV (the characteristic peak for Bi2+ oxidation state69, 70 
as depicted in Figure 6.8a). The same sample is then exposed to the oxygen rich conditions at 200 ֯C for  
2 hours and XPS investigations are performed again. The Bi1O1 characteristic peak that was observed at 
158.45 eV has now shifted to 159.25 eV i.e. the characteristic peak of Bi2O3

38, 51, 58, 59
 (Figure 6.8b). The 

higher temperature and oxygen rich conditions have facilitated the diffusion of oxygen molecules into the 
epilayer, enriched the oxygen deficient layer of Bi1O1 and transformed into Bi2O3.  
 

     

Fig. 6.8: XPS spectrum acquired at the surface of Bi8Te9 epilayer after exposure to ambient conditions for 2 weeks.  
(a) High resolution scans of 4f peaks of Bi between 150 eV and 170 eV depicting the Bi2+ oxidation state with the peaks 
position at 158.45 eV and 163.84 eV confirming Bi1O1. (b) Similar scan as (a) with thermal treatment of the oxidized 
layer, depicting the shift in Bi 4f peaks position to 159.25 eV and 164.65 eV confirming Bi3+ oxidation state with Bi2O3. 
 
Crystalline Vs. amorphous oxidation rate: In all MBE grown epilayers of BixTey in this study, irrespective of 
their stoichiometry, at the exposure to ambient conditions the formation of epitaxial Bi1O1 layer is 
witnessed. These Bi based epilayers exhibited rapid surface oxidation but unlike other materials with 
amorphous oxidized layers, the thickness of Bi1O1 is not observed to increase swiftly rather a linear trend 
for the first few days is witnessed. Later, a decline in the oxidation rate due to slower diffusion of oxygen 
with the increasing thickness of the oxidized layer, is observed. The trend of Bi1O1 layer thickness and a 
comparison with Sb2Te3 oxidation can be visualized in Figure 6.9. 

Summary: In general, irrespective of the oxidized layer structure being amorphous or crystalline, at the 
exposure to ambient conditions, rapid surface oxidation is observed in all epilayers where a non-saturating 
oxidation process with continuously decreasing oxidation rate is witnessed to occur for months. The results 
of surface oxidation can be summarized as below: 

 The oxidation process deformed the (000 1) surface quality and created challenges to fabricate 
high quality functional interfaces. In the amorphous oxidized layer with relatively large bandgaps, 
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the probable formation of a Schottky barrier at the interface can be extremely challenging to avoid. 
The crystalline, non-topological and semi-metallic Bi1O1 layers can act as a barrier between the 
connectivity of metallic electrodes and TSS.  

 Apart from surface degradation, the oxidation process forced structural changes through layer 
architecture transformation. The stoichiometric variations in the non-oxidized layers are observed 
in GeTe (with the formation of GeTe2), GST (Ge rich to Ge poor layers) and BixTey (Bi2 to QL 
transition) material systems.  

 Surface oxidation resulting in structural changes and stoichiometric variations also altered the 
electronic characteristics of epilayers with the enhanced concentration of trivial carrier and 
unintentional deviations in the Fermi level. Such a trend is observed earlier with the enhanced  
n-type conductivity in Sb and Bi based materials due to loss of Te contents during the oxidation 
process. It can be witnessed by comparing the electronic transport parameters of the capped and 
non-capped samples of 3D TIs, listed in Table 3.3. Earlier reports have also confirmed the enhanced 
concentration of p-type carriers in Ge based alloys, after the exposure to ambient conditions25, 71. 
Hence, the surface oxidation of topological epilayers results in enhanced trivial carriers and 
suppresses the overall contribution of TSS in magneto-transport investigations.  

 

   

Fig. 6.9: Trend of ageing effect in BixTey epilayers with the formation and increasing thickness of Bi1O1. The data is 
obtained with multiple STEM investigations of epilayers that were exposed to ambient condition for different 
durations. With increasing exposure, the oxidation rate of the epilayer decreases where the thickness of the oxide layer 
starts to saturate however in comparison to amorphous oxide layers, Bi1O1 exhibited enhanced oxidation rate and 
layer thickness. (b) The surface oxidation behavior in the first week of exposure is however different where the 
amorphous layers exhibited relatively higher rate that slowly and with linear like trend is overtaken by Bi1O1.  
 
All the above mentioned issues act as limiting factors in the realization of high quality functional quantum 
devices. However, it is beneficial to know that all these issues arise from only one source, the non-
protected and degraded surfaces of epilayers and can be completely neutralized by avoiding the surface 
degradation through oxidation. This phenomenon affirms the ultimate need to devise a suitable and 
adaptable technique with which the surfaces can be passivated from oxidation and the atomically clean 
interfaces with metallic electrodes, without the presence of any defects and Schottky traps, can be 
realized.   

6.2.3 Surface passivation from oxidation 
The passivation of epilayers to prevent the surface oxidation and ageing effects can be performed using 
several approaches72, 73, 74, 75; however, a suitable technique must exhibit the following characteristics: 
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 The approach must be capable of applying the passivation (capping material) in situ, right after the 
crystal growth and before the surfaces are exposed to the ambient conditions. 

 The capping material should not diffuse into the epilayer and must not alter the structural or 
electronic characteristics of the crystal.  

 The capping must be resistant to ambient conditions to prevent the surface oxidation and when 
desired, it must also be easily detachable in order to create metallic contacts with the epilayer etc.   

Based on the above mentioned requirements, two types of passivation can be applied to epilayers for the 
specific purposes.  

Soft/Temporary passivation: Soft passivation76, 77 can be utilized to preserve epilayers for longer durations; 
however, mostly it is adapted for a short period of time particularly when a specimen is required to be 
transferred from one location to another for additional investigations such as STM and ARPES etc. in case 
where the vacuum transfer is not viable. A thin layer of Te/Se capping76, 77 on top of their corresponding 
compounds acts as soft capping. When desired, the specimen can be loaded into a vacuum chamber and 
via thermal treatment, the extra Te/Se layer can be removed where the pristine and un-interacted (000 1) 
surface re-appears76, 77. In addition to surface passivation, this technique is also observed to help lowering 
Te/Se vacancies. The only challenge related by this technique is to manage the rate of thermal evaporation 
correctly while removing the passivation without damaging the epilayer. Moreover, this technique cannot 
be adapted with BixTey, BixSey and SbxTey stoichiometric alloys as Se/Te atoms will diffuse into the epilayers 
and subsequently, will modify the stoichiometry of the alloy.  

Hard/Permanent passivation: Hard passivation73, 78, 79 is the most common approach and generally 
implemented for permanent purposes to prevent the epilayer not only from oxidation but also from other 
chemicals during the device fabrication processes. It cannot be merely removed via thermal treatment; 
the removal process requires acidic or basic solution based wet etching or reactive ion assisted plasma 
based treatment. A thin layer of Al2O3 or HfO2, both are considered as the best candidates for hard 
capping73, 78, 79. In cases where stoichiometric Al2O3 is not available, 2-3 nm thin layer of pure Al can be 
deposited as a capping layer72, 79. Pure Al, in comparison to stoichiometric Al2O3, exhibits one disadvantage 
of slightly diffusing (approx. 1 nm) into the applied epilayer; however, it readily oxidizes to AlOx

80 at the 
exposure to ambient conditions and prevents the surface from further oxidation.  
 

    

Fig. 6.10: (a) HAADF images acquired along Si [211] projection, depicting the cross-section of selectively grown Bi2Te3 
nanoribbon after 1 year of exposure to ambient conditions. Epilayer was in situ deposited with 2 nm Al that converted 
in AlOx at the exposure to ambient conditions and prevented TI surface from further oxidation or ageing effect.  
(b) Magnified images of the marked area in (a) depicting the nicely stacked QLs and approx. 3 nm thick formation of 
AlOx on top. 

The targeted epilayers/nanostructures prepared in this study for magneto-transport investigations 
(Section 3.6) were always capped via hard passivation by depositing 2 nm Al at approx. 0 ֯C on top of TI 
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epilayers as reported in Rosenbach et al81. After hard passivation, samples were processed through 
standard fabrications steps and finally encapsulated with 15 nm thick layer of HfO2 deposited via ALD and 
utilized as the gate dielectric. The samples were then stored for 1 year in the ambient conditions and 
afterwards STEM investigations are performed at the cross-section of 200 nm wide T-junction to observe 
the unlikely ageing effect, the performance of Al capping layer and the diffusion extent of Al atoms into TI 
(Bi2Te3) epilayer. Figure 6.10 depicts HAADF image acquired at the cross-section of the capped TI epilayer. 
It is evident that after 1 year of storage in ambient conditions, the epilayer exhibited pristine surface quality 
with no ageing effect. The Al atoms, slightly diffused into TI epilayer during the deposition process, readily 
oxidized and formed approx. 3 nm thick layer of AlOx (a capping layer) that has successfully passivated the 
surface from any further oxidation and degradation. Hence as witnessed, the crystal degradation and 
oxidations related challenges (section 6.2) can be unequivocally prevented with the surface passivation.  

6.3 The substrate induced effects on TI epilayers 
During the epitaxial growth process, the bottom surface of an epilayer develops an interface with the 
substrate and is always protected from degradation and other contaminations. It is, however, responsible 
for the band alignment between the epilayer and the substrate that may affect the doping level and the 
carrier density in the crystal. The epitaxial growth of 3D TIs on Si (111) substrates is conducted where the 
defect-free high quality crystalline and selectively grown nanostructures are prepared via SAE (Section 3.5). 
Despite the fact of achieving defect-free nanostructures (Figure 3.14), magneto-transport investigations, 
have confirmed the presence of an unexpectedly high carrier concentration (η3D = 2 - 5 x 1019 cm-3, for 
details visit Table 3.3) that is about 3 orders higher than the best reported values in literature2, 82 with  
η3D = 5 x 1016 cm-3 for Bi2Se3

83 and η3D = 2 x 1016 cm-3 Bi2Te3-xSex crystals82. The issues of high bulk carrier 
density measured in all 3D TIs prepared on Si (111) substrate and the non-improving carrier concentration 
in BST alloys (p- and n-type carriers neutralization) indicate the source of problem should be of external 
nature. It means, the growth itself may not be responsible for these unexpected results rather high density 
of trivial carriers must have originated at another source that must be identified.  

A couple of theoretical studies have presented the possibility of electronic transfer at Si-TI interface due 
to band bending that later has been confirmed via ARPES1, 2. According to the presented model, the band 
bending at Si-TI interface results in high doping level of topological epilayer that, for sure, would increase 
the trivial carrier concentration of the whole system and would suppress the contribution of TSS. The 
similar behavior is observed during the electronic measurements of TI nanostructures (Section 3.6); 
however, before making a certain statement that band alignment at Si-TI interface is the source of high 
carrier concentration in all the performed measurements of 3D TIs, the experimental confirmations must 
be attained. This challenge is addressed by conducting the growth, structural characterization and 
magneto-transport analysis of BST alloy, where the epilayer is being prepared on another substrate. Later, 
a comparison of structural and electronic characteristics between the prepared epilayers on both 
substrates is conducted to deduce the source of the problem. For this purpose, it is decided to conduct 
the comparative study between Si (111) and an insulating substrate to make sure that electronic transfer 
will not occur at the interface. A thin layer (approx. 10 nm) of HfO2 is selected as the substrate due to its 
high-k characteristics as the gate dielectric and the possibility to prepare ultra-clean and smooth films via 
ALD. 

6.3.1 Growth and structural characterization of BST alloy on HfO2 
Substrate preparation: The HfO2 substrate for the growth of BST alloy is prepared using the following steps. 

 A highly conductive Si (111) wafer with 0.025 Ωcm resistivity is selected as a foundation for the 
possibility of using it as a global back gate during magneto-transport investigations.  
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 Si (111) wafer is RCA cleaned and native SiO2 is removed via wet etching (detail steps are discussed 
in Table 2.2).  

 The etched Si wafer is loaded into ALD chamber where it is thermally annealed at 500 ֯C for 15 
minutes. The chamber is then set to the process temperature at 200 ֯C where 10 nm thick film of 
HfO2 is thermally deposited. The detailed steps of ALD process can be found in Appendix 6A.  

 The HfO2 deposited wafer is then spin coated and diced into 1 x 1 cm2 pieces. The resist is removed 
via organic solvents and samples are cleaned in Piranha solution before loading into MBE chamber 
to start the growth process.   

Epitaxy on HfO2: The optimum growth parameters of BST alloys are already discussed in Chapter 2 and 3. 
Using those parameters, all the growth attempts resulted in failures with the presence of a few BST crystals 
on HfO2 surface. ALD prepared HfO2 film at 200 ֯C exhibited amorphous structure that did not provide good 
adhesive strength to incoming adatoms and therefore, Bi and Sb adatoms exhibited a very low adsorption 
to desorption ratio (ADR). This behavior can be realized from the fact that in the early attempts to achieve 
selective area epitaxy (SAE) on Si (111), HfO2 was utilized as a blocking surface to avoid the growth of TI 
epilayer (discussed in Section 3.1). Here, with an entirely opposite target of achieving high quality and fully 
coalesced epilayers of 3D TIs on HfO2 (the blocking surface), in comparison to restrict the growth, drastic 
changes in the growth conditions are required. 

The attempts to achieve entirely coalesced BST epilayers are started with the tuning of growth 
temperature (Tsub). Tsub is reduced in gradual steps from 300 ֯C until 200 ֯C where a fully coalesced yet very 
rough epilayer with extremely high density of structural defects (confirmed via scan Δω of XRD), is 
achieved. Various attempts to improve the structural quality are conducted that all resulted either in an 
improved structural quality with non-coalesced epilayers or in entirely closed films with high density of 
structural defects.  

Finally, a multi-step growth process is developed. In the 1st step approx. 3 nm of topological material 
containing Bi, Sb and Te is deposited at Tsub = 100 C֯ in an amorphous state that after passing through 
several short annealing steps is slowly and steadily converted into crystalline layers. The controlled 
annealing process of TI epilayer is the most critical step as the amorphous substrate does not provide any 
azimuthal or rotational alignment to the forming crystals thus, there is always a high probability of forming 
structural defects such as domains and stacking faults. Secondly, the annealing rate can be fatal for thermal 
stability of topological layers as it causes adhesion challenges for the epilayer on an amorphous surface.  
After the controlled annealing process, Tsub is set to 220 ֯C in the 2nd stage where epilayer of the desired 
thickness is grown. In the 3rd stage, once again the process of controlled annealing steps is conducted at 
Tsub ranging from 250 ֯C - 270 ֯C in Te rich environment to get rid of any Te thermal vacancies (VTe). At last, 
an entirely closed epilayer of BST alloy on HfO2 with acceptable structural quality confirmed via XRD Δω 
scan (FWHM values below 500″) is achieved. The complete growth process containing the detailed steps 
with the corresponding Tsub and elemental fluxes are described in Appendix 6B.  After the development of 
successful recipe to grow BST epilayers on amorphous HfO2, various growths are conducted where relative 
contents of Bi and Sb in the epilayer are adopted to adjust the carrier concentration and to tune the Fermi 
level near the Dirac point. Later, the epitaxial growths of both binary compounds i.e. Bi2Te3 and Bi2Se3 are 
also conducted using the multi-step growth processes.  

Structural characterization: The detailed structural investigations are conducted via XRD for each epilayer 
where rocking curve (Δω) analysis is utilized as a swift method to compare the structural quality among 
different growths that helped to optimize the final growth parameters. However, in order to analyze 
structural quality of the epilayer at atomic scale and to identify the type and density of defects, STEM 
investigations are conducted for Bi0.8Sb1.2Te3 epilayer where a lamella is extracted along Si [1-10] 
orientation and some of the acquired HAADF images are depicted in Figure 6.11. The key observations are 
mentioned below: 
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 It is quite interesting to see how nicely QLs tend to arrange themselves parallel to the substrate 
without any support or crystalline orientation provided by the substrate (Figure 6.11a). 

 At places the presence of stacking faults are observed where QLs are not stacked perfectly parallel 
to the substrate (Figure 6.11b). 

 Most of the structural defects are found near the substrate where non-twinning domains (Figure 
6.11c) and the presence of TSFs (yellow arrows in Figure 6.11c, d and e) are witnessed; most 
probably due to their deposition in an amorphous state during the 1st stage of growth process.  

 

  

    
Fig. 6.11: (a) STEM-HAADF images acquired along Si [1-10] projection, at the cross-section of Bi0.8Sb1.2Te3 epilayer 
grown on amorphous HfO2 substrate. (b) An image representing the formation of stacking faults where QLs are not in 
perfectly parallel alignment with the substrate. (c) HfO2-TI interface where epilayer is exhibiting structural defects 
including non-twinning domain and a TSF. HAADF images depicting the presence of TSF stacking fault near the 
substrate in (d) and in (e) with the presence of 2 TSFs indicated with yellow arrows. (f) Perfectly relaxed and defect 
free stacking of QLs on top of all defects observed in (b-e) that reside near the substrate. 
 
In summary, STEM investigations have confirmed the structural quality of epilayer grown on HfO2 is not 
comparably equivalent to Si surface as on Si (111), the defect-free epilayers were achieved (HAADF images 
are depicted in Figure 3.14). However, considering the crystalline growth of BST alloy on an amorphous 
substrate, an unexpectedly good structural quality of the epilayer is witnessed.  
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6.3.2 Electronic characterization of BST epilayer on HfO2 

In order to perform electronic characterization, a Hallbar structure is fabricated using the following steps: 

 The grown epilayer is in situ capped with 2 nm Al as discussed in section 6.2.3 and exposed to air 
to form AlOx. The epilayer is then loaded into ALD chamber and 15 nm of HfO2 is deposited that is 
utilized as top gate dielectric.   

 BST epilayer sandwiched between two HfO2 films is structured via lithography and wet etching 
though top layer of HfO2 and BST epilayer to create hallbar structure. Later, metallic depositions 
are performed to create contacts along with the top and bottom gate electrodes.  

 

 

  

   

Fig. 6.12: Gate voltage dependent Hall measurement data of Bi0.8Sb1.2Te3 on HfO2. (a) Trend in longitudinal resistance 
(𝑅௫௫) vs. applied magnetic field where the optimum tuning of Fermi level obtained near the Dirac point with 𝑉்௢௣ ீ௔௧௘  
= -0.7 V and 𝑉஻௔௖௞ ீ௔௧௘  = 0.2 V (indicated with green arrow), (b) Trend in Hall resistance vs. applied field to extract Hall 
constant (𝐴ு) in order to evaluate (c) mobility (𝜇) and (d) carrier concentration (𝜂ଷ஽) of the material system.  
 
The fabricated dual-gated Hallbar structure is then investigated via magneto-transport analysis in similar 
fashion as selectively grown nanostructures on Si (111) substrates are measured (discussed in section 3.6). 
The Hall measurements of BST epilayer on HfO2 are performed and here, only the summary of the key 
measurements including longitudinal resistance (𝑅௫௫), Hall resistance (𝑅௫௬), mobility (𝜇) and 3D carrier 
concentration (𝜂ଷ஽) are presented in Figure 6.12. The key observations are discussed below: 

 Measurements without applying any gate voltage provided diminishing pattern of the weak anti-
localization (WAL). This effect is observed to improve and weaken by applying a series of top and 

𝐴ு  = 328 

(b) (a) 

(d) (c) 
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back gate voltages due to Fermi shifts in and out of the bulk gap respectively, as depicted in Figure 
6.12a. The best values are obtained where the Fermi level is tuned close to Dirac point in the bulk 
gap with 𝑉 ௢௣ ீ௔௧௘ = -0.7 V and 𝑉஻௔௖௞ ீ௔௧௘  = 0.2 V (indicated by a green arrow in Figure 6.12).   

 It is interesting to observe that an epilayer with more structural defects on HfO2 in comparison to 
the almost defect-free structure on Si (111) has exhibited much improved electronic parameters 
such as Hall constant (𝐴ு) = 328 (Figure 6.12b), mobility (𝜇) = 1168 cm2V-1s-1 (Figure 6.12c) and 3D 
carrier concentration (𝜂ଷ஽) = 1.7 x 1017 cm-3 (Figure 6.12d). 

The 3D carrier concentration (𝜂ଷ஽) measured in BST epilayer grown on HfO2 substrate is almost 1 order 
higher than the best reported values in the literature. However, the lower reported values are obtained 
from the binary Bi2Se3

83, the ternary Bi2Te3-xSex crystals82 and the quaternary Bi2−xSbxTe3−ySey
84, 85 TI films, 

all of them exhibit considerably large bandgap of approx. 300 meV in comparison to BST alloy (Bi2−xSbxTe3) 
with 170 meV. To our knowledge, the measured value of (𝜂ଷ஽) = 1.7 x 1017 cm-3 is one of the best obtained 
values for the BST alloy until now, that also can be slightly improved with the structural optimization of the 
epilayer by avoiding the observed crystal defects.  

6.3.3 Comparison between Si (111) and HfO2 

The material parameters of BST alloy obtained from magneto-transport analysis while the structures being 
prepared on Si (111) and HfO2 substrates, are compared in Table 6.1 where the values measured on  
Si (111) are adopted from Table 3.3. It is evident that BST alloy on HfO2 with comparatively lower structural 
quality to Si (111), exhibited much improved electronic parameters particularly 3D charge carrier 
concentration (𝜂ଷ஽) is witnessed to improve by 2.5 orders while the mobility (𝜇) is improved by almost one 
order. In general, all parameters are observed to present enhanced performance that eventually are 
related to the lower bulk carrier concentration. 
 
Table 6.1: A comparison of electronic characteristics of Bi0.8Sb1.2Te3 structures obtained via magneto-transport 
investigations while the epilayers are prepared on Si (111) and HfO2 substrates. 

Electronic Parameters – Units BST on Si (111) BST on HfO2 
Hall constant (𝑨𝑯) – m3C-1 16 328 
Mobility (𝝁) – cm2V-1s-1 212 1168 
2D charge carrier density (𝜼𝟐𝑫) – cm-2  7.9 x 1013 1.2 x 1012 
3D charge carrier density (𝜼𝟑𝑫) – cm-3  5.4 x 1019 1.7 x 1017 
Phase coherent length (𝒍𝜱) – nm  169 358 

 
The above mentioned results have confirmed the earlier reported phenomenon of band bending at Si-TI 
interface1, 2. It is the band bending and the resulting effects of high level doing in the topological epilayers 
that led to unexpected high density of trivial charge carriers in the nanostructures prepared on Si (111) 
substrates (Table 3.3) that ultimately suppressed the novel effects of TSS. Though, it is true that the 
phenomenon of band bending is the source of high carrier concentration in 3D TIs prepared on Si (111) 
but it does not provide any justification of the increased carrier density in Sb2Te3 in comparison to Bi2Te3 
and particularly in BST alloy where p- and n-type carriers should have neutralized each other and among 
all materials, should have presented the lowest carrier concentration.  

This question once again led to the detailed structural investigations of Si-TI interfaces via STEM. This 
interface was investigated in several samples during the structural characterization of 3D TIs and BixTey 
alloys where a pristine and defect free interface between Si and TI epilayer with the existence of Te 
monolayer, is witnessed and also depicted in Figure 2.2. However, after the confirmation of high carrier 
density problem due to the band bending at Si-TI interface, the structural data of all the investigated 
material systems is analyzed again. It has been observed that Si-TI interfaces in Sb based materials are not 
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atomically sharp and well-defined as observed in case of Bi chalcogenides. With detailed investigations it 
has been observed that Sb diffuses approx. 3 – 4 nm into Si substrate (depicted in Figure 6.13) and thus 
creates a highly doped channel underneath the TI epilayer that certainly would have affected the carrier 
density in Sb based TIs and could be the reason of enhanced carriers in BST alloy in comparison to Bi2Te3.  
 

               
 

 

Fig. 6.14: Categorization of conventional 3D TIs based on their electronic characteristics according to Mott and Ioffe-
Regel criteria. The best reported values are plotted and represented with the stars like shapes and compared with the 
data obtained in this work. A clear indication of high level of doping in Si based structures can be seen with respect to 
epilayer prepared on HfO2.  
 
Figure 6.14 represents the Mott2, 45, 86, 87 and Ioffe-Regel88, 89, 90 criteria to categorize materials on the basis 
of their electronic properties i.e. mobility and carrier concentration. Any material that exhibits 3D carrier 
concentration (𝜂ଷ஽) below 2 x 1014 cm-3 is regarded as a strong insulator according to Mott’s law; all the 
other materials are considered as metals. The Ioffe-Regel criterion (IRC) presents further classification of 
metals between the good and the bad depending upon the electronic characteristics. In general, the high 
carrier concentration leads to low mobility and vice versa. The high performance TIs are expected to reside 

Fig. 6.13: STEM-HAADF image acquired along Si [1-10] 
projection, at the cross-section of Bi0.1Sb1.9Te3 epilayer 
grown on Si (111) substrate. The diffusion of relatively 
heavy Sb atoms 3 – 4 nm into Si substrate is evident that 
would create a highly conductive channel in magneto-
transport and enhance the bulk carrier concentration.  
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at the border of IRC (region that identifies metal-insulator transition) and ideally at the crossing of Mott 
criterion, an area marked with the green colored zone. For the advanced quantum applications, the 
reduction in the bulk carrier density is not the only requirement, TIs must also exhibit the corresponding 
improvement in the mobility, as depicted Figure 6.14. Among most of the best reports values of carrier 
density (3D TIs) in the literature, the corresponding motilities are low and therefore, the data points reside 
below the Ioffe-Regel border. The observed deficiency in the mobility can be associated to point defects 
in the compositional alloys as the binary TI i.e. Bi2Se3 exhibits the higher mobility. Based on the results 
obtained in this work, following conclusions can be extracted: 

 All TIs prepared on Si (111) exhibited an unexpected high carrier density and poor mobility; 
however, regarding the measured mobility values, the corresponding carrier density should have 
been 2 orders lower than the measured ones. This phenomenon can be explained via enhanced 
doping level of TI nanostructures due to the band bending at silicon substrates, discussed above. 
The corresponding higher values of mobility can be associated to the high quality of epitaxial 
growth and the in situ capping for the surface passivation.   

 By replacing Si (111) substrate with an insulator (HfO2), the issue of high bulk carriers due to band 
bending is avoided and the carrier concentration is improved by 2.5 orders resulting in an almost 
perfect placement on the IRC border. 

In order to avoid these challenges in future and to utilize novel features of TSS, the substrate material must 
be switched from Si (111) to a crystalline insulator as the growth on an amorphous insulating substrate 
(HfO2 or SiO2) is extremely challenging and selective area epitaxy (SAE) is not possible. The crystalline 
insulators such as Sapphire, SiC, Mice, BaF (111), MgO (111), STO etc. in comparison to an amorphous 
insulators will not only provide support for epitaxy (azimuthal and rotation alignment to nucleating QLs), 
they will also enable the possibility of achieving SAE. With the SAE on crystalline insulators it will be possible 
to reconfigure the platform developed in earlier in chapter 3 that will provide reliable, dimensionally 
controllable and scalable architecture to achieve high quality nanostructures for advanced applications 
without the suppressed contribution of TSS.  

Despite the fact of very high density of trivial carriers and suppressed contribution of TSS in 3D TIs on  
Si (111), the topological effects including SdH oscillations81, AB oscillations81, 91, resistive steering effect92 
(Section 3.6) and 4π-periodic contribution of Majorana bound states (MBS) in TI-SC hybrid junctions93, are 
still observed. It was only possible due to high crystal quality of the grown epilayer on Si (111) and the in 
situ capping to avoid surface oxidation and ageing effects in the epilayer. As observed, the phenomenon 
of band bending and doping at Si-TI interface due to diffusion of Sb will always enhance the density of 
trivial carriers and suppress the effects of TSS; it will be extremely challenging to utilize novel features of 
topology to fabricate advanced devices such as a topological Qubit while conducting the epitaxy on Si (111). 

6.4 Summary 

A systematic study to investigate the surface stability of all materials prepared in chapter 2, 3, 4 and 5 is 
conducted, when the epilayers are exposed to the ambient environment. The structural characterization 
via STEM and chemical analysis via XPS have revealed that all epilayers are prone to aging. The surfaces 
belonging to all materials are observed to oxidize where a non-saturating process with a continually 
decreasing oxidation rate is observed. The oxidation process is observed to differ from one material system 
to another; however, based on the structural properties, all materials can be classified in two different 
groups. The first group contains Sb and Ge based alloys. These materials rapidly oxidize at the exposure to 
ambient conditions; however, after the oxidized layer reaches a thickness of couple of nanometers, the 
oxidation rates is observed to drop exponentially. These materials exhibit amorphous oxidized layers that 
can form Schottky-like barrier with metallic electrodes. Due to being amorphous in nature, however, the 
oxide layer can be removed via dry etching of Ar+ plasma treatment. The second group contains pure Bi 
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based chalcogenides e.g. BixTey alloys. The oxidized layer, in these materials, materializes into a semi-
metallic and crystalline structure of Bi1O1 that cannot be removed easily and limits the connectivity of 
topological surfaces with the metallic electrodes. Irrespective of the oxidized layer being amorphous or 
crystalline, at the exposure to ambient conditions, the structural reconfiguration and stoichiometric 
deviations are observed in almost all the material systems. The passivation of epilayers is achieved with 
the in situ deposition of 2 nm thin layer of Al that readily transforms into AlOx at the exposure to ambient 
conditions and prevents the epilayers from further oxidation and aging effects. Finally, the phenomenon 
of charge transfer due to band alignment at the Si (111) - TI bottom surface is investigated with a 
comparative growth, structural and transport analysis of TI epilayer prepared on HfO2 substrate. The 
acquired results indicate caution and limit the utilization of Si substrates for the advanced quantum 
applications. These limitation can be addressed with the adaptation of a crystalline insulator (sapphire, SiC 
and STO etc.) as the substrate. With the development of a platform to achieve SAE of topological materials 
on the opted crystalline insulator at the nanoscale, the advanced material characterizations could be 
performed and the fabrication of quantum devices, without the suppressed contribution of TSS, would be 
more feasible. 
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Chapter – 7 
Engineering Epitaxial Interfaces for  

TI-SC Hybrid Junctions  
One of the most promising and immensely desired application of topology1 is the fault tolerant quantum 
computation2, 3, 4, 5 based on spatial braiding4, 6, 7, 8 of Majorana quasiparticles that are predicted to emerge4, 

9, 10 in the vortex of a topological superconductor (TSC) as a zero energy excitation called Majorana zero 
mode4, 11, 12 (introduced in section 1.3). According to Fu and Kane9, a TSC can be artificially engineered 
based on a conventional s-wave superconductor (SC) and a strong topological insulator (STI) hybrid 
structure13. The building blocks of a TI-SC hybrid junction and the corresponding requirements are 
discussed in section 1.3. Among them, the most critical entity is the interface between the SC and STI11. 
This chapter is dedicated to perform the structural characterization of interfaces between STIs and s-wave 
SCs. At first, a preliminary study with STEM based structural investigations involving several s-wave SCs is 
performed and the challenges involved with the interface quality are identified. Later, several new hybrid 
junctions with the opted superconductor are prepared where the epitaxial interfaces are artificially 
engineered using the technique of self-epitaxy14 and their interface transparencies, based on the 
Josephson junction (JJ) measurements, are evaluated. 

7.1 Structural investigation of TI-SC hybrid structures  

For the successful realization of an artificial TSC, the first requirement is the selection of an s-wave SC that 
would provide a suitable (i.e. defect-free, epitaxial and transparent) interface. In order to achieve this, 
several TI-SC hybrid junctions containing different s-wave SCs, are prepared. At the interface, STEM 
assisted atomic-scale structural investigations and the energy dispersive x-ray (EDX) based compositional 
analysis, are performed. Based on these investigations, the structural issues and challenges involved in 
attaining the epitaxial interfaces are identified and possible solutions for the structural optimization are 
addressed. 

7.1.1 Generation – I interfaces  

The first generation of hybrid structures are prepared with four different s-wave SCs including Sn, Pb, Nb 
and Al. With the purpose of avoiding any contamination at the interface and the surface degradation via 
oxidation (discussed in chapter 6), the hybrid structures are prepared in situ (without the exposure to 
ambient conditions). After the growth of TI epilayers via MBE, the samples are cooled down at approx. 0 ֯C 
where 40 nm thick layer of each SC is deposited and the TI-SC hybrid stacks are prepared, except for Nb 
which is deposited at 50 ֯C. All selected SCs (Sn, Pb, Nb and Al) belong to the cubic crystal structure15, 16, 
non-compatible with the hexagonal surface of 3D TIs and thus, are expected to exhibit the structural 
defects at the surface along with the formation of non-epitaxial interfaces. Based on STEM and EDX 
investigations of the interfaces between SC and TI epilayers, the main observations are discussed below:  

 All prepared hybrid structures exhibited diffusion of SCs into the TI epilayers. The STEM-HAADF 
image acquired at the cross-section of Sb2Te3 – Nb junction along with the EDX spectrum is 
depicted in Figure 7.1. The cross-diffusion of Nb and Sb atoms to approx. 3 nm is witnessed that 
led to the formation of an amorphous layer at the interface. Both, the non-diffused region of 
Sb2Te3 (TI epilayer) and the Nb film on top of diffused amorphous region at the interface, exhibited 
crystalline structures. 
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 The STEM-HAADF image acquired at the cross-section of Sb2Te3 – Al junction along with the EDX 
spectrum is depicted in Figure 7.2. Similar to Nb, the cross-diffusion of Al and Sb atoms is observed; 
however, the diffused region is increased to approx. 4 nm. Unlike Nb, the diffused region resulted 
in the formation of a poly-crystalline structure that exhibited a semi-epitaxial interface with the 
non-diffused TI epilayer.  

 Pb and Sn based hybrid structures are investigated where both atoms are observed to diffuse 
heavily into the TI epilayer (approx. 10 - 15 nm). Moreover, the diffused atoms are also witnessed 
to damage the trigonal crystal structure of the TI epilayer by forcing QLs to transform into the 
corresponding chalcogenides (cubic structure). Due to these reasons, both SCs are considered not 
suitable until a solution to block the diffusion of Sn and Pb atoms into the TI epilayers is found. The 
acquired TEM results along with the EDX profile of these stacks are depicted in Appendix 7A.  

 

      

Fig. 7.1: (a) STEM-HAADF image acquired at the cross-section of Sb2Te3 – Nb hybrid junction along Si [211] projection. 
The formation of approx. 2 nm wide Nb diffused TI inter-mixed region with amorphous layer at the interface is evident. 
On top of mixed region crystalline Nb layer can be observed. (b) EDX profile in the marked area in (a) with the blue box 
representing the relative atomic contents of elements. The extent of Nb diffusion into the TI epilayer up to 3 nm, 
marked with the red zone, can be witnessed. 
 

  
Fig. 7.2: (a) STEM-HAADF image acquired at the cross-section of Sb2Te3 – Al hybrid junction along Si [1-10] projection. 
Both elements i.e. Al and Sb are observed to diffuse at the interface and established approx. 4 nm wide inter-mixed 
region with polycrystalline structure containing AlSb alloy (yellow boxes) on top of TI epilayer before the Al layer is 
reached. (b) EDX profile in the marked area in (a) with the blue box representing the relative atomic contents of 
elements. The extent of Al diffusion into the TI epilayer up to 4 nm, marked with the red zone, can be witnessed. 
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7.1.2 Challenges in the first generation TI-SC hybrid structures 

Among all SCs, Al exhibited the best structural results with the formation of a well-defined near epitaxial 
interface and a poly-crystalline diffused region at the surface. The EDX profile indicated the mixed contents 
of Al, Sb and Te in the polycrystalline region with the probable formation of AlTex

17, 18, a material with large 
trivial bandgap of 1.84 eV – 1.96 eV19, 20 while HAADF image also confirmed the crystal structure of AlSb 
crystal21, 22 (yellow boxes in Figure 7.2a), a III-V semiconductor with 1.66 eV bandgap23. Both materials AlTex 
and AlSb with relatively large bandgap would contribute in the formation of a Schottky effect and limit the 
performance of the interface by resulting in a bad transparency. Such a behavior is reported earlier where 
the formation of AlTex in GeTe18 and the presence of a Schottky barrier in Bi2Te3 junctions17 that has limited 
the electronic performance of the device. A similar trend is also reported in Al based JJs containing Bi2Se3 
and Bi2Te3 as weak-links24, 25, 26, 27 with a poor interface transparency of τ = 0.3524, 27. Furthermore, the 
failure to achieve the induced superconductivity in Sb2Te3 – Al JJs is also reported by Schüffelgen et al.28 It 
indicates that Al is not a suitable SC to fabricate an artificial TSC until further optimizations to avoid the 
formation of AlTex and AlSb alloys (blocking the diffusion of Al into TI epilayer) are performed.  

Nb, on the other hand, diffused into the TI epilayer with the formation of an amorphous layer on the 
surface where the composition can have two different possibilities i.e. the formation of NbTex or the 
formation of SbxNbyTez ternary alloy. NbTex, in the stoichiometric state of NbTe2, is a semi-metal29 that 
exhibits superconductivity at 0.5 K30, 31, 32 while SbxNbyTez alloy also exhibits semi-metal behavior that would 
not lead to the formation of a Schottky-like barrier. Due to the observed challenges in Al based junctions 
and the electronic compatibility of Nb, JJs based on BST alloy and Nb are prepared. The details of 
fabrication and measurements of JJs can be found in Schüffelgen et al.28, 33 The superconducting 
measurements conducted on TI-Nb based Josephson junctions have indicated a high interface 
transparency along with the signatures of a TSC with the presence of Majorana bound state exhibiting  
4π-periodic contributions of the supercurrent (𝐼௖). Even after achieving such promising results, the 
realization of a topological qubit with Nb based junctions could be problematic due to some intrinsic 
properties of Nb as a SC. The Nb exhibits a large superconducting gap (𝛥) = 1.43 ± 0.02 meV34, 35 and the 
superconducting critical temperature (𝑇௖) = 9.26 K34, 35; however, the superconducting phase coherent 
length (𝜉)36 is quite limited and can be evaluated using equation 7.137, 38 where ℏ represents the reduced 
Planck constant and 𝑣ி is the Fermi velocity39.  

𝜉ே௕ =   
ℏ௩ಷ

గ௱
= 41 𝑛𝑚                                                        (7.1) 

The superconducting characteristics of Nb, in general, signify cautions that can be problematic for its 
utilization in the topological quantum computation. The major challenges include 1e instead of 2e 
periodicity40, 41 of the supercurrent (𝐼௖) and even parity instability42, 43 along with the parity lifetime. During 
the manipulation of Majorana bound states in a JJ based circuit, these issues may result in the quasiparticle 
poisoning40, 44. In addition, the existence of several oxides of Nb11, 44 and Abrikosov vortices (type-II 
superconductivity) may act as traps11, 40 and make Nb more susceptible to poisoning. With the achievement 
of the defect-free and high crystal quality film along with the in situ surface passivation to avoid the 
oxidation, the overall challenges with Nb can be reduced; however, the parity stability and the lifetime still 
require major improvements. One such improvement has recently been achieved with NbTiN alloy where 
the parity lifetime exceeds a minute45, 46; however, the 1e periodicity of  𝐼௖ still remains a critical challenge. 
In summary, though Nb based junctions have provided good interface transparencies, they can be 
problematic with the quasiparticle poisoning in the advanced functional devices. Moreover, the formation 
of amorphous region at the interface can be problematic in achieving the reproducible results.  

All the issues encountered by the intrinsic characteristics of Nb can be solved with Al based junctions. Al 
exhibits type-1 superconductivity and in comparison to Nb, exhibits relatively small superconducting gap 
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(𝛥) = 298 ± 2 μeV47, 48, low critical temperature (𝑇௖) = 1.20 K47, 48 and lower critical magnetic field (𝐻௖) =  
10 mT47, 48. These shortcomings, however, are compensated with the enhanced superconducting phase 
coherent length (𝜉) ≈ 1.2 to 1.5 μm, the 2e periodicity40, 49, 50 of the supercurrent (𝐼௖) and stable even 
parity51, factors critical for Majorana based platform that are failed to be facilitated by Nb. Though, 𝐻௖ = 
10 mT is an inadequacy; however, by reducing the Al film thickness to approx. 10nm, the critical in-plane 
magnetic field and the critical temperature (𝑇௖), both parameters can be improved to approx. 3 T52, 53 and 
2 K52, 53 respectively.  On one hand, Al exhibits quite promising superconducting characteristics while on 
the other hand, it results in the formation of an interface that exhibits a Schottky barrier and limits the 
realization of a high performance junction.  

Based on above mentioned discussions, for the successful realization of advanced Majorana based circuits, 
Nb is required to be replaced with a more suitable SC i.e. Al; however, before Al can be utilized to fabricate 
TSC based circuits, the interface challenges must be addressed. Similar to Al, Sn and Pb also exhibit type-I 
superconductivity and theoretically, are more suitable to replace Nb; however, the challenges of diffusion 
into the TI epilayer also limit their utilization. Thus, for the realization of futuristic functional interfaces, the 
following challenges must be addressed.  

 The most critical challenge is to devise a suitable technique to block the diffusion of Al/Sn/Pd 
atoms into the TI epilayers, so that the probabilistic formation of the Schottky barrier in form of 
AlTex or AlSb and the structural damage of TI epilayers can be avoided.  

 The adopted technique is preferred to provide a well-defined epitaxial interface with the TI 
epilayer. As observed in Nb based junctions, an epitaxial interface is not necessary to achieve high 
interface transparency; however, it ensures the low resistive noise at the junction27 along with the 
reproducible results.  

7.2 Interface engineering between SC and 3D TIs  

Among the selected SCs, all have exhibited the diffusion into the TI epilayer; however, Nb is the only SC 
that can be utilized without any further optimization. Amongst the remaining three, Al is selected to 
conduct further optimization tests to find a suitable solution that, if successful, can be adopted for all SCs 
(Al, Sn and Pb). With the main objective of blocking the SC diffusion into the TI epilayer, a search for the 
possible solutions is started. One option is to insert an inter-diffusion barrier layer, a thin metallic film 
ranging 2 - 3 nm in thickness24, between the SC and TI epilayer that would help in blocking the cross-
diffusion and via restructuring the surface will result in the formation of new interfaces. The material 
selection for the inter-diffusion barrier is of critical importance as, along with blocking the SC atoms from 
diffusing into TI epilayer, it must not introduce any unintended deviations in the junction characteristics. 
Therefore, the selected material as the diffusion barriers must exhibit the following characteristics.  

 It must block the SC from diffusing into TI epilayer. 
 It should not diffuse itself into the TI and if the diffusion cannot be avoided, it must create a 

metallic or semi-metallic alloy at the interface to avoid the formation of a Schottky barrier. 
 It should act as a highly transparent interface to the Cooper pair27. 
 If possible, it should configure a well-defined and epitaxial interface with the TI epilayer. 

The approach of utilizing an inter-diffusion barrier between 3D TIs and Al junction is adopted by several 
groups24, 25, 26, 27 where a measured poor interface transparency without any diffusion barrier τ = 0.3524, 27 
is witnessed to be improved to τ = 0.4924, 27 and τ = 0.6524, 27 with the addition of Ti and Pt thin films 
respectively. However, any structural characterization of the interface with or without the inter-diffusion 
barrier via XRD or STEM is not reported24, 27, nor does the literature contain any information about the 
structural characterization, the dynamics or the probable surface reconfiguration at 3D TI - Al interfaces. 
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Using these reports as a starting point, a few metallic thin films are selected to be applied as the inter-
diffusion barrier and the structural investigations are performed. 

7.2.1 Inter-diffusion barrier and structural investigations  
The elements Nb, Ti, Pt and Pd are selected to be investigated. A thin layer of these metals are utilized as 
the diffusion barrier and the structural changes at the interface along with the resulting surface 
reconfiguration at TI-B-Al hybrid junctions (here B represents the inter-diffusion barrier) are analyzed with 
the help of STEM and EDX investigations. The selected metals exhibit the following properties. 

 All materials i.e. Nb, Ti, Pt and Pd, belong to the group of transitional metals and exhibit the cubic 
crystal structure15, 54, 55 except for Ti that belongs to the hexagonal crystal family56. The feature of 
non-compatible crystal structure with 3D TIs indicates the probable strain issues, dislocations and 
defect formations at the surface without the possibility of realizing epitaxial and relaxed interfaces.  

 Another feature of these materials is that all of them (Nb, Ti, Pt and Pd), in comparison to Bi and 
Sb, exhibit higher electronegativity difference57 with Te. In other words, they exhibit higher 
reactivity and that is why, as soon as these materials will be introduced at the interface with TI 
epilayer, they most probably will interact with the Te atoms present at the surface and will 
restructure the interface by forming the corresponding tellurides14.  

Keeping the above mentioned factors in mind, both properties may lead to the high defect density and to 
the structural reconfiguration by forming new compounds at the interface. In order to avoid the formation 
of any unintended defects at the interface and to study pristine and un-interacted surfaces, the depositions 
of the inter-diffusion barrier and the Al film are conducted in situ. Al is known to arrange itself in an ultra-
smooth crystalline film at lower than the ambient temperatures between -10 ֯C and -20 ֯C50, 58. Right after 
the growth of TI epilayer via MBE, the sample is cooled down to approx. -10 ֯C where at first 3 nm of the 
barrier metal and subsequently, 30 nm of Al is deposited. Keeping in mind, the difference in the oxidation 
behavior and the interface formation with Si (111) substrates between Sb and Bi (discussed in chapter 6), 
it is decided to conduct the interface study separately for Bi2Te3 and Sb2Te3 as Sb tends to diffuse more 
actively and expected to behave differently from Bi2Te3. The overview of all the samples prepared for the 
interface investigations are listed in Table 7.1.  
 
Table 7.1: An overview of the samples prepared to engineer epitaxial interfaces with the assistance of inter-diffusion 
barrier materials for structural characterization via STEM. 

 

3D TI (Thickness) Inter-diffusion Barrier 
(Thickness) 

Superconductor 
(Thickness) 

Bi2Te3 (15 nm) Nb (3 nm) Al (30 nm) 
Bi2Te3 (15 nm) Ti (3 nm) Al (30 nm) 
Bi2Te3 (15 nm) Pd (3 nm) Al (30 nm) 
Bi2Te3 (15 nm) Pt (3 nm) Al (30 nm) 
Sb2Te3 (15 nm) Pt (3 nm)  Al (30 nm) 
Sb2Te3 (15 nm) Ti (3 nm) Al (30 nm) 

 
In order to investigate the interfaces, lamellae at the cross-section of each layer stacks, listed in Table 7.1, 
are prepared along Si [1-10] projection and the detailed STEM investigations are performed. With the help 
of HAADF and BF images, the structural reconfigurations at each interface are analyzed and via EDX 
spectrum, the compositional investigations including the diffusion of barrier metal into the TI and the 
performance of barrier layer to block Al atoms from reaching the TI epilayer, are conducted. The STEM 
images along with the corresponding EDX spectrum acquired at the interfaces of Bi2Te3 – B – Al based 
junctions where B = Nb, Ti, Pd and Pt are depicted in Figures 7.3, 7.4, 7.5 and 7.6 respectively.     
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Fig. 7.3: Bi2Te3 – Nb – Al interface. (a) STEM-HAADF image acquired at the cross-section of TI epilayer along Si [1-10] 
projection. Nb atoms force the conversion of top Bi2Te3 QL into of Bi2 bilayer and form NbTe2 (TMDC) like structure 
that is damaged due to extensive lateral strain induced by the evolution of hybrid stacking introduced by Bi2 bilayer 
and 19.5 % in-plane lattice mismatch between the stacking layers. The epitaxial interface is evident although the 
lateral strain damages the 0.7 nm wide intermediate region before crystalline Nb is witnessed. (b) BF image of (a).  
(c) Line profile at the interface of the reconstructed surface between Bi2Te3 and Nb along the marked area in (a). (d) 
EDX profile of the complete layer stack Si – Bi2Te3 – Nb – Al, indicating the formation of Bi2 bilayer (red zone) and the 
intermediate region with NbTex (blue zone). The diffusion of Al that is entirely blocked by the thin Nb layer is also 
evident in the profile.  
 
Starting from the left in all these images, a defect-free and relaxed stacking of Bi2Te3 QLs is witnessed. 
Reaching near the interface at the end of QLs, slightly different behavior is observed from one barrier metal 
to another.  

 In Nb based junction (Figure 7.3), the presence of a bilayer structure with relatively high contrast 
and smaller VdW gap is observed that can be associated to the presence of a Bi2 bilayer as EDX 
spectrum also exhibits Bi rich composition in the specific region (red zone in Figure 7.3d). Followed 
by the Bi2 bilayer, a trilayer like structure and an approx. 0.5 nm wide region with an amorphous 
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Nb (220)  
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state is observed with the compositional presence of Nb and Te (blue zone in Figure 7.3d) that is 
followed by the crystalline film of Nb.  

 The Ti based junction (Figure 7.4) exhibited quite similar behavior to Nb with the presence of a 
bilayer structure that is followed by a trilayer like structure with the compositional presence of Ti 
and Te, indicated by the blue zone in EDX spectrum (Figure 7.4d); however unlike Nb, the trilayer 
structure is followed by the hexagonal arrangement of Ti atoms without the presence of a thin 
amorphous layer.  

 

     

  

Fig. 7.4: Bi2Te3 – Ti – Al interfaces. (a) STEM-HAADF image acquired at the cross-section of TI epilayer along Si [1-10] 
projection. Ti atoms force the conversion of top Bi2Te3 QL into of Bi2 bilayer and form TiTe2 (TMDC) like structure that 
is damaged due to extensive lateral strain induced by the evolution of hybrid stacking introduced by Bi2 bilayer and 
16.7 % in-plane lattice mismatch between the stacking layers. The epitaxial interface is evident; although, the clear 
transformation from trigonal TiTe2 to hexagonal Ti is not witnessed due to damaged TMDC layer (TiTex) by the lateral 
strain before the crystalline Ti is witnessed. (b) BF image of (a). (c) Line profile at the interface of the reconfigured 
surface between Bi2Te3 and Ti along the marked area in (a). (d) EDX profile of the complete layer stack Si – Bi2Te3 – Ti 
– Al, indicating the formation of Bi2 bilayer (red zone) and the intermediate region with TiTex (blue zone). Similar to 
the case of Nb, the diffusion of Al that is entirely blocked by the thin Ti layer is also evident in the profile. 
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Fig. 7.5: Bi2Te3 – Pd – Al interfaces. (a) STEM-HAADF and (b) BF images acquired at the cross-section of TI epilayer 
along Si [1-10] projection. Pd atoms are observed to diffuse heavily and homogenously (approx. 7 nm) into the Bi2Te3 
epilayer where they consumed Te atoms and formed PdTe2 (TMDC). Some Pd atoms are intercalated in between PdTe2 
trilayers and created an exotic zig-zag like structure (indicated by blue box in a and b). A strain-free epitaxial interface 
between the diffused epilayer (now PdTe2) and non-diffused TI epilayer is observed. (c) The line profile at the interface 
of the reconstructed surface between Bi2Te3 and Pd along the marked area in (a), the blue marked arrows identify the 
intercalated atoms. (d) EDX profile of the complete layer stack Si – Bi2Te3 – Pd – Al, indicating the heavily diffused TI 
region forming Bi containing PdTe2 (yellow zone) and Pd1Te1 (blue zone). The diffusion of Al is not as efficiently blocked 
by the thin Pd layer as by Nb and Ti due to AlPdx alloy formation (red zone), as evident in the EDX profile. 
 

 The Pd based junction (Figure 7.5) exhibited very different behavior than Nb and Ti. Without the 
presence of any Bi2 bilayer, several trilayer like structures with the compositional presence of Pd, 
Te and Bi are observed having a well-defined interface with Bi2Te3 QL. This newly appeared 
interface between TI and trilayer structures exhibited the presence of a translation shear fault (TSF 
defect) that indicates the existence of weakly bonded and strain-free stacking of layers at the 
interface. At places, the formation of exotic zig-zag like structures with the intercalated atoms in 
the VdW gaps, is also observed (blue box in Figure 7.5a) before the crystalline Pd layer is reached. 

 The Pt based junction (Figure 7.6) exhibited similar behavior to Pd where the presence of a 
structure containing three trilayers exhibiting a well-defined and epitaxial interface with Bi2Te3 
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epilayer is witnessed. Within the trilayer structures, the presence of a twin domain and a TSF (red 
oval and blue arrow in Figure 7.6a respectively) are also visible; however unlike Pd, the VdW gaps 
of trilayer structure exhibited no intercalated atoms. Following the trilayer structure, the epitaxial 
stacking of crystalline Pt thin film is also observed before the Pt-Al interface is reached. 

 

     

  

Fig. 7.6: Bi2Te3 – Pt – Al interfaces. (a) STEM-HAADF and (b) BF images acquired at the cross-section of TI epilayer 
along Si [1-10] projection. Pt atoms diffused slightly and homogenously (approx. 1 – 1.5 nm) into the Bi2Te3 epilayer, 
consumed Te atoms and formed PtTe2 (TMDC) while the residual Bi atoms are also consumed and PtBi2 trilayer 
structures are formed. That is why, no intercalated atoms are observed in Pt based TMDC layers. Both materials i.e. 
PtTe2 and PtBi2 exhibit a trigonal crystal structure and therefore, strain-free and epitaxial interfaces between the 
PtTe2/PtBi2 and Bi2Te3 epilayer, and between Pt and PtTe2 trilayer are observed. (c) Line profile at the interface of the 
restructured surface between Bi2Te3 and Pt along the marked area in (a). (d) EDX profile of the complete layer stack Si 
– Bi2Te3 – Pt – Al, indicating the slightly diffused TI region forming Pt based TMDC like structures (blue zone). The 
diffusion of Al is blocked, not as efficiently as by Nb and Ti, though much improved with respect to Pd.  
 
Considering the standard growth conditions, the presence of Bi2 BL in the Nb and Ti based junctions is 
unexpected. The observed formation and compositions of trilayer like structures has confirmed the 
phenomenon of structural reconfiguration at the TI surface that are required to be understood along with 
the appearance of an amorphous region in the Bi2Te3 – Nb – Al junction.  
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7.2.2 Evolution of generation – II interfaces  

All barrier metals are observed to diffuse into Bi2Te3 epilayer; however, the observed diffusion according 
to EDX profiles in Figures 7.3 - 7.6 is quite different from one metal to another. Nb and Ti exhibited the 
similar behavior with almost non-considerable diffusion. Pd diffused heavily up to 7 nm while Pt is observed 
to diffuse approx. 1.2 nm into Bi2Te3 epilayer. After the diffusion of barrier metal into the TI epilayer, the 
structural reconfigurations have occurred that led to the formation of new interfaces. The evolution of 
new interfaces must be understood separately for each materials and, is discussed below. 

Based on the structural investigations of the interfaces via STEM and EDX spectrum of Nb and Ti based 
junctions (Figures 7.3 and 7.4), the surfaces have reconfigured in the following order: 

 The incoming atoms of material X (Nb or Ti), due to their higher reactivity with Te than Bi, reacted 
with the top Te atomic layer of Bi2Te3 QL and eventually damaged it.  

 This phenomenon forced the damaged/instable Bi2Te3 QL to transform into stable Bi2 bilayer while 
Te atoms in that particular QL are extracted and consumed by the incoming atoms of material X 
to form XTe2 (trilayer structures) as depicted in Figure 7.7.  

 XTe2, in general, known as the transition metal dichalcogenide (TMDC)59, 60, 61 is a 2D material that 
exhibits a trigonal crystal structure with the VdW based trilayer architecture. The transformed 
TMDC layer rearranged itself via VdW interactions with the remaining TI epilayer. This 
phenomenon is known as the self-epitaxy14, 62. As a result of the self-epitaxy between the newly 
evolved TMDC layer and Bi2 bilayer, a well-defined and epitaxial interface has evolved (Figure 7.7). 

 

                          

 

Fig. 7.7: A toy-model representation of the dynamics at the interface. (Left) The incoming atoms of material X interact 
with the exposed Te atoms of Bi2Te3 QL, damage the QL and force the transformation into Bi2 bilayer. Meanwhile, they 
consume all Te atoms of the top QL and subsequently form TMDC trilayer structure of XTe2 that align itself with the 
extra X atoms in the crystalline order. Considering the newly evolved interface between Bi2 and XTe2 being strain-free 
and relaxed, the one to one correspondence (coherent interface) will not be observed (indicated by blue dotted lines).  
 
The interfaces of both materials (Nb and Ti) are witnessed to evolve in the exact same order as discussed 
above; however, certain deviations are observed including heavily damaged layer of XTe2 (TMDC) and 
approx. 0.5 nm wide region of an amorphous state between crystalline XTe2 and X before X-Al interface is 
reached. These deviations are discussed individually for each material X (Nb and Ti) in the next section. 
Before that, the interface evolution in Pd and Pt based junctions is discussed. Pd atoms are observed to 
diffuse heavily into the Bi2Te3 epilayer where a new interface has evolved at the edge of the diffusion limit 
(deep into the epilayer). Based on structural investigations via STEM and EDX spectrum (Figures 7.5), the 
evolution of a new interface have occurred in the following order. 

 The incoming atoms of Pd diffused heavily into Bi2Te3 epilayer. STEM measurements indicated the 
extent of diffusion to approx. 7 nm. 

 Due to higher reactivity of Pd towards Te than Bi, the diffused Pd atoms readily reacted with the 
existed Te atoms in the TI epilayer and transformed into PdTe2 like trilayer architecture (indicated 

Bi2Te3 X Bi2Te3 X Bi2 XTe2 
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by yellow shaded layers in Figure 7.5a) and exhibited the self-epitaxy with the remaining (non-
diffused) TI epilayer via VdW stacking. 

 At VdW gaps between PdTe2 trilayer structures, the manifestation of relatively light atoms (most 
probably Pd) are observed to be intercalated in low density near the interface with TI epilayer. 
Their presence can also be witnessed in the line profile of HAADF image, depicted in Figure 7.5c 
(marked with blue arrows). Away from the interface, however, the density of intercalated Pd 
atoms seems to increase and resulted in the formation of a layer-free architecture with the exotic 
zig-zag structure (blue shaded region in Figure 7.6a), that after calculations of the atomic bond 
lengths seems to be a hexagonal structure of Pd1Te1.  

 EDX spectrum indicates that both regions i.e. PdTe2 trilayer area and Pd1Te1 layer-free structure, 
contain a substantial fraction of Bi as well (Figure 7.6d). To date, it is not known where exactly Bi 
is incorporated. Interestingly, the presence of Bi in Pd1Te1 region does not affect the structural 
characteristics of the region as PdBix alloy also exhibits the hexagonal crystal structure63, 64.  

 
Pt, unlike Nb and Ti, diffused into the TI epilayer; however, the observed diffusion is quite limited in 
comparison to the Pd (Figure 7.6). The STEM investigations suggest that the evolution of a new interface 
has occurred in the following steps. 

 The incoming atoms of Pt diffused slightly into the TI epilayer. STEM measurements indicated the 
extent of diffusion to approx. 1.2 nm uniformly throughout the sample. 

 Due to higher reactivity of Pt towards Te than Bi, the diffused Pt atoms readily reacted with the 
nearby Te atoms into the TI epilayer and transformed into PtTe2 like trilayer architecture (TMDC) 
and exhibited the self-epitaxy with the remaining (non-diffused) TI epilayer (Figure 7.6a and b). 

 Pt, unlike all others barrier materials, utilized the residual Bi atoms in the diffused TI epilayer and 
transformed in PtBi2 based trilayer structure along with PtTe2 forming Pt(Bi,Te)2 = PtBixTe(2-x) 
trilayer alloy. This trend is also evident in the EDX profile (Figure 7.7d) where the intensity of both 
elements i.e. Bi and Te is observed to drop gradually instead of an abrupt drop in the intensity, 
witnessed in the case of Nb and Ti. That is why, entirely clean VdW gaps without any intercalated 
atoms are observed in Pt based trilayers (Figure 7.6a and b).    

7.2.3 Discussion  

The evolution of generation-II interfaces due to the diffusion of barrier metals into the TI epilayer is 
discussed for each layer stack. The resulting chemical changes and structural reconfigurations at the 
surface, their electronic properties and the performance of the barrier materials to block Al from diffusion 
and reaching the TI epilayer must be understood and thus, is discussed below.      

Structural reconfiguration in Nb layer stack: The Nb barrier at the TI surface results in the formation of 
NbTe2 (TMDC) trilayer like structure (Figure 7.3). As mentioned earlier, NbTe2 is a non-topological semi-
metal29 that exhibits superconductivity at 0.5 K30, 31, 32. Similar to most TMDCs, it exhibits a trigonal crystal 
structure with the in-plane lattice constant a = 3.68 Å65, 66, 67 which results in approx. 19.5 % lattice 
mismatch with Bi2Te3 QL. One of the greatest advantage of VdW epitaxy is the structural support to 
construct heterostructures of various materials with diverse layer architecture (layer size) and different  
in-plane lattices that can be stacked on top of each other without any lateral strain or dislocations as long 
as two following conditions are fulfilled.  

 The materials must belong to the compatible crystal structure.  
 They must exhibit the pristine VdW stacking (between similar elements) for example Bi2Te3 (QL) 

and NbTe2 (trilayer). Both materials exhibit Te at the starting and ending atomic positions (for 
details of pristine vs. hybrid VdW stacking visit chapter 4, Figure 4.7).   



Chapter 7: Engineering Epitaxial Interfaces for TI-SC Hybrid Junctions 
 

 
170 

If both of above mentioned conditions are fulfilled, the structures with diverse in-plane lattice parameters 
can be stacked on top of each other where the atoms of different layers may not exhibit the in-plane one 
to one atomic correspondence with each other as depicted in Figure 7.7 (follow blue dotted lines). Such 
interfaces are called incoherent interfaces68, 69, 70. 

Unfortunately, the evolution of Bi2 bilayer at the interface negates the second condition and introduces 
the hybrid stacking on both sides between Bi2Te3 QL - Bi2 bilayer (Te-Bi) and Bi2 bilayer - NbTe2 trilayer (Bi-
Te). As witnessed in chapter 4 (section 4.6), the hybrid stacking between Bi and Te atoms is strong enough 
to compress the entire BixTey crystal vertically and stretch laterally. Here, the hybrid VdW interaction 
provides another example where Bi2 bilayer forced the Te atoms of NbTe2 layer to stretch and follow one 
to one stacking (forced the incoherent interface to be coherent) and in result introduced 19.5 % lateral 
strain in NbTe2 layer and eventually damaged it (named NbTex). This phenomenon also results in the non-
epitaxial stacking of crystalline Nb with the strained NbTex through the formation of 0.5 nm wide 
amorphous region (Figure 7.3a and b). The amorphous region assists in neutralizing the lateral strain and 
on top of the amorphous region, the crystalline structure of Nb thin film is evident where Nb (220) planes 
can be observed in Figure 7.3. The hybrid stacking induced lateral strain provides only partial epitaxial 
interface (an epitaxial but strained interface). On the other hand, Nb provides good results as the blocking 
material and prevents Al atoms from reaching TI epilayer. Thus, the formation of any Schottky barrier is 
avoided as witnessed in the EDX profile (Figure 7.3d). 

Structural reconfiguration in Ti layer stack: The Ti layer presents similar results as observed in Nb based 
heterostructures (Figure 7.4). Ti atoms do not diffuse into Bi2Te3 epilayer rather reconfigure the interface 
by transforming the top QL into Bi2 bilayer and TiTe2 like trilayer as depicted in Figure 7.4. TiTe2 is a trivial 
semi-metal71, 72 and exhibits a trigonal crystal structure with the in-plane lattice constant a = 3.77 Å73, 74, 75 
which brings it to approx. 16.7 % lattice mismatch with Bi2Te3 QL. Here, similar to NbTex, TiTex represents 
the damaged TiTe2 due to extreme lateral strain induced by the hybrid VdW stacking. On top of the strained 
TiTex, the hexagonal arrangement of Ti atoms is visible. Ti also provides suitable results as the blocking 
material and prevents the diffusion of Al atoms from reaching the TI epilayer as witnessed through the EDX 
profile in Figure 7.4d. 

Modifications to avoid hybrid stacking: Nb and Ti, both materials present overwhelming results as the inter-
diffusion barrier; however, their interfaces require minor modifications. One of the main drawback 
experienced while utilizing both materials, is the formation of Bi2 bilayer and the appearance of hybrid 
stacking that laterally strains the TMDC layers and damage them. This phenomenon occurred due to only 
one reason, the unavailability of sufficient Te atoms at the surface to form the strain-free TMDC structures 
without damaging the Bi2Te3 QL, and it can be completely avoided by providing extra Te at the interface. 
These are two possibilities to achieve it in situ via MBE system.  

 The first is the co-evaporation of Te along with Nb/Ti. The incoming flux of Te will assist the 
formation of NbTe2/TiTe2 without the requirement of utilizing Te atoms from the TI epilayer. The 
formation of Bi2 bilayer will be avoided and strain-free epitaxial interfaces will be achieved.  

 The second method is the substitution of the first approach if the co-evaporation of the materials 
is not possible. In this method, a couple of nm extra Te layer can be deposited on top of TI epilayer. 
The incoming Nb/Ti atoms will consume the extra Te atoms without affecting the TI epilayer and 
the relaxed stacking with the epitaxial interfaces will be achieved. This technique is already utilized 
in fabricating high quality Bi2Te3 – TiTe2 heterostructures76, 77, 78. To the best of our knowledge, the 
high resolution or atomic-scale structural investigations have never been performed; however, the 
detailed XRD investigations have confirmed the formation of strain free heterostructures77.  

An unexpected advantage of the Bi2 bilayer formation, as observed in Figure 7.3 and 7.4, is the capability 
of utilizing it as a tool to apply uniaxial strain to NbTe2 and TiTe2 layers as they are proposed to exhibit a 
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series of topological phase transitions under strain79. This feature is not the purpose of this study and 
therefore, any further experiments are not conducted; however, it provides a new experimental platform 
for the realization of topological phases in these materials that was not possible before and the 
investigations were limited only to the theoretical models.  

Nb and Ti as diffusion barrier for Sb based TIs: The structural investigations are also conducted at the 
interface of Sb2Te3-Nb-Al and Sb2Te3-Ti-Al hybrid junctions. However, unlike Bi2Te3, Sb2Te3 do not present 
similar results rather both Nb and Ti are observed to diffuse into the TI epilayer. Due to diffusion, the 
formation of Sb2 bilayer and the appearance of hybrid stacking is not witnessed.  

 The interface at Sb2Te3-Nb-Al is found to be exactly similar to Figure 7.1 with the formation of  
approx. 3 nm thick amorphous inter-mixed region. Despite the shortcoming of an epitaxial 
interface, Nb displays the features of a strong inter-diffusion barrier and blocks the diffusion of Al 
atoms from reaching the TI epilayer thus, the formation of any Schottky barrier is avoided. 

 Similar to Nb, Ti atoms are also observed to diffuse 3 nm in Sb2Te3 epilayer. Ti atoms form an 
approx. 4 nm wide region with a poly-crystalline structure containing Ti based binary TixSb2-x and 
ternary TixSb2-xTe3 alloys80, 81, 82. TixSb2-x is a topological semi-metal83, 84; however, it exhibits the 
tetragonal crystal structure while the ternary TixSb2-xTe3 alloy exhibits a meta-stable crystalline 
structure and is a well-known phase change material (PCM)82. It readily converts into an 
amorphous phase with a high resistive state and therefore, it may result in the formation of a 
Schottky like barrier. Ti film is failed to block the diffusion of Al atoms into Sb2Te3 due to diffusive 
nature of both Sb and Al. The STEM-HAADF image acquired at the interface of Sb2Te3-Ti-Al junction 
is depicted in Appendix 7A.   

Structural reconfiguration in Pd layer stack: The Pd barrier at the Bi2Te3 results in the formation of several 
PdTe2 (TMDC) trilayer and Pd1Te1 layer-free structures (Figure 7.5). PdTe2 is a semi-metal that unlike NbTe2 
and TiTe2 exhibits topologically non-trivial attributes and belongs to the class of type-II Dirac semi-metal 
(DSM) 85, 86, 87. Along with the topology, PdTe2 exhibits type-I superconductivity with TC = 1.7 K 88, 89, 90, 91. 
Both of these features render PdTe2 itself a very conspicuous material for TSC92. However, here it is utilized 
as an intermediate source to block Al atoms from reaching TI epilayer and to engineer an epitaxial interface 
between Bi2Te3 and Al. Pd1Te1 and Pd1Bi1, both are semi-metals that exhibit a hexagonal crystal structure 
with P63/mmc (194) space group63, 64, 84, 93. Pd1Te1 exhibits type-II superconductivity at 4.5 K94 while Pd1Bi1, 
similar to PdTe2, exhibits type-I superconductivity95, 96 with TC = 1.6 K. Moreover, PdBix unlike PdTe2, exhibits 
the non-centrosymmetric superconductivity95, 96, 97 and recently reported to exhibit signatures of an odd-
parity 3D topological superconductivity98 in the tetragonal phase (𝛽-PdBi2).  

The lattice parameters of the TMDC trilayer and the exotic zig-zag structures are measured via STEM. The 
parameters of the trilayer architectures are found to be a = 4.12 ± 0.04 Å and c = 5.14 ± 0.02 Å that are in 
good agreement with the earlier reported values PdTe2 (a = 4.11 Å)99, 100 and confirm the formation of 
TMDC structure. The parameters of the zig-zag structures are found to be a = 4.24 ± 0.04 Å and c = 5.68 ± 
0.02 Å that that are in good agreement with the values of hexagonal Pd1Te1 (a = 4.22 Å)84, 93 and Pd1Bi1  
(a = 4.23 Å)63, 64. The formation of PdTe2 and layer free architecture (Pd1BixTe1-x) is observed to be 
dependent on the relative presence of Pd in the region. Near the interface with Bi2Te3 epilayer, the 
presence of Pd is less pronounced and therefore, only trilayer architecture of PdTe2 is witnessed. However, 
4 nm away from the interface, Pd is available in abundance and it facilitates the formation of the layer-free 
architecture. This trend can easily be observed in Figure 7.5a and b (blue colored zone).  

As mentioned above, PdTe2 exhibits a trigonal crystal structure with the in-plane lattice constant  
a = 4.11 Å99, 100 which causes a lattice mismatch of 6.3 % with Bi2Te3 QL at the interface. Unlike the case of 
Nb and Ti where the presence of hybrid VdW stacking induces strain in the TMDC layers, PdTe2 – Bi2Te3 
interface exhibits the pristine vdW stacking i.e. the strain-free and entirely relaxed layer stacking between 
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Te-Te atoms. That is why, the one to one stacking (coherent interface) that can only be witnessed between 
the lattice matched layers or in the strained layers via hybrid vdW stacking, is not witnessed in PdTe2. Also, 
the presence of a TSF at the newly evolved interface is another evidence of weakly bonded and strain-free 
layer stacking of Bi2Te3 – PdTe2 layers. In general, Pd after diffusion forms PdTe2 near the interface and 
exhibits a well-defined and epitaxial interface with the TI epilayer. 

Pd unlike Nb and Ti, exhibits different behavior and diffuses in both regions i.e. in Bi2Te3 epilayer and in the 
Al film as well. Almost half of the deposited Pd is observed to diffuse into the TI epilayer where it transforms 
into the TMDC structure of PdTe2 (in the less diffused regions) and into the layer-free architecture of 
Pd1BixTe1-x (in the heavy diffused regions) while the remaining Pd atoms are observed to diffuse into Al 
layer forming AlPdx alloy. Al, that is witnessed to be entirely blocked from diffusion by Nb and Ti thin films 
(Figure 7.3 and 7.4), is observed to slightly diffuse into TMDC structure of PdTe2, depicted in Figure 7.5d; 
however, no formation of AlTex is witnessed in HAADF images rather an intermediate states of AlPdx alloy 
is observed (red zone in Figure 7.5d). AlPdx exists in several stoichiometric states, all of them exhibit 
metallic behavior and therefore, should not be a problem for the formation of a Schottky barrier.  

Pd as diffusion barrier for Sb based TIs: Sb2Te3-Pd-Al junction is not investigated as recently an STEM study 
on BST-Pd hybrid structure is conducted by Bai et al.14 without the Al layer on top; however, it provides 
the relevant information about the interface. In case of Pd as the diffusion barrier, both Sb and Bi based 
TIs exhibit almost similar behavior. The only difference observed is in Sb based TIs with the diffusion of Pd 
into TI epilayer that is not homogeneous14 while in the case of Bi2Te3, the diffusion of Pd and the formation 
of new interface is well-defined and uniform all over the sample. In general, Pd as the diffusion barrier 
between TI and Al, provides an atomically sharp and epitaxial interface and also blocks the formation of 
any Schottky barrier. The only drawback is the heavy diffusion of Pd into the TI epilayer that can be 
problematic for ultra-thin samples and the unexpected electronic behavior in the JJ based devices that 
might originate from the topological or superconductive nature of PdTe2, Pd1Te1 or PdBix alloys. 

Structural reconfiguration in Pt layer stack: The Pt barrier at the Bi2Te3 results in the formation of three well-
defined PtTe2 (TMDC) and PtBi2 trilayer-like structures (Figure 7.6). PtTe2 is semi-metal85 that similar to 
TiTe2 does not exhibit superconductivity while its topology depends upon the thickness of the epilayer101. 
One monolayer (ML) of PtTe2 (ML = trilayer structure of PtTe2) is a very narrow bandgap semiconductor102, 
2 MLs become semi-metallic103, 104 while 4 and more MLs crossover and start to exhibit topological 
attributes102 and belong to the class of type-II Dirac semimetals (DSM) 101, 105, 106, 107. PtBi2 is also a semi-
metal that exhibits Dirac surface states108, 109 and conventional superconductivity below 600 mK110, 111. It 
exhibits hexagonal family compatible crystal structure in multiple phases including layered based structure 
in P-3 (147) 110, 112, 113 and P31m (157) 110, 112, 113 space groups; however, with the increasing availability of 
Pt atoms, it readily converts into the layer-free architecture of Pt1Bi1 with the zig-zag structure and exhibits 
P63/mmc (194) space group110, 114, 115, similar to the structure observed in Pd based junctions in Figure 7.5.  

The lattice parameters of each TMDC trilayer are measured via STEM. The parameters of the trilayers are 
observed to deviate from each other indicating the localized compositional changes among them. The 
parameters of the first layer, in contact with Bi2Te3 epilayer, are found to be a = 4.11 ± 0.04 Å and  
c = 5.39 ± 0.03 Å while the parameters of the last layer, in contact with Pt, are found to be a = 4.23 ±  
0.04 Å and c = 5.63 ± 0.03 Å that are much closer to reported values of PtBi2

101, 106, 116, 117. It indicates that 
the diffused Pt reacts readily with Te atoms and forms Te rich PtBixTe(2-x) trilayer closer to the TI epilayer 
while the trilayer in proximity to Pt is relatively Bi rich, indicated by the enhanced lattice parameters and 
confirmed via the EDX spectrum (Figure 7.6d). 

PtBi2 and PtTe2, both exhibit the in-plane lattice constants a = 4.16 Å110, 112 and 4.09 Å101, 106, 116, 117 
respectively which brings them to approx. 6.2 % lattice mismatch with Bi2Te3 QL at the interface. Similar to 
the case of PdTe2, Pt based trilayers exhibit entirely strain-free and relaxed stacking forming a well-defined 
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epitaxial interface with the TI epilayer as depicted in Figure 7.6. It is interesting to notice that Pt similar to 
Pd utilizes Bi; however, it forms PtBi2 trilayer structure allowing the possibility of achieving the perfectly 
relaxed and strain free interface. As observed, Pt also forms uniformly and homogenously only 3MLs of 
PtTe2 (layers also contain Bi) that electronically act as a metal without any topological attributes. If 
required, with the co-evaporation of Te, the number of PtTe2 layers can be increased and the topological 
attributes can be switched on. Pt as the diffusion barrier between Bi2Te3 and Al, allows self-diffusion; 
however, blocks Al atoms from reaching the TI epilayer and prevents the formation of any Schottky-like 
barrier. This trend can be visualized via EDX spectrum depicted in Figure 7.7d.  

Pt as diffusion barrier for Sb based TIs: The interface investigations are conducted at Sb2Te3-Pt-Al junction 
as well. In case of Sb2Te3, almost similar behavior to Bi2Te3 is observed with a few minor differences.  

 Unlike Bi, Sb atoms do not form layered structure of PtSb2; however, the formation of layer-free 
architecture of Pt1Sb1 is possible but not observed.  

 Due to diffusive nature of Sb, Pt is observed to diffuse further (up to 2.5 nm and inhomogeneously) 
into the TI epilayer and that is why, the total number of PtTe2 layers, unlike Bi2Te3, is observed to 
be non-uniform and varies between 3 to 6 trilayers at different locations. The HAADF image is 
depicted in Appendix 7A.  

 Unlike the case of Bi, the atomically clean vdW gaps between PtTe2 trilayers are not observed 
mostly due to residual Sb atoms intercalated in between PtTe2 layers, depicted in Appendix 7A.  

7.2.4 Conclusions 

As introduced earlier, all of the selected barrier metals i.e. Nb, Pt and Pd except Ti belong to the cubic 
crystal structure and thus, are expected to exhibit structural defects at the interface. The formation of such 
defects is not witnessed; however, as soon as these materials are introduced at the surface of the TI 
epilayer, they diffuse and interact with the Te atoms (present in the QLs), restructure the TI surface by 
forming the corresponding telluride i.e. NbTe2, TiTe2, PtTe2 and PdTe2 that are known as TMDCs. These 
trilayer structures (TMDCs) provide artificially engineered epitaxial interfaces through the vdW assisted 
self-alignment with the residual TI epilayer. 

Based on the structural and chemical investigations of the diffusion barriers and their performance, the 
key observations are summarized individually for Bi2Te3 and Sb based TIs.  

Engineering self-epitaxial interfaces for Bi2Te3: The structural investigations have revealed that the 
interaction of each blocking material with Bi2Te3 epilayer and the resulting structural reconfiguration 
occurs in slightly different fashion; however, the most critical feature that differentiates each material from 
one another is the extent of diffusion into Bi2Te3. Based on this feature, the barrier materials and the 
interface evolution in Bi2Te3 hybrid structures are categorized in following three groups. 

 Diffusion-prohibited self-epitaxy of TMDC: Nb and Ti belong to this group. Both materials do not 
diffuse into the TI epilayer at all; however, the higher reactivity towards Te results in the forced 
transformation of top QL into Bi2 bilayer and the hybrid vdW stacking induced strained TMDC 
layers that provide only partial-epitaxial interfaces. These materials exhibit the best capability to 
block Al atoms from reaching the TI epilayer. NbTe2/TiTe2 are not only preferred for the low 
temperature superconducting applications but also at higher temperatures they demonstrate a 
high resistance against diffusion and present ohmic contacts with the TI epilayers118, 119.  

 Diffusion-assisted self-epitaxy of TMDC: Pd belongs to this category. Pd atoms diffuse heavily into 
Bi2Te3 and transform the diffused TI into PdTe2 trilayer and Pd1Te1 + PdBix layer-free architectures. 
An atomically sharp (well-defined), epitaxial and strain-free interface establishes between PdTe2 
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and the residual Bi2Te3. Pd exhibits relatively poor capability to block Al atoms from diffusion due 
to the formation of AlPdx alloy.   

 Diffusion-limited self-epitaxy of TMDC: Pt belongs to this category. Pt atoms diffuse slightly into 
Bi2Te3 epilayer and consume both, Te and Bi atoms to transform into the trilayer architecture. The 
evolved layers of PtTe2/PtBi2 not only establishes a strain-free and well-defined epitaxial interface 
with Bi2Te3 but also with the crystalline Pt layer. Pt exhibits good capability to block Al atoms from 
reaching the TI epilayer. 

Structurally, all barrier metals with Bi2Te3 exhibit the acceptable results (i.e. provide the formation of 
epitaxial interfaces and block Al atoms from diffusion and interacting with the TI epilayer). The observed 
shortcoming with Ti and Nb with the formation of Bi2 bilayer can be easily avoided. The heavy diffusion of 
Pd into Bi2Te3 and the realization of PdTe2 and Pd1Te1 with distinct topological and superconducting 
features can impact of the intrinsic junction characteristics and therefore, is the least recommended. 
However, the selection of the best barrier metal cannot be performed only on the basis of structural 
characteristics and therefore, JJs of each barrier materials with Bi2Te3 are fabricated and their electronic 
performance is investigated in section 7.3 to conduct a comparative analysis among them.   

Engineering self-epitaxial interfaces for Sb based TIs: Due to the diffusive nature of Sb, Sb2Te3 and BST alloys 
exhibit similar behavior of the interface evolution with the barrier metals that differs from the above 
discussed results of Bi2Te3. The interface with Nb results in the formation of a diffused amorphous region 
(Figure 7.1). Similarly, Ti after diffusion forms a polycrystalline inter-mixed region at the interface that 
exhibits PCM characteristics. Both of them do not provide epitaxial interfaces. Pd and Pt with Sb containing 
TIs exhibit almost similar behavior to Bi2Te3 with minor differences and present a possibility to achieve 
epitaxial interfaces. Due to excessive diffusion of Pd, it is not recommended to use for the thin films and 
therefore structurally, Pt is ranked as the best material for Sb based TIs to engineer epitaxial interfaces.   

Interface adaptations for BixTey alloys: The epitaxial growth of the topologically rich family of BixTey 
stoichiometric alloys is discussed in chapter 4. Due to the structural and observed similarity in growth 
mechanics (chapter 4) and oxidation process of BixTey alloys with Bi2Te3 (chapter 6), the evolution of 
interfaces in BixTey surfaces can be projected. One of the most critical requirement to fabricate devices 
containing BixTey hybrid junctions is that the interface evolution must not alter the stoichiometry 
(composition) of the alloy. Based on this principle, Pd cannot be used as it diffuses heavily into the epilayer 
and thus, it will alter the composition of the alloy. Nb and Ti do not diffuse; however, they both force the 
transformation of the top QL into Bi2 bilayer that will alter the composition locally on one hand, and would 
impact on the density of surface states and the topology on the other hand as witnessed in case of Bi4Te3, 
discussed in Figure 4.37. Using the modified approach of Te co-evaporation, discussed in section 7.2.3, this 
problem can be resolved for some stoichiometric alloys; however, the co-evaporation may lead to the 
stoichiometric deviations in other BixTey alloys due to diffusion of Te into the epilayer. In cases, where the 
top layer of BixTey film is Bi2 bilayer instead of Bi2Te3 QL, Nb and Ti would present epitaxial interfaces 
without any transformations. Pt, on the other hand, is the only material that utilizes both elements i.e. Te 
and Bi and, in result, forms the vdW assisted trilayer architecture that provides epitaxial interfaces. In 
summary, all three materials i.e. Pt, Nb and Ti can be utilized to engineer epitaxial interfaces with BixTey 
alloys with minor adjustments. 

Interface adaptations for Bi2Se3: Though, the interface characterization of barrier metals with Bi2Se3 
epilayers is not conducted, the information acquired from the structural characterization of other 3D TIs 
has provided a generalized platform to estimate the probable interface evolutions in Bi2Se3 epilayers. The 
selected barrier materials i.e. Nb, Ti, Pd and Pt after interacting with Bi2Se3 QL will most probably transform 
into the TMDC structures forming their corresponding selenides i.e. NbSe2, TiSe2, PdSe2 and PtSe2; 
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however, the realization of the above mentioned TMDCs depends upon the structural compatibility with 
Bi2Se3 and the chemical stability of the corresponding TMDC.  

NbSe2 belongs to the hexagonal crystal structure with P 63/mmc (194) space group120, 121, 122, 123 having the 
in-plain lattice a = 3.46 Å. It is a semi-metal that exhibits superconductivity at 7.2 K121, 124, 125, 126, 127. TiSe2 
belongs to the trigonal crystal structure with P-3m1 (164) space group having the in-plain lattice a =  
3.54 Å128, 129, 130, 131. It exhibits semi-metallic behavior73, 132, 133, 134, 135 without any superconducting 
attributes. PtSe2 similar to TiSe2 belongs to the trigonal crystal structure with P-3m1 (164) space group 
having the in-plain lattice a = 3.73 Å136, 137, 138, 139; moreover, it is a semi-metal103, 106, 140 that exhibits the 
conventional superconductivity at 2.15 K141, 142. It also exhibits the topologically non-trivial attributes and 
belong to the type-II DSM142, 143, 144, 145, 146. Pd forms PdSe2 that unexpectedly exhibits the non-compatible 
i.e. the monoclinic crystal 147, 148, 149 and the non-metallic band structure147, 148, 149. The heavy diffusion of 
Pd and the structural non-compatibility designates Pd as an inappropriate material for the interface 
engineering. Except Pd, all barrier metals will most probably exhibit epitaxial interfaces with Bi2Se3 
epilayers.  

A few other adoptable barriers are Mo and W thin films. In Te based TIs, MoTe2 is structurally compatible150 
while WTe2 is non-compatible (Orthorhombic)151, 152 and thus, cannot be utilized to acquire epitaxial 
interfaces. In Se based TIs both, Mo and W will readily transform into MoSe2

153, 154, 155 and WSe2
156, 157 that 

exhibit the hexagonal crystal structure with P 63/mmc (194) space group that would facilitate the self-
aligned epitaxial interfaces with the Bi2Se3 epilayers.   

7.2.5 Induced superconductivity in Bi2Te3 – B – Al hybrid junctions 

In order to evaluate the electronic performance of the barrier metals, Al based JJs of all barrier metals (Nb, 
Ti, Pd and Pt) containing Bi2Te3 as the weak-link, are prepared. The JJs are fabricated in situ by combining 
the techniques of selective area epitaxy (SAE) and the on-chip stencil mask, a technique developed by 
Schüffelgen et al.28, 33, 158 to shape the metallic electrodes in situ, without the requirement of post 
lithography process; and they are finally capped with 5 nm of Al2O3. Figure 7.8 depicts the SEM images of 
a few prepared junctions where Ti is utilized as the barrier material while the overview of all the fabrication 
steps can be found in Appendix 7B.  

The detailed characterization of the prepared Josephson junctions (JJs) including the evolution and the 
temperature dependent behavior of Andreev bound states (ABS), temperature dependency of the 
supercurrent (𝐼஼) to evaluate the diffusive and ballistic carrier contributions, topological signatures via 
radio frequency (RF) dependent Shapiro response to observe the contribution of 4π-periodic Majorana 
bound states (MBS) etc. are performed; however, they are not the part of this study. Some of those results 
along with the details of the measurement setup can be found in Wittl et al. while other will be reported 
in Schmitt et al. Here, the main purpose is to identify if the junctions exhibit the signatures of induced 
superconductivity, a feature that was failed to be achieved in junctions prepared without the inter-
diffusion barrier, reported earlier28. Secondly, the aim is to compare the different barrier materials on the 
basis of the junction performance.   

The junctions are loaded and cooled down in the Oxford Triton cryogenic system at the base temperature 
of 15 mK and the I-V measurements are performed. The signature of the induced superconductivity is 
witnessed with the junction resistance reaching 0 Ω. It can be observed with the help of the differential 
resistance 𝑑𝑉/𝑑𝐼 vs. 𝑉 and 𝐼௖ vs. 𝑉 profiles, plotted in Figure 7.9. The similar trend is observed in all the 
measured junctions containing the entire set of barrier metals exhibiting minor deviations is the junction 
properties such as the critical temperature (𝑇௖), the critical magnetic field (𝐵௖), and the 𝐼௖𝑅௡ products etc.  
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Fig. 7.8: Bird eye view of SEM images providing an overview of the fabricated Josephson junctions containing Bi2Te3 
as the weak-link, Ti as the inter-diffusion barriers and Al as the superconducting electrodes. Various junctions having 
different dimensions with changing width and length are depicted. The on chip stencil mask is created with the 
combinational stack of PECVD based 300 nm SiO2 and 100 nm SiNx. The 100 nm thick SiNx bridges are suspended being 
supported by 300 nm thick columns of SiO2 that have facilitated to acquire the designed shape of the Al electrodes.  
 

 
Fig. 7.9: A representation of the long range measurement of Ic vs. V and dV/dI vs. V acquired from a Bi2Te3 JJ prepared 
with Ti as the inter-diffusion barrier and Al as the superconducting electrode having width (W) = 1000 nm and length 
(L) = 150 nm. The parameters such as the normal states resistance (Rn), the switching current (Ic) and the excess current 
(Iexc) etc. are extracted. The dotted yellow lines are representing the multiple Andreev reflections. (Courtesy: W. Wittl)  
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Table 7.2: An overview of the measured junction characteristics for all barrier materials in Bi2Te3 – Al based JJs. 
Junction Parameters  

[units] 
Inter-diffusion Barrier 

Nb Ti Pd Pt 
dimensions (length x width)  

[nm x nm] 90 x 1000  150 x 1000 110 x 300 90 x 500 

𝑰𝒄 = switching current [nA] 2206 ± 3 981 ± 4 7994 ± 15 451 ± 1 
𝑹𝒏 = normal resistance [Ω] 58.19 ± 0.01 66.2 ± 0.01 40.4 ± 0.1 145.1 ± 0.01 
𝑰𝒆𝒙𝒄 = excess current [nA] 2284 ± 0.1 1921 ± 0.1 2800 ± 5 691 ± 3 
𝜟′ = induced gap [µeV] 170 ± 10 123 ± 6 158 ± 10 180 ± 10 
𝑩𝒄= critical magnetic field [mT] 12 ± 1 19 ± 1 40 ± 2 26 ± 1 
𝑻𝒄 = critical temperature [K] 0.91 ± 0.025 0.82  ± 0.025  1.3 ± 0.025 0.9 ± 0.025 
𝑰𝒄𝑹𝒏 [μV] 123 ± 1 65 ± 1 319 ± 1 66 ± 2 

 𝒆 
𝑰𝒆𝒙𝒄𝑹𝒏

𝜟′
  0.78 ± 0.05 0.93 ± 0.05 0.71 ± 0.2 0.61 ± 0.1 

 𝒆 
𝑰𝒆𝒙𝒄𝑹𝒏

𝜟
  0.44 ± 0.05 0.41 ± 0.05 0.39 ± 0.2 0.378 ± 0.1 

𝑻𝟏/𝑻𝟐 = transparency (%) 72/60 ± 2 78/58 ± 2 68/57 ± 2 63/56 ± 1 
 
Multiple junctions having different dimensions for all barrier materials are measured and the best set of 
parameters are listed in Table 7.2. The listed parameters cannot be compared directly for different barrier 
metals as the junction dimensions differ. Also, the induced gap (𝛥′) cannot be evaluated with certainty as 
the behavior of the differential resistance at the switching current makes it quite challenging to extract the 
exact value and that is why, it is reported to perform such measurements in parallel with a shunted 
resistance159, 160, 161. The exact value of the induced gap (𝛥′) is important as, the parameter 𝑒𝐼௘௫௖𝑅௡/𝛥′ can 
be evaluated that provides the corresponding value of 𝑍25, 162, 163, 164 and via 𝑍, the junction transparency 
can be evaluated using 𝑇 =  1/(1 + 𝑍ଶ)165. To have a more reliable comparison, the values of 𝑍 and the 
corresponding 𝑇 are evaluated using both the 𝛥ᇱ and 𝛥 named 𝑇ଵ and 𝑇ଶ in Table 7.2. Anyhow, the 𝐼௖𝑅௡ 
product and the transparency (𝑇) are the two parameters that provide the figure of merit for a junction 
and thus, can be utilized to compare the barrier materials. Based on the obtained results the key 
observations are discussed below: 

 Pd through the formation of PdTe2/Pd1Te1, as expected, has heavily impacted the junction 
characteristics. It can be realized from the measured value of 𝑇௖  exceeding the value of Al (1.2 K), 
most probably due to 𝑇௖  of PdTe2 (1.7 K). The switching current and the 𝐼௖𝑅௡ product also deviate 
from the junctions with other barrier metals. As PdTe2 is observed to impact the superconducting 
properties of the junction, it may also influence the topological attributes of the weak-link and 
therefore, Pd is not recommended as a diffusion barrier.  

 Other than Pd, all barrier metals have presented almost similar results. Nb, in general, always 
exhibits high 𝐼௖ and therefore, larger 𝐼௖𝑅௡ product. The 𝐼௖𝑅௡ product provides the energy rating 
of a junction i.e. the maximum supercurrent that is alloyed by the junction before it converts into 
the normal resistive state. Both barrier materials i.e. Pt and Ti have exhibited the similar 𝐼௖𝑅௡ 
values along with the junction transparencies 𝑇ଶ, evaluated with the gap of Al (𝛥). 

Based on these results, the barrier metals Nb, Ti and Pt can be utilized to artificially engineer epitaxial 
interfaces with the successfully induced superconductivity in Al based Josephson junctions. The formation 
of TMDC assisted self-epitaxial interfaces have provided a platform that can be adopted with different TI 
materials on one hand, and s-wave SCs on the other hand to fabricate functional quantum devices. The TI-
SC hybrid junctions that had failed earlier due to heavy diffusion of Sn and Pb, can now be refabricated 
with the incorporation of barrier metals, and the temperature limitation imposed by Al (𝑇௖  = 1.2 K) can be 
addressed by replacing Al with Sn (𝑇௖  = 3.7 K) and Pb (𝑇௖  = 7.2 K).   
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7.3 Summary 

For the realization of topological superconductivity, the structural investigations at the interface between 
TI epilayers and various s-wave superconductors (SCs), are performed. Nb with BST alloy exhibits an 
amorphous though, highly transparent interface; however, it suffers from the 1e periodic supercurrent 
and is prone to quasiparticle poisoning that limits its utilization for the complex spintronics and Majorana 
based applications. To address this issue, Sn and Pb based interfaces are investigated. Both elements are 
observed to diffuse heavily into the TI epilayer where they deform the crystal structure by forming the 
corresponding chalcogenides (e.g. SnSe) with the non-compatible crystal structure (i.e. orthorhombic). 
Similarly, the interface with Al is also observed to be diffusive resulting in the formation of a polycrystalline 
region along with the appearance of a Schottky-like barrier at the interface that leads to failure in achieving 
the induced superconductivity in TI-SC hybrid structures. To counter the diffusion problem, a thin metallic 
film (3 nm) is introduced as the diffusion barrier between the TI epilayer (Bi2Te3/Sb2Te3) and SC (i.e. Al). 
Due to the behavioral difference between Sb and Bi based compounds, interfaces are individually 
investigated for Bi2Te3 and Sb2Te3 epilayers to compare the structural differences. The structural 
characterizations at the atomic-scale via STEM and compositional analysis via EDX are conducted for all  
TI-B-Al hybrid junctions. The selected barrier metals i.e. Nb, Ti, Pt and Pd, at the contact with TI epilayers 
switch into NbTe2, TiTe2, PtTe2 and PdTe2 like trilayer architecture respectively and establish the vdW based 
self-aligned epitaxial interfaces with the residual TI epilayers. They also successfully block the Al atoms 
from diffusing into the TI epilayer and hinder the formation of a Schottky-like barrier. Josephson junctions 
of Bi2Te3 - Al hybrid junctions based on all barrier materials are prepared and the induced superconductivity 
is successfully achieved in all of them. As Sb tends to diffuse into other materials, atomically sharp 
interfaces are not realized in most of the Sb based materials; however, Bi based TIs in almost all cases 
exhibit well-defined and epitaxial interfaces. Based on structural investigations, Pt is found to be best 
suited for Sb2Te3 while for Bi2Te3 all barrier materials exhibit the adoptable interfaces. The summary of 
best barrier metal for each TI is listed in Table 7.3. The other SCs that exhibit either the diffusion problems 
(with the formation of large bandgap alloys such as Al) or the non-compatible crystal structure (after 
diffusion into TI epilayer such as Sn and Pb) can now be utilized successfully with the incorporation of 
barrier materials that form epitaxial interfaces assisted by the self-epitaxy of TMDCs. 
 
Table 7.3: An overview of the barrier materials incorporation with different 3D topological materials along with the 
recommendations based on the structural characterization to engineer the epitaxial interfaces. 

3D  
Topological Materials  

Inter-diffusion Barrier 
Nb Ti Pd Pt 

Bi2Te3 Good Good Not recommended Recommended 
Sb2Te3 , BST alloys - Bad Not recommended Good 

BixTey Good Good Bad Recommended 
Bi2Se3 Recommended Good Bad Recommended 
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Chapter – 8 

Conclusions and Outlook 
In the perspective of crystal growth, there are certain challenges that limit the utilization of topologically 
protected Dirac surface states (TSS) of conventional 3D TIs into the futuristic quantum devices. This work 
is a modest attempt to systematically address those issues including the preparation of defect-free and 
high crystal quality epilayers, fabrication of pristine and integratable nanostructures, suppression of trivial 
carriers to enhance the contribution of TSS, and the realization of atomically transparent and epitaxial 
interfaces.  

Starting with the epitaxial growth of 3D TIs, the relation between the growth parameters and the structural 
defect density is identified. The selection of optimum growth temperature (Tsub) and the control over thin 
film growth rate (RTF) = 5 nm/h have facilitated the achievement of defect-free and high structural quality 
epilayers of all Te based 3D TIs. The demands of integratable complex nano-architecture are fulfilled with 
the selective growth of 3D TIs on the patterned Si (111) substrates. The development of plasma enhanced 
chemical vapor deposition (PECVD) based SiNx to be resistant in HF based solutions has enabled the 
realization of combinational surfaces based patterned substrates. Furthermore, the technique of SAE has 
facilitated the achievement of a scalable network of topological nanostructures with adaptable 
dimensions. The encountered challenges of crystal defects in selectively grown nanostructures are 
addressed with the development of a specialized growth model. This model, by incorporating the pattern 
dimensions into account, has provided control over the effective growth rate (Reff) of the crystal, and in 
succession, has facilitated the preparation of defect-free structures at the nanoscale. 

Atomic scale structural characterizations conducted on selectively grown topological nanostructures have 
confirmed the high-quality of the grown crystals. Moreover, the magneto-transport investigations have 
revealed the improved electronic properties of 3D TIs, particularly the bulk carrier density (2 x 10 -19 cm3) is 
observed to decrease by almost 1 order, compared to the earlier reports (5 x 10-20 cm3). Though improved 
results are obtained, the observed carrier density is still at least 2 orders higher than the utilizable 
conditions (10-17 cm3) for most of the advanced quantum applications. This deficiency in electronic 
properties could not be associated to the crystal quality of 3D TIs, as almost defect-free nanostructures 
are realized. The detailed structural characterization via scanning transmission electron microscope 
(STEM) and chemical analysis via energy dispersive X-ray (EDX) spectroscopy have revealed the presence 
of a narrow channel created by the diffusion of Sb atoms into the silicon substrate that must have 
influenced the carrier density in Sb based TIs. Moreover, another source of high carrier density is identified 
in form of the probable charge transfer due to the band alignment of topological epilayer at the interface 
with the substrate. The presence of this phenomenon and the resulting impact on the bulk carrier density 
is revealed by conducting a comparative study with the crystal growth, the structural characterization and 
the magneto-transport investigations of BixSb2-xTe3 (BST alloy) prepared on an insulating substrate of HfO2. 
Unexpectedly, despite the relatively low structural quality of the epilayer on HfO2 substrate, a decrement 
of almost two orders of magnitude in the bulk carrier density (1 x 10-17 cm3) is observed. The obtained 
results have confirmed the phenomenon of the band alignment and the charge transfer that impacted the 
density of trivial carriers in the TI epilayers prepared on the silicon substrates. These observations indicate 
caution for the future utilization of silicon substrates to realize any advanced quantum device based on 3D 
TIs. Despite these limitations of TI nanostructures prepared on silicon substrates, the distinct phenomena 
in magneto-transport due to the presence of TSS including the weak anti-localization (WAL) effect, the 
Shubnikov-de Haas (SdH) and the Aharonov–Bohm (AB) oscillations, and the resistive steering effect are 
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witnessed. The observation of these effects can be associated to the high crystal quality of the selectively 
grown topological nanostructures.  

One way to neutralize the issue of high density of trivial carriers (suppressed contribution of TSS) on the 
silicon substrates is the topological transformation of conventional 3D TIs into the topological Dirac semi-
metal (TDSM) or into the Weyl semi-metal (WSM) phases. These phases exhibit topologically protected 
bulk states and thus, suppress the contribution of additional trivial carriers originating from the band 
alignment. Such phases can be contrived using the technique of topological band engineering (TBE). TBE is 
conducted by modifying the strength of spin-orbit coupling (SOC) with the van der Waals (vdW) epitaxy of 
topological-trivial heterostructures where the stoichiometry (relative contents of the trivial material) has 
provided control to tune the topological phase of the alloys. Two such systems are explored including  
BixTey = (Bi2)m(Bi2Te3)n and GST/GBT = (GeTe)n(Sb2Te3/Bi2Te3)m alloys. 

In BixTey, the gradual and controlled accumulation of Bi2 bilayers in the stacking order allowed the epitaxial 
growth of 33 distinct states starting from Bi2Te3 and passing through the key compositions of Bi3Te4, Bi4Te5, 
Bi6Te7, Bi8Te9, Bi10Te11, Bi1Te1, Bi10Te9, Bi8Te7, Bi6Te5, Bi4Te3, Bi3Te2, and ending at Bi2Te1. The theoretical 
evaluations, performed combinedly in this and earlier study, have revealed the existence of dual 
topological phases in three evaluated states including Bi2Te3 and Bi4Te3 with the strong topological 
insulator (STI) and topological crystalline insulator (TCI) phases while Bi1Te1 exhibits the weak topological 
insulator (WTI) along with the TCI phase. The increasing contents of bismuth in these alloys impacts the 
strength of SOC and decreases the inverted bandgap from -210 meV (Bi2Te3) to almost -2 meV (Bi4Te3); 
however, most of these states are electronically and topologically unexplored. The detailed theoretical 
(DFT) investigations of all BixTey alloys are required to have an overview of the trend in topology that would 
be able to provide an insight of the target stoichiometry that can be tuned exactly to engineer the 
electronic band structures of a TDSM phase. For the first time, a systematic atomic-scale structural 
characterization (via STEM) of BixTey alloys has facilitated the observation of diverse variety of vdW stacks 
including the pristine (relatively weak) and the hybrid (relatively strong) vdW gaps. The localized variations 
in the bond lengths due to deviations in the atomic interactions with the changing vdW stacks, and the 
resulting impact on the dimensional changes in the corresponding unit cells are explored. These 
observations can be extremely helpful in understanding the classification of bonding (pseudo-vdW, 
metavalent etc…) and their impact on the structural and the electronic properties of the layer based 
material systems. Once again, the support of theoretical calculations and the simulations of structural 
models, are required. 

The GST/GBT = (GeTe)n(Sb2Te3/Bi2Te3)m heterostructures, similar to BixTey alloys, have facilitated the 
achievement of TBE where the inverted bandgap, with the gradual accumulation of GeTe (trivial insulator) 
keeps on decreasing and finally transforms into a trivial phase. The successful epitaxy of various 
stoichiometric states including GST-147, GST-124, GST-225 and GST-326 along with their corresponding 
GBT states, are achieved. STEM based structural investigations of Ge based alloys have enabled the 
exploration of the vdW reconfiguration where the transformation of layer architecture is observed to occur 
via two distinct mechanisms. These mechanisms include Sb-Te antisite assisted bilayer swapping (zipper 
defect) and Ge vacancy/accumulation layer assisted vdW switching. These mechanism are not only the 
backbone of structural transformation from crystalline to amorphous state and vice versa, they also 
enabled the evolution of interfacial phase change (IPCMs) isomers in GST/GBT alloys.  

The incorporation of these alloys belonging to both heterostructures i.e. BixTey and GSTs/GBTs with the 
pre-patterned substrates is conducted, and via SAE nanostructures belonging to most of the stoichiometric 
states are successfully achieved. This achievement, on one hand, has paved a way to integrate the novel 
BixTey materials with rich topological phases into the futuristic quantum devices. On the other hand, SAE 
of GST/GBT alloys has facilitated the preparation of compositional nanostructures that can be readily 
incorporated into the devices for low-power phase change applications. They can also be extremely useful 
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in future to realize the IPCMs based applications. At last, the layer-free architecture of GeTe is explored. 
The detailed structural characterization are performed on the selectively grown nanostructures of GeTe. 
SAE of these materials has fulfilled the long-awaited desire of obtaining the pristine nanostructures of 
materials that exhibit surface sensitivity to ambient conditions such as GeTe and BixTey alloys.    

Post growth optimization of nanostructures, the surface stability of all material systems in the ambient 
environment is investigated. The structural characterization via STEM and chemical analysis via x-ray 
photoemission spectroscopy (XPS) have revealed that all epilayers are prone to aging. The surfaces 
belonging to all materials are observed to oxidize where a non-saturating process with a continually 
decreasing oxidation rate is observed. The oxidation process is observed to differ from one material system 
to another; however based on structural properties, all materials can be classified in two different groups. 
The first group contains Sb and Ge based alloys. These materials rapidly oxidize at the exposure to ambient 
conditions; however, after the oxidized layer reaches a thickness of couple of nanometers, the oxidation 
rates is observed to drop exponentially. These materials exhibit amorphous oxidized layers that can form 
Schottky-like barrier with metallic electrodes. Due to being amorphous in nature, however, the oxide layer 
can be removed via dry etching of Ar+ plasma treatment. The second group contains pure Bi based 
chalcogenides e.g. BixTey alloys. The oxidized layer, in these materials, materializes into a semi-metallic and 
crystalline structure of Bi1O1 that cannot be removed easily and limits the connectivity of topological 
surfaces with the metallic electrodes. Irrespective of the oxidized layer being amorphous or crystalline, at 
the exposure to ambient conditions, the structural reconfiguration and stoichiometric deviations are 
observed in most of the material systems. The passivation of epilayers is achieved with the in situ 
deposition of 2 nm thin layer of Al that readily transforms into AlOx at the exposure to ambient conditions 
and prevents the epilayers from further oxidation and aging effects.  

Finally, for the realization of topological superconductivity, the structural investigations at the interface 
between TI epilayers and various s-wave superconducting (SC) materials, are performed. Keeping in mind 
the observation of surface oxidation, all interfaces are prepared in situ (without the exposure to ambient 
conditions). Due to the behavioral difference between Sb and Bi based compounds, observed during the 
oxidation process; interfaces are individually investigated for Bi2Te3 and Sb2Te3 epilayers to compare the 
structural differences. The formation of non-diffusive interface not just depends on TI epilayer; the SC 
materials also affect it. As reported earlier, Nb exhibits highly transparent interface; however, it suffers 
from the 1e periodic supercurrent and is prone to quasiparticle poisoning that limits its utilization for the 
complex spintronics and Majorana based applications. To resolve this issue, Sn and Pb are investigated and 
are observed to diffuse heavily into the TI epilayer where they deform the crystal structure by forming the 
corresponding chalcogenides (e.g. SnTe) with the non-compatible crystal structure (cubic). These results 
also restrict their utilization and therefore, the focus is shifted to other SC materials. At last, the interface 
investigations are conducted with Al where a slightly diffused region (4 nm) with the polycrystalline 
structure is observed. The appearance of a Schottky like barriers with the formation of large bandgap alloy 
(i.e. AlSb) at the interface resulted in devices with the non-induced superconductivity. To counter the 
diffusion problem, a thin metallic film (3 nm) is introduced as the diffusion barrier between the TI epilayer 
(Bi2Te3/Sb2Te3) and SC (i.e. Al). The atomic scale structural characterization via STEM and EDX analysis is 
conducted for all TI-B-SC hybrid junctions. The selected barrier metals i.e. Nb, Ti, Pt and Pd, at the contact 
with TI epilayers diffuse and react with Te atoms and transform into the corresponding transition metal 
dichalcogenides (TMDCs) forming NbTe2, TiTe2, PtTe2 and PdTe2 respectively. TMDCs are vdW based 
layered materials and therefore, they arrange themselves via self-epitaxy forming epitaxial interfaces. They 
also successfully blocked Al atoms from diffusing into TI epilayer and hinder the formation of a Schottky-
like barrier. Josephson junctions of Bi2Te3 - Al hybrid junctions based on all barrier materials are prepared 
and the induced superconductivity is successfully achieved in all of them. As Sb tends to diffuse into other 
materials, atomically sharp interfaces are not realized in most of the Sb based materials; however, Bi based 
TIs in almost all cases exhibited well-defined and epitaxial interfaces. Based on structural investigations, Pt 



Chapter 8: Conclusions and Outlook 
 

 
182 

is found to be best suited for Sb2Te3 while for Bi2Te3 all barrier materials exhibited the adoptable interfaces. 
The other SC materials that exhibit either the diffusion problems (with the formation of large bandgap 
alloys such as Al) or the non-compatible crystal structure (after diffusion into TI epilayer such as Sn and Pb) 
can now be utilized successfully with the incorporation of barrier materials that form epitaxial interfaces 
assisted by the self-epitaxy of TMDCs. 

The knowledge acquired from this work can be incorporated into the future experiments to develop more 
efficient platform to fabricate nanostructures, to understand and investigate the electronic properties of 
materials with novel topologies and to explore advanced quantum devices with dynamic interfaces. Some 
of the examples are stated below:  

 SAE on the crystalline insulators: Silicon substrates with the phenomenon of band alignment and 
charge transfer at the interface impose limitations for conventional 3D TIs. To neutralize the 
challenge of unintentional high density of trivial carriers, the best possibility is to adopt a crystalline 
insulator as the substrate such as sapphire (Al2O3), SiC, BaF2 and STO. With minor modifications in 
the growth parameters, the scalable platform developed for SAE on Si (111), discussed in chapter 
3, can be recalibrated to fabricate topological nanostructures on a crystalline insulator.  

 Probing strong side of WTIs and TDSMs: The side surfaces (facets), in materials that exhibit novel 
topologies such as WTI and massive TDSM phases, are more important to probe/explore than the 
top surfaces. The planar epitaxial growth does not facilitate the investigation of side facets via 
scanning tunneling microscopy (STM) and angular resolved photoemission spectroscopy (ARPES) 
etc. An adaptable solution is the epitaxial growth (via SAE) of the desired crystal on the non-planar 
substrates. Si (100) surfaces offer the fabrication of such non-planar substrates. With the help of 
lithography and KOH based wet-etching processes, the angular Si (111) facets can be exposed and 
utilized for the crystal growth. The epitaxially grown non-planar/angular layers then present a 
possibility to investigate the side facets. A schematic representation of the substrate preparation 
and the results from the first growth test are depicted in Figure 8.1. This technique is valuable for 
the investigation of unexplored topologies in BixTey superlattices that are already proposed to 
exhibit TCI, WTI and higher order topological insulator (HOTI) phases. 

    

 

Fig. 8.1: (a-d) Schematic representation of fabricating Si (111) angular facets using Si (100) substrate via lithography 
and KOH based wet etching. (e-f) SEM images of the exposed Si (111) facets after KOH etching.  (g) The first growth 
attempt of Bi2Te3 epilayer on Si (111) angular facets. (h) A higher magnification image of the marked area in (g) 
exhibiting the possibilities of growth and the characterization of the side surfaces in the non-planar epilayers. 

 
 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

Si (111) facets 
Bi2Te3 on Si (111) 500 nm 

100 nm 
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 Topological-trivial array for Majorana box qubits: SAE of compositional alloys present many 
challenges where stoichiometric deviations are hard to control. In most cases, these problems can 
be resolved with the corresponding adjustments in the growth parameters. In the case of GST/GBT 
alloys, the controlled stoichiometric deviations can be helpful in the fabrication of topological-
trivial switch arrays. The geometric changes (dimensions) in a pattern can be engineered to tune 
the localized variations in the topological phase of the alloy and thus, an array with the switching 
topological-trivial band structures can be prepared (For details visit Figure 5.16). Such structures 
can be incorporated with the superconducting electrodes to fabricate the Majorana box-like qubit 
circuits.    

 Neuromorphic computation: The achievement of stoichiometric nanostructures of GST/GBT alloys 
via SAE has paved a path to utilize these materials in low-power PCM devices for non-volatile 
memory applications. With the development of IPCMs (control over stable growth of isomers), it 
will be possible to incorporate them into the complex quantum devices for the development of 
ultra-fast switching and low-energy processing units; the basic building blocks for the realization 
of neuromorphic computation.  

 Non-centrosymmetric superconductivity: The non-centrosymmetric superconductivity with the 
absence of parity symmetry in crystal leads to several exotic properties. It is a topic of increasing 
interest in the community of superconducting and topological qubits. The discovery of non-
centrosymmetric superconductivity in GeTe dramatically increased the demand of high quality and 
pristine nanostructures. In this work, the defect-free nanostructures of GeTe are prepared via SAE. 
These nanostructures can be utilized to explore the exotic and novel features of superconductivity 
and based on the observed/investigated phenomenon, they can be incorporated into the futuristic 
quantum circuits.  

 Multi-Terminal junctions and SQUID based proximity transistor (SQUIPT): One of the basic device 
layout that requires the in-detail investigation for the successful braiding of Majorana 
quasiparticles in a topological qubit circuit is the multi-terminal Josephson junction. With the 
assistance of SAE and on-chip stencil mask, tri and quad-terminal junctions can be fabricated that 
with the incorporation of SQUID based circuits will enable the phase-sensitive measurements of 
3D TIs based superconducting quantum circuits. An example of such a device fabrication is 
depicted in Figure 8.2. 

In general, this study provides a platform where the desired TI martial via SAE can be incorporated into a 
scalable network of any complexity. Furthermore, it also provides a methodology of the in situ metallization 
via on-chip stencil mask to prepare any futuristic quantum circuits without the exposure of TI to the 
ambient conditions and to the fabrication chemicals. It could be visualized with the help of Figure 8.2 that 
provides an overview of any quantum device preparation in a “plug and play” mode.  
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Appendix – 1 
Scanning Transmission  

Electron Microscope (STEM) 
Since the realization of aberration corrected lenses for the electron microscopes in 1990, the atomic-scale 
structural characterization and the chemical analysis has become a fundamental approach to investigate 
nanostructures. In this work different imaging modes and analytical techniques have been utilized in order 
to understand the structural properties and local chemical compositions of vdW assisted layer based 
materials. Fig A1.1 shows the different TEM imaging modes used during this work. 

TEM: The basic characteristic of TEM is the parallel electron beam that elastically scatters at the lattice 
sites of the crystal (specimen). A complex system of magnetic lenses facilitate to project the image onto 
the viewing screen or a CCD camera to record. To conduct the structural investigations, the sample is 
mounted onto a double tilt holder for fine alignment and the investigations are conducted in the following 
order. 

1. Bright field (BF) mode: In the first step, an overview of the sample is acquired using the bright field 
(BF) imaging mode (Fig. A1.1a). In the BF mode, the objective lens located underneath the 
specimen, focuses the parallel beams in the back focal plane. The objective aperture is then 
positioned in such a way that it transmits only the central beam (light blue rays), whereas all the 
diffracted beams (dark blue rays) are blocked and do not contribute in the projection of the image. 
A cross sectional view of a TI Film grown onto Si (111) substrate, covered with carbon protection 
layer, can be observed in Fig. A1.1a (underneath). The contrast in a BF image allows to distinguish 
different layers and is governed by two major imaging mechanisms: 
 Mass-thickness contrast causes the heavier elements (high Z value) and relatively thick areas 

of the specimen to appear darker. The heavy atoms e.g. Bi. Sb and Te (of which the TI is 
comprised), in comparison to the light atoms, scatter the electrons more strongly resulting in 
strongly diffracted beams that are blocked in the BF mode and the area appear darker. 
Considering the specimen having same composition throughout the projected area, the 
difference in the specimen thickness may also exhibit the similar result. 

 Bragg contrast is determined by the orientation of a crystal with respect to the electron beam. 
The Bragg law 2𝑑𝑆𝑖𝑛(𝜃) = 𝑛𝜆 can be use to describe the constructive interference where 𝑛 
is a positive integer, 𝜆 is the wavelength of the incident wave and 2𝑑𝑆𝑖𝑛(𝜃) describes the path 
difference between the initial and the diffracted waves. 

2. High resolution (HR) mode: The high resolution mode provides the information from both, the 
primary and the diffracted electron beams. The objective aperture is recalibrated in such a fashion 
that the diffracted beam that is blocked in the BF mode is now allowed to pass. Both beams 
interfere with each other and contribute in the projection of the image. The phase shift, caused 
by the defocus and the geometrical aberrations along with the diffraction conditions at the object 
determine the final electron wave. An example of the HR mode is depicted in Figure A1.1b where 
a lattice fringe pattern is observed within the area of the Si substrate. At the Si/TI interface the 
typical spectra contrast of an amorphous layer appears.  

3. Diffraction Pattern (DP): By setting the intermediate lens on the back focal plane of the objective 
lens and with the selected area aperture located within the image plane a diffraction pattern can 
be imagined, see Figure A1.1 c. For amorphous materials a ring pattern and for crystalline 
specimen a spot pattern can be observed. In the image below the schematic, a diffraction pattern 
acquired at the Si substrate along [1-10] zone axis can be visualized.  
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Fig. A1.1: Schematic of non-trivial electron beams near the specimen of interest. (a) Beam path to archive BF images, 
(b) HR image and (c) a diffraction pattern. Additionally, below the schematics the acquired images are displayed. 
(Image courtesy: Helen Valencia) 

 

STEM: In STEM investigations, unlike TEM, the incident beam is not parallel instead a non-parallel beam is 
focused on a tiny spot of the specimen and scanned over the surface of the sample, see Figure A1.2. With 
the assistance of aberration correcting components it is possible to obtain a beam diameter of 0.8 Å, which 
determines the resolution. The beam is rastered across an area and the scattered electrons are detected 
with a bright field (Figure A1.2a) or an angular dark field (Figure A1.2b) detector. The image contrast of the 
bright field image is equivalent to a HR image in TEM and therefore, the contrast in Figure A1.2a is 
determined by mass-thickness contrast and Bragg-contrast, discussed above. In the depicted image, TI and 
Pt layers are darker then the Al, Al2O3 and Si substrate. In addition, the faint lines are visible in the Al region 
that can be attributed to the bending contours typical for the crystalline samples. 

The contrast within the dark field image (Figure A1.2b) is determined by the scattered electrons at the 
higher angles (> 60 mrad) and hence, the image contrast is determined by the Rutherford scattering ∝ 𝑍ଶ. 
Hence, the atomic columns with the different atomic numbers lead to a distinct intensity distribution. 
Elements with a higher atomic number appear brighter, and therefore, Pt (Z = 78), Te (Z = 52) and Bi (Z = 
83) have a brighter contrast than the Si substrate (Z = 14) or Al (Z = 13). Nonetheless, the differentiation 
between nearby atomic numbers is almost impossible. The diffracted signal is recorded by a high angle 
annular dark field (HAADF) detector and then is averaged over the whole detector area.  

 

 

   (a)    (c)    (b) Bright Field High Resolution Diffraction Pattern 



Appendix – 1  
 

 
A-3 

 

 

Fig. A1.2: Schematic of a STEM (a) bright field (BF) mode and (b) HAADF mode indicating the position of the 
corresponding detectors. Additionally the position of the EDX and EEL detector are marked. Below the schematic 
corresponding BF and HAADF images are shown. (Image courtesy: Helen Valencia) 
 

Microscopes: During the course of this work, depending on the characteristics and limitations, different 
microscopes are utilized.  

 For basic TEM investigations to acquire BF and HR images, the Tecnai G2 F20 field emission is used. 
This system is optimized for imaging at the medium resolution. Using Tecnai, for an acceleration 
voltage of 200 kV, a point to point resolution of about 2 Å is reached.   

 FEI Titan G2 80-200 STEM (Chemi-STEM) supplied with a high brightness Schottky Field emission 
gun. Due to its aberration corrector (monochromator and CS probe corrector) for the condenser 
lens, it is possible to achieve a probe with a diameter of 0.8 Å which determines the resolution. 
Moreover, a Super-X EDX system, an UltraScan 100XP-P charge coupled digital camera, as well as 
a Gatan Enfinium ER (model 977) spectrometer with dual EELS option is also available in this 
system. To acquire images an on-axis BF and HAADF STEM detector is used. This instrument is used 
to perform atomic-scale structural characterization and to acquire EDX spectrums. 

 

 

 

   (a) STEM Bright Field    (b) STEM HAADF 
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Appendix – 2A 
Molecular Beam Epitaxy (MBE) 

The MBE chamber used in this work “BST-MBE chamber” belongs to PGI-9 that is depicted in Figure A2.1. 
After the Piranha cleaning and HF etching, the samples are mounted on the holder and placed into the 
loading chamber. As the vacuum reached 1x10-6 mbar, the holder is moved into the transfer chamber that 
has a mobile extendable arm with 360֯ rotational freedom and later moved to the MBE main chamber 
where the epitaxy is performed. 
 

 

Fig. A2.1: (Left) A schematics of BST-MBE chamber connected with transfer and loading chambers. (Right) A real image 
of BST-MBR chamber.  
 

The BST-MBE chamber contains 7 effusion cells including Bi, Sb, Te, Se, Ge, Al and Mn. All cells are standard 
high temperature effusion cells that facilitate the growth of conventional 3D TIs, the topological trivial 
heterostructures, phase change materials (GST and GBT) and magnetic TIs (MnBiTe).  

In general, the epitaxial growth can be performed on a 100 mm (4 – inch) wide wafer; however, to avoid 
any post epitaxy dicing, in this work the epitaxial growth on the multiple samples having dimensions  
10 x 10 mm2 or 7 x 7 mm2 is conducted at the same growth run. In this way, samples have similar growth 
parameters can be utilized to perform various investigations without having any major growth difference. 
The design of the sample holder used to perform multiple sample growth is depicted in Figure A2.2. 

In order to perform the in situ metallic depositions as discussed in Appendix 7B or in vacuo characterization 
such as low temperature STM and ARPES, the epitaxy is performed using the omicron holder that allows 
the sample to be moved to other locations/chambers via the vacuum suitcase attachable to the transfer 
chamber as depicted in Figure A2.3. 
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Fig. A2.2: The schematics of the multiple sample holder with a 100 mm diameter that allows to perform the epitaxial 
growth of 4 different sample at the same time.  
 

 

 

Fig. A2.3: The schematics of BST-MBE chamber connected to the vacuum suitcase via the transfer chambers.  
 

 

 

 

 

 

 

4-inch holding wafer 

10 x 10 mm2 pocket 
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Appendix – 2B 
Beam Flux of Effusion Cells &  

Optimum Growth Parameters of 3D TIs  
In this work, all growths are adjusted by the individual effusion cell temperatures. The reason for not using 
the elemental beam fluxes as growth parameters is the unavailability of flux measuring tool in the MBE 
chamber during early growths. It was, however, successfully installed into the chamber later and was 
utilized to monitor and adjust the beam fluxes. The individual beam fluxes for Bi and Sb cells are measured 
and plotted in the following graphs. 
 

      

Fig. A2.4: The applied effusion cell temperature vs. the measured beam flux of Bi. The plots represent the trend of 
increasing beam flux with the incrementing TBi in a linear scale (left) and in a logarithmic scale (right).   
 

     

Fig. A2.5: The applied effusion cell temperature vs. the measured beam flux of Sb. The plots represent the trend of 
increasing beam flux with the incrementing TBi in a linear scale (left) and in a logarithmic scale (right).   
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Appendix – 2C 
Compositional Analysis via  

Rutherford Backscattering Spectroscopy 

The composition of the epilayer is investigated via Rutherford backscattering spectroscopy (RBS). A 
measured spectrum of BST alloy is depicted in Figure A2.6.   

 

Fig. A2.6: A measured spectrum of BST epilayer via RBS. The expected peak positions of Bi, Sb and Te are marked.    
 

The challenge in the analysis of the BST epilayers arise due to the elemental position of Sb and Te in the 
RBS spectrum that almost overlap. In BST, with the right configuration of Bi and the fixed amount of Te, 
quite accurate fittings and thus, the compositional investigations can be performed. Although, the RBS 
cannot be utilized to analyze Sb and Te contents in SbxTey alloys.   

The acquired data is analyzed with a thickness and composition dependent simulation of an epilayer where 
the peak fitting provides the exact composition of the different elements. The acquired data of BST alloy 
along with the simulation can be observed in Figure A2.7. 
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Fig. A2.7: A measured spectrum of BST epilayer along with the simulated data (in red) incorporating the epilayer 
thickness and the individual elemental contents providing the elemental composition.  
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Appendix – 3A 
SiNx deposition via PECVD  

A 4-inch Si (111) wafer is cleaned with Piranha. The native SiO2 is removed via wet etching using 1 % HF 
solution. The wafer is loaded into the Tempress oxidation furnace and 7 nm SiO2 layer is prepared via dry 
oxidation process at 900 ֯C. The oxidized wafer is then loaded into the Oxford PECVD reaction chamber and 
30 nm of SiNx, using the mixed frequency procedure discussed below, is deposited.  

PECVD Process Parameters: 
The temperature of the reaction chamber is set to 350 ֯C and waited for 2 hour until the temperature is 
stable for homogenous deposition. 

1. Pump down: 
 Duration = 1 min 

 
2. Pre-heat and Purge: 

 Gas flow = N2 at 500 sccm 
 Pressure = 1000 mTorr 
 Duration = 5 min 

 
3. Pre-clean: 

 Gas flow = N2 at 710 sccm 
 Pressure = 1000 mTorr 
 Duration = 1 min 
 Plasma frequency = HRF  
 Power = 20 W 

 
4. Deposition (Mixed-frequency): 

 Gas flow = N2 at 380 sccm 
                   SiH4 at 20 sccm 
                   NH3 at 30 sccm 

 Pressure = 1000 mTorr 
 Power = 35 W 
 Plasma frequency = periodic pulses 

                                    HRF for 15 seconds 
                                    LRF for 6 seconds 

 Total Duration = 1 min and 03 seconds 
 

5. Pump down: 
 Duration = 1 min 

 

Post Deposition Treatment: 
The PECVD deposited SiNx film is unstable in HF based solutions due to presence of H+ ions in the film. In 
order to increase the stability of SiNx, the deposited wafer is processed through rapid thermal annealing 
(RTA) to harden SiNx film. This process is conducted in the following steps: 
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1. Ramp-up: 
 Starting Temp  = 20 ֯C  
 Ending Temperature = 1000 ֯C 
 Ramp Rate: = 50 ֯C/second 
 Gas flow = N2 at 5 liters/min 

2. Bake-out: 
 Temperature = 1000 ֯C 
 Gas flow = N2 at 5 liters/min 
 Duration = 5 min 

3. Slow cool down: 
 Ending Temperature = 150 ֯C 
 Ramp Rate: = -100 ֯C/second 
 Gas flow = N2 at 0.5 liters/min (wafer cools down in approx. 25 minutes to 150 ֯C before 

taking out of the chamber. See Figure A3.1) 

After the annealing process, the etching rate of PECVD SiNx drops from 25 nm/min to approx. 2 nm/min in 
the buffered HF.  

 

 

Fig. A3.1: RTA timeline representing all three process steps including ramp-up, bake-out and cool-down.   
 

 

 

 

 

 

 

 



Appendix - 3 
 

 
A-11 

Appendix – 3B 
Fabrication Steps:  

Pre-patterned Samples for SAE  
The major steps involved in the fabrication of pre-patterned substrates are discussed below. 

Wafer-Scale Processing: 

 Si (111) wafer is cleaned using process steps discussed in Table 2.2. 
 After wet etching of Si native oxide, 7 nm thick layer of SiO2 layer is prepared (Appendix 3A).  
 30 nm thick layer of SiNx is prepared via PECVD using the process discussed in Appendix 3A. 
 The wafer is RTA annealed at 1000 ֯C for 5 mins.  
 The wafer is cleaned with solvents and spin coated for the first lithography step to prepare the 

global alignment markers on the wafer. The details of spin coating can be found in Table A3.1 while 
the e-beam lithography (EBL) steps and development parameters can be found in Table A3.2 and  
Table A3.3 respectively. 

 
Table A3.1: A summary of the resist coating process on a 4-inch SiNx + Si (111) wafer for the global marker 
preperation. 

Sub-Process Parameters 
Cleaning Acetone (5 min) + Isopropanol (5 min) + De-ionized (DI) water (10 min) 

Sample is dried with N2 blow gun 
Pre-Bake 5 min @ 150 ֯C 

Sample is cooled down to 90 ֯C for resist coating 
Resist  UV 6.06 (Positive e-beam resist) 
Spin Coating 5 seconds @ 500 rpm + 30 seconds @ 4000 rpm  
Soft-Bake 30 seconds @ 90 ֯C + 1 min @ 130 ֯C 

Dual-step soft bake step assisted in reducing the strain in UV 6.06 resist layer 
 

Table A3.2: Summary of EBL parameters adopted to expose the global alignment markers on the above 
mentioned SiNx + Si (111) 4-inch wafer. 

EBL step Parameters 
Acceleration Voltage 100 KV 

Step Size 5 nm 

Dose  ቂ𝝁𝑪
𝒄𝒎𝟐ൗ ቃ 58 

Beam Current 1 nA 
Defocus +2 

Proximity Correction Yes 
 
Table A3.3: Summary of development steps for the marker wafer. 

Step Parameters 
Post-Bake 5 min @ 140 ֯C 

Development 75 seconds in MF CD-26 
Development Stop 10 mins in DI water 

Hard Bake 1 min @ 90 ֯C 
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 The developed wafer is then treated with the reactive ion etching (RIE) to prepare 700 nm deep 
etched negative markers. The RIE dry etching parameters are listed in Table A3.4. These negative 
markers assure the accurate alignment of forthcoming lithography steps including pattern 
transfer, metallization and gate electrodes preparation with a maximum tolerance of ± 5 nm.   

 
Table A3.4: Summary of RIE parameters to etch 30 nm SiNx and 700 nm Si to create negative markers on  
the 4-inch wafer. (RF = radio frequency, ICP = Inductive coupled plasma, sccm = standard cubic centimeters 
per minute) 

RIE Parameters Values 
Target Material SiNx + SiO2 

Temperature 20 ֯C 
Gas flow CHF3 @ 55 sccm + O2 @ 5 sccm 
RF Power 25 W 

 (ICP) Power 100 W 
Duration 60 seconds 

 

Target Material Si 
Temperature 20 ֯C 

Gas flow SF6 @ 100 sccm + Ar @ 8 sccm 
RF Power 100 W 

 (ICP) Power 0 W (off) 
Duration 100 seconds 

 

 After the etching process, mentioned in Table A3.4, the wafer is cleaned and re-coated using  
the method listed in Table A3.1 and diced into 7 x 7 mm2 pieces. Each sample is then processed 
individually to transfer the desired pattern.  

Sample-Scale Processing (Pattern Transfer): 
Each of the diced 7 x 7 mm2 samples is processed individually for the pattern transfer to fabricate trenches 
on the blocking surface i.e. SiNx. This step exposed the buried Si (111) surface into the etched trenches 
where the SAE is performed.  

 In the first step the sample is coated with resist using Table A3.5.  
 Then desired pattern is exposed on the sample using EBL parameters listed in Table A3.6 and the 

developments is performed (Table A3.7). 
 The samples are finally etched via RIE (Table A3.8) and cleaned with Piranha (Table A3.7). Finally, 

SAE is performed using MBE.  

Table A3.5: A summary of the resist coating process for the pattern transfer on a 7 x 7 mm2 sample already 
containing alignment marker. 

Sub-Process Parameters 
Cleaning Acetone (5 min) + Isopropanol (5 min) + De-ionized (DI) water (10 min) 

Sample is dried with N2 blow gun 
Pre-Bake 5 min @ 150 ֯C 

Sample is cooled down to 90 ֯C for resist coating 
Resist  Diluted CSAR 62 = (AR-P 6200.09 : AR 600-02) = (1:1) 

(Positive e-beam resist) 
Spin Coating 30 seconds @ 4000 rpm  
Soft-Bake 1 min @ 150 ֯C 

St
ep

 1
 

St
ep

 2
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Table A3.6: Summary of EBL parameters adopted to transfer the nanoscale patterns on the sample for SAE 
of topological nanostructures. 

EBL step Parameters 
Acceleration Voltage 100 KV 

Step Size 2 nm 

Dose  ቂ𝝁𝑪
𝒄𝒎𝟐ൗ ቃ 4 x 120 

In order to achieve the smooth edges and side walls of trenches at the nanoscale, 
multi-pass technique (four passes with a quarter dose factor) is utilized.  

Beam Current 200 pA 
Special Correction High resolution and follow geometry 

This feature allows patterns with complex and round shaped patterns to be 
transferred (exposed) with the high resolution and least defective edges 

Proximity Correction Yes 
 
Table A3.7: Summary of development steps and resist removal for the step of pattern transfer via CSAR 
resist. 

Step Parameters 
Post-Bake Not required 

Development 60 seconds in AR 600-546  
Special conditions (Temperature = 0 ֯C) 

Development Stop 60 seconds in Isopropanol 
Resist removal after RIE etching process (Table A3.8) 

Resist Striping  5 mins (AR 600-71) 
Sample Cleaning Acetone (5 min) + Isopropanol (5 min) + De-ionized (DI) 

water (10 min) 
Plasma Ashing 5 min @ 600 W (O2 600 sccm) 

Removing Organic Contaminations Piranha Cleaning (Table 2.2) 
 

Table A3.8: Summary of RIE parameters to etch 30 nm SiNx with precisely controlled etch rate to create 
trenches and expose buried Si (111) surface for SAE.  

RIE Parameters Values 
Target Material SiNx + SiO2 

 
Temperature 

0 ֯C  
(lower temperatures help to achieve more physical than chemical etching 

and thus provide better profile of the side wall with lower undercut) 
Gas flow CHF3 @ 30 sccm + O2 @ 2 sccm 
RF Power 25 W 

 (ICP) Power 0 W (off) 
 

Duration 
2 min 20 seconds  

(Trenches are 35 nm deep etched while 2 nm SiO2 is left  
as a buffer to protect Si (111) surface from the exposure to plasma) 

 

Sample-Scale Processing (Metallization): 
After SAE, the top surface of the grown sample is in situ passivated with 2 nm of Al deposition that readily 
oxidized into AlOx at the exposure to ambient environment. This AlOx layer protects the samples from 
further oxidation; however, it is required to etch properly in order to achieve ohmic contacts with the 
metallic electrodes. The metallization process is achieved in the following steps.  
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 The grown sample is cleaned using solvents and spin coated with multilayer stack of PMMA resist 
according to the parameters listed in Table A3.9. 

 The spin coated sample is then exposed via EBL using the parameters mentioned in Table A3.10.  
 The samples is then developed, the protection layer of AlOx is wet etched and the metallization 

process is conducted using the parameters listed in Table A3.11.  

Table A3.9: A summary of multi-layer PMMA resist coating process on the MBE grown sample to deposit 
the metallic contacts. 

Sub-Process Parameters 
Cleaning Acetone (5 min) + Isopropanol (5 min)  

Sample is dried with N2 blow gun 
Pre-Bake 5 min @ 100 ֯C 

Sample is cooled down to 90 ֯C for resist coating 
Resist  PMMA (Multi-layer resist system)  

50 K (639.03) + 50 K (639.03) + 950 K (679.03) 
Spin Coating 30 seconds @ 4000 rpm (for all 3 steps) 
Soft-Bake 5 min @ 160 ֯C (for all 3 steps) 

Spin coating and soft bake process has been completed for the first layer before the 
second spin coating procedure is started. The total stack thickness of 700 nm is achieved. 

 

Table A3.10: Summary of EBL parameters to write the metallic contacts using multi-layer PMMA resist. 
EBL step Parameters 

Acceleration Voltage 100 KV 
Step Size 2 nm 

Dose  ቂ𝝁𝑪
𝒄𝒎𝟐ൗ ቃ 490 

Beam Current 200 pA 
Proximity Correction Yes 

 

Table A3.11: Summary of development steps for PMMA resist and AlOx etching. 
Step Parameters 

Development 60 seconds in AR 600-55 (solvent) 
Development Stop 3 mins in Isopropanol (IPA) 

AlOx Etching  1 min in MF CD-26 (TMAH) 
Etching Stop 1 mins in Isopropanol (IPA) 

 

 The etched samples are loaded into the e-beam evaporation chamber. 
 Using Ar+ plasma with 10 sccm Ar flow and 30 W power, the surface is treated for 30 seconds with 

the plasma sputtering to remove any amorphous layers/contaminations. 
 The metal is deposited and lift-off is conducted in the DMSO solution.  
 After lift-off, the sample is loaded into ALD chamber and 15 nm of HfO2 is deposited as the gate 

dielectric.  
 Finally, the gate electrodes are prepared using similar steps mentioned above for the metallization 

process.  
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Appendix – 3C 
Thickness Measurement of  

Selectively Grown Nanostructures  
The thickness of the TI film in the selectively grown nanostructures is measured using the following three 
methods:  

 Cross-sectional SEM: The selectively grown nanostructures are etched via focus ion beam (FIB) and 
at the cross-section of the grown nanoribbon, SEM images are acquired that have provided a rough 
estimate of the layer thickness (with ± 1 nm accuracy). An example of this techniques is depicted 
in Figure A3.2 where the SEM images are acquired at the cross-section of a 50 nm wide selectively 
grown Hallbar of Bi2Te3 along AA', BB' and CC' directions confirming a homogenous layer thickness 
of approx. 20 ± 1 nm.  

 

 

Fig. A3.2: False-colored SEM images of (a) 50 nm wide Hallbar and (b) 500 nm wide selectively grown nanoribbon of 
Bi2Te3. The cross-sectional investigation are conducted via SEM where the facets are prepared via FIB milling. (c) SEM 
image acquired at the cross-section of 50 nm Hall bar along AA' orientation indicating the layer thickness of 20 ±  
1 nm. Similarly, the SEM images acquired along BB' and CC' directions are depicted in (d) and (e) respectively that 
confirm the homogenous thickness of Bi2Te3 epilayer along all directions. 
 

 TEM and STEM: A second approach adopted to measure the thickness of TI layer is the transmission 
electron microscopy (TEM) and scanning TEM (STEM). This is relatively an expensive and time 
consuming approach that cannot be utilized on the regular basis; however in this study, it is 
adopted to investigate the atomic-scale structural characterization of nanostructures after the 
growth optimization of each material system. This approach provides the high resolution 
measurements precise to a sub-nm scale. An example of this approach is depicted in Figure A3.3 
where a couple of HAADF images indicate the QL stacking of Bi2Te3 and Sb2Te3 epilayers 
respectively along with the precise measurement of the layer thickness.  
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Fig. A3.3: STEM-HAADF images of (a) Bi2Te3 and (b) Sb2Te3, acquired at the cross-section of 500 nm wide selectively 
grown nanoribbons along Si [1-10] orientation.   
 

 AFM: One of the easily adoptable and relatively accurate technique than SEM is the atomic force 
microscopy (AFM). In order to evaluate the layer thickness, AFM measurements are conducted on 
the pre-patterned substrates before and after the MBE growth. The difference in the trench depth 
provides the exact thickness of the TI epilayer in the particular nanostructure. A couple of 
examples containing AFM topographical images after SAE are depicted in Figure A3.4, while 
Figures A3.5 - A3.7 depict the line scans of the topographical images before and after SAE where 
the layer thicknesses of Bi2Te3, Sb2Te3 and BST epilayers are measured in 500 nm, 100 nm and 30 
nm wide trenches respectively.    

 

    
Fig. A3.4: AFM topographical images of selectively grown crystals of (a) Sb2Te3 and (b) Bi2Te3 on the Si (111) pre-
patterned substrates.   
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Fig. A3.5: The topographic line scans measured via AFM tapping mode in a 500 nm wide structure before and after 
the SAE of Bi2Te3 that provide the quite accurate measurement of the layer thickness. 
 

     

Fig. A3.6: The topographic line scans measured via AFM tapping mode in a 100 nm wide structure before and after 
the SAE of Sb2Te3 that provide the quite accurate estimate of the layer thickness. 
 

 

Fig. A3.7: The topographic line scan measured via AFM tapping mode in a 30 nm wide structure after the SAE of the 
BST alloy that indicates the excessive overgrowth in the nanostructure. 
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Appendix – 3D 
SAE Growth Model for  

Circular Objects and Rings 
The growth model stablished in section 3.4 can be adopted for any desired geometry. In the main text, the 
model is represented specifically for the rectangular and square objects. Here, two examples for the  
non-conventional geometries are presented.  

Circular Objects: 
Consider a circular trench as represented in Figure A3.8 (left). During SAE, the impact of lateral diffusion 
of adatoms (LD) will impact the geometry as represented in Figure A3.8 (right). 

                      

 

Fig. A3.8: Schematics of a circular trench and the representation of area before and during the selective growth (Aeff) 
due to lateral diffusion length of adatoms (LD). The radius R of the object increased to (R+LD) while evaluating Aeff 
during SAE. 
 

The effective growth rates (Reff) can be evaluated using the following equations. 

 

𝐴 =  𝜋𝑅ଶ 

𝐴௘௙௙  =  𝜋(𝑅 + 𝐿஽)ଶ 

𝑅௘௙௙

𝑅்ி
=  

𝐴௘௙௙

𝐴
 

𝑅௘௙௙  =  𝑅்ி ቂ1 + 
ଶ௅ವ

ோ
+

గ௅ವ
మ

஺
 ቃ                                                     (A3.1) 
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The value గ௅ವ
మ

஺
 is too small to have any impact until R = LD, and thus can be ignored. Thus, Reff can be 

represented as:  

𝑅௘௙௙  =  𝑅்ி ቂ1 + 
ଶ௅ವ

ோ
 ቃ                                                           (A3.2) 

 If R >> 1 μm, Reff = RTF 
 If R < 1 μm, Reff can be evaluated using equation A3.2 
 If R<< 1 μm, so much that R → LD, Reff can be evaluated using equation A3.1 

 

Ring Structures: 
Consider a circular ring trench as represented in Figure A3.9 (left). During SAE, the impact of lateral 
diffusion of adatoms (LD) will impact the geometry as represented in Figure A3. 9 (right). 

 

 

 

 

 

 

 
 

 

 

 

 

 
Fig. A3.7: Schematics of a circular ring trench and the representation of area before and during the selective growth 
(Aeff) due to lateral diffusion length of adatoms. The radii of external R1 and internal rings R2 of the ring structure will 
increase to R1+LD and R2-LD respectively while evaluating Aeff during SAE. 
 

The effective growth rates (Reff) can be evaluated using the following equations. 

 

𝐴 =  𝜋𝑅ଵ
ଶ −  𝜋𝑅ଶ

ଶ =  𝜋𝑅ଵ
ଶ −  𝜋(𝑅ଵ − 𝑊)ଶ 

𝐴 =  2𝜋𝑅ଵ𝑊 −  𝜋𝑊ଶ 

 

𝐴௘௙௙  =  𝜋(𝑅ଵ + 𝐿஽)ଶ  −   𝜋(𝑅ଶ − 𝐿஽)ଶ 

𝐴௘௙௙  =  2𝜋𝑅ଵ𝑊 −  𝜋𝑊ଶ + 4𝜋𝑅ଵ𝐿஽  −  2𝜋𝑊𝐿஽ 
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𝑅௘௙௙

𝑅்ி
=  

𝐴௘௙௙

𝐴
 

𝑅௘௙௙  =  𝑅்ி ቈ
2𝜋𝑅ଵ𝑊 −  𝜋𝑊ଶ + 4𝜋𝑅ଵ𝐿஽  −  2𝜋𝑊𝐿஽

2𝜋𝑅ଵ𝑊 −  𝜋𝑊ଶ
 ቉ 
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 ൨ 
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ଶ௅ವ

ௐ
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𝑅௘௙௙  =  𝑅்ி ൤1 + 
2𝐿஽

(𝑅ଵ −  𝑅ଶ)
 ൨ 

 

 If the width of the ring (W) is >> 1 μm, Reff = RTF 
 If the width of the ring (W) is < 1 μm, Reff can be estimated via the evaluated relation above. 
 In case of ring structures, just W is not the only factor responsible for controlling Reff, the overall 

value of R1 and R2 also govern the change.  
 If R2 will be too small (→ 0), the impact will be slightly smaller and the trend will start to 

exhibit more close relation to the circular pattern, discussed in equation A3.2.  
 If R2 will be large >> 1 μm, the equation A3.3 will provide the precise evaluation of Reff.  

Similarly, any pattern can be adopted and via SAE growth model the impact of geometrical patterns on Reff 
can be easily evaluated.   
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Appendix – 4A 
Stacking Sequences of  

BixTey Stoichiometric States 
Stacking sequences in a unit cell 
Bi8Te9: 

 
 

                            

 

Fig. A4.1: A model representing the layer stacking sequence of Bi8Te9 characteristic cell along [001], [110] and [110] 
orientations. The stacking order of QQBQ along [001] orientation is evident where Q and B represent Bi2Te3 quintuple 
layer and Bi2 bilayer respectively. As Bi8Te9 exhibits the multiple of 3 issue, the whole characteristic cell has to repeat 
3 times periodically to complete a unit cell. The dotted orange lines are indicating the presence of Van-der-Waals 
interactions (VdW gaps). 
 
Bi1Te1: 

 

                      

 

Fig. A4.2: A model representing the layer stacking sequence of Bi1Te1 unit cell along [001], [110] and [110] 
orientations. The stacking order of QBQ along [001] orientation is evident. 
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Bi10Te9:  

                                  
 

Fig. A4.3: A model representing the layer stacking sequence of Bi10Te9 characteristic cell along [001], [110] and [110] 
orientations. The stacking order of QQB-QB along [001] orientation is evident. As Bi10Te9 exhibits the multiple of 3 
issue, the whole characteristic cell has to repeat itself 3 times to complete a unit cell. 
 
Bi8Te7:  

                                                   
 
 
Fig. A4.4: A model representing the layer stacking sequence of Bi10Te9 unit cell along [001], [110] and [110] 
orientations. The stacking order of QBQQB-QB-QBQQB along [001] orientation is evident.  
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Bi7Te6: 

 

                         

 

Fig. A4.5: A model representing the layer stacking sequence of Bi7Te6 characteristic cell along [001], [110] and [110] 
orientations. The stacking order of QQB-QBQB along [001] orientation is evident. As Bi7Te6 exhibits the multiple of 3 
issue, the whole characteristic cell has to repeat itself 3 times to complete a unit cell. 
 
 
Bi4Te3:  

                                           

 
 
Fig. A4.6: A model representing the layer stacking sequence of Bi4Te3 unit cell along [001], [110] and [110] 
orientations. The stacking order of QB-QB-QB along [001] orientation is evident.  
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Bi2Te1: 

 
 

                            

 

Fig. A4.7: A model representing the layer stacking sequence of Bi2Te1 unit cell along [001], [110] and [110] 
orientations. The stacking order of BQB along [001] orientation is evident. 
 

XRD – Reciprocal space maps (RSMs) 
Bi1Te1: 

 

Fig. A4.8: XRD reciprocal space map, acquired along the (0 -1 0 15) peak of Bi1Te1 epilayer, providing the information 
about the lattice parameters of the crystal. 
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Bi4Te3: 

 

Fig. A4.8: XRD reciprocal space map, acquired along the (0 -1 0 23) peak of Bi4Te3 epilayer, providing the information 
about the lattice parameters of the crystal. 
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Appendix – 4B 
Summary of Growth Parameters  

for all BixTey Stoichiometric States 
The summary of all growth parameters for all BixTey alloys is listed is Table A4.1. 

 
Table A4.1: An overview of all BixTey stoichiometric alloys prepared via MBE. For each state the relative contents of 
individual elements i.e. Bi and Te, the total number of individual layers of additive (m) and base (n) in a unit cell, the 
individual effusion cell temperatures, the growth temperature and the flux ratios are listed.  

 

BixTey 
 

m 
 

n Bi  
(%) 

Te  
(%) 

TBi 
 ( ֯C)  

TTe 
 ( ֯C) 

Tsub 
 ( ֯C) 

Bi/Te  
Flux Ratio 

Unit Cell 
Length (Å) 

Bi2Te3 0 3 40.00  60.00  470 320 300 1 : 9.5 30.48 
Bi3Te4 1 8 42.85  57.15  470 305 300 1 : 9 84.98 
Bi7Te9 3 18 43.75  56.25  470 303 300 1 : 8.7 193.98 
Bi4Te5 1 5 44.45  55.55  470 300 300 1 : 8.5 54.47 

Bi22Te27 6 27 44.90 55.10 470 298 300 1 : 8.3 296.6 
Bi5Te6 3 12 45.45  54.55  470 296 300 1 : 8 133.02 
Bi6Te7 2 7 46.15  53.85  470 294 300 1 : 7.7 78.51 
Bi7Te8 5 16 46.66  53.34  470 292 300 1 : 7.4 181.03 
Bi8Te9 3 9 47.06  52.94  470 289 300 1 : 6.9 102.58 
Bi9Te10 7 20 47.37  52.63  470 287 300 1 : 6.3 229.12 
Bi14Te15 6 15 48.28 51.72 470 285 300 1 : 5.9 174.72 
Bi1Te1 1 2 50.00  50.00  470 280 300 1 : 5 24.01 

Bi16Te15 9 15 51.61 48.39 476 280 300 1 : 4.5  186.11 
Bi14Te13 8 13 54.85 48.15 478 280 300 1 : 4.3 162.07 
Bi12Te11 7 11 52.17 47.83 480 280 300 1 : 4 137.91 
Bi10Te9 6 9 52.63 47.37 484 280 300 1 : 3.6 113.96 
Bi9Te8 11 16 52.94 47.06 485 280 300 1 : 3.5 204.4 
Bi8Te7 5 7 53.33 46.67 487 280 300 1 : 3.2 89.91 
Bi7Te6 9 12 53.85 46.15 489 280 300 1 : 3 155.76 
Bi6Te5 4 5 54.54 45.46 492 280 300 1 : 2.8 65.91 
Bi5Te4 7 8 55.55 44.45 497 280 300 1 : 2.5 107.85 
Bi4Te3 3 3 57.14 42.86 505 280 300 1 : 2 41.89 
Bi7Te5 11 10 58.33 41.67 515 285 300 1 : 1.9 143.69 
Bi10Te7 8 7 58.82 41.18 518 285 300 1 : 1.8 101.80 
Bi3Te2 5 4 60 40 522 285 300 1 : 1.7 59.85 
Bi14Te9 12 9 60.87 39.13 520 275 290 1 : 1.6 137.62 
Bi8Te5 7 5 61.54 38.46 522 275 290 1 : 1.5 77.77 
Bi5Te3 9 6 62.5 37.5 525 275 290 1 : 1.4 95.71 
Bi12Te7 11 7 63.15 36.85 528 270 285 1 : 1.3 113.62 
Bi7Te4 13 8 63.63 36.37 532 270 285 1 : 1.2 131.55 
Bi2Te1 2 1 66.67 33.33 542 260 280 1 : 1 17.92 

Bi2 3 0 100 0 540 0 70 1 : 0 11.86 
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Appendix – 4C 
Topology of individual  

Building Blocks in BixTey System  
Bi based compounds below the critical thickness of 3D TIs i.e. 6 nm exhibit a crossover between the 2D 
topological and trivial phases depending upon the thickness of the epilayer. This trend has been observed 
in the binary compound of Bi2Te3 and the ternary alloys of Ge1Bi2Te4 (GBT-124) and Pb1Bi2Te4 (PBT-124). 
The calculation of 2D topological invariant “𝑣”, measured on the basis of the epilayer thickness i.e. total 
number of QLs and SLs, is listed in Table A4.2.  
 
Table A4.2: Topological invariant ν and bandgap of thin films of 3D TIs as a function of film thickness in quintuple 
layers (QL) or septuple layers (SL). Data acquired from “Ab-initio Calculations of Two-dimensional Topological 
Insulators by G. Bihlmayer” 

 

 
A similar trend is also observed in the basic building blocks of BixTey alloys. An example of the observed 
trend of 2D topology with the change in the stacking sequence of layers is listed in Table A4.3 and the edge 
band structure for QB and QBQ building blocks is depicted in Figure A4.10. 

 
Table A4.3: Topological invariant ν and bandgap of thin films of 3D TIs as a function of film thickness in quintuple 
layers (QL) or septuple layers (SL). Calculations performed by “G. Bihlmayer” 

 

Compound 
 

Building Block 

 

Stacking Sequence Thickness 
(Å) 

2D Topological 
invariant (𝒗) 

Bi2 BB BL 3.95 1  
Bi2 BB BL-BL 7.91 0 

Bi2Te3 QQ QL 10.15 0  
Bi4Te3 QB QL-BL 13.98 0  
Bi2Te1 BQB BL-QL-BL 17.94 0  
Bi2Te3 QQ QL-QL 20.31 1  
Bi1Te1 QBQ QL-BL-QL 24.01 1 
Bi4Te3 QB QL-BL-QL-BL 27.93 1 
Bi2Te3 QQ QL-QL-QL 30.48 0  
Bi2Te3 QQ QL-QL-QL-QL 40.64 1 
Bi1Te1 QBQ QL-BL-QL-QL-BL-QL 48.02 1 
Bi2Te3 QQ QL-QL-QL-QL-QL 50.80 1 
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Fig. A4.10: Theoretical band calculations of the building blocks QB and QBQ with and without spin-orbit coupling. The 
bottom plots represent the edge band calculations to observe the 2D TI states that are absent in the QB block; 
however, can be observed in the QBQ block.  
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Appendix – 5A 
Stacking Sequences in GST Stoichiometric Alloys  

The stacking sequences of GST/GBT alloys along with the distribution of Ge in the layer architecture is 
describes below: 

GXT-023 = (Sb2Te3 / Bi2Te3): Stacking order in a unit cell 

 

            
 

Fig. A5.1: A model representing Sb2Te3 / Bi2Te3 unit cell and the layer stacking sequence along [110] and [110] 
orientations. The maroon color represents Sb / Bi atoms while the green color indicates the locations of Te atoms. The 
stacking order of QQQ along [001] orientation is evident where Q represents a quintuple layer. The dotted orange 
lines are indicating the presence of Van-der-Waals interactions (VdW gaps). 
 

GXT-147: Ge distribution and stacking order in a unit cell 

 

[110] [110] [110] [110] 

[001] [001] 

Te 

Sb / Bi 

Fig. A5.2: Based on STEM investigations, the 
occupational probability of Ge atoms vs. atomic 
position in a unit cell, is plotted. The distribution 
of Ge contents in a septuple layer are derived from 
GST-1X4 while the quintuple layer does not 
contain Ge at all, except for the antisite defects.  
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Fig. A5.3: A model representing GXT-147 unit cell and the layer stacking sequence along [110] and [110] orientations. 
The maroon color represents Sb / Bi atoms, the green color represents Te atoms while the orange color indicates the 
locations of Ge atoms. The stacking order of QS along [001] orientation is evident where Q and S represent a quintuple 
layer and a septuple layer respectively. The dotted orange lines are indicating the presence of Van-der-Waals 
interactions (VdW gaps). 
 
GXT-124: Ge distribution and stacking order in a unit cell 
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Fig. A5.4: A model representing GXT-124 unit cell and the layer stacking sequence along [110] and [110] 
orientations. The maroon color represents Sb / Bi atoms, the green color represents Te atoms while the orange 
color indicates the locations of Ge atoms. The stacking order of SSS along [001] orientation is evident where S 
represents a septuple layer. The dotted orange lines are indicating the presence of Van-der-Waals interactions 
(VdW gaps). 
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Fig. A5.5: Based on STEM investigations, the occupational probability of Ge atoms vs. atomic position in a septuple 
layer of GXT-124, is plotted. As GXT-124 suffers from the multiple of 3 issue, a unit cell contains 3 septuple layers with 
the depicted distribution.  
 

GXT-225 = Ge distribution and stacking order in a unit cell 

 

                             
 

 
Fig. A5.6: A model representing GXT-225 unit cell and the layer stacking sequence along [110] and [110] orientations. 
The maroon color represents Sb / Bi atoms, the green color represents Te atoms while the orange color indicates the 
locations of Ge atoms. The stacking contains a single block of 9-atomic supercell along [001] orientation. Each cell 
stacks with the other cells through weakly bonded Van-der-Waals interactions. 
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Fig. A5.7: Based on STEM investigations, the occupational probability of Ge atoms vs. atomic position in a 9-atomic 
cell of GXT-225, is plotted. As, a GST-225 supercell contains 9-atomic layer; 9 being a multiple of 3, this 9-atomic layer 
acts as a complete unit cell of GXT-225. 
 
GXT-326: Ge distribution and stacking order in a unit cell 

 

                                 
 
 
Fig. A5.8: A model representing GXT-326 unit cell and the layer stacking sequence along [110] and [110] orientations. 
The maroon color represents Sb / Bi atoms, the green color represents Te atoms while the orange color indicates the 
locations of Ge atoms. The stacking order of 3 periodic 11-atomic units along [001] orientation is evident. The dotted 
orange lines are indicating the presence of Van-der-Waals interactions (VdW gaps). 
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Fig. A5.9: A better resolved image of 11-atomic unit of GXT-326 depicted in Fig A5.8 
 
 

 

Fig. A5.10: Based on STEM investigations, the occupational probability of Ge atoms vs. atomic position in a 11-atomic 
cell of GXT-326, is plotted. As GXT-326 suffers from the multiple of 3 issue, a unit cell contains 3 stacks of 11-atomic 
supercells with the periodic distribution of Ge depicted above for a single cell.  
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GXT-225: Various proposed interatomic arrangements for IPCMs  

             

Fig. A5.11: Systematic illustrations of van der Waals reconfiguration at atomic scale resulting in various stacking 
arrangements of Sb2Te3 and GeTe within the trigonal crystal structure known as Ferro, Kooi, Petrov and inverted 
Petrov.  They give rise to IPCMs and ferroelectric order in Dirac semi-metallic state of GST-225. 
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Appendix – 5B 
Structural Investigations of GST Alloys  

Addition information: Structural characterization of GST epilayers via XRD.  

GST-147:  

 
Fig. A5.12: Investigation of lattice parameters of GST-147 via XRD reciprocal space map (RSM).  

 

 

Fig. A5.13: Evaluation of unit cell length “c” for GST-147 epilayer according to the Bragg diffraction principle via XRD 
2θ/θ scan. 



Appendix - 5 
 

 
A-36 

 
Fig. A5.14: Analysis of rotational twin domains via XRD φ-scan for GST-147 epilayer. The epilayer is prepared at 
moderate rate with RTF = 8.6 nm/h and exhibited suppressed twin domains along Si (220) with relative abundance of 
1:18 while the dominant domain is observed collinear with Si (311). 
 

 

 

Fig. A5.15: STEM images acquired along Si [1-10] projection from selectively grown structures of GST-147 alloy. HAADF 
image acquired at the cross-section of 1000 nm wide structure. Layer stacking of SQ-SQ is evident 
confirming the stoichiometric state of GST-147. 
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GST-124:  

 

Fig. A5.15: Analysis of rotational twin domains via XRD φ-scan for GST-124 epilayer. The epilayer is prepared at 
moderate rate with RTF = 9.2 nm/h and exhibited suppressed twin domains along Si (220) with relative abundance of 
1:11 while the dominant domain is observed collinear with Si (311). 
 

GST-225:  

 

Fig. A5.16: Investigation of lattice parameters of GST-225 via XRD reciprocal space map (RSM). 
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Fig A5.17: Evaluation of unit cell length “c” for GST-225 epilayer according to the Bragg diffraction principle via XRD 
2θ/θ scan. 

 

Fig. A5.18: Analysis of rotational twin domains via XRD φ-scan for GST-225 epilayer. The epilayer is prepared at 
moderate rate with RTF = 10.8 nm/h and exhibited suppressed twin domains along Si (220) with relative abundance of 
1:9 while the dominant domain is observed collinear with Si (311). 
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GST-326:  

 

Fig. A5.19: Evaluation of unit cell length “c” for GST-225 epilayer according to the Bragg diffraction principle via 
XRD 2θ/θ scan. 

 

 

Fig. A5.20: Analysis of rotational twin domains via XRD φ-scan for GST-326 epilayer. The epilayer is prepared at 
moderate rate with RTF = 12.6 nm/h and exhibited suppressed twin domains along Si (220) with relative abundance of 
1:7 while the dominant domain is observed collinear with Si (311). 
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Appendix – 6A 
HfO2 Substrate Preparation via ALD 

A 4-inch highly conductive Si (111) wafer with resistivity of 0.005 Ωcm is processed via RCA cleaning. The 
cleaned wafer is then loaded into the ALD chamber and 15 nm HfO2 is deposited via the plasma process. 
The key material and process parameters are discussed in the following tables.    
 
Table A6.1: Summary of chamber condition and the overview of the deposition settings.  

Settings Parameters/Conditions 
Chamber Oxford Vacuum Technologies 

Table Temperature 200 °C 
Manifold Temp  100 °C 

Line Temp  120 °C 
Wall Temp  120 °C 

Base pressure 1.6 x 10-6 mbar 
Substrate Si (111) – 100 mm 

Total Cycles 150 
Process Duration 88 minutes 

 
Table A6.2: Summary of the precursor parameter settings in one deposition cycle of the deposition process. 

Process Step Parameters 
Precursor TEMAH (Tetrakis-(EthylMethylAmido)-Hafnium) 

TEMAH Bubbler Temp 70 °C 
1. TEMAH Step 

Ar Bubbler Flow 250 sccm 
Ar Purge Flow  250 sccm 

Chamber Pressure  0.11 mbar 
TEMAH Dose Time 1 s 
TEMAH Purge Time 15 s 
TEMAH Pump Time 3 s 

2. Plasma Step 

Plasma Strike Time 3 s 
O2 Flow 60 sccm 

Pressure during Plasma 0.2 mbar 
ICP Power 250 W 

Purge Time 6 s 
3. Purge Step 

Post Plasma Purge Flow 250 sccm Ar 
Post Plasma Chamber Pressure 0.106 mbar 

Total Cycle Time 31 s 
Final Pump 

Post Process Pump Duration 300 s 
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Appendix – 6B 
Multi-Step Growth Recipe of 3D TIs  

for Amorphous Substrates 
In order to obtain entirely coalesced and planar film of BST alloy on the amorphous HfO2 substrates, a 
multi-step growth process is adopted. The details are as follow. 

Cleaning: 
The sample is cleaned in the piranha solution for 10 minutes and rinsed with the de-ionized water for 
several minutes. Later, the cleaned sample is loaded into the MBE chamber.  

Step-1: Nucleation  
1. Tsub = 550 ֯C (20 minutes) 
2. Tsub = 100 ֯C (40 minutes) 

Set: TBi = 480 ֯C, TSb = 460 ֯C, TTe = 330 ֯C  
3. Open shutter (Te) for 2 minutes 
4. Open shutter (Bi and Sb)  
5. After 5 minutes close shutter (Bi and Sb) 

Step-2: Crystallization and Growth 
1. Te Shutter is open 
2. Tsub from 100 ֯C to 180 ֯C, manually in 20 minutes 
3. At Tsub = 180 ֯C, Open shutter (Bi and Sb) 

At this stage if Bi and Sb shutters will not opened, holes will start to appear in the epilayer and will 
result in the non-uniform layer thickness. 

4. Tsub from 180 ֯C to 220 ֯C, manually in 10 minutes 
5. Growth conducted for 2 hours 
6. After 2 hours, close shutter (Bi and Sb) 

At this stage, the growth ends.  

Step-3: Thermal Treatment with Te flux 
1. Te Shutter is open 
2. Tsub from 220 ֯C to 260 ֯C, manually in 10 minutes 
3. At Tsub = 260 ֯C, Tsub → 220 ֯C  
4. Tsub from 220 ֯C to 260 ֯C, manually in 10 minutes 
5. At Tsub = 260 ֯C, Tsub → 220 ֯C  
6. Tsub from 220 ֯C to 260 ֯C, manually in 10 minutes 
7. At Tsub = 260 ֯C, Tsub → 220 ֯C  

After 3 cycles 
8. Tsub → 25 ֯C  
9. At Tsub = 200 ֯C, close shutter (Te) 
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Appendix – 7A 
TI-SC interfaces 

Interface at Bi2Se3 – Sn hybrid structure: Sn is observed to diffuse so heavily into the TI epilayer that it 
penetrated almost 12 nm thick epilayer of Bi2Se3 entirely and reached the Si interface. Moreover, the 
diffused Sn atoms have transformed the vdW assisted QL based trigonal structure of TI into the disordered 
cubic structure where the vdW layers cannot be observed anymore.  
 

    

 

Fig. A7.1: (a) High resolution TEM image of Si (111) – Bi2Se3 – Sn hybrid stack. Sn is observed to diffuse into the TI 
epilayer and transformed into the disordered cubic crystal. (b) Magnified TEM image of the marked area in (a) that 
indicates the clean interface between Si (111) and Sn diffused TI crystal. (c) EDX spectrum acquired at the marked area 
in (a) confirming the Sn diffused till Si (111) interface.  

Sn 
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Sn diffused TI 

20 nm 5 nm 

   (c) 
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Interface at Bi2Se3 – Pb hybrid structure: Similar to Sn, Pb is also observed to diffuse heavily into the TI 
epilayer and reached up to 10 nm deep into the TI epilayer. In the diffused region Pb has transformed the 
trigonal structure of TI into the disordered cubic structure; however, the non-diffused region exhibited the 
QLs with the trigonal crystal structure.   
 

   

 

Fig. A7.2: (a) STEM-HAADF image of Si (111) – Bi2Se3 – Pb hybrid stack. (b-c) Magnified HAADF and bright field images 
of the marked areas in (a) respectively that depict the clean interface between Si (111) and TI QLs followed by the 
diffused TI region with crystalline Pb. (d) EDX spectrum acquired at the marked area in (a) confirming the Pb diffused  
almost 10 nm into the TI epilayer.  
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Interface at Sb2Te3 – Ti – Al hybrid structure: Sb forms alloy with Ti that can be observed in Figure A7.3. Due 
to the diffusion of Sb into Ti, the newly formed alloy failed to block Al atoms from diffusing into the TI 
epilayer. The formation of polycrystalline inter-mixed region followed by crystalline Al can be witnessed in 
Figure A7.3.   
 

     

 

Fig. A7.3: (a) STEM-HAADF image of Sb2Te3 – Ti – Al hybrid stack. (b) Magnified HAADF image of the marked area in 
(a) representing the inter-mixed region. (c) High resolution image of an area marked in (a) depicting the crystalline 
stack of Al atoms. (d) EDX spectrum acquired at the marked area in (a) confirming the alloy formation of Ti and Sb 
while Al atoms are diffusing into the TI epilayer.  
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Interface at Sb2Te3 – Ti – Al hybrid structure: Pt is observed to diffuse up to 2.5 nm into Sb2Te3 epilayer 
where the Te atoms are consumed to form PtTe2 trilayer structures of TMDC. However, the residual Sb 
atoms are observed to interfere in the formation of defect-free and homogenous trilayers. At places the 
formation three to six PtTe2 are observed while in other areas, a high density of Sb atoms caused the 
formation of an amorphous structure that led to a non-epitaxial interface between Sb2Te3 and Pt.    

 

  

 
 

Fig. A7.4: (a) STEM-HAADF image of Si (111) – Sb2Te3 – Ti – Al hybrid stack along Si [1-10] orientation. (b) Magnified 
HAADF image of the marked area in (a) representing the crystalline formation of PtTe2 layers. (c) High resolution image 
of an area marked in (a) depicting the formation of an amorphous region at the interface with TI epilayer. (d) EDX 
spectrum of the complete layer stack indicating the diffusion of Pt and Al into Sb2Te3.  
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Appendix – 7B 
Incorporation of the pre-patterned Substrates 

and the Stencil Mask 
Fabrication of on-chip stencil mask: The fabrication of on-chip stencil mask technique using LPCVD SiO2 and 
SiNx layers is developed by Peter Schüffelgen (PGI-9) in 2017. Due to the unavailability of LPCVD system, in 
this work, the technique is extended for PECVD based SiNx. The PECVD deposited film quality due to 
excessive strain, inhomogeneous layer thickness and the presence of H+ ions cannot be compared to 
LPCVD; however, with the systematic improvement of HF/LF mixed frequency deposition process and the 
post-deposition annealing steps (discussed in Appendix 3A), the layer quality is improved and the 
sustainable on-chip stencil masks are achieved.  The schematics of the on-chip stencil mask and its 
utilization is depicted in Figure A7.5.         

 

 

 
 
Fig. A7.5: The schematical representation of the on-chip stencil mask. (a) The preparation of thick (300 nm) SiO2 and 
(100 nm) SiNx layer stack. (b) e-beam lithography and RIE assisted dry etching of SiNx layer to shape the stencil mask. 
(c) HF solution assisted isotropic wet etching of SiO2 that assisted the formation of suspended bridge as the on-chip 
stencil mask of SiNx. (d) Si (111) substrate with the patterned stencil mask is loaded into the MBE to perform the 
epitaxy. The sample is kept rotating during epitaxy to nullify the shadow effect of the bridge. (e) After the epitaxy, the 
rotation is stopped and the bridge is aligned in the desired orientation to the metallic molecular beam. This step 
allowed the formation of in situ metallic electrodes. After the metallic deposition, the rotation is started again and the 
entire layer stack is capped with Al2O3 to avoid the surface oxidation. (Image courtesy: Peter Schüffelgen)    
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The technique of stencil mask provides the ability of the in vacuo deposition of metallic electrodes. The 
incorporation of SAE with the stencil mask opens up the possibilities of achieving a scalable network of 
nanostructures that not only provides the pristine material with a high crystal quality but also the desired 
shape of nanostructures in any complexity of design. In order to fabricate such structures, the first step is 
to prepare the selective mask to achieve SAE in the desired dimensions and design. The wafer with the 
patterned substrate is then processed to prepare the on-chip stencil mask as discussed in Figure A7.5. The 
schematics of the whole fabrication steps can be observed in Figure A7.6.   
 

 
 
Fig. A7.6: The schematical representation of the on-chip stencil mask incorporated with the selective mask of the 
nanostructures. (a) The preparation of combinational layer stack and the fabrication of trenches to achieve SAE in the 
desired dimensions. (b) Preparation of the main markers to align the selective mask to stencil mask so that the 
nanostructures and the metallic electrodes could be achieved with ±5 nm accuracy. (c-e) The preparation of thick (300 
nm) SiO2 and (100 nm) SiNx layer stack. Via e-beam lithography and RIE assisted dry etching of SiNx layer to shape the 
stencil mask. (f) HF solution assisted isotropic wet etching of SiO2 that assisted the formation of suspended bridge as 
the on-chip stencil mask of SiNx and also exposed the buried selective mask to grow TI epilayer in the nanostructures. 
(Image courtesy: Tobias Schmitt)    
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