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Abstract

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 (Tls). The incorporation of exotic spin-momentum
locked Dirac surface states (of 3D Tls) 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 Tls 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 Tls, the capabilities of VAW 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 BixTe, = (Biz)m(BizTes)n and GST/GBT = (GeTe)n(SbaTes/BisTes)m.
With the continuous addition of Bi, bilayers and GeTe (materials that exhibit trivial phase) into 3D Tls, 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 Tl 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 Tl epilayer prepared on HfO, substrate. Finally, the interfaces between
Tls 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 Tl 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 Tl 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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Chapter 1: Introduction to Topological Materials

Chapter—1
Introduction to Topological Materials

1.1 Topological insulators (Tls)

Topology! 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 other®-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
inversion®>%>8 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 locking® * ®. This phenomenon of band
inversion and resulting evolution of gapless states introduced a new class of materials in condensed matter
known as topological insulators (Tls). Bi,Tes, BiSes, SbyTes and SnTe are a few examples of TIs>®. In general,
all Tls can be categorized in 2 major groups:

e 2-dimensional topological insulators (2D Tls) 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 wells”'8,

e 3-dimensional topological insulators (3D Tls) host 2D topological states on the surface of the
material called topological surface states (TSS) for example Bi,Tes, Bi,Ses and Sb,Tes™ .

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 I'-point in Bi,Ses, Bi;Tes, and
Sb,Tes can be understood with the help of different stages in the evolution of energy levels of atomic
p-orbitals. For example, in Bi>Se; 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.* and depicted in Figure 1.1.

e 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 (P2xyz) and Bi bonding orbital (P1%y ;) closer in energy. “+/-" symbols
represent “even/odd” parity of orbitals respectively.

e 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 (P2yy ) orbital into (P27) and (P2x y)
while Bi (P15 y ;) orbital splits into (P13) and (P13 y). Py and Py orbitals stay degenerate due to
in-plane symmetry of the layered crystal. This step brings Se (P27) and Bi (P1}) orbitals
energetically closer.
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e 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.
inBifor P14 Tand P1},;y |. Asthis effects directly related to the number of protons per nucleus,
SOC is stronger in heavy elements e.g. Bi. It splits P15, | and P2,y { orbitals while deflects
Bi (P1%) downwards and Se (P23) upwards that results in the crossover of orbitals with opposite
parity around the Fermi level.

(a) PL, PL | (b) Sithoursoc with SOC
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Fig. 1.1: Multi-step band structure evolution in Bi:Ses. (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 I'-point (orbitals of interest are marked with red box). (Adopted from Zhang et
al.? 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 I'-point (simulation image is
provided by Irene Aguilera)®.

Passing through the above mentioned three stages of evolution, the odd parity orbital of Se P25 |, P27 T
and even parity orbital of Bi P13 |, P1} T swap their relative positions on the opposite side of Fermi level
leading to the phenomenon of band inversion in Bi,Ses (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 I'-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 Bi,Ses and
hence, the bands remain topologically trivial within the residual Brillouin zone®.

Origin of TSS: When a material with an inverted band structure (topological insulator) e.g. Bi,Se; 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)* ®. This effect is also visually described in an earlier
study by Schiffelgen et al.1® 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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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:

e Helical spin-momentum locking™ 6: TSS exhibit spin-momentum locking due to parity conservations.
This feature makes TIs very promising candidate for advanced spintronicst' 1% 13 such as fault-
tolerant quantum computation® > 1 and high speed data storage applications at the room
temperature.

e Robust against disorders'” 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 TSS°.

e Prohibited backscattering® 8: Spin-momentum locking of TSS does not allow quasiparticles to
switch/reverse spin without the relative change in momentum and hence, elastic backscattering
is prohibited®. This features facilitates ballistic transport of TSS?° 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 Bi.Ses, Bi,Tes and Sb,Tes. It also explains that
ShySes is not a Tl because SOC is too weak to invert the bands*. However, in order to understand cases
where materials exhibit complex topological phases, a model presented by Fu and Kane for the inversion
symmetric crystals?! explains this phenomenon in more detail and discussed in the next section.

1.1.2 Topological invariants for 3D systems

Fu and Kane?! introduced a model to characterize various 3D topological systems hosting surface states
(topology) with a set of variables vg; (v1v,v3) known as Z, invariants. In case of 2D materials the
topological invariant v, alone is utilized to identify the system being topological (vy = 1) or trivial
(vy = 0)%. In 3D materials however, (v, = 0) does not necessarily means that the system is trivial rather
the combination of all topological invariants vy; (v,v,v3) define the topological state of the system??.

According to Kramers theorem??, if the Hamiltonian H of a system is invariant under time-reversal (exhibit
TRS), every state [Yn(k, T)) and the state with opposite spin and wave vector |Yn(—k, l)) 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 fermion?’. 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)?". The TRIM points (I};) are also called the Dirac points. Fu and Kane?*
demonstrated for the inversion symmetric crystals that topology of a 3D system (the Z, invariant vy) is
determined by the parity product of the occupied bands at the bulk TRIM points?!. Taking an example of a
cubic system v, and vy, (weak indices) could be evaluated using following equations.

(—1 = ﬁai = ﬁ*ﬁfmm,-) (D
i=1 1 m=1

i=

I [ [ S (1.2)

Ng=1;ngzj=0,1

Here, &, represents the parity eigenvalue (§,, = +1) of the occupied band m at the TRIM point I;; where i
and j represent spatial identification, as depicted in Figure 1.2a and §; represents the parity invariant in
the bulk. This means that for every I} a parity invariant §; 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 (I3;) of a cubic crystal structure. Projection of the TRIM points
at the (010) surface (A;) is displayed. Schematic representation of the energy levels and states between two surface
TRIM projections Ay and A, 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 Kane®!)

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 4; by g = §;=(a1)0i=(a2) there can be two cases discussed below.

e First, if there is no change in the surface parity invariant between the two surface TRIM points
(mym, = 1), the Fermi level cuts these states in an even number? 2* (Figure 1.2b). This
corresponds to a trivial insulator (vy = 0) with the non-inverted and gapped band structure.

e Second, if there is a change in the surface parity invariant mym, = (—1), the system is a topological
insulator (vy = 1). In this case, the Fermi level always cuts the states in an odd number®* 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)?}, if the product of parity at the TRIM points
projected on the surface i.e. mym,m3my = (—1) and the Fermi arc encloses A; 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 §; = (—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 Tls i.e. Bi,Ses, Bi;Te; and Sb,Tes
exhibit Z, invariants vy; (v1v,v3) = 1; (000) and belong to the category of STI. Another example Z,
invariant with STl phase is 1; (111) exhibited by HgTe’ ?*, Sb® 226 and BisTes (discussed in section 4.8.2).

1.1.4 Weak topological insulator (WTI)

Weak topological insulator is a unique phase of 3D topology when Z, invariant v, according to equation
1.1, becomes 0. As mentioned earlier, in case of 2D topology vy = 0 represents the trivial phase; however,
in 3D systems it is possible that some surfaces exhibit topologically trivial phase named “dark surfaces”?”
28 while other surfaces exhibit topological protection. Such a material is called “weak topological insulator”

(WTl) 27,28, 29.
According to Fu and Kane model?!, when v, = 0, the topology is determined by vector G, (equation 1.3)

where the weak indices vy, are evaluated using equation 1.2.

GU = v1b1 + Uzbz + v3b3 (13)
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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 ie. §; = (+1) or odd ie. §; = (—1) parities
respectively. The parity projections on the (001) surface TRIM points A; by Tty = 6;=(a1)0i=(az) are also marked with
similar rules. (a) An example of STI with Z, invariants vy; (v1v,v3) = 1; (000), with one projected surface TRIM point
A4 with odd parity tq = (—1) confirming the case mm,m3m, = (—1). The orange curve represents the Fermi surface
enclosing one Dirac point with odd parity. (b) An example of WTI with all t; = (+1), giving raise to trivial (001)
surface. Fermi surface encloses no Dirac points (gaped band structures). (c) Another example of STl with a large Fermi
surface where three A; with odd parity confirm mim,msm, = (—1). The Fermi surface is not plotted. (d) A random
example of possible WTI phase with all m; = (—1) resulting in mym,m3m, = (+1) giving raise to trivial (001) surface.
(Adopted from Fu and Kane?!)

Mathematically, when G, # 0, it represents a WTI?!. As mentioned earlier, a STl exhibits vy = 1 by
satisfying the situation mym,mgm, = (—1). It is only true when one or in general, odd number of TRIM
points demonstrate odd parity §; = (—1) as depicted in Figure 1.3a and c. In case of WTI, the structure
exhibits vy = 0 with any surface mym,m3my = (+1). This implies that even number of TRIM points
demonstrate odd parity §; = (—1). In such a case, there can be two possibilities:

e Surfaces that contain all m; with same parity i.e. (+1); it is true when G = G, mod 2. These
surfaces are trivial and do not exhibit topologically protected surface states (dark surfaces) as
depicted in Figure 1.3b where all r; 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 r; exhibit odd (=) parity resulting in mymym3my = (+1).

e Surfaces for which two of the A,’s are positive and two are negative, G # G, mod 2. For those
surfaces, the Fermi arc encloses two A,’s which have the same sign for . 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
perturbations®® 3% 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 phases?, discussed in section 1.2. BiusRhsle?” , ZrTes*°, Bi;Se1* 3 and
BiiTe1? are a few examples of WTls.

1.1.5 Topological crystalline insulator (TCl)

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)3* 3> 337 on the other hand, is a unique phase of topology in 3D
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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.

(a) M (b)

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.>)

In the first generation 3D Tls, several Dirac points were observed in the band structure calculations of
BixSb1.,>% 4 4! that somehow could not be explained by the presented model of Fu and Kane?! for TRS
protected inversion symmetric objects, discussed in section 1.1.3 and 1.1.4. Teo, Fu and Kane* 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 Z, invariants another topological invariant named

the “mirror Chern number” N is introduced.

In BixSb1., the mirror plane resides at ky = 0 between TRIM points I"and M, 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 C, as M(X) = PC,(X), which inverts the x-coordinate. The eigenvalues of M(X) are
+i and M? = 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 model*, the mirror Chern number n,, can be evaluated using equation
1.4, by connecting the occupied bands in this mirror plane to a Chern invariant ng;.

Ny — Ny
n, = - (1.4)
In the presence of time-reversal symmetry (TRS), a total Chern number of the system must be zero* i.e.
n = ny; + n_; = 0.1t means, forn, # 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 n, (an integer) is equal to the number of Dirac cones along the mirror plane in the

first Brillouin-zone where the sign (+) of n,, 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
symmetry** 42 or other point-group symmetries of the crystal lattice®* #2), are not envisaged at surface
projections of the TRIM points, rather can be observed on the mirror plane?® or other high symmetry crystal
surfaces®” # 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 TCl states are robust®> 3" % similar to other states originated from TRS protected ST or WTI
phases.

The first TCI that was theoretically predicted and experimentally confirmed via ARPES is SnTe3 36 4445,

Later, Eschbach et al.?, reported the experimental realization of Bi;Te; a dual TI (WTI + TCl) where (0001)
surface being topologically dark (trivial surface of WTI) facilitated the experimental confirmation of CS
originated Dirac cone away from the T point along the M plane. Similarly, theoretical studies have revealed




Chapter 1: Introduction to Topological Materials

that Bi,Tes and BisTes (discussed in section 4.8.2) also exhibit TCl characteristics*® but due to being STl in
nature, the surface states overlap at the T point and TCI behavior cannot be observed via ARPES.

1.1.6 Higher order topological insulator (HOTI)

Higher order topological insulator (HOTI)*> 47 48 % js a novel topological phase of 3D systems where
materials do not exhibit 2D metallic surface states (witnessed in TRS protected STl and WTI phases and CS
protected TCl phase) but rather host 1D topologically protected gapless hinge states* #7484 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.

e 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 modes®® ! while the bulk topology
is Z,-classified.

e 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 Z,-classifications, have started
to exhibit HOTI phases in theoretical calculations, by extending the topological classification to the Z,
invariants. One such example reported earlier is the bulk bismuth (Bi)*® > that according to Z,-classification
exhibits topologically trivial surfaces with Z, 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
correspondence®. Similarly, a recent discovery of helical edge states in BisBrs*° is also reported confirming
the important of Z, classification to determine HOTI phases. HOTI phases are also observed in SnTe* and
predicted to appear in Bi;Tel, BiiSes, and BiiTe;®.
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Fig. 1.5: A theoretical representation of HOTIs with topologically protected hinge states of second order 3D Tls.
(a) A model representing chiral hinge modes along the corners of a cubic crystal protected by 4-fold rotational
symmetry along z-axis ((,/“4\2) 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 (M;y) and xy-plane (1\/7;3—,) respectively. (c) Schematics of
the helical hinge states of a hexagonally shaped HOTI in bismuth, oriented along the trigonal [111] axis with C3 and
inversion symmetry. Red lines represent a single one-dimensional Kramers pair of gapless protected modes. (Taken
with permission from Schindler et al.*#8)

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:
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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 Z, topology and resulting in TSS. An example of such a
system is pure Sb® 2!, a trivial semimetal with TSS, where the topology is characterized by Z,
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 Tl via applying a uniaxial strain to the
bulk’ & 5% 5% 55 by growing a HgTe layer on a lattice mismatched substrate®®. 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 5758, 59, 60,61, 62 3 nqd Weyl semi-metal (WSM)? 6% 64 65.66,67 '|n 5 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
6869 35 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 NasBi®” with preserved TRS and a WSM is TaAs®® % 70 with broken TRS. There
are several proposals to design DSM and WSM from 3D Tls using topological phase transition,
discussed in section 1.2.
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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.%8)

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 madifications: This method deals with the modification of physical characteristics such as
thickness of the crystal, stress in the epilayer and the applied pressure. Theoretical studies’ and
experimental observations’> 72 have proved that 3D Tls can be transformed into 2D Tls by carefully
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reducing the epilayer thickness below 5 nm’2. Topological phase and texture modifications by
mechanical strain in Bi,Ses crystal have been reported’® 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.

e Chemical variations: Chemical variations in the crystal i.e. the compositional changes™ or the
stoichiometric tuning?®, 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 TlIs 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.

(a)

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

STI V\ phase diagram of a system with TRS and IS but lacks
Z Crmcgl F\’/omt rotational symmetry (RS), categorizing various
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topological phases and the topological transition path
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b control parameter along the x-axis is modifying the
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Critical Strong Tl Dirac SM bandgap. The dotted line represents the topological-

Normal
insulator

E E . 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.,?).

A
N

Parameter Space

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.

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

e |f 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).

e Irrespective to the position of the Dirac point formation, if the strength of SOCis too low to support
the band inversion, the alloy will lose its topological features? resulting in a trivial semimetal (Figure
1.7b at the critical point).
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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 I 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 T. With the reduced
strength of SOC, the band inversion will stop and the alloy will lose its topological features?
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).

(a)

(b)

z Z
o X A Fig. 1.8: A model representing phase transition
r r in a WTI/TCI, induced by band crossing when a
A A > < M single control parameter is varied in the
WT"M system. (a) Generic phase diagram of the
Topslogiea system with TRS, RS and IS categorizing various
Dirac SM » topological phases and the topological
2 = transition path based on the control parameter
A " Normal =~ A X
> < - > insulator (white arrow). The control parameter along the
r x-axis modifies the strength of SOC and the size
@ Parameter Space r z _ if ) gth of
> < of inverted/non-inverted bandgap. The two
dotted lines on the transition path represent
phase boundaries. (b) Topological DSM phase
Normal p—— Topological —— N appears when the control parameter is tuned
insulator Dirac SM . . .
2 . N between two critical points that mediates the
A

E
i transition between a normal insulator and a
k k2 WTI/TCI. (Taken with permission from Yang et

» 4y E

\4

Parameter Space

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 respectively’> 7677, 78,79,80,81, 82

The evolution of WSM was theoretically demonstrated in several Bi based DSMs”> & (NasBi, K3Bi,
Rbs3Bi) 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 surface’. The
topological stability of these compounds was ensured by the CS. Similar simulations were later
reported for DSM Cd3As,”® 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 group’’” where the stacking sequence of TIBi(S1-«Sex), and TIBi(S1-xTex): alloys were proven
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to break the IS and Weyl points were realized. A similar model with HgTe/CdTe multilayer
structure’® was also proposed. With all these successfully demonstrated theoretical models to
engineer WSM?, till date no experimental realization of such a system using the technique of
topological phase transition, has been achieved.

e 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 TI®. The addition of trivial insulator spacer-layer stacked between magnetic Tl 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
phase®®. Similar transformations are also reported in rare earth compound Y,Ir,05 as wel[8+ 8>,

1.2.1 Topological band engineering using conventional 3D Tls

TSMs (DSM, TDSM and WSM) with bulk topology are favored over conventional 3D Tls due to enhanced
density of states that possess topological protection. 3D Tls 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 Tls, TSMs exhibit higher mobility®® 87 and enhanced magneto-effective responses® &’
8 They also exhibit novel zero-energy excitations with fascinating physics (Fermi-arc, Nodal line etc.)
85.89.90 that are not exhibited by 3D Tls. It does not imply 3D Tls 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.

64, 68,

Based on above mentioned points (Section 1.2), various TSM phases can be engineered from conventional
3D Tls (BizTes, BiSes and Sh,Tes) 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 Tls, 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 STl to DSM: The transformation path is introduced in Figure 1.7. Among conventional
3D Tls, all materials exhibit STI phase and thus can be utilized as “base”. Some of the “base + additive”
combinations are discussed below:

o Biy,ShySes = BixSes + Sh,Ses: Bio,SbySes can be an example of classical phase transformation®?. Bi,Ses
exhibits STI phase; however due to weak SOC, Sh,Se; demonstrates non-inverted band structure
with trivial phase® °2. The only limitation in this compositional alloy (Bi>xSbxSes) is the structural
stability of the alloy when Sb contents increases from 25%. Sb,Ses®® does not exhibit the trigonal
crystal structure® % like Bi,Ses. With increasing Sb contents, the crystal structure of alloy converts
into the orthorhombic crystal®® % which makes the realization of topological phase
transformations difficult to achieve.

e Sb,Te, =SbsTes +Sbh,: Sb,Te, is another example of topological phase transformation. In this system,
the stoichiometric alloys exist naturally in form of (Sb,)m(SbaTes), superlattices and thus, structural
stability is not a limitation®> °6; however, the issue lies in the electronic features®” of the “additive”
i.e. Sh. Itis not only a semi-metal but also a non-trivial entity (STI). The topology of both materials
being STl and semi-metallic nature of Sb make the transformation range quite limited and the
topological phase projections very complex.

® BiSe, = Bi;Ses + Biy: Bi\Sey series, similar to SbsTe,, exhibit compatible crystal structure; however,
unlike Shy, the “additive” Bi, is a topologically trivial semi-metal (Bi, exhibits HOTI phase®® while as
bulk, it is still considered trivial). The trivial attributes of Bi, allow to achieve phase transformations;

11
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however, it can only be achieved in a limited range as Bi, being a semi-metal does not allow
stoichiometric states to reach the trivial insulator phase.

e GeSbyTe, = SbyTes + GeTe: Ge,SbyTe, (GST) stoichiometric series lack both problems encountered
in the above mentioned systems. The crystal structural stability®® % 1% and trivial insulating
attributes of the “additive”. GeTe exhibits +0.6 eV non-inverted bandgap®® 2 that allows GST
stoichiometric states to explore the complete range to topological phase transformations
according to Figure 1.7.

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

e BixTe,=Bi>Tes + Bi»: BixTe, is a complex example of topological phase transformation because Bi,Tes
is a dual Tl that exhibits STl and TCl phases and therefore, the transformation process will impact
both paths i.e. one with STl towards DSM and other from TCl towards TDSM simultaneously. Both
candidates i.e. Bi;Tes and Bi, exhibit similar crystal structure (trigonal) and thus, the structural
compatibility does not pose a problem?% 1% The electronic features of Bi, 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 BixTe, transformations is the richness of topological
phases as both TRS and CS based transformations will occur at the same time. Some predicted
phases in Bi,Te, series range from STl to WTI?%, TCI?* 46 to HOTI***® and TSM'®>.

e GeBi,Te, = Bi;Tes + GeTe: Ge,Bi,Te, (GBT) stoichiometric series similar to GSTs is an example of
classical phase transformation where the “base” is replaced from Sb,Tes to Bi;Tes. Once again, the
dual nature of Bi,Tes will allow multiple paths of transformation and the restriction imposed by
semi-metallic features of Bi, 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 Bi,Tes.

Transformations from WTI to TDSM: All conventional 3D Tls exhibit only STI phase, WTI phase is not
exhibited by any compound. The discovery of WTI phase?® 32 in modified conventional 3D Tls i.e. Bi;Se; and
Bi1Te1, members of BiSe, and BixTe, 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 Tls!®® is also
achievable via (MnBi,Tes + Bi,) and (MnBi,Te; + 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 Tls and magnetic insulator heterostructures. A few such examples are (Bi,Ses
+MnSe)7: 108 (Bi,Tes + MnTe)1%% 110 (Sh,Tes/Bi,Tes + YIG)*?, (BiSes + EuO)™Y ™2 and (Bi,Ses + YsFesO12) 3.
The details of magnetic Tls based phase transformations can be found in Burkov et a/.®% while a few first
principles based calculations are reported in Zou et al.}**

1.3 Topological superconductor (TSC)

One of the most promising and immensely desired application of topology*® is the fault tolerant quantum

computation® 116117118 hased on spatial braiding® 1> 11120 of Majorana quasiparticles (MQPs). MQPs are
exotic massless entities that always emerge in pairst* 121122 where one particle acts as an antiparticles of
the other with the cumulative effect of the pair is equivalent to one fermionic state (e’)!!8. They obey non-
Abelian statistics'® 116 123 gnd 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)¥* 123 124 A TSC is an odd-parity p-wave

superconductor (py + ip,)'** 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 investigation!2.
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 Kane'* to
artificially engineer a TSC based on a normal s-wave superconductor-semiconductor heterostructure!?>, 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 started?® 127 128 At first, most of the
successful attempts were conducted with 2-dimensional electron gas (2DEG) in Ill-V semiconductors based
junctions due to their pre-established high quality epitaxial interfaces where the signatures of topological
superconductivity were observed!?130.131.132,133 1n 9012 for the first time, the induced TSC was witnessed
in a conventional 3D TI-SC hybrid junction'®** where Bi,Ses Qls (STI) were placed on top of an
unconventional s-wave superconductor NbSe,. Later, the artificial TSC was also reported in Bi;Tes — NbSe;
hybrid junctions!®> 136,

(a) (b)

(c) (d)
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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 (¢). The red lines show the Andreev bound states for ¢ = m
while the bound states for ¢ = 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 Kane'?!)

As discussed earlier, the first part of Fu and Kane model*? 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 (JIs) at the nanoscale
where MQPs appear in form of Majorana bound states (MBS)!*%137:138 Also an electronic circuit based on
these topological JJs can be utilized to create, fuse (annihilate) and manipulate MBSs**’ 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 4m-periodic phase relation of MBS3%140:141, 142,143 i tgnological JJs, the basic step towards the realization
of topological Qubit.

13



Chapter 1: Introduction to Topological Materials

1.3.1 Building blocks of a topological superconductor (TSC)

Various theoretical models?% 144145146 and mathematical calculations®® 1> 139 141147 haye confirmed the
idea presented by Fu and Kane'?!. Recently, an experimental replica of this model via phase sensitive
measurements based on Pb-Bi;Tes multi-terminal junctions is demonstrated*® though, no experimental
realization of Majorana braiding has yet been achieved*>. 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:

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

s-wave Superconductor
Fig. 1.10: A representation of the building blocks of a TI-SC

Interface hybrid junction i.e. s-wave superconductor, 3D topological
insulator and the interface that connects them.

3D Topological Insulator

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:

e SC must exhibit Cooper pairs condensation with spin-singlet order!*® 1> (total spin = 0) in

s-wave pairing!?3 124142149 Example of the single element based SC include Sn, Nb, Al and Pb while
the compound SC materials NbSe,'3> 126 and PdTe,!*! exhibit s-wave pairing. The proximity-induced
TSC on a d-wave superconductor has also been reported®®?; however, they are more suitable to
engineer higher-order topological superconductor (HOTSC)>3.

e  SC must exhibit 2e periodic supercurrent®* 15> 1% and stable ground state with even parity*>*

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

e TSS must exist on the particular surface in contact with the SC, the (0001) surface, irrespective of
the topological phase being STI**2, WTI**” or TSM®%8

e Enhanced contribution of TSS (in case of STl 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

e Fermilevel of the material (in case of STl 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 4’) and the superconducting coherence length (&) 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 () of the junction* 47,
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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 evolving??8 138 159,160,161, 162,163 The major requirements include:

e Theinterface is preferred to be epitaxial*?® without any inter-diffusion between Tl and SC. The SC
is preferred to exhibit compatible crystal structure with the similar lattice parameters of Tl or
should exhibit vdW based epitaxial stacking to avoid the formation of any dislocations or other
strain related defects.

e 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 poisoning®?®. 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
investigationst®® 163,

e The interface should exhibit near perfect transparency (t — 1) and large IoRy product®® 163
where I represents the critical current and Ry 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.*** Lanius et al.*® and
Kampmeier et al.'®> 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 Schiiffelgen et al.1 142

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 Tls 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 Tls 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 Tls and the realization of topological nanostructures.

e 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 Tls
are prepared.

e 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 Tls to achieve other novel 3D
topological phases including TSMs.

Among all conventional 3D Tls, only Bi,Tes exhibits CS protected TCl phase along with STI,
protected by TRS. To investigate materials at the path of TCl based topological phase
transformations, the growth of BiTe, stoichiometric alloys is conducted in chapter 4. Bi,Te, =
(Bi2)m(Bi;Tes)n stoichiometric alloys arrange themselves in the natural order of Bi; bilayers and
Bi,Te; 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 Sb,Tes and Bi;Tes 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 Tls, BixTe, 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 Tl 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 Tls 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 Tl 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 Tls

It has been a decade since the experimental discovery of the first 3-dimensional topological insulators
(3D TIs)¥ 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 applications®, spinless surface states for advanced
spintronic devices®* > ® and Majorana quasi particles in TI-Superconductor hybrid systems” & % 1011 for
topological quantum computation!® 13 1* 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 Tls from the ideal predictions, provided by the
theoretical models. The major deviations include:

e Narrow bulk band gap i.e. a semiconducting material instead of an ideal insulator
e 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 achieved?® 1> 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 concentration? 22, topological phase engineering? 24, electronic
band alignment at the substrate? 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 Tls are the chalcogenide based binary compounds of Bi and Sb including Bi,Ses,
Bi,Tes and Sh,Tes. Over the period, these topological crystals have been prepared by various methods
including the Bridgeman technique?” %, chemical vapor deposition (CVD)?> 3031 sputter technology3? 3% 34
pulsed laser deposition (PLD)*> 3% 37 and molecular beam epitaxy (MBE)?L 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 Tl 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 Tls on Si (111)* 46 47; however, all of them have witnessed an unexpectedly high charge carrier
density and an unintentional shift in the Fermi level*® 4% 5% 51 Due to very narrow bulk bandgap of
170 meV>?2, 210 meV3# 335 gnd 320 meV>>¢ in Sh,Tes, BirTes and BixSes respectively, the Fermi shift results
in the extrinsic n-type in Bi,Ses and Bi,Te; and p-type behavior in Sb,Tes. The Fermi level can be tuned
precisely by alloying n-type Bi,Tes and p-type Sb,Tes binary compounds and controlling their relative
concentrations to form ternary Bi,SbaxTes alloys®” 585 In earlier reports, the high carrier concentration in

45, 60

MBE grown topological films is directly linked to the Te/Se thermal vacancies and other structural

defects such as rotational twins®? and domains.

This chapter focuses on a systematic study to realize the high quality epitaxial growth of 3D Tls 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:

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

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 TlIs exhibit a rhombohedral crystal structure with 3-fold rotational symmetry>® 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 Tls; 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
strain®. 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 Crystal Space In-plain lattice Out of plain Lattice mismatch
System Structure Group constant (A)  lattice constant (A) with Si (111)
Bi,Ses Rhombohedral | R-3mH (166) 4.1445,56 28.6445:56 7.8%
BirTes Rhombohedral | R-3mH (166) 4.38 30.49 14.06%
ShoTes Rhombohedral | R-3mH (166) 4.28 30.45 11.45%

BixSby«Tes | Rhombohedral | R-3mH (166) 428 -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 strain® . Rotational alignment with the substrate, strain
free growth and no misfit dislocations are the characteristics of vdW epitaxy®* . 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
64 85 Understanding the growth of 3D Tls 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.

dislocations

Prior to the assessment of the best passivation material for vdW epitaxy of 3D Tls 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 Qcm. The wafers utilized were n-doped with 0.5 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 =
0, . 0, 1
4 RCA Cleaning H2S04 (96%) : H202 (37%) 20 mins Removal Qf Orgamc
=11 Contaminations
5 Rinsing DI Water 20 mins Removal of Piranha solution
' _ ' Removal of native silicon oxide
6 Si0; Etching HF 1% 3 mins and dangling bonds termination
with Hydrogen
7 g DI Water S mins HF removal an(.:l 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 mbar and the pre-conditioning step is carried out (the details of the MBE chambers can be
found in several previous studies® ®” and in Appendix 2A). The sample is baked out at 700C 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 Tls.
This phenomenon can be explained with relatively stronger reactivity of chalcogenide atoms® ¢
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 Bi, epilayers are grown on
Bi passivated Si (111) surfaces’ as depicted in Figure 2.1d.

e In case of Sb passivation, no major structural defects are observed’® 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 reports’>’> 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 ¢-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 Bi,Ses.
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Fig. 2.1: Investigation of the optimum saturation material to facilitate vdW epitaxy. SEM images of BizTes 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 Tls. On the other hand, Bi does not exhibit any defects while growing
pure Bi films on Si (111) as depicted in (d).

B Bi,Te, QLs (c)
| [l Te Monolayer

[ si

HAADF Intensity (arb. units)

Si
[111] Te monolayer
0 10 20 30 40 50

Distance (A)

Fig. 2.2: A cross-sectional overview of 3D Tl 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 Tl epilayer grown on Si (111) substrate. The
image is captured along Si [1-10] projection. An atomically flat interface between Tl 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 A 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 A 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 A7
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 earlier®® ’®. The vdW interactions
facilitate these islands to float on the passivated Si (111) surface where they grow and coalesce to form a
closed layer*® 76, Room temperature STM studies have shown that Bi,Tes forms fewer islands with larger
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diameter compared to SboTes which tends to form numerous islands with relatively smaller diameter?®.
This behavior corresponds to a larger lateral diffusion length of Bi adatoms compared to Sb on the
passivated Si (111) surface’.

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-Schwébel barrier’”” and it limits the mobility of adatoms to cross-over the island and to
form a closed film”8. 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) surface®®. 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 flow?*®
7% 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 (Bi;Tes, BixSes, SbaTes etc.) is approx. 6 nm?L. 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 studies®® 7> 881 gt T, = 290 C with elemental parameters of
Tei = 480°C, Tsp, = 470 C, Tre = 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 (Rrf) is evaluated. Figures 2.3 depicts two XRR
scans of Bi;Tes epilayers exhibiting different thicknesses.

(a) Bi,Te, —— Measured (bA Bi,Te, —— Measured
14.1 nm Simulated 35.3 nm Simulated
m —_— m
5 £ \
S =}
g s I\
& 8 “\
Ey = /\
% g "\/’\‘\/\
= £ \/\/
WW
NATY
00 05 10 15 20 25 30 00 05 10 15 20 25 30

20 (°) 26 (°)

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 (Rre). The measured and simulated XRR plots of (a) 14.1 nm and (b) 35.3 nm thick
epilayers of BizTes are depicted.

Figures 2.4(a-d) depict SEM images of approx. 25 nm thick epilayers of Bi;Tes, Sb,Tes, BST alloy and Bi,Se;
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 Sb,Tes and Bi,Se; epilayers compared to Bi,Tes. This behavior is also observed in
previous studies of Sb,Tes%® 8% and Bi,Ses®! indicating the tendency of these materials to form epilayers*®
79 with high surface roughness that requires major improvements. The optimization of surface roughness
for all 3D Tl epilayers and the topography analysis is discussed in Section 2.3.
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Fig. 2.4: SEM images of 25nm thick epilayers of (a) BizTes that exhibits relatively smooth surface without any visible
topographical defects in comparison to (b) Sb2Tes with relatively rough surface with visible layer steps and screw
dislocations, (c) BST alloy with improved surface from Sb>Tes and (d) BizSes with fully covered but rough morphology.
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Fig. 2.5: XRD 28-w scans of 25nm thick epilayers of (a) BizTes, (b) Sb2Tes and (c) Bio.sSbi1.sTes 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 Aw scans and FWHM values of the rocking curves are indicated in respective plots. (d) Displays the

rocking curve (Aw) scan of BizTes, acquired at the (000 15) peak, along with Gaussian fitting.
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Figure 2.5 displays XRD 26-w scans of all Te based 3D Tls depicted in Figure 2.4. The single crystalline fully
relaxed films are evident by XRD patterns.

26-w scan also assists in the compositions analysis of BST alloy as the (000 9) diffraction peak which
is forbidden for Bi Tes (Figure 2.5a), is clearly visible in Sb,Tes epilayer (Figure 2.5b). It indicates
that the (000 9) peak intensity in BST alloys (Figure 2.5¢) 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 system>® (BST alloy) with
being zero for BiTes.

Along with the compositional analysis, 26-w/26-6 scan also provides information about the unit
cell dimensions with ultra-high precision (+ 0.001 A); however, is limited only to the out-of-plane
lattice “c”. 26-w/26-0 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 26-6 and
RSM techniques for all 3D Tls 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 broadening® in XRD 26-w/26-6 scans. Therefore, the qualitative analysis
independent of the epilayer thickness, is performed with the rocking curve (Aw) investigations.
Aw scan probes the in-plane structural defects®® 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 Bi,Tes epilayer, acquired at the (000 15)
peak, along with the Gaussian fitting with FWHM value of 126".
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2.2.1 Substrate temperature (Tsyp) vs. growth rate (Rre)

In the growth process of 3D Tls, the chalcogenide flux is always kept an order of magnitude higher than
pnictogens (Group 5A elements = Bi/Sb) 8 8>8% Considering the stoichiometric stable growth conditions,
the growth rate (R) is governed solely by pnictogens. Chalcogenides do not influence the growth rate
(Rre) of epitaxial films. Thus, Rre is controlled and limited by the individual fluxes of Bi, Sb and the
accumulative flux of both (Bi + Sb) during the growth process of Bi;Tes, Sb,Tes and BST alloys respectively.
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Fig. 2.7: Growth rate (Rte) vs. Tsu behavior of (a) BizTes, (b) Sb2Tes and (c) BixSbz2xTes alloys representing ADR
dependency of Bi and Sb on Tsu. 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 Tsus for the
corresponding alloys in (c) due to higher Sb desorption in BST epilayers.

It is observed that the growth rate (Rre) of Tl epilayers is influenced by the growth temperature (Tsuw) 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 Rt 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 Tsus and the resulting effects on the growth
of 3D Tls 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 Tsyp is varied over a wide range to observe
variations in Rrr. In the next step, the growth parameters are changed to the new values and (in order to
confirm the trend at different Ryf) and the experiments with changing Tsu, are conducted once again for
Bi;Tes, SboTes and BST alloys. The results are summarized in Figure 2.7.

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

e 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 Ti,Sb1.&’. With no
ADR dependency of Bi on Tey (Figure 2.7a) and the increased adhesion of Sb, the overall ADR
dependency of BST alloy on Ty, decreased. That is why, in comparison to Ry of SbyTes, the growth
rate of BST alloy decreased rather slowly with increasing T, 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 Ry of BST alloy with the increasing Tsu, is mainly caused by the
desorbing Sb adatoms and that is why an increment in the growth temperature (Ts) 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 T« are observed and
confirmed via Rutherford backscattering spectrometry (RBS)® 8 and depicted in Figure 2.7d. The RBS
spectrum can be observed in Appendix 2C. Based on these observations, any change in Te,, 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 (Tsu) based on the results obtained by XRD and SEM,
Figure 2.7 is categorized into three colored zones.

e 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 (Aw scans revealed FWHM values >> 400"). With the
increasing growth temperatures the defect density reduced and films with better crystal quality
are achieved.

e The “green zone” indicates the best temperature range for the crystalline growth of the epilayers.
XRD 26-w and Aw scans have revealed this zone to be the least defective and therefore must house
the optimum growth temperature (Tsw). (Aw scans revealed FWHM values < 4007)

e 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 (Tqb) of 3007C, 285C and 300T are extracted for
the epitaxy of Bi,Tes, Sb,Tes 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 Rt influences the crystal
quality by affecting the defect density in the crystal. To further understand the impact of Ryr on structural
deformations, a systematic study is conducted. Samples of Te based Tls are prepared at the corresponding
optimum T, extracted from the analysis of Figure 2.7, with relatively slow, moderate and high Ry 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 ¢-scans to identify the rotational twin domains and Aw 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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9,91 and particularly the rotational

Domains: Among all structural defects the most common are domains
twin domains?? 992 All chalcogenide based 3D Tls exhibit trigonal crystal structure with 3-fold rotation
symmetry of 120. While growing on Si (111) hexagonal surface with 6-fold rotational symmetry, the
substrate offers a 60" rotational freedom to the starting crystallites. Hence, the rotational domains
formulate at the starting layer of the growth process. The domains with exactly 60 rotational off axis are
called “twin domains” while the domains with all other rotational misalignment are known as “non-

68,93 ;

twinning domains” or grains in general.

3D TlIs 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 (Tsuw). The type and the density of rotational domains
depends upon the growth rate (Rr) of the epitaxial film®.

R s

Alepunoq uielo

[112] HfO» _ 3 nm

Fig. 2.8: STEM-HAADF images acquired along Si [1-10] projection containing grains/non-twinning domains. (a) Sb2Tes
epilayer grown with high Rre = 20 nm/h exhibits high defect density with grains boundaries (orange line) and TSFs
(vellow lines) as well. (b) BiiShiTes epilayer grown with medium Rrr = 12 nm/h on amorphous substrate of HfO: also
exhibits high defect density with similar defects.

The growth rate (Re) 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.

e At very high growth rates i.e. Rre = 20 nm/h, non-twinning rotational domains are observed in
Sb,Tes and BST alloys as depicted in Figure 2.8 however, no such domain is observed in Bi;Tes
epilayer when prepared even at higher growth rates.

e At the moderate growth rate i.e. Rrr = 12 nm/h, without the presence of grains, only rotational
twin domains are observed in all topological materials. XRD ¢@-scans have revealed that twins
always form collinear to either Si (311) or Si (220) as reported in previously studies 3¢ 7% In all T|
epilayers prepared via MBE, irrespective of the material, the domain collinear to Si (311) is found
to be the dominant one’® %, Previous reports have indicated that the twin domain boundary can
continue up to several layers until annihilated by the dominant one” °*. 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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Fig. 2.9: STEM images acquired along Si [1-10] projection depicting twin domains. (a) HAADF image of Bi:Tes epilayer

behavior can be linked to the selection of optimum Tsu, 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 Bi,Te; growths performed at low rate i.e. Rrf =5 nm/h and
below, whereas heavily suppressed twins are still observed in Sb,Tes. The twinning, in case of BST
alloys prepared at low Ryr 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 Sb,Tes. The results of the twin defects measured
via XRD ¢-scans for all 3D Tls and their dependency on the Ry 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.
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grown with moderate Rrr = 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.

Relative Intensity (arb. units)

Fig. 2.10: Analysis of rotational twin domains via XRD @-scan for Bi>Tes 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 Rrr 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 Rrr. (c) Twin free epilayers collinear only with Si (311) are obtained when
prepared at low Rrr.
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Fig. 2.11: Analysis of rotational twin domains via XRD ¢-scan for Sb2Tes 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 R 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 Rir. (c) Heavily suppressed twin domains along Si (220) with the relative abundance
of 1:10 are witnessed in epilayers that were prepared at low Rrr with Si (311) being the dominant orientation.
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Fig. 2.12: Analysis of rotational twin domains via XRD ¢-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 Rrr
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 Rt (c) Heavily suppressed twin domains along Si (220) with the relative
abundance of 1:25 is witnessed in epilayers that were prepared at low Rrr with Si (311) being the dominant orientation.

Twining is one of the most common defects exhibited by 3D Tls during the epitaxial growth on Si (111)
substrates. The remedy to avoid twins, is to reduce Ry at 5 nm/h and to select the optimum Teuw, as
discussed above. There are, however, possibilities to grow epilayer with relatively high R without any
considerable increase in twin defects. This can be achieved with the selection of substrates that exhibit
small lattice mismatch with 3D Tls for example, Bi,Tes on sapphire® % and Bi;Ses on InP (111)8%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: 1t 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 fault?® %1% After rotational twins, stacking fault is the second most common defect in
vdW based layered materials?® %> 1% |n 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 Rr), the presence of translation shear fault (TSF)10% 192103 s 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 plane!®. 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 Sbre and Tes, 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 Sb,Tes while Figure 2.8b and 2.13 represent these
defects in BST alloys (indicated by yellow lines/arrows).
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where epilayers are prepared with
(a) moderate and (b) high Rrr 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 0.05 to 0.5 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.

29



Chapter 2: Growth Optimization of Conventional 3D Tls

During the growth of 3D Tls, the atomic arrangements of atoms (collinearity of the epilayer) at the planar
step edge dictates the type of structural defect. In all Te based Tls, a QL comprises of five covalently bonded
atomic layers sequenced as Teou: — Bi/Sb — Tei, — Bi/Sb — Teou:. The height of the bottom three atomic layers
from Teou: to Tei, 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:

e 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 Teo: 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 Rrr have exhibited this phenomenon.

e Thesecond 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 Teou 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 Sb,Tes and BST while in some cases Bi;Tes epilayers (prepared at very high Rre)
exhibit the formation of screw dislocations.
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Antiphase domain formation:
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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 R = 20 nm/h. In conventional 3D Tls (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 (Rrf) and at optimum T., the density of the screw
dislocations in Sb,Tes 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 (Tsup) and the growth rate (Rre). By keeping Tsub constant at the optimum value, the influence
of Re is investigated and it is observed that most of the structural defects including domains and stacking
faults can be avoided by reducing Ry to 5 nm/h. The defect formation at Si step edges i.e. the antiphase
domains and screw dislocations cannot be avoided in 3D Tls; 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.

Si s 6 1 Si
[1-10] s e 2 [1-10]
£ [111]

[112] SoecaiiiaEy oo E -
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 Tls? (discussed in chapter 3, Table 3.3). Though
in conventional 3D Tls, these substrate induced defects cannot be avoided because of QL architecture. The
defect density, however, can be heavily reduced during the epitaxy of BiTe, 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 Tls

The largest source of unintentionally high carrier concentration in 3D Tls is the atomic defects in crystalline
films37 104,105,106 Dye 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 Tls suffer from Te vacancies (Vre) especially Bi;Tes due to its
relatively higher optimum growth temperature. Te vacancies (Vre) result in the appearance of non-bonded
electrons and thus act as n-type dopants®. Depending upon the concentration of vacancy defects the
Fermi level in Bi,Tes shifts inside or very close to the bulk conduction band resulting in n-type behavior?”
104,105,106 Sh,Te; also suffers from Te vacancies but the cumulative effect of the vacancy defects is heavily
reduced by the dominant antisite defects'®” 18,

Antisite defects: During the crystal growth, the swapping of lattice sites between two different elements
leads to the antisite defects. In Bi based Tls, due to the difference in the atomic radii between Bi (1.51A)%°
and Te (1.36 A)1 3 relatively higher energy AE = 0.67 -1.12 eV 111112 js required to realize Bire (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 A)1% and Te (1.36 A) are almost similar and Sbre antisite energy
AE = 0.35 eV 114 s relatively smaller than Bire, Sbre 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
Sb,Tes 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 Tls, the antisite defects act
as dopants with two possible swapping schemes.

1. Thefirst case is where a chalcogenide atom (Te) takes the lattice site of a pnictogen atom (Bi/Sh).
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 (Tes and Tesy)
results in n-type doping. As Te naturally suffer from the thermal vacancies (Vre), this case is the

less probable onel!> 113,

2. Inthe 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 (Bire and Sbre)
results in p-type doping.

As mentioned earlier, 3D Tls suffer heavily (1-3 %) from thermal vacancies of Te (Vre). It causes excess
of electron with n-type charge carriers. Due to less availability of Te atoms (high Te vacancies), Teg and
Tesp, antisite swapping are less probable. Bire antisites in Bi,Tes; epilayer, as discussed above, are
energetically also less favorable to occur. Thus, due to the cumulative effect of heavy Te vacancies (Vre)
and less favorable Bire antisite, Bi;Tes crystal always exhibits n-type behavior. On the other hand, Sh,Tes
with energetically favorable Sbre antisites exhibits high density of atomic switching where Sb fills most of
Te thermal vacancies (Vre) in the lattice resulting in p-type carriers and neutralizing n-doping of Vre. That is
why, naturally Sh,Tes exhibits p-type behavior assisted by Sbr. antisite defects.
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Fig. 2.16: STEM images acquired along Si [1-10] projection at high defect zone in Bi:Tes 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 Tls 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 Tls via MBE, their
resulting effects and optimum solution.

Defect Category Effects Solution
Non Twinning e Limits phase coherent length of Growth at optimum Tsup
Domains quasiparticles and Rre~ 5 nm/h
Twin Domains e Increases carriers concentration
Stacking Faults
TSFs Extended Limits phase coherent length of
Antiphase Defect quasiparticles Cannot be avoided but reduced
Domains with the improvement in Si (111)
surface misorientation angle
along Si [112] and Si [110]
Screw e |ncreases carriers concentration Growth at optimum Tsup
Dislocations and Rrr~ 5 nm/h
V7e Increases n-type carrier Cannot be avoided, although can
concentration be reduced by adjusting Tsub
Vsb, Vi Increases p-type carrier Cannot be avoided, although can
concentration be reduced by adjusting Bi/Te and
Sb/Te flux ratios
Tegi & Tesp Increases n-type carrier Energetically less favorable to occur
antisites Point concentration due to Vre and relatively higher
Defect optimum Tsup
Bite antisite Increases p-type carrier carriers Energetically less favorable to occur
Sbre antisite Energetically favorable, can be
reduced by optimizing epitaxy at
higher Tsup
Intercalation of Increases carriers concentration Growth at optimum Ty
Adatoms and Ry~ 5 nm/h

2.3 Morphology and surface roughness

Topology, in 3D Tls, 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 Tl epilayers.

The growth optimization process, discussed in section 2.2, brings the average surface roughness of 3D Tls
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 Tsu or Bi/Sb beam fluxes would cause the deviation from those optimum conditions
and would result in structural defects. That is why, neither Ts, nor Bi/Sb beam fluxes can be modified and
the attempts for surface treatment are carried out by modifying only Te beam flux (Tre).
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As mentioned earlier, Te flux does not influence the epitaxial growth rate (Rrr) of 3D Tls 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.

e |t 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 Bi,Tes epitaxy, the reduced Te flux shifts
the stoichiometric state containing 40% Bi contents (Bi,Tes) to higher values of Bi,Te, states such
as BiiTe; and BisTes (for details visit chapter 4).

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

Line Profile

(c) - BiTes (d)

ubstrate flattening) 241

T 2.0
< Terrace Length
5 Y 59.1+ 0.4 nm
T 1.6¢

Step Height
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[111]
I—»[m] \ ‘
(1-10]

Surface Roughness (rms)
1.81 £0.05 nm
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‘ Distance (nm)

Fig. 2.17: AFM images depicting the morphological information of (a) Sb2Tes and (b) BizTes. (c) Represents BizTes
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 Bi,Te; and Sh,Tes epilayers prepared on Si (111) substrate
with Tre = 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 Tls with the affective change in
the Te flux (Tre). The data is obtained for the growth rate (Rt) of approx. 5 nm/h. The red zone indicates
the “stoichiometric variation zone” with Tre 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 (Vre). In the end, it is a tradeoff between the high Te vacancies (Vre) and the improved surface
quality of the epitaxial films.
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Fig. 2.18: The trend of average surface roughness with changing Te flux. The red zone indicates the critical Tre where
Bi/Te or Sb/Te flux ratios cross the limit and result in the altered stoichiometry. The green zone indicates the lowest
possible Tre that provides the best (lowest) surface roughness while keeping the stoichiometry intact.
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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 Tls 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
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and correspondingly the optimum growth temperatures (Tsb) 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 Rt = 5 nm/h) while
the growth temperature (Tsw) alone is adjusted until the desired structural quality of the epilayer is
achieved. The qualitative analysis of the grown epilayers is performed with Aw 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 Tls, requires the growth of high crystal quality epilayers with ultra-smooth and defect-free
surfaces. Conventional 3D Tls 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 Tls 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-Tl 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 Tl 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 (Tsw) and the control over thin film growth rate (Rtr) = 5 nm/h have facilitated the
achievement of defect-free and high structural quality epilayers of Te based 3D Tls. 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 Tls including Bi,Tes, Sb,Tes and
BixSb,«Tes (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 effects®
23,4 and material properties>*>®7 |ay a foundation for realizing several potential applications including:

e Topological switching® and steering effect of TSS! in quantized (quasi-1D) multi-terminal
junctions!! (discussed in Section 3.6.2)

e Low energy dissipation electronics such as single electron transistors!?

e Majorana quasi particles and Majorana zero modes in TI-SC hybrid nanostructures!® 14151617

e Quantum spintronics®®, including spin valves'®, TI-ferromagnetic hybrid structure assisted
guantum anomalous Hall insulator (QAHI)?> 2! and topological antiferromagnetic spintronics?!

e Enhancement for figure of merit in topological thermoelectrics?® 2% 24 25

e Fault tolerant quantum computation?® %’

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:

e 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.

e 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.

e 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.

e  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 Tls 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
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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 Tls, at the exposure to ambient conditions, is a critical
problem?® 2930, 3% 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 Tl 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 layer® * e.g. Al,03 or HfO,. 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.

e VLS nanowires: Among all approaches, VLS grown nanowires exhibit the best structural quality of
TIs34 353637 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.

e Exfoliated crystals: Crystals prepared via zone melt and Bridgman methods can only be utilized via
exfoliation®® 3% %9 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.

e 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 communities*> %> 43 where Tl 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.

o 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 nanostructures® 7 ¥+ 4, This approach® % 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 Tls, 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
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topological nanostructures of all Te based 3D Tls 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.

e 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.

e 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 (Tsw) 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, SiO, and SisN4 are the most suitable candidates
for the blocking materials. Other compatible materials that fulfil the above mentioned requirements, such
as Alb,Os and HfO, are also tested. Based on the preliminary growth experiments, SiO, and SisN4 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 Tls.

e Both materials i.e. SiO; and SisN4, remain amorphous even at high temperatures (Tsuw > 700 C)
during the substrate degassing and activation processes, discussed in chapter 2 (Section 2.1).
In contrast, AlLO; and HfO, start to transform in polycrystalline phase after the thermal
treatment®”- %8,

e SiO; and SisNa are easily accessible and also compatible with the standard fabrication chemicals
and tools. Al,O3 and HfO; also offer similar features; however, the control over precise etching rate
of Al,03; and HfO; that is required prior to epitaxy, is more challenging than for SiOs.

e High quality thin films of SiO, and SisNs with precisely controlled thicknesses and without
unintentional cross contamination can be prepared using several deposition techniques.

(a) (b)

(d) (f)

Fig. 3.1: A model representing positive (a-c) vs. negative (d-f) selective masks. (a) SOl wafer with Si (111) surface on
SiO2 layer. (b) Patterned Si (111) surface as a positive mask. (c) Tl 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 SizNa4
as blocking materials. (e) Negative patterned in transferred by etching the blocking material into desired structures.
(f) SAE of Tl 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/SisNs as a blocking surface can be
structured and are discussed below:

e 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 SiO,. 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 study*® °°. 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 Bi,Tes epilayer on Si (111) mesa structures prepared with positive selective mask on
SOl substrates is reported in previous studies** ! 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.

(a)
Si(111)

(9]
Si(111)

1um

Fig. 3.2: Fabrication and SAE using positive selective mask on SOI wafer. (a) SOl wafer with 100nm wide suspended Si
(111) patterned nanoribbons while SiOz layer is wet etched, (b) similar to (a) but on large scale repetitive structures.
(c) BizTes 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.>?)

e Negative selective mask: In this technique the conventional Si (111) wafer is covered with thin
layers of Si0,/SisN4 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 SiO,/SisN4 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-Hallbar®, transmission line model (TLM) nanoribbons’ and superconducting
Josephson junction (JJ)¥. However, the lack of in-depth understanding of the growth dynamics and the
relation between T.u vs. Rer (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 SisNa4 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:

e 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.

e HF Resistant: Before loading the sample into MBE system for epitaxy, Si native oxide (SiO,) 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.

e 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.

SiO; as the blocking surface: SiO, 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, SiO; at Si (111) interface exhibits compressive strain®2. The strength of the strain in SiO,
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 900C exhibit the least strain®? and the
best structural and electronic characteristics. SiO, 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 SiOs, it fails to provide the dimensional integrity. During the HF etching process, the isotropic
etching of SiO; results in the increased structural dimensions. Moreover, the continuous HF etching of SiO»
causes the reduced thickness of the blocking layer. Hence, SiO; is not a reliable blocking material for
nanostructures.

SizN4 as the blocking surface: SisN4 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 adjustment®® but cannot be entirely neutralized®. SisN, 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. SisN4 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 SisN4 to be a reliable blocking material.

These issues can be addressed with the combinational layer stack of SiO, and SisN4 to fabricate the blocking
surface. A very thin layer of SiO, 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 SisN4 layer on top
of thin SiO, 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. SiO; is
prepared via dry thermal oxidation due to its optimum structural characteristics and uniformity even in a
few nm thin film. As far as SisN4 is concerned, the highest quality films can be prepared via LPCVD. However,
due to unavailability of LPCVD, SisN4 films are prepared via PECVD utilizing Oxford instruments reaction
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chamber. There are certain challenges involved in PECVD deposited SisN4 that must be addressed before
its utilization as the blocking surface. There challenges include:

e Strongtensile 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).

e |rresistance towards HF etching (due to H* ions in the deposited SiN 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 SisN4 via PECVD always results in high tensile strain®®
% 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:

e At HRF =13.56 MHz, ions do not respond to radio frequency (RF) field. Films with stoichiometric
SisN4 with high tensile strain are obtained.

e AtLRF=100-350KHz, ions respond and provide ion bombardment of the growing film. This feature
changes the density of the films with slight stoichiometric shifts resulting in SiNy. 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 SiNy
deposition using the Dektak profiler. The best results are obtained with 70% HRF providing high surface
quality films with slight tensile strain.

08l Tensile
Fig. 3.3: The trend of stress in mixed frequency
‘} PECVD deposited SiNy films. It is evident that with
§ 0.4r ' the increasing HRF fraction stress in the film shifts
o I ‘} from compressive to tensile. The best quality films
§ 0.0 e are produced with HRF around 70%. HRF fraction
» can be evaluated via HRF = — 1R % 100%,
I= ‘} THRF+TLRF
T 04 . where Trhrre and Tirr stand for the time duration in
3. which high and low frequencies are applied in the
. film deposition process.
0.8 ‘% Compressive
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High Frequency (%)

Irresistance towards HF: The strain management in PECVD deposited SiNy 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 SiN film. The etching rate of SiNy in HF-
based solutions strongly depends on Si/N ratio®® >” % and on H* ion density in the film®® %, as described by
Knotter’s reaction mechanism® 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 SiNy in HF based solutions®
62 In order to improve the etching selectivity of SiN, 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
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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 N, environment. The annealing process reduced H* concentration in SiNx films and in result
decreased the etching rate of SiNk from 25 nm/min to 1.2 nm/min in the buffered HF.

After both major issues related with PECVD SiNy 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 SiO; 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 SiO..

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

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

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 mm?).
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 SiNy is completely etched and a few nm of SiO; 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
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in a previous study®. Due to slightly different characteristics of SiNy 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 Tls

The efforts to achieve selective area growth of the 3D Tls on the pre-patterned substrates are initiated in
the similar fashion as on the bare Si (111). A set of growth parameters with Tgp in a close proximity of the
corresponding optimum value (+ 10°C) along with the Rt 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 (Rre =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 (SiNy) 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 Bi,Ses (3D Tl) on the amorphous SiO; substrate is reported earlier®® ®. Moreover, the
growth of Te based TlIs on ALD prepared high-K Al,Os; and HfO, amorphous substrates is conducted and
discussed in chapter 6 (Figure 6.11).
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Fig. 3.5: SEM images depict the first SAE attempts of (a) BizTes conducted at Tsus = 290°C and Rrr = 8 nm/h, (b) Bi>Ses
conducted at Tsub = 295°C and Rrr = 8 nm/h and (c) Sb2Tes conducted at Tsu» = 285°C and Rre = 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 Tsi constant and
in (c) Sb2Tes due to low ADR exhibits the best selectivity even at Tsus = 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 Tls 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 Tls including Bi,Tes, Bi;Ses and Sb,Tes.

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:

e Selectivity of the epilayer
e Fabrication defects in the patterned substrates
e 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 (SiN,) exhibits the best selectivity. In the growth of 3D Tls, the selectivity
can be tuned by the compound adjustment of Tsu, and Rre. Keeping Ry constant, the desorption rate of the
incoming adatoms increases at the higher Ty that stops the formation of nucleation on SiN,. While at the
lower temperatures, ADR increases and the selectivity fails.
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20r = §..§\§\§\ 5 Bi,Sb,Te, Blocking Surface
g S 33 (SiN,) [
> ) et
15F & i . 4
g T bbeg . A S
£ Q é\% Y =
£ g 5 § ‘i 2
w L 2, s)
& 10 & L g
3 5
* A Q BST epilayer on
° —._o__ T. o = 460/450°C ; exposed Si (111)
Bi/Sb ~
--0-- Tgysp = 460/465 °C

255 270 285 300 315 330

Substrate Temperature (°C)

Fig. 3.6: Temperature range for best selectivity. (a) Growth rate (Rre) vs. Tsus behavior of BixSb2xTes 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 Tsus is tuned in the selective temperature zone (Tsu» = 305 C) with Rre =
5.5 nm/h. The red lines indicate some of the 2D defects originating from Si step edges periodically after 230 nm.

Among 3D Tls, ShaTes exhibits the best selectivity due to relatively higher desorption rate of Sb even at
higher R; however, this is not the case with Bi based compounds. Bi based TlIs due to the higher adhesion
coefficient of Bi exhibit dramatic change in selectivity even with minor changes in Rrr and Tsu. In case of
Bi,Tes, Bi,Ses and BST alloys the best selectivity is obtained with Ty 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 Rs = 5.5 nm/h at Taw = 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 Bi,Tes epilayer
with very poor selectivity (orange arrows). Due to the higher Rrr and the lower corresponding Tsy, several
large islands can be observed on the surface of SiNy. Bi,Se; 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 3.5¢ shows near perfect selectivity of Sh,Tes.
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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:

e Lithography
e FEtching / 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.

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.

e Theredtriangle 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.

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

e 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, SiO, and SiNy exhibit compressive and tensile strain respectively. SiO; fails to
provide dimensional protection while SiNy 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 (SiO, + SiNy), 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 SiO,:SiN« controlled the overall strain. It is
witnessed that the thickness ratio of 1:4 is the maximum that allows epitaxy of 3D TlIs without any exerted
strain or structural damages in the epilayer. It means that combinational layer with the thickness of 7 nm
SiO; can have a maximum 28 nm of SiNy. Any reduction in the thickness of SiO, or an additional thickness
in SiN film will lead to stress misbalance that would affect the structural quality of the epilayer.

) : BixShzTes
BixShzxTes k:\
&
500 200 nm i gy ;
— | ST t

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
SiO,:SiNkthickness ratio of 1:7, with SiO, thickness kept at 7 nm. The tensile stress of 50 nm SiN, 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 um, 500 nm and 100 nm wide trenches respectively.
The damage to the crystal structure due to tensile strain is clearly visible in 1 um 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 Si0,:SiNythickness 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
BiyTes, 285 C for ShyTes and 305 C for BST ternary alloy, the selectivity is ensured and the growth of 3D Tls
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 um 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 3.9¢c) 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 (Re) in 50 nm wide trench to approximately 20 nm/h while the applied
growth rate (Rr) 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 Sb,Tes SAE performed at Rt = 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 Rre = 10 nm/h. The crystal has overgrown and due to higher effective growth rate (Ref)
multiple twin domains have formed and are clearly visible, indicated by red and blue triangles. Figure 3.9c
shows SAE of Bi;Tes in 50 nm wide diamond array structure with Rre = 8 nm/h. The effective growth rate
(Refr) was so high that after entirely filling the trenches, Tl overgrew laterally to the extent that a suspended
sheet of Tl (Bi;Tes) film is formed being supported by the Bi;Te; pillars in the trenches. All the stated
examples have confirmed that SAE conducted at nanoscale alters the effective growth rate (Res).
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Fig. 3.9: SEM images depict a few examples of overgrown epilayers in patterned substrates indicating the change in
effective growth rate than applied Rrr. All samples are grown for 90 minutes where (a) represents 500 nm wide trench
with Sb2Tes SAE with Rre = 12 nm/h, (b) SAE of BST alloys in 200 nm wide trench with Rre = 10 nm/h, (c) SAE of BizTes
in 50 nm wide diamond array structure with Rre = 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 Rr.

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 (Rer) 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 (Ret) 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 (Res).
The dependency of Refr on the applied growth rate (Rr) 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.

e 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.

e The material parameters include the applied thin film growth rate (Rt) and lateral diffusion length
of adatoms on the blocking surface (Lp).

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

TrenchY
L=18 W=2
Trench X P40 A=36
Le‘ngth (Ly=10 Trench z
Wldth (W) =10 L=50 W=2
Perimeter (P) = 40 P=104 A=100
Area (A) =100

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 Reg in the trench Y with smaller surface area (A = 36) is higher than the trench X containing the larger
surface areai.e. A=100. Hence, Res 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, Ress exhibits direct proportionality to the perimeter (P) of the trench and that is why,
Reft 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 Re.

Res o« 1/, (3.1)
Repp o P (3.2)
1 1
Repr < P/y & Repp x 2(547) (3.3)

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

Reff (o8 RTF X LD (34)
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Aeii = (W+2Lp) X (L+2Lp)

L+2 LD

Fig. 3.11: A model represents the lateral diffusion length (Lp) in nanostructures. The impact of Lo on the effective
growth rate (Ref) can be visualized in this way that the trench with surface area (A=WxL) experiences the effective
influx of adatoms from Aer = (W+2Lp) x (L+2Lp) based on the applied rate (Rte).

Figure 3.11 depicts a model, specific for a rectangular pattern that indicates how Lp impacts Ress of the
epilayer during SAE. In order to evaluate the effects of material and structural parameters on Res
guantitatively, the relation can be summarized in form of equation 3.5.

Refr _ Aesf (3.5)
Rrr A
Rerr = Rrp ['(L+2L[1)/)VE<VLV+2LD) (3.6)
Reyy = Ree (G + 2+ 5+ i) 37
Rerr = Rrp (1 + % + ZLTD + :vL:DL) (3.8)

The term 413 /A is too small to have any considerable impact on Rer 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 Rer other than Ry are the width of the trench (W) and the lateral
diffusion length of the adatoms (Lp).

Rerr = Rrp (1+32) (3.9)
The first requirement is to evaluate Lp for each elementi.e. Bi, Sb and Te. Lp is extracted from the measured
value of Ref Using equation 3.9 while Ress 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.° and via AFM discussed in Appendix 3C. The
extracted values have indicated that Bi has much smaller lateral diffusion length (Lp.si = 12 £ 0.5 nm) than
Sb (Lp-sb = 20 £ 0.5 nm) on SiNyk surface which is an opposite behavior compared to Si (111), reported in
earlier studies® ®’. This is why, nanostructures during the growth of Sb,Te; and BST alloy experienced
elevated changes in Rest compared to SAE of Bi,Tes. Equation 3.9 holds true as long as the pattern length
(L) remains >1 um; however, as soon as the length of the pattern drops below 1 um, the assumption 1/L <
< 1does not hold true and cannot be ignored anymore. In that case Reff can be described using equation
3.10 and the resulting changes in Rerr 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).

Ress = Rrp [1 +2Lp (5 + %)] (3.10)
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Figure 3.12a and c (purple colored zones) represent the corresponding changes in Res with the applied
rates i.e. Rre =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 Bi,Tes exhibiting Lo = 12 nm and SbzTes with Lo = 20 nm respectively. The
circular points represent the measured Rest 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 Ref is also measured and depicted in Figure 3.12b and d (orange colored zones) for Bi;Tes
and Sb,Tes 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 Refr where, the values can reach as high as R, = 3 X Ry (Figure 3.12d). The colored zones in
Figure 3.12 also assist in comparing the effect of Lp along with the dimensional changes. The purple colored
zones represent the trend of Rerr for BiTes (Figure 3.12a) and Sh,Tes (Figure 3.12c¢) with the changing
widths; however, the effect is much pronounced in Sb,Tes due to higher value of Lo-ss. Similarly, the orange
colored zones represent changes in Rett when both dimensions (W and L) are at nanoscale. Once again, the
higher value of Lo.sy impacted more prominently in Sb,Tes (Figure 3.12d) than Bi,Tes (Figure 3.12b).

(a) Bi,Te, (Lp = 12 nm) (b) (c) Sb,Te, (Lp = 20 nm) (d)
50 ® Rp= 5nmh W=50nm| | L=loum | [ W =50 nm
@ R =10nm/h ' %
E 40 @ R =15nm/h in
E L =10 um -
c 30 \ i
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Fig. 3.12: Dependence of effective growth rate (Ref) on structural dimensions and lateral diffusion length (Lo). Trend
in resulting Reg for different applied Rrr with decreasing trench width for (a) BizTes with Lp = 10 nm and (c) Sb2Tes with
Lo =20 nm while 1/L << 1. The drastic enhancement in Ress with the decreasing trench length along for (b) BizTes and
(d) Sb2Tes while the width (W) is kept constant at 50 nm.

Table 3.1: An overview of resulting Resf With the changing width of patterns for BiiSbiTes (Lo = 16 nm) SAE with different
applied rates (Rte). Higher applied rates (Rre) result in rapid increment of Rer particularly in narrow trenches.

BiiSbiTes Trench Width (nm)

Lp=16 nm 50 100 200 500 1000
Reff (nm/h) for Rir=8 nm/h 13.1 10.6 9.3 8.5 8.3
Reff (hnm/h) for Rre =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 Rer = 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 Lp for
Te. The value of Lpte can only be evaluated in cases where the Te flux will start influencing the growth rate
(Rre). It will be possible with SAE of BixTe, stoichiometric alloys. The study of such compounds is out of
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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 Lp depends upon the exact stoichiometry of the material (i.e.
relative presence of rate controlling elements). For example, in case of Bii1Sb1Te; the effective values of Lp
will be the average of Sb and Bi with Lp = 16 nm. The experimentally measured values of Ref during the
growth of BiiSbiTes in trenches with various dimensions for the applied thin film rates (Rt) 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:

e 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.

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

e When both W and L are in the nanoscale and reaching values so small that the condition W < 2Ly,
the term 4L% /A cannot be ignored and Ret 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 Tls 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 Tsy and relatively low Rre
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 Tsus resides
in the “selective temperature zone” (Section 3.3.1). However, the selection of suitable Ry can be
particularly challenging as Res 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, Ress can upsurge by a factor of 3 of the applied rate (Ry) 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 Re in nanostructures. In order to obtain defect-free nanostructure (Rer = 5 nm/h) of a particular
dimension via SAE, the applied rate (Ryf) can be tuned according to equation 3.10, without any
complication. However, the selection of Ry can still be challenging if the pre-patterned substrate contains
structures with various sizes as each pattern will experience different Res according on its dimensions.

Table 3.2: An overview of resulting Reg with optimum selected applied rate (Rns) for SAE of each 3D Tl. Rws is opted in
such a way that the resulting Ref = 5 nm/h in trenches with W = 150 nm for Bi>Tes and 100 nm for Sb>Tes and BST
alloys to avoid structural defects in nanostructures.

Trench Width (nm)
3D Tls 50 100 200 500 1000
Resf for BixTes when Rys = 4.3 nm/h 6.38 5.34 4.82 4.52 4.41
Resf for SboTes when Rys = 3.97 nm/h 7.16 5 478 4.29 4.14
Refr for BST alloy when Rys = 3.8 nm/h 6.54 5 448 4.08 3.82
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Bio.sSbi.2Tes

W =500 nm
(Thickness =11 nm)

k ~ -
Fig. 3.13: SEM images represent SAE of 3D Tls with optimized applied rate (Rns) for nanostructures. (a) Bi:Tez diamond
array structures with W = 50 nm and L = 200 nm, (b) Sb2Tes nano-hallbar with W = 50nm and L =5 um, (c) BST alloy
nanoribbons with width (W) ranging from 50 nm to 500 nm resulting in different Resr and different thickness.
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Fig. 3.14: STEM-HAADF images of selectively grown 3D Tls acquired at the cross-section of 200 nm wide nanoribbons
along Si [1-10] projection. (a) Defect-free and relaxed stacking of BizTes QLs are evident while (d) represents the
enlarged area marked in (a). Similarly (b and e) represent Sb2Tes, while (c and f) depict defect free structure of
Bio.gSb1.2Tez QLs.

In this study, the pre-patterned substrate are fabricated with trenches ranging in width from 10 pm down
to 30 nm. The growth rate for the best crystal integrity in the nanostructures (Rys) is adopted to fulfill the
rate requirements of all pattern dimensions and therefore, based on Ly of Bi;Tes, Sb,Tes and BST alloy of
approx. 12 nm, 20 nm and 16 nm respectively, Rys for SAE of each material system are evaluated. Rys is the
evaluated equivalent Ry for a specific trench width (Rns = Ryr at a specific width) when Reg = 5 nm/h. For
this purpose, the trench width of 150 nm is chosen as a standard for Bi,Te; while due to relatively high
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value of Lpsy in ShaoTes and BST alloy, the standard width is selected as 100 nm. Rys for all 3D Tls is calculated
(equation 3.11 is specific for Bi;Tes) and the resulting values of Res for the key dimensions are listed in

Table 3.2.
2x12
150

Rerr = Rep (1432) > 5 = Rys (1+257) forBirTes (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 Rys for all
Tls (Table 3.2), SAE of topological nanostructures is performed. Highly selective and smooth epilayers of
nanostructures containing Bi;Tes, Sb,Tes 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 Tl material. Figure 3.14 depicts HAADF images of BixTes (a, d), Sb,Tes (b, €) 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 () and the relative
contribution of TSS. In order to analyze topological materials, the following three types of measurements
are performed.

e Hall effect (electronic characteristics of the material system)

e Topological switching via steering effect of resistance in multi-terminal junctions (T and Y junctions
to identify the contribution of TSS)

e Aharonov—Bohm (AB) oscillations® ®® ® in a single O-ring and array structures (to identify the
contribution of TSS)

Fig. 3.15: SEM image depicting 1 um wide selectively
grown Hallbar of Sb2Tes with Ti electrodes. X1 and Xz
are the input longitudinal terminals with Ixx applied
current between the vertical outer contacts. Hall
voltage is measured between terminals Y1 and Y.

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 levels®® 7°. 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.”° Various selectively grown Hallbars
of 3D Tls (Bi,Tes, Sb,Tes and BST alloys) having widths (W) of 50 nm, 100 nm, 200 nm, 500 nm, 1 um and
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10 um are investigated. The summary of the performed measurements and the analysis with an example
of 1 um wide hallbar of Sb,Te; is discussed below.

Fig. 3.16: Hall measurement data. (a) Temperature dependent trend in longitudinal resistance (R,,) vs. applied
magnetic field (B). (b) Temperature dependent trend of weak anti-localization in R,, 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 lg and a. (e) Hall resistance vs.
applied field to extract Hall constant (Ay) in order to evaluate mobility (u) and carrier concentration (n,p) of the

The longitude resistance R,, is measured between terminal X; and X, 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)7°.
The sheet resistance (Rgpeet) is also evaluated using equation 3.12 and is plotted in Figure 3.16c.

Utilizing Hikami-Larkin-Nagaoka (HLN) model”® described in equation 3.13, WAL data is fitted and
the phase coherent length (1) of charge carriers and factor («) are evaluated and plotted in Figure
3.16d.

Transverse voltage Vy,, is measured between terminal X; and Y1 (according to Figure 3.15) and the
Hall resistance (Ryy, = Ry) is plotted in Figure 3.16e. Using equation 3.14, the Hall constant (Ay)
and the 2D charge carrier density (n,p) are extracted. As the obtained 71, does not take the
sample thickness (d) into account, 3D carrier concentration (n3p) and mobility (u) are evaluated
using equation 3.15 and 3.16 respectively.
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w
Rspe = Rxx? (3.12)

Here, W and L are the width and the length of the Hallbar respectively.

) = a5 () v (242)] e

Here, AGyN is the measured change in the magneto-conductance, whereas a is a pre-factor that
determines the strength of the magnetic coupling. A value of a = 0.5 represents one Tl channel. Every
additional channel will result in an addition of 0.5. By is the magnetic field associated with the phase

. h ) . )
coherence length via By = P— while ¥ represents the digamma function.

TL’Bl¢.

VH B, 1
Inx Hg H qn2p ( )

RH :ny =

Here, Ry and Vy are the Hall resistance and Hall voltage. I, is the longitudinal/applied current, B, is the
applied out-of-plane magnetic field and d is the thickness of the sample. Ay represents the Hall constant,
q is the universal charge while n,p and n3p represent 2D and 3D charge carrier density respectively.

M3p = % (3.15)
— _4n
= (3.16)

Discussion: Following the above mentioned scheme, samples of various dimensions belonging to all Te
based 3D Tls 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:

e 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 Bi,Tes nanostructures with approx.
2 x 10 cm?3,

e In BST alloys, the carrier density is supposed to be further improved from Bi,Tes 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 Bi;Tes.

e Though, the overall carrier density is improved by almost 1 order in comparison to earlier reports
including Lanius et al.>* and Weyrich et al.’”® 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-Tl epilayers. In order to evaluate
this problem, the structural investigations and the magneto-transport analysis of the substrate-TlI
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).

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

e Animportant feature about the phase coherent length (lp) of charged particles in Bi,Tes epilayers
is observed to be linked with the misorientation angle of Si (111) surface. As discussed earlier,
Bi,Tes epilayer forms an antiphase domain at the Si step edge. It seems that the antiphase domain
acts as a barrier and limit Iy of the charged particles. An example of this behavior can be observed
in Table 3.3 where two Bi;Tes; 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 0.5 miscut angle exhibited lp = 63 nm while, the other
Hallbar belonging to substrate with the misorientation angle of 0.1 exhibited I = 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 Bi;Te; samples; however, it does
not seem to impact Sh,Tes.

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=0Tand B=10T.

Topological Width N2p M3p lp u SiMiscut MR @
VEIEREL Carrier (nm) (x 102 (x10* (nm) (cm?* Angle(") 10T Comments
cm?)  cm?) /Vs) (%)
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 -
Bi,Tes 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
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
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 -
SbaTes P-type 1 000 7.7 54 | 364 | 386 0.2 42 | Insitu capped
500 11.3 9.8 214 220 0.5 36 -
10,000 7.9 54 212 386 0.2 54 In situ capped
. 1,000 10.3 8.9 109 156 0.5 28 -
BixSba-<Tes ) 1,000 8.7 69 | 169 | 212 0.2 44 | Insitu 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 technigues. 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) effect’®. SdH oscillations are witnessed in 500 nm wide
Hallbar of Bi;Tes where the detailed analysis is performed and reported in Rosenbach et a/.® 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 < 2l4. 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, I, = 230 nm for Bi,Tes, 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 ¢ /2 as depicted
in Figure 3.17 where ¢ depends upon the cross-sectional area (A4) of the nanoribbon and can be calculated
using equation 3.17% 6899,

@ = AxB (3.17)

As soon as the in-plane applied field fulfills the requirements and the flux becomes equivalent to ¢ /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) oscillations® ® © and can be observed in
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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 al°.

+E
/ Fig. 3.17: (a) The nontrivial Berry phase causes a
bo gap at zero flux in a Tl nanowire (quasi-1D).
6=
2

(b) Applying a flux of @/2 restores the gapless

mode. (Taken from é)

k

Fig. 3.18: SEM image of selectively grown T junction of Bi:Tes
representing the basic measurement setup where liwor represent
the total current flowing from the central leg. I. and Ir represent
the individual currents in left and right legs where the current
variations are measured with the changes in the applied field
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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 I. 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.*® 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
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in-plane field, this current steering originates from the orbital effect, trapping the coherent 3D Tl 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 Kélzer et al.'* 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 10* cm®) 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 Bi;Tes 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 <2lp. 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
performed’t. 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.”* A comparative analysis, with the help of AB oscillations in ring structures,
between BST alloy (ST!) and BiiTe; (WTI) is conducted in chapter 4 (Section 4.9).

(b) 11600
11400
g
o
11200
BST alloy 11000
6 -4 -2 0 2 4 6
B, (T)
&d Fig. 3.20: (a) SAE of BST alloy in a ring structure. The orange and
3 /Peak 1(755) purple circles represent the shortest and the mean interference
% 40 / Peak 2 (Bulk) paths respectively. (b) Rxx vs. applied out-of-plane magnetic
530 field (B) plot where the oscillations in the resistance profile
Eﬂ 20 represents the presence of AB oscillations via coherent
E o interference. (c) The Fourier spectrum of the filtered data of (b)
= representing two distinct peaks at different frequencies
0 indicating the AB interference of TSS at the inner circle and the
. ? 1 /;1 M q 8 bulk interference at the mean radius circular path.
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With the help of magneto-transport investigations, the electronic characterization of 3D Tls 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 SiNy 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 (Tsu and Ryg), extracted from the high quality planar
growths of 3D Tls, 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 um); 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 (Resr) 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 Tls, particularly the bulk carrier
density (2 x 101° cm?) is observed to decrease by almost 1 order, compared to the earlier reports
(5 x 10720 cm?3)# 55707273 Though, the improved results are obtained, the observed carrier density is still
at least 2 orders higher than the utilizable conditions (10Y” cm?3)”* 7> for most of the advanced quantum
applications. This deficiency in electronic properties could not be associated to the crystal quality of
3D Tls, 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 Tls which was not easily attainable in
the past.
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Chapter—4

Topological-Trivial Heterostructures:
BixTe, Stoichiometric Family

The topological state of a 3D material can be modified using the technigue of topological phase
transformation?, introduced in chapter 1 (section 1.2). Applying this technique via stoichiometric tuning?,
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 (TCl), introduced in section 1.2 (Figure 1.8). None of the
conventional 3D TlIs exhibit WTI phase; however, Bi,Tes is the only member of 3D Tls that exhibit dual
topology” i.e. TCl features along with the strong topological insulator (STI) phase. This phenomenon
renders Bi,Tes to utilize in topological-trivial heterostructures to engineer TDSM phase.

The one possibility of achieving topological transformation of Bi;Tes is via BixTe, stoichiometric alloys where
Bi,Tes quintuple layer (QL) and Bi; bilayer (BL) act as “base” and “additive” respectively. BixTey alloys exist
naturally in form of (Biy)m(Bi2Tes)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 STl to WTI3, TCI** to
HOTI>® and TSM’.

Bismuth (Bi, BL) as an “additive” is not truly a trivial neither purely a topological material. According to
Z,-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 Bi, crystals® i.e. the higher-order topological insulator (HOTI)
phase, observed via STM at ultra-low temperatures® °. 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 chalcogenides®, some members of the BisTe, stoichiometric series have already been
prepared via zone melt, Bridgeman method® ' 12, sputter deposition’, PLD* and MBE3. During the
preparation of Bi.Te, 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 composition'?. 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
phase>® %1415 if it exhibits TCl 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 BixTe, = (Bi>)m(Bi.Tes)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 BixTe, 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.

Increasing Bi Contents in B/XTey System
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Fig. 4.1: An overview of unit cells representing BixTey = (Biz)m(BizTes)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 Bi2Tes QL while the red block represents a Biz 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 BixTe,: Layer architecture and nomenclature

BixTe, 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/GBT6 171819, 20,21, 22 3nd MST/MBT?* 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, BixTe, stoichiometric states naturally arrange themselves in (Biz)m(Bi,Tes), superlattices
where any stoichiometry can be identified by (m:n)?> = (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 BicTe,
alloys were studied by the thermoelectric community® were primarily synthesized using the Bridgeman
method!® %12 that occasionally did not exhibit the periodic stacking sequences (mixed states). Due to this
reason, BisTe, alloys are identified by different nomenclature in the literature. These nomenclature include:

e Normalized unit cel’>: This is the most common form that identifies the formula unit or
characteristic unit cell for example Bi;Tes, Bi1Te: and BisTes etc.

e Entire unit cel’® ?’: 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 Bi,Te; would be named BigTes (3QLs), BiiTer
as BisTes (2QLs + 1BL) and BisTes as BijaTeg (3QLs + 3BLs).
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e Atomic fraction®® 8 2: 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 Bi,Tes would be named
Bi4oTeso, Bi1Tel as BisoTeso and Bi4Te3 as Bi57T843.

4.2 Epitaxy & stoichiometric analysis of BixTey alloys

The growth of any BixTe, stoichiometric state demands the incorporation of Bi; 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 Bi; BL. The tuning of Bi/Te flux ratio can be achieved with two different approaches
discussed below. Both approaches have their pros and cons.

e Approach 1: Increasing Bi flux while Te flux and Tsu are kept constant.
e Approach 2: Decreasing Te flux while Bi flux and Ty, 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 (Ts;) during epitaxy while the Te
flux is kept constant. In order to do so, Tgi is gradually increased from 470 C (parameters extracted from
Bi»Tes optimized growth in chapter 2) while Tre and Tsub are kept constant at 320C and 300 C respectively.
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Fig. 4.2: The search for BixTey stoichiometric states with the variable parameters Tsi. (a) The trend of increasing Bi
contents in the epilayer with the increment in the applied Bi flux (Tsi) can be observed. After Tsi = 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 (Rte) of the epilayer with the increasing Ts, measured
via XRR.

It was established in chapter 2 that thin film growth rate (Rf) is solely controlled by Bi flux and Te flux does
not have any influence on it. That is why, during the growth of 3D Tls, Te flux is always kept relatively higher
than the required ratio to avoid Te thermal vacancies (Vre) in the epilayer. Starting from the base state of
BirTes at Tei = 470 C, with the gradual increment in Tgi (Bi flux) the corresponding Ry of the epilayer kept
on increasing while Bi contents in the epilayer remained constant with the stoichiometric state of Bi,Tes;
(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 Tsi = 485 C where the availability of Te atoms
was not sufficient to form a QL. Eventually, extra bismuth adatoms formed a Bi, BL and the formation of
stoichiometric alloys started (see Figure 4.2). With further increment in Tgi;, the density of Bi; 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 Bi; BLs in the layer stack. The bismuth contents in the epilayer are measured via Rutherford
backscattering spectroscopy (RBS) where Tg; is systematically increased. As soon as Tg reached 485 C, the
presence of first Bi» BL in the layer stack is identified with the sudden increment in Bi contents. It is also
observed with the slight shifts in XRD 28-w characteristic peaks of Bi;Tes. With the continuous increment
in Tgi, the density of Bi, BLs in the layer stack kept on increasing until a BL periodically appeared after eight
Qls at the applied Tgi = 495 C. At this point (Bi2)m(BizTes), with (m:n) = (1:8) resulted the stoichiometric
state of BisTes, identified in Figure 4.2a. Similarly, with the further increment in Tg other stoichiometric
states, having higher Bi contents, are also obtained. The corresponding trend in Rrr with the increasing T
is depicted in Figure 4.2b.

Following the first approach, several stoichiometric states including BisTes;, Bi;Tes and BisTes 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 R and the
compositional stability of the stoichiometric alloy.

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

e The higher Ry 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).

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

e The reproducibility is critical for any epitaxial growth. The trend in Figure 4.2a depicts the very
narrow tolerance in the Bi flux (Tgj) for stable stoichiometric state. Any variation is Bi flux may lead
to a stoichiometric shift that will become more problematic with the increasing Tgi. It can be
witnessed with the reduced stability window in BisTes vs. BisTes 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 Rr. Summarizing from the
results of Figure 4.2, it can be deduced that Tgi is not the correct variable to tune stoichiometry as it directly
affects Rre. The lower Ryr can only be obtained at the lower Tg and therefore, Tsi must be fixed to the
optimum value, extracted from Bi,Tes 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 fluxis used as a variable parameter while
Bi flux is kept constant to avoid any drastic changes in Rre. This approach is expected to fix the above
mentioned issues as Te flux does not affect Ryr 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 Tsu. Any change in Tquw would result in
an altered Bi/Te flux ratio and hence, for simplicity Tsuw must also be fixed to the optimum value. After
fixing Tei = 470 C (for Ry¢ control) and Tsw = 300 C (to keep ADR constant), Tre is systematically reduced
from 320C to tune the Bi/Te flux ratio in search of BisTe, stoichiometric alloys.
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Fig. 4.3: The search for BixTey stoichiometric states with the variable parameters Tre. (a) The trend of increasing Bi
contents in the epilayer with the gradual decrement in the applied Te flux (Tre) can be observed. As soon as Tre 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 (Rr) of the epilayer
with the decreasing Tre, measured via XRR.

With the reduced incoming Te flux, the availability of Te atoms to form Bi,Tes QL decreased and eventually
extra Bi adatoms formed a Bi, BL. As soon as Tre dropped below 312 C, the presence of Bi, 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 Tr.. 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 Tgi is used as the variable parameter to tune the stoichiometry, are now fixed
with the replacement of Tre. Figure 4.3b illustrates that Ry 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 BisTe, 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:

e Stage 1: From Bi,Tes to Bi1Te:
e Stage 2: From BiiTe; to BisTes
e Stage 3: BisTes 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.

e 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 26-w scans as each member has its own characteristic diffraction peaks. The lattice
parameters are evaluated using the Braggs law via XRD 26 /8 and RSM scans. The presence of twin
defects and the quality of the epilayer is investigated with ¢ and Aw scans respectively.

e Inthe 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: Bi,Tes to BiiTes - Epitaxy and structural characterization

The epitaxial growth of the BixTe, members performed in this stage are summarized in Table 4.1, where m
and n indicate the total number of Bi; BLs and Bi,Te; QLs in a unit cell respectively. The increasing number
of Bi, 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 Bi,Tes to Bi;Te; due to the presence of Bi bilayerstt 2. The
predicted out-of-plane lattice constant “Cpredicted” IS evaluated using the equation 4.1 where ¢’ and ¢

indicate the unit cell length of Bi, = 11.86 A'! and Bi,Tes = 30.48 A!30.31,32.33 ragpectively.

1
Cpredicted = 3 (mc’ +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 (Cactuar) lattice
constants are listed. Alloys for whom SAE is performed and STEM investigations are conducted, are also identified.

Comments a Cpredicted Cactual STEM

m o o A )
(A) (A) (A) Analysis

BiyTes 0 3 Reference 40.00 | 60.00 4.38 30.47 30.48 Yes Yes
BisTes 1 8 QL-BL stacks | 42.85 | 57.15 4.40 85.23 84.98 No Yes
BisTes 0 3* SL stacks 42.85 | 57.15 4.38 42.72 - - -
BisTegq 3 18 | Multipleof 3 | 43.75 | 56.25 4.41 194.74 193.98 No Yes
BisTes 1 5 - 4445 | 55.55 4.42 54.74 54.47 Yes Yes
BixaTear 6 27 | Multipleof 3 | 4490 | 55.10 4.42 298.04 296.6 No No
BisTeg 3 12 | Multiple of 3 | 45.45 | 54.55 4.42 133.78 133.02 No Yes
BigTey 2 7 - 46.15 | 53.85 4.42 79.03 78.51 Yes Yes
Bi;Teg 5 16 Long period | 46.66 | 53.34 4.42 182.32 - No Yes
BigTeog 3 9 Multiple of 3 | 47.06 | 52.94 4.43 103.28 102.58 Yes Yes
BigTe1o 7 20 | Longperiod | 47.37 | 52.63 4.43 230.98 - No No
Bi1aTe1s 6 15 | Multipleof 3 | 48.28 | 51.72 4.43 176.12 174.72 Yes Yes
BiiTe, 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.

e Multiple of 3: The dramatic change in Cpredictes (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, Bi,Tes 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 BixTe, 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 BisTes with (m+n) = (1+5) is a
multiple of 3 and therefore, it acts as a complete unit cell. On the other hand, BigTeg with (m+n) =
(143) 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 BigTeg contains (m+n) = (3+9) with Cpredicted = 102.90 A.

e 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 BizTes and BisTeip with (m:n) = (5:16) and (7:20) respectively. Another
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state Bix,Te,7 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 Cpregicted = 298.04 A.

e  Multilayer architecture: Some of BixTe, alloys are predicted to exist in the septuple layer (SL)
architecture’ 3% 3> similar to GST-124 (discussed in chapter 5). BisTes is the ground state of SL
architecture just as Bi;Tes is the ground state of QL architecture. BisTe4 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.
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Fig. 4.4: A model representing BiiTes unit cell and the layer stacking sequence along [001], [110] and [ITO]
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 BizTes quintuple layer and Biz 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 Bi,Tes and Bi, 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, BisTes with (m:n) = (1:5) has a unit cell length of 54.33 A (5.43 nm)3®. The stacking sequence and
the lattice information of BisTes can be seen in Figure 4.4. BisTes 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 BisTes 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 x48.87 + 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 BisTes and BisTes

As depicted in Figure 4.3, with gradually decreasing Te flux, the first BL appeared in the layer stack at Tre =
310C. With the further controlled reduction in Te flux, the density and periodicity of Bi, BL is controlled.
At Tre = 307 C, the stoichiometric state of BisTes is obtained. BisTe, (BiigTess) comprises of (m:n) = (1:8)
with out-of-plane lattice parameter “cCaqwal” = 84.98 A. In literature, the information is available only for SL
architecture®* ¥, any crystallographic reference for QL-BL stacks of BisTes, to our knowledge, is not
available®”. The high quality epitaxial films of BisTe, are prepared and characterized. The XRD 28-w scan is
depicted in Figure 4.5a.
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Fig. 4.5: XRD 28-w scans. (a) BisTes consists of (m:n)=(1:8) exhibiting the unit cell length Cactuar = 84.98 + 0.01 A. Aw
scan revealed FWHM values of 142" obtained at the (000 42) peak indicating high structural quality of the epilayer.
(b) BisTes consists of (m:n)=(1:5) exhibiting the unit cell length Cactuar = 54.47 + 0.01 A. Aw scan revealed FWHM values
of 124" obtained at the (000 27) peak.

The stoichiometric state BisTes (BiizTess), 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. BisTes
exhibit a trigonal crystal structure with P-3m1 (164) space group® 3¢. 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 method!" 3 where the lattice parameters were investigated for
BissTes;2% 36 Bi,Tes state is also been observed to appear as a defect after the annealing process of Bi,Tes'>
38,39 |n the process of stoichiometric tuning via MBE, BisTes state is obtained with the further reduced Te
flux at Tre = 300°C with Ry = 4.8 nm/h. Figure 4.5b displays the XRD pattern of 60nm thick epilayer of BisTes.

Based on XRD 26-6 scan, the unit cell length is evaluated using the Bragg diffraction law?®°, stated in
equation 4.2. The relation between the diffraction index (n) and Sin(8,,) is plotted in Figure 4.6a where 6,
represents the angle of incidence*® corresponding to the particular diffraction index. The unit cell length is
found to be “Cactual” = 54.469 + 0.001 A which deviates slightly from the reported value of 54.9 A>3 |t also
deviates from the theoretical value of “Corediced” = 54.74 A. 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 28-68 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 ¢-scan,
similar to the Bi;Tes; obtained with Ry < 5 nm/h and depicted in Figure 2.10, confirmed the absence of twin
domains while the rocking curve (Aw) analysis with FWHM value of 124", ensured the high structural
quality of the epilayer as the parameters reside in the defect free zone (R < 5 nm/h).
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Fig. 4.6: Investigation of lattice parameters for BisTes. (a) The evaluation of unit cell length “c” according to Bragg
diffraction principle via XRD 29/0 scan. The plot depicts the trend between the diffraction index (n) and the angle of
incidence (On). (b) The reciprocal space map of BisTes acquired via XRD along the (0 -1 0 37) peak indicating the unit
cell length “Cactua” in good agreement with the value obtained via XRD 28/9 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 BisTes. 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 BisTes unit cell.

Selective area epitaxy (SAE): After the epitaxial growth and XRD characterization of BisTes 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. Retr and Tsu that must
be tuned for the growth of high quality nanostructures via SAE. Reff is combinedly controlled by Rrr and Lp
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(lateral diffusion length of adatoms) that determines the crystal quality while Tsy ensures the selectivity.
Due to the pre-optimized parameters, SAE of BisTes 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 BixTe, stoichiometric states while remains ineffective during
the SAE of the ground state (Bi,Tes).

Based on numerous SAE growths including several stoichiometric states, it is discovered that the lateral
diffusion length (Lp) of Te on the blocking surface is different from Bi. This factor has no influence in the
SAE of 3D Tls (Bi,Tes, ShoTes 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 Lp for Te is 14 nm (evaluated using equation
3.10) slightly higher than Lp for Bi = 12 nm and due to this reason SAE of BisTes 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 Tre = 299 C, decreased by 1 C.
From this corrected parameters the growth of BisTes nanostructures is achieved and the structural
characterization is performed via STEM. Figure 4.6¢ and d depict STEM-HAADF images of BisTes 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.
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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.

Reduced dimensions of the unit cell: As mentioned earlier, the length of BisTes 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 A that is found to be in good
agreement with the values obtained via XRD (54.469 + 0.001 A). 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 Bi,Tes (stated in Table 4.2) and BisTes are identical. As far as vdW gaps
are concerned, the gaps of two reference materials i.e. Bi,Te; and Bi, 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 Bi,Te; and Bi, are between Te — Te and Bi — Bi atoms, the similar elements. While,
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in BixTe, stoichiometric alloys due to the presence of Bi, 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 Bi, 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 BisTes crystal are
listed in Table 4.2. To have broader understanding, a comparative analysis of the reduced Cacal for all the
stoichiometric states is combinedly performed in section 4.6. In order to avoid the repetitive structural
information, only XRD 28-w scans and STEM-HAADF images, confirming the stacking sequences of the
corresponding alloy, will be presented in future while RSM, Aw and ¢-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 BizTes (reference), BisTes and BisTe;.

Parameter BisTes BisTe7 BixTes

Cactual (A) 54.48 + 0.04 78.49 £ 0.03 30.48 +0.03

Height of QL Teout-Teout (A) 7.61+£0.03 7.60£0.03 7.62 +£0.03

vdW Gap (P) aL-aL (A) 2.52 +0.04 2.53+0.04 2.55+0.03

Projected Bond Length (P) Te—Te (A) n/a: Si [211] orientation 2.86+0.04 2.88+0.04
vdW Gap (LH) QL - BL (A) 2.41+0.04 2.40 £ 0.03 -
Projected Bond Length (LH) Te—Bi(A) n/a: Si [211] orientation 2.71+0.04 -
vdW Gap (RH) BL—aQL (A) 2.42+0.03 2.41+0.03 -
Projected Bond Length (RH) Bi—Te (A) n/a: Si [211] orientation 2.72 £0.05 -

433 Bi6T67 and BigTeg

The stoichiometric state BisTe; (BiigTez1) 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.
BisTes exhibits a trigonal crystal structure with P-3m1 (164) space group? 28, Similar to BisTes, the extensive
structural information of BisTey alloy is not available in the literature; however, one study has reported the
lattice parameters for BissTess'> 2 crystal prepared via the Bridgeman method. The epitaxial films of BisTes
via MBE, are obtained at further reduced Te flux with Tre = 294 C with Ry = 4.5 nm/h. Figure 4.7a displays
XRD pattern of 47 nm thick epilayer of BigTe;. XRD measurements have revealed the unit cell length of MBE
grown BigTey crystal (Cacwal) = 78.51 + 0.01 A that is slightly reduced from Cpregicted = 79.03 A similar to BisTes.
XRD ¢-scan and Aw analysis with FWHM = 128" confirmed the high quality epilayer without the presence

of twin defects.

As, all growth parameters (Tsu, and Rre) 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 Lp 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 Tgi/Tre = 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 BigTe; 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 20-w scan of BisTey epilayer, consists of (m:n)=(2:7) exhibiting the unit cell length Cactual = 78.51 +
0.01 A. Aw 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 BisTez. The red and green color dots are representing Bi
and Te atoms respectively.
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Fig. 4.9: (a) XRD 29-w scan of BisTes epilayer, consists of (m:n)=(3:9) exhibiting the unit cell length Coctvar = 102.58 +
0.01 A. Aw 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 BisTes 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.

The stoichiometric state BigTeq (Bi2aTey7) 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 BigTeq are prepared via MBE at Tre = 289 C with Ry = 4.2 nm/h. Figure 4.9a displays XRD 28-w scan
of 73 nm thick epilayer of BigTeg. The ¢-scan revealed domain free growth and Aw analysis with FWHM =
103” confirmed the high structural quality of the epilayer. BigTes belongs to a rhombohedral crystal
structure with R-3m (166) space group*™*? with Cpregiced = 103.28 A. The literature contains several reported
values of BigTes unit cell length from 102.99 A*2, 103.57 A*! to 103.90 A'? where crystals were prepared via
the Bridgeman method. The unit cell length of MBE grown BigTey crystal measured by XRD diffraction
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pattern is found to be Cacwa = 102.58 + 0.01 A 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 BigTeg crystal are prepared via SAE by applying the stoichiometric adjusted
parameters Tg/Tre = 470 C/288 C to the pre-patterned substrates (Tre is reduced by 1C to conserve the
stoichiometry). The detailed structural investigations are conducted via STEM at the cross-section of
500 nm wide nanoribbon of BigTes, 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 BisTeq epilayer along Si [1-10] can be observed in Figure 4.33a). The unit cell length
Cactual = 10258 + 0.04 A 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.

434 Bi14Te15 and BilTel

The stoichiometric state Bi1aTeis contains 48.28 % Bi contents with a very large unit cell having Cpredicted =
176.12 A. It exhibits a characteristic cell with (m:n) = (2:5) with the sequence of (QQBQQQB); however,
similar to BigTey, it suffers from the multiple of 3 issue and a complete unit cell comprises of (m:n) = (6:15)
with the sequence of (QQBQQQB-QQBQQQOB-QQBQQQ). BiisTeis belongs to a rhombohedral crystal
structure with R-3m (166) space group and is reported to be synthesized via zone melt method by several
groups*? 434445 Yet the structural details or any other crystallographic information is not available in the
literature. The epitaxial films of BiisTeis are obtained via MBE at Tre = 285 C with Ry = 3.90 nm/h. Figure
4.10 displays the XRD pattern of 52 nm thick epilayer of BiisTeis. The unit cell dimensions, measured by
XRD, are found to be in good match with the suggested value by Mansour et al.**, though slightly less than
Cpredicted. The crystal quality of the epilayer is confirmed by Aw scan with FWHM = 105". The selectively
grown nanostructures of BiwaTeis are successfully achieved by applying the compositional tuned
parameters with Ts/Tre = 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 (cactal) and all the vdW gaps along with the corresponding projected bond lengths are
measured and listed in Table 4.3
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Fig. 4.10: (a) XRD 20-w scan of Bii4Tess epilayer, consists of (m:n)=(6:15) exhibiting the unit cell length Coctuar = 174.72
+0.01 A. Aw 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 BiiaTess. 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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Bi1Te: (BisTes) is one of the most studied stoichiometric state after Bi;Tes due to its outstanding
thermoelectric characteristics? 1328 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 Cpredgicted = 24.27 A. 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. BiiTe:
exhibits a trigonal crystal structure with P-3m1 (164) space group?®. Several studies have reported the
crystal preparation via zone melt and Bridgeman methods? 27 2 46 where the lattice parameters were
investigated for BisTes:?®, BiiTe1*® and Bi;Te,?” with the unit cell length of 24 A, 24.22 A and 24.33 A
respectively. There are also a few reports on the crystal preparation via PLD'}, sputter deposition’,
MOVPE® and a recent study on BijTe; 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 phase?® in Bi;Te;, where the investigations were performed via the spin-polarized ARPES?.
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Fig. 4.11: (a) XRD 28-w scan of BiiTes epilayer, consists of (m:n)=(1:2) exhibiting the unit cell length Cactuat = 24.02 +
0.01 A. Aw scan revealed FWHM values of 98" obtained at the (000 12) peak. (b) STEM-HAADF image acquired along
Si [1-10] orientation of BiiTe; confirms the stacking sequence of QQB. The presence of Biz bilayers is highlighted with
red color. (c-f) SEM images of several selectively grown nanostructures of BiiTe; with Ti contact lines.

The growth parameters are tuned and Bi;Te; stoichiometric state is obtained with the Bi/Te flux ratio at
Tre = 280°C with Ry = 3.5 nm/h. Figure 4.11 displays the XRD pattern of 48 nm thick epilayer of Bi1Te;. The
lattice parameters, observed via XRD (Cactwal = 24.02 + 0.01 A), are found to be in agreement with the earlier
report®. The trend of slightly reduced Cactual than Cpredicted remains true in Bi;Te; as well. The absence of twin
domains, observed via @-scan, and RC analysis with FWHM = 98" confirmed the high crystalline quality of

74



Chapter 4: Topological-Trivial Heterostructures: BixTey Stoichiometric Family

the epilayers. After XRD characterization, the stoichiometric tuned and modified parameters with Tgi/Tte =
470°C/279C (Lo 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 cCacwal, all the vdW gaps and the corresponding projected bond lengths are measured
and are listed in Table 4.3.

With the BiiTe; stoichiometric growth, the stage 1 has completed. All BixTe, stoichiometric alloys of this
stage with their corresponding Bi contents, the required Te flux (Tte) and the growth rates (Rre) 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 (cactuat), the height of a QL, all vdW gaps sizes (pristine and hybrid) and the corresponding projected bond lengths
for the stoichiometric states of BisTes, BiiaTe1s and BiiTex.

Parameter BigTeq Bi1aTe1s Bi1Tes
Cactual (A) 102.58 £ 0.04 174.72 £ 0.04 24.02 £0.03
Height of QL Teout-T€out (A) 7.62 £0.03 7.60 £0.03 7.61+£0.03
vdW Gap (P) QL-aqL (A) 2.54+0.03 2.53+0.04 2.53+0.04
Projected Bond Length (P) Te—Te (A 2.87 +0.04 2.87 £0.03 2.86+0.04
vdW Gap (LH) QL-BL (A) 2.40 +0.05 2.39+0.04 2.39 +0.05
Projected Bond Length (LH) Te—Bi(A) 2.71+£0.04 2.71+£0.04 2.71+0.04
vdW Gap (RH) BL—QL (A) 2.41+0.05 2.40 +0.05 2.40 £+ 0.04
Projected Bond Length (RH) Bi—Te (A) 2.72 £0.05 2.71+0.04 2.71+0.04
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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 Tre (the only variable parameter) while all the other parameters
are fixed to the corresponding optimum values including Tsiand Tsus at 470°C and 300°C respectively. (a) The decrement
in the thin film growth rate (Rte) with the decreasing Tre is evident. Rt is measured via XRR. (b) The trend of Bi contents
with decreasing Tre, measured via RBS of the corresponding epilayers mentioned in (a). The drop in Tre from 320C to
280°C resulted in the stoichiometric shift from 40 % (BizTes) to 50 % (BiiTe1) in bismuth contents.

4.4 Stage 2: BiiTes to BisTes - 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, Tre 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, Tre will be required to drop below 240 C with
extremely low Rre. 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 Tr. drops below 270°C. That is why, for the stable
growth conditions, search for next stoichiometric states is switched to the first approach where T+ is kept
constant and Tgi is utilized as a variable parameter to tune the Bi/Te flux ratio. The epitaxial growth of Bi.Te,
alloys, performed in this stage, are summarized in Table 4.4 where the expected unit cell length (Cpredgicted)
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.

Comments B Te d Coredicted Cactual STEM‘
(%) (%) (A) (A) (A) Analysis
BiiTeq 1 2 Reference 50.00 | 50.00 4.43 24.27 24.01 Yes Yes
BirsTers 9 | 15 | Multipleof3 | 51.61 | 48.39 4.43 187.98 186.11 Yes Yes
BiisTers 8 | 13 Long period 54.85 | 48.15 4.43 163.71 162.07 No Yes
BioTerr 7 |11 Long period 52.17 | 47.83 4.43 139.43 137.91 No Yes
BiioTeg 6 e Multiple of 3 | 52.63 | 47.37 4.43 115.16 113.96 Yes Yes
BigTes 11 | 16 Long period 52.94 | 47.06 4.43 206.05 204.4 No No
BigTe; 5 7 - 53.33 | 46.67 4.43 90.89 89.91 Yes Yes
BizTes 9 | 12 | Multipleof3 | 53.85 | 46.15 4.44 157.5 155.76 Yes Yes
BigTes 4 | 5 - 5454 | 45.46 4.44 66.61 65.91 Yes Yes
BisTes 7 8 - 55.55 | 44.45 4.44 108.95 107.85 No Yes
BisTes 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.

e thin film growth on planar Si (111) substrates

e structural characterization of BixTe, epilayer via XRD 28-w, Aw, ¢ and RSM scans

e parameters correction for the stoichiometric tuning and SAE

e investigation of the stacking sequence via STEM in selectively grown nanostructures

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

BiisTess: The stoichiometric state BiigTess (BisgTess) 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 (QQBQQOBQB-QOBQQBQB-QQBQQOBAB). 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 method®®; however, the structural characterization is not performed.

BiisTess state is achieved via MBE at Tg/Tte = 476 C/280C with Rre = 3.8 nm/h. Figure 4.13 displays the XRD
pattern of 74 nm thick epilayer of BiisTeis. The detailed structural investigations are performed via STEM
at the cross-section of 1 um 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 BiaTes stoichiometry and is discussed in section 4.6.
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Fig. 4.13: (a) XRD 20-w scan of BiisTe1s epilayer exhibiting the unit cell length Cactuar = 186.11 + 0.01 A. Aw 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 BiisTe1s and confirms the stacking sequence of QQBQQBQB. The presence of Biz
bilayers is highlighted with red color.

Bi1zTess: The stoichiometric state of BiiaTeis (BissTess) 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-QQBAQB) and
results in the unit cell length (Cpredictea) = 139.43 A. The state of Biy,Tey; is obtained at Tai/Tre = 481°C/280°C
with Rre = 4 nm/h. The unit cell length of MBE grown Bij;Tey; epilayer, measured via XRD, is found to be
Cactwal = 137.91 + 0.01 A that is as expected, similar to the other stoichiometric states, slightly less than
Coredicted. Figure 4.14 displays the XRD pattern of 66 nm thick epilayer of Bi1zTe11. To our knowledge, no
study about the crystal preparation or the structural characterization of this alloy is reported until now.
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g . 2 137.91 # 0.01 A. Aw scan revealed FWHM values of
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Instability of non-repetitive long stacking order: Bii;Te1: is an intermediate state between BigTeis and
BiioTes. Any stoichiometric state with such a long and non-repetitive stacking order such as Bij;Tes;
(m:)=(7:11), is prone to instability of maintaining the exact stacking sequence during the growth. This
phenomenon is observed via XRD characterization of Bii,Teir where several epilayers with similar
parameters and thickness are prepared but only 70% of them exhibited the characteristic peaks of Bii,Te1s
while the rest of them presented deviations in XRD 28-w scans. RBS investigations of all those samples
provided similar results with equal bismuth contents. These observations indicate the presence of non-
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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.

BiioTes: BiioTes (BisoTezs) 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. BipTes is a stoichiometric states that is predicted by several
groups®! including Bos et al.?; however, the successful preparation of single crystalline phase, to our
knowledge, is never reported. A few studies have reported the presence of BiioTes crystal in a mixed state
with BisTes, prepared via MOVPE* %° and the Bridgeman methods via extreme solid state refrigeration®2.

For the epitaxial growth of BiygTes via MBE, the optimum Bi/Te flux ratio is achieved at Tgi/Tre =
484°C/280C with Rrr = 4.2 nm/h. The unit cell length of MBE grown epilayers, measured via XRD, is found
to be Cactuat = 113.96 + 0.01 A. Figure 4.15a displays the XRD pattern of 57 nm thick epilayer of BiigTes and
the RC analysis confirmed the high structural quality of the epilayer with the FWHM = 96". SAE is achieved
with the corrected parameters at Tai/Tre = 484 C/278 C with T 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.
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Fig. 4.15: (a) XRD 20-w scan of BiioTes epilayer, consists of (m:n)=(6:9) exhibiting the unit cell length cactuai = 113.96 +
0.01 A. Aw 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 BizoTes and confirms the stacking sequence of QBQQB-QBQQB-QBQQB.
The presence of Biz 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 BiisTe1s, BizoTes and BisTes.

Parameter BieTers BitoTeo BigTes
Cactual A) 186.11 + 0.04 113.96 £ 0.03 89.91 +0.04
Height of QL Teour-Teout (A) 7.61+£0.03 7.62 +0.03 7.61+0.03
vdW Gap (P) aL-aL (A) 2.55+0.03 2.54+0.04 2.55+0.03
Projected Bond Length (P) Te—Te (A 2.87+£0.04 2.86+0.04 2.87 £0.04
vdW Gap (LH) QL-BL (A) 2.39+0.05 2.39+0.04 2.39+0.05
Projected Bond Length (LH) Te - Bi (A) 2.69 +0.05 2.69 +£0.05 2.69 £0.05
vdW Gap (RH) BL-QL (A) 2.43 +0.05 2.44 +0.03 2.43 £0.05
Projected Bond Length (RH) Bi—Te (A) 2.77 £0.04 2.76 £0.04 2.77 £0.04
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BigTe7: The stoichiometric state BigTes (BiaTea1) 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 group®. The epitaxial growth of this state is achieved via MBE at Tg/Tre =
487 C/280 C with Rre = 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 A which is, similar to the other states, slightly
less than Cpredicted- Similarly, ¢ and Aw 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 28-w scan of 27 nm thick epilayer of BigTey,
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 Te/Tre = 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.
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Fig. 4.16: (a) XRD 20-w scan of BigTe7 epilayer, consists of (m:n)=(5:7) exhibiting the unit cell length Cactuar = 89.91 +
0.01 A. Aw 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 BisTe7 and confirms the stacking sequence of QBQQB-QBQB-QQB. The
presence of Biz bilayers is highlighted with red color.

Bi;Tes: The stoichiometry of Bi;Teg (Bis2Tess) 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. Bi;Tes has been
extensively studied theoretically by several groups for its predicted outstanding thermoelectric features**
% and phase change characteristics®>. However, to our knowledge, there is not a single study reported
about the crystal preparation or the structural characterization of this alloy.

Bi;Tes epitaxial growth is achieved via MBE at Tgi/Tte = 489°C/280C with Rtr = 4.5 nm/h. The unit cell length
of MBE grown epilayers measured via XRD is found to be Cactual = 155.76 + 0.01 A which is, similar to the
other states, slightly less than Cpredictea. Figure 4.17a displays the XRD pattern of 63 nm thick epilayer of
Bi;Tes 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 Tei/Tre = 489 C/278 C to
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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.
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Fig. 4.17: (a) XRD 28-w scan of BizTes epilayer, consists of (m:n)=(9:12) exhibiting the unit cell length Cactua = 155.76 A.
Aw 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 Bi;Tes and confirms the stacking sequence of QQBQBQB-QQBQBQB-QQBQBAQB.
The presence of Biz bilayers is highlighted with red color.
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Fig. 4.18: (a) XRD 2G-w scan of BisTes epilayer, consists of (m:n)=(4:5) exhibiting the unit cell length Cactuar = 65.91 +
0.01 A. Aw 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 BisTes and confirms the stacking sequence of QBQB-QQBQB. The
presence of Biz bilayers is highlighted with red color.

BisTes and BisTes: BigTes (BiigTeis) contains 54.54 % Bi contents and exhibits a unit cell containing (m:n) =
(4:5) with the sequence of (QBQB-QQBQB). BisTes (BisgTeas), 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. BisTes, similar to Bi;Tes, is a
stoichiometric state that has been theoretically studied by several groups for its thermoelectric features*
56:57 and phase change characteristics>®. A few studies have reported the synthesis of BisTes nanoparticles
composite** 8 however, the preparation of single crystalline films of BigTes and BisTes, to our knowledge,

has never been achieved®® .
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The stoichiometric states of BisTes and BisTes are obtained via MBE at Tg/Tre = 492 C/280 C and
497°C/280C where the epilayers are prepared with Rt = 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 BisTes and BisTes while the unit
cell lengths, measured via XRD, are found to be Cactua = 65.91 + 0.01 A and 107.85 + 0.01 A respectively.
Later, the pristine nanostructures of BigTes and BisTe, are prepared via SAE by applying the modified
parameters with Tei/Tre = 492 C/278 C and 497 C/278 C to the pre-patterned substrates. The detailed
structural investigations are performed via STEM at the cross-section of 500 nm wide T-junction of BigTes
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 BisTes due to excessive damage to the lamella.

m=7 a=444 A° RBS = 55.5%

| n=8 c=107.85A° FWHM = 88"
g = ’g Fig. 4.19: XRD 20-w scan of BisTeas epilayer, consists of
3 g |” Tv 3 (m:n)=(7:8) with the stacking sequence of QBQBQB-
i 2 QQB-QBQBQB exhibiting the unit cell length cactual =

107.85 + 0.01 A. Aw scan revealed FWHM values of
88" obtained at the (000 54) peak.
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Table 4.6: An overview of the measured structural parameters via STEM-HAADF line profiles including the unit cell
length (cactuar), the height of a QL, all vdW gaps sizes (pristine and hybrid) and the corresponding projected bond lengths
for the stoichiometric states of BizTes, BisTes, BisTes and BisTe:.

Parameter Bi7Teg BigTes BisTes BisTe;
Cactual (A) - 155.76 +0.04 | 65.92 +0.03 41.90+0.03 59.86 + 0.03
Height of QL (A) Teout-Teout 7.61+£0.03 7.62+£0.03 7.61+£0.03 7.61+£0.03
vdW Gap (P) aL-aL (A) 2.55+0.03 2.54 +£0.04 - 2.48 £0.03
Projected Distance (P) | Te—Te (A) 2.87 +0.04 2.86+0.04 - 2.80+£0.03
vdW Gap (LH) QL—BL(A) 2.39+0.05 2.39+0.04 2.37 +£0.04 2.42 +0.04
Projected Distance (LH) | Te-Bi(A) 2.69 £ 0.05 2.68 +0.05 2.68 + 0.05 2.73+0.05
vdW Gap (RH) BL-QL (A) 2.43+0.05 2.44 +0.05 2.47 +0.04 2.41+0.04
Projected Distance (RH) | Bi—Te (A) 2.77 £ 0.04 2.78 £ 0.04 2.79 + 0.05 2.74 +0.05

BisTes: The stoichiometric alloy BisTes (Bii1zTes) is the third most studied member of BixTe, family after Bi,Tes
and BiiTe: due to its outstanding thermoelectric properties and the only member of this stage to be
explored in the literature®” 4% 61,6263 |t 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 Cprediced = 42.34 A. The stacking sequence along [001], [110] and [1-10] orientations can be
seen in Appendix 4A.

BisTes exhibits a rhombohedral crystal structure with R-3m (166) space group®®. Several studies have
reported BisTes crystal preparation using the Bridgeman method? 12344764 p| D13 sputter deposition’,
MOVPE* 463 and MBE®% %, Most of these reports have not dealt with the epitaxial layer growth of high

quality thin films rather with bulk crystals or nanoparticles composites®® % including nanowires® ¢ and
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nanoplates® etc. The structural characterizations have been performed by several groups where the lattice
parameters are investigated for Bis;Tess bulk crystals and BisTes layers having the unit cell length of
42.34 A%, 42.24 A° and 41.89 A7 474961,

In order to obtain BisTes; stoichiometry via MBE, Tgi is gradually increased from 497 C and at Tg/Tre =
505C/2807, epitaxial growth of BisTes is successfully achieved with Rre = 5.4 nm/h. Figure 4.20a displays
the XRD pattern of 25 nm thick epilayer of BisTes. The unit cell length of MBE grown BisTe; epilayers,
measured via XRD, is found to be Cacwwal = 41.889 + 0.002 A 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 ¢ and Aw 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
Tei/Tre = 505C/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 cactua, all the vdW
gaps along with the corresponding projected bond lengths are measured and listed in Table 4.6.
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exhibiting the unit cell length Cactuar = 41.89 + 0.01 A. Aw 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
BisTes confirms the stacking sequence of QB. The presence of Biz bilayers is highlighted with red color. (c-f) SEM images
of several selectively grown nanostructures of BisTes with Ti contact lines.
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BisTesis a very important stoichiometric state as it exhibits several unique structural and chemical features;
some of them are mentioned below:

e BisTesis the equilibrium stoichiometric state between Bi, and Bi;Tes.

e BisTesis 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.

e Due to the alternating QL-BL stacking, BisTes exhibits the most diverse relation between the left
handed (LH) and the right handed (RH) hybrid vdW gaps (discussed in section 4.6)

e Electronically BisTes crystal exhibits near semi metallic behavior” 5% %8¢ (discussed in section 4.8)

e The highly compressive crystal state with the presence of only hybrid vdW stacks makes BisTes a
prime candidate for phase change material (PCM) particularly from one crystalline phase (trigonal)
to another (cubic)®® 7.

e BisTesexhibits superconductivity when applied to high pressure conditions®.

With the successful planar and SAE of BisTes stoichiometric alloy, the stage 2 has completed. All
stoichiometric alloys prepared in this stage with their corresponding Bi contents, the required Bi flux (Tgi)
and the growth rates (Rre) are summarized in Figure 4.21.
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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 Tsi (the only variable parameter) while all the other parameters
are fixed to the corresponding optimum values including Tre and Tsus at 280°C and 300°C respectively. (a) The increment
in the thin film growth rate (Rte) with the increasing Tsi is evident. Rre is measured via XRR. (b) The trend of Bi contents
with increasing Ts, measured via RBS of the corresponding epilayers mentioned in (a). The rise in Tsi from 470°C to
504°C resulted in the stoichiometric shift from 50 % (BiiTe1) to 57 % (BisTes) in bismuth contents.

4.5 Stage 3: BisTes to Bi; - 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:

e Diverse flux ratio: The preliminary growth tests indicated that for stoichiometric tuning of BisTe,
members in this stage, none of the growth parameters Tgi, Tre and Tsup 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 Tre and Tg.

e Thermal stability: All stoichiometric states of this stage contain at least one dual Bi; BL in the
stacking sequence. Ty 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 Ty, can be estimated from
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this fact that the epitaxial films of pure Bi crystal are achieved at Tsp, < 70C. 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.

e 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 BisTe, 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 BisTe,, 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 Bi,Te and Bi; 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 (Cactuai)
lattice constants are listed. Alloys for whom SAE is performed and STEM investigations are conducted, are also
identified.

Comments 2] Te a Cpregicted Cacotua\ STEI\/I‘
(%) (%) (A) (A) (A) Analysis

BisTes 3 3 | Multipleof3 | 57.14 | 42.86 4.45 42.34 41.89 Yes Yes
BizTes 11 | 10 | Long period 58.33 41.67 4.45 145.09 | 143.69 No Yes
BiioTes 8 7 | Longperiod | 5882 | 41.18 4.45 102.75 | 101.80 No Yes
BisTe; 5 4 - 60 40 4.46 60.41 59.85 Yes Yes
Bi1aTeg 12 9 | Multiple of 3 | 60.87 39.13 4.46 138.88 137.62 No Failed
BisTes 7 5 - 61.54 38.46 4.46 78.47 77.77 No Failed
BisTes 9 6 | Multiple of 3 62.5 37.5 4.46 96.54 95.71 No Failed
Bi1aTey 11 7 Long period 63.15 36.85 4.47 114.61 | 113.62 No Failed
BizTes 13 | 8 | Longperiod | 63.63 | 36.37 4.47 132.67 | 131.55 No Failed
Bi,Tey 1 - 66.67 | 33.33 4.48 18.07 17.92 No Failed

Biz 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 Ry in defect free
zone (<5 nm/h), the search for next state after BisTes started with gradually decreasing Tre from 280°C (i.e.
from BisTes parameters) while keeping Tsu, and Ts constant at 300C 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 Bi, BL
rather kept the stoichiometric state stable at BisTes; (confirmed via XRD) with the additional formation of
Bi crystallites on the surface as shown in Figure 4.22 (a-d). The density of crystallites changed according
to the Te flux (Tre) 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 Tre = 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 Tre and Tgi are kept constant at 280 C and 505 C respectively
while Tsup 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 Tqu, 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 BisTes, whereas, the excessive Bi adatoms formed Bi 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 BixTe, states having Bi
contents higher than BisTes (57 %). (a-d) The effect of decreasing Te flux on the surface morphology while keeping Tsub
and Tsi 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 Tsu on the surface morphology while keeping Tre and
Tsi constant. With the continuously increasing Tsus, the surface roughness kept increasing until Bi crystallites appeared.
The density of Bi crystallites exhibited a direct proportionality with Tsw. (*scale bar = 1 um)

As both approaches i.e. variable Tre and T, to obtain the next stoichiometric states have failed, the Bi/Te
flux ratio is now adjusted by increasing the Bi flux (Ts;) from 505 C while keeping Tre and Ty constant at
280 and 3007 respectively. Once again, the formation of Bi crystallites is observed; however, unlike the
other two approaches, the shifts in the XRD characteristic peaks from BisTe; stoichiometry are also
witnessed. Hence with Tg 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:

e At Ty =3007T, BisTes is the most stable alloy that can be achieved with the defect-free epilayers
while Tre is kept at 280 C. The epilayers with higher Bi contents will result in the formation of Bi
crystallites.
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