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Chapter 1

DESIGN PRINCIPLES FOR
OXIDE TOPOLOGICAL
INSULATORS

An oxide topological insulator could be a possible building
block for a new generation of consumer electronics,
contributing to the need for more energy-efficient devices.
A topological insulator is famous for its insulating
bulk characteristics and metallic surface states. Various
experimental realizations are known, but all with a relatively
small energy band gap. Using oxide materials for artificially
designed topological insulators potentially enlarges the
size of the band gap or could enrich the functionality.
Application at room temperature could become feasible
and would open a route towards dissipationless electronics.
In this dissertation, various design principles are explored
as possible routes to achieve a nontrivial phase in oxide
materials.
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1.1 MOTIVATION

We are facing major global crises in biodiversity [1, 2], climate change [3,
4] and, of course, the current pandemic [5, 6]. A global warming of 1.5 �C,
or even 4 �C [7], above pre-industrial levels will have severe consequences
on our daily lives [8]. Decreasing our energy consumption is necessary [9,
10, 11, 12] as consumption levels are still increasing [13, 14, 15, 16]. As
electronic devices are nowadays intertwined in our lives – the discovery of
the transistor made that possible [17], the need for more energy-efficient
consumer electronics is growing.

Everyone experienced that moment when their phone is too warm to
function or when your computer sounds like it will take off – all caused
by energy dissipation. Most power in current transistors is dissipated by
leakage and switching [15]. Many modifications to the design have been
made to lower consumption levels in electronic devices [18, 19, 20, 21], but
it does not fulfil the industrial need for new electronic materials.

Besides novel materials, current levels of control at the atomic level
give material scientists the ability to engineer properties into heterolayer
systems. These are artificially fabricated by advanced deposition tech-
niques [22, 23, 24, 25, 26] and do not necessarily exist in nature [27].

1.2 A PROMISING MATERIAL CLASS:
TOPOLOGICAL INSULATORS

Topological insulators (TIs) form a relatively young field in material science
and are typified by an insulating bulk and metallic surface states
protected by time-reversal symmetry [28, 29, 30], with their electron spin
locked to the momentum [31, 32]. It is the latter property that makes TIs
promising for future applications in the field of spintronics [30, 33, 34, 35],
quantum computing [30, 36] and dissipationless electronics [32, 37, 38].
In the one-dimensional limit, no backscattering takes place [39], because
electron states with opposite spin are quantum mechanically ortho-
gonal [40, 41, 42, 43]. The resulting dissipationless transport would avoid
heat losses.

In 2016, D.J. Thouless, F.D.M. Haldane and J.M. Kosterlitz were awarded
the Nobel prize in physics for their "theoretical discoveries of topological
phase transitions and topological phases of matter" [44]. The topological
nature of a material system is altered when the order of energy bands with
opposite parity is inverted [28, 37, 39]. For classical three-dimensional TIs
as Bi2Se3, Bi2Te3 and Sb2Te3, the spin-orbit coupling (SOC) strength drives
the systems into a topological insulator phase [28, 45]. At the interface of
two topological invariant materials, a crossing of energy bands occurs and
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the surface becomes metallic [30]. These surface states remain metallic, even
under strong disorder without magnetic impurities [46].

Applications of these desired surface state properties are hindered by
the contribution from bulk carriers [30, 32, 47], because the band gap size of
current experimentally verified TIs [33, 34, 36, 48] is relatively small. Oxide
materials offer a good alternative because of their versatile character [49]
and large intrinsic band gap. The material systems studied most intensively
in this dissertation, BaBiO3, is predicted to be a topological insulator with
a band gap of 0.7 eV [50, 51] – well above the thermal excitation energy at
room temperature.

A TI applicable at room temperature opens up routes towards new
electronics. Besides room temperature applications, in combination with
a superconductor, a TI could host Majorana fermions [52] – a fermion that
is its own anti-particle [53]. This combination serves as a qubit, the bits
in quantum computers. Qubits are much more energy efficient that regular
bits [54] – contributing to more energy-efficient devices. BaBiO3 is especially
interesting in this respect since it is the perfect parent compound to host
a Majorana. A topological-superconductor interface can be established by
doping BaBiO3 with electrons [55] and holes [56, 57, 58], respectively.

1.3 COMPLEX OXIDES

Complex oxides form a material class of materials that consists of two other
elements besides oxygen [59]. The fundamental building block is its unit
cell (u.c.), which can be stacked in thin films and heterostructures of various
materials. Complex oxides possessing the perovskite crystal phase exhibit
many fascinating properties [49] and tunable functionalities [60], such as
high-temperature superconductivity [61], thickness-controlled ferromag-
netic behavoir [62, 63], enhancement of ferroics [64] and an improved dielec-
tric constant in PbTiO3/SrTiO3 superlattices [65]. Moreover, phenomena
emerge at interfaces that are not found in their bulk variant [66, 67].

Applications of oxide electronics are increasing, for example in the fields
of piezoelectrics and ferroelectrics [68, 69, 70], sensing [71] and information
storage [72, 73]. The advances in the development of deposition techniques
was crucial for enabling recent applications. The level of control at the
atomic level is beautifully shown in literature [74, 75, 76, 77, 78].

The wide range of properties observed in these systems is due to
strongly correlated behavior in complex oxides [66, 70]. Considering just a
few particles to understand the collective behavior of the system is no longer
sufficient when strong interactions take place [79]. The level of complexity
increases when multiple degrees of freedom are active simultaneously. In
transition metal oxides possible degrees of freedom are spin, charge, lattice
and orbital [80, 81]. When a voltage is applied to a correlated material,
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the electronic band structure of the material is altered, which could lead to
possible improvements to the functionality of the traditional transistor [60].

1.4 DESIGN PRINCIPLES FOR OXIDE
TOPOLOGICAL INSULATORS

Combing the novel properties of topological insulators with the large
intrinsic band gaps of complex oxides possibly creates the much needed
building block for a future generation electronics. The tunability of complex
oxides plays an important role in the search for an oxide topological
insulator. Many theoretical predictions for oxide TIs have been made [50,
51, 82, 83, 84, 85, 86, 87], making use of the different functionalities. An
experimental realization is, nevertheless, not accomplished yet.

Many of the theoretically proposed oxide TIs appear to be unstable [88].
The surface states of a TI are protected by time-reversal symmetry, but the
bulk states are not protected from thermodynamic instabilities [89]. Addi-
tional filters should be applied to theoretical calculations to examine the
stability, for example by calculating the total energy of electrons and ions in
the given configuration.

TIs distinguish themselves from regular insulators by a nontrivial order
in their electronic band structure [28, 37, 39]. In oxide TIs, the band inversion
is not solely due to a strong SOC strength – mostly an additional mechanism
plays a role. Various routes to achieve a band inversion in oxide materials
are proposed in literature and these so-called design principles are schema-
tically depicted in Fig. 1.1.

A few promising routes are briefly described in this section, others are
found elsewhere in this dissertation, such as doping in chapter 2, stabilization
in chapter 7 and layer coupling and geometry in chapter 9. The layer coupling
route is initially proposed by Das and Balatsky [83]. For the realization of
an artificially designed three-dimensional oxide TI, thin layers with two-
dimensional electron gasses on both surfaces with opposite Rashba-type
spin-orbit coupling are stacked. One of the possible candidates is a super-
lattice of repeating BiFeO3/La1�xSrxMnO3 sequences.

The strain route is theoretically shown for the non-oxide perovskite
CsPbI3 compound, which undergoes a transition from a regular insulating
state to a topological insulating state upon compressive strain [90]. As the
interface of two complex oxides shows behavior different than observed in
both bulk materials [66, 67, 91, 92, 93], interfacial tuning also opens up a route
to artificially design the presence of a nontrivial phase close to the interface.
By fabricating a superlattice of BaBiO3, La2O3 and Ba-deficient BaBiO3 [94],
an effective doping of one electron per u.c. is possibly reached – required to
access the Dirac cone in BaBiO3 [50, 51].
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FIGURE 1.1: Design principles for oxide topological insulators. Different
proposed routes to achieve a band inversion in oxide materials are
schematically summarized.

Correlation effects are expected to occur in iridates, for example in
Na2IrO3, and topological Mott insulators [95]. In the latter system, the a
strong SOC is no longer a requirement for the presence of a topological
insulating phase as interactions are responsible for the generation of
an energy band gap. This is more specifically shown for a honeycomb
lattice [96] by including the nearest-neighbor and next-neighbor inter-
actions in the theoretical calculations. A topological insulating phase is
theoretically predicted when the next-neighbor interactions are larger than
the nearest neighbor. Furthermore, a combination of correlations and SOC
led to the theoretical prediction of the nontrivial topological phase in a
superlattice of SrIrO3 and SrRhO3 [97]. Essential for the potential realization
of a topological insulating phase in a SrIrO3/SrRhO3 superlattice is the
semimetallic ground state of SrIrO3, which is confirmed in recent experi-
mental work [98] and very recent results even show the presence of the
nontrivial phase [99].

In this dissertation, the intrinsic route for realizing an oxide TI forms the
main focus. Therefore, the central question of this work is: Is it possible to
experimentally fabricate and verify an oxide TI based on SOC interactions
as is theoretically predicted for BaBiO3 [50, 51] and perovskite YBiO3 [82]?

In the former system, a band inversion is intrinsically present because
of a hybridization effect, SOC creates the opening of the energy gap [51].
Nevertheless, the band inversion is situated 2 eV above the Fermi energy.
The question is raised how the desired surface states can be accessed since
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conventional gating methods do not provide large enough carrier
densities. Moreover, high-quality BaBiO3 thin films are fabricated using
SrTiO3(001) substrates, despite a large lattice mismatch. How does BaBiO3
accommodate the lattice mismatch and enable the high-quality
growth? When ultra-thin films are fabricated, a modification of the size
of the energy band gap is observed. Hence, we ask the question which
mechanism is responsible for the thickness-dependent behavior.

For the latter material system, perovskite YBiO3, we study if it is possible
to stabilize the energetically unfavorable perovskite phase for which topo-
logical insulating behavior is theoretically predicted [82], since Y-Bi-O is
stable in the fluorite crystal phase [47]. What advanced fabrication methods
can be applied to stabilize the energetically unfavorable perovskite phase in
Y-Bi-O? When this phase is stabilized, research continues to experimentally
verify the potential presence of the topological insulating phase. Traditional
verification techniques are unsuitable, because major degradation effects
occur. Therefore, it is questioned what is the most suitable method for
the verification of the potential topological insulating phase in perovskite
Y-Bi-O?

1.5 FRAMEWORK OF THIS DISSERTATION

In this dissertation, various routes towards the experimental realization and
verification of an oxide topological insulator are examined. The previously
introduced design principles, as schematically depicted in Fig. 1.1, are used
to classify the different routes proposed to achieve an oxide TI. The theoreti-
cally predicted oxide TIs, BaBiO3 and perovskite Y-Bi-O, are extensively
studied. The framework of this dissertation is shown in Fig. 1.2, the design
principles at focus are indicated.

In chapter 2, the material system BaBiO3 is extensively discussed. From
a simple ionic picture, metallic behavior is expected. However, experiments
revealed insulating behavior. This resulted in a lengthy literature debate
concerning the mechanism responsible for the insulating character of
BaBiO3. Previous work, both theoretical and experimental as well as on
BaBiO3 single crystals and thin films, is addressed. Furthermore, the
advances made in the fabrication of BaBiO3 thin films are summarized,
including the discussion on the possible thickness-dependent insulator-to-
metal transition. Recently, BaBiO3 is predicted as topological insulator upon
electron doping, which led to a large increase in the number of publications
mentioning "BaBiO3", as shown in Fig. 1.3. A discussion is provided on how
the topological insulating state can potentially be accessed as the Dirac cone
is situated 2 eV above the Fermi energy.

The fabrication process of BaBiO3 thin films is discussed in chapter 3. As
pulsed laser deposition is used for the fabrication, the growth process was
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FIGURE 1.2: Scheme depicting the outline of this dissertation. The design
principles at focus are indicated and the numbers correspond to the chapters.

optimized by tuning various parameters. For the deposition of BaBiO3 there
are two main challenges: 1) the volatility of the bismuth and 2) the large
lattice mismatch with the SrTiO3(001) substrate. Both are examined, but
the latter is most extensively studied by means of a transmission electron
microscopy study. It was found that the large lattice mismatch is accommo-
dated for by the formation of an interfacial layer with a rocksalt structure.

In chapter 4, the electronic band structure of BaBiO3 is studied by angle-
resolved photoemission spectroscopy (ARPES). ARPES requires clean
surfaces, since it is a surface sensitive technique. BaBiO3 films do not sustain
traditional cleaning methods, such as annealing. Therefore, an additional
possibility is studied, namely the use of a vacuum suitcase. After fabrication
of the BaBiO3 thin films at the University of Twente, the samples were
placed in an ultra-high vacuum suitcase and transported to a synchrotron
facility located >600 km away. By reproducing previously obtained results
on in situ fabricated films, the suitcase transport was shown to be successful.
When the BaBiO3 thin films were capped with pure Al, no metallic states
were observed – hinting to the recently observed "antidoping" effect.

An insulator-to-metal transition as a function of decreasing thickness
is expected in BaBiO3 thin films. In chapter 5, the electronic properties
of BaBiO3 thin films with various thicknesses are studied with scanning
tunneling spectroscopy (STS). A decrease in the size of the energy band
gap was observed upon a decreasing thickness of the BaBiO3 films. The
transition from a wide-gap to a small-gap semiconductor is found to be
coinciding with the, previously published, intensity of the Raman response
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FIGURE 1.3: Number of publications per year in which "BaBiO3" was
mentioned. The peak around the year 1995 corresponds to the discovery
of high-temperature superconductivity in BaBiO3 upon hole doping. The
theoretical prediction of the nontrivial phase in BaBiO3 upon electron doping
led to an increase of the publications referring to BaBiO3. Data originates
from Web of Science, a data base search was performed for the term "BaBiO3"
in April 2021.

mode. It is shown that the suppression of the oxygen breathing mode is
responsible for the modification of the band gap.

In chapter 6, the question is raised whether the oxygen breathing mode
is structurally observable. The technique x-ray photoelectron diffraction
(XPD) is potentially a suitable technique for the observation of the oxygen
breathing mode, as it is surface sensitive and element specific. The working
principle of XPD and necessary data analysis steps are discussed. Sub-
sequently, multiple-scattering simulations are examined as it can be used
as a useful tool to gain more insight in the experimental results. Various
thicknesses of BaBiO3 thin films are studied, aiming to the observation of
the breathing mode and possible variations in its strength.

The Y-Bi-O system is examined in the chapters 7 and 8. In the afore-
mentioned, the different scenarios that have been theoretically predicted
for the Y-Bi-O system are discussed. Subsequently, the stabilization of the
perovskite phase in Y-Bi-O is shown and confirmed by x-ray diffraction
experiments. By using BaBiO3 as a buffer layer, the Y-Bi-O system can
continue its growth in the perovskite phase with the expected lattice
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constant. Nevertheless, it remained unresolved if the system stabilized as
BiYO3 or YBiO3.

In chapter 8, an attempt is made to observe the potential topological
insulating phase in Y-Bi-O. Conventional ways to verify the topological
insulating phase is by ARPES or transport measurements. When the
perovskite Y-Bi-O films were structured in order to perform transport mea-
surements, major degradation effects were observed. Therefore, in situ
techniques are used for further verification. By performing STS experi-
ments, a linear dispersion was observed in the local density of states, hinting
to the spin-momentum locked surface states of a TI. Additionally, four-probe
distance-dependent transport measurements were performed in situ. Two-
and three-dimensional contributions to the total conductivity could be
distinguished. However, better understanding of the current flow is re-
quired before the topological insulating phase can be claimed.

Lastly, in chapter 9, the results obtained on BaBiO3 and perovskite
Y-Bi-O films are briefly summarized. Perspectives are given how the verifi-
cation of the potential topological insulating phase in BaBiO3 and perovskite
Y-Bi-O could continue. Furthermore, the design principles layer coupling and
geometry are further examined and new routes towards the realization of an
oxide TI are suggested.





Chapter 2

BABIO3 – TOWARDS OXIDE
TOPOLOGICAL INSULATORS

BaBiO3 is an oxide perovskite with a wide variety of
interesting properties. It was expected that the compound
would behave like a metal. However, experiments revealed
that BaBiO3 is not metallic, which started an extensive
debate about the mechanism responsible for this insulating
behavior. The two most important conjectures in this debate
are charge disproportionation of the Bi ion into 3+ and
5+ cations and bond hybridization of the Bi 6s and O 2p
orbitals. Both mechanisms induce a breathing mode of
the oxygen octahedra, which is experimentally observed in
single crystals and thin films. Recently, ultra-thin BaBiO3
films were studied with the aim of suppressing the breathing
mode, which was expected to result in re-emergence of
metallicity. However, this expectation was not confirmed
so far. Furthermore, theoretical calculations predict that
BaBiO3 becomes a topological insulator (TI) when doped
with electrons. Since high-temperature superconductivity
was observed when doping the compound with holes,
an interface between a superconductor and a TI can be
established within the same parent compound. Here, we
discuss the theoretical and experimental findings concerning
the mechanism responsible for the unexpected insulating
behavior of BaBiO3 for both single crystals and thin films.
An overview is given of the current state of the art and the
experimental challenges of achieving an oxide topological
insulating state in BaBiO3.1

1The content of this chapter is published as: R. L. Bouwmeester and A. Brinkman,
BaBiO3 – From single crystals towards oxide topological insulators, Reviews in Physics
6, 100056 (2021) [100].
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2.1 INTRODUCTION

The perovskite BaBiO3 (BBO) was studied extensively in the last five de-
cades, and now it is receiving renewed attention. From a simple, purely
ionic picture of the unit cell formula, one would expect an oxidation state
of 4+ for the bismuth atom. The half-filled Bi 6s shell should give BBO a
metallic character [56, 61, 101]. However, in experiments, semiconducting
or even insulating behavior was observed [57, 102, 103, 104, 105]. In the
search for the mechanism responsible for this insulating character of BBO,
researchers found that the compound becomes superconducting when
doped with holes. This was achieved by substituting potassium [56, 57, 106,
107, 108] or lead [58, 102, 105, 109, 110, 111, 112] into the A- or B-site of the
perovskite, respectively. Meanwhile, various mechanisms were proposed
for explaining the insulating character of BBO. The two most important
explanations are charge disproportionation of Bi3+ and Bi5+ ions [101, 104,
113, 114] and bond hybridization of the Bi 6s and O 2p orbitals [102, 110,
111, 115, 116]. Both effects are accompanied by an oxygen breathing mode.
At present, it is still unclear which mechanism is more important.

When it became possible to fabricate thin BBO films, the compound was
studied as a thin layer [27, 76, 117, 118, 119, 120, 121]. The film thickness was
used as an additional degree of freedom [122, 123, 124] to study possible
suppression of the oxygen octahedra breathing mode in the ultra-thin film
limit. In ultra-thin films the monoclinic distortion would also be suppressed,
giving BBO a cubic crystal structure wherein a metallic behavior is expected.
So far, however, very few transport measurements, which indicate whether
a material behaves like an insulator or a metal, have been performed on
single-crystalline BBO thin films [125, 126], and there has been no follow-up
on the discussion about the mechanism responsible for the insulating
character.

When topological insulators (TIs) were experimentally observed [33, 34,
48], it became clear that the bulk conduction shunts the topological surface
states – which give rise to properties that are useful in applications – at room
temperatures. Therefore, theorists started to look into the oxide materials,
since their band gaps are intrinsically large enough to avoid the thermal
excitation of bulk carriers. This property would make such materials sui-
table for room-temperature applications. Also, in BBO a topological insu-
lating state was predicted [51]. However, the Dirac cone is positioned 2 eV
above the Fermi energy according to the theoretical calculations, and is
therefore not accessible with standard gating methods [127]. Creative new
approaches are needed to observe experimentally the topological state in
BBO. The thin film studies mentioned above are important since BBO is
would only be applicable as TI under the same conditions as under which
gating is possible.
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In this chapter, we discuss the mechanism responsible for the insulating
character in BBO. In section 2.2, we focus on the experimental and theo-
retical work on BBO single crystals. We then summarize the research
performed on BBO thin films and their possible thickness-dependent
insulator-to-metal transition in section 2.3. In section 2.4, we review the
theoretical predictions and the proposed conditions under which BBO can
become a TI and discuss the challenges of verifying experimentally these
predictions. Here, the central question is how to access the topological
insulating state. Conclusions can be found in section 2.5.

2.2 INSULATING CHARACTER OF BABIO3

BBO has a perovskite structure with a lattice constant of 4.35 Å [101, 111,
112]. In Fig. 2.1(a), the schematic structure of BBO is displayed. The com-
pound has an insulating character with an experimentally-observed optical
energy gap of 2 eV [57, 105]. However, the simple ionic picture, as well
as the theoretical models for a cubic structure, imply a metallic character for
BBO, since an energy band crosses the Fermi energy [111], as is illustrated in
Fig. 2.1(b). In the literature, various mechanisms for the gap formation
and the resulting insulating character of BBO have been proposed. In this
section, the long-running debate concerning the gap formation in BBO is
reviewed for single crystals.

2.2.1 A CHARGE-ORDERED INSULATOR?

A BBO single crystal was fabricated for the first time in 1963 [128]. Since
the x-ray powder diagrams were similar for Ba2LaBiO6 and BBO, the latter
system was understood as Ba2Bi3+Bi5+O6. The BaBi4+O3 composition was
not considered at the time since the 4+ oxidation state of bismuth was,
and still is, never observed. In 1976, Cox and Sleight [101] performed a
powder neutron diffraction structural analysis on BBO to determine the
oxygen positions in a room temperature environment. Their analysis pro-
duced evidence for two different bond lengths between the bismuth and
oxygen atoms. From this result, Cox and Sleight concluded that BBO has
a monoclinic symmetry with the molecule formula Ba2Bi3+Bi5+O6, making
BBO the first charge-ordered perovskite structure with ordered cations of
the same element.

Cox and Sleight performed additional measurements in later work [103].
With electrical-resistivity measurements a semiconducting behavior was
observed, and neutron reflection experiments over a temperature range
from 298 K to 723 K showed that the two different Bi-O distances remained
unchanged. Both results appeared to confirm the presence of both Bi3+ and
Bi5+ ions in the compound. Meanwhile, De Hair and Blasse claimed that
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FIGURE 2.1: (a) Schematic of BBO in the cubic perovskite Pm-3m phase.
The green, blue and red dots represent the barium, bismuth and oxygen
atoms, respectively. The drawing is not to scale. The gray-shaded area
shows an oxygen octahedron. (b) Band structure for cubic BBO, calculated
by linear augmented plane wave (LAPW) calculations. Reproduced with
permission from Ref. [111]. (c) The upper panel shows the BBO undistorted
oxygen octahedra in the cubic phase, the lower panel schematically shows the
presence of the oxygen breathing mode.

the 4+ oxidation state of Bi does exist and is present in BBO [129]. This
was concluded by determining the absorption band maxima in infrared
spectroscopy.

The crucial question whether or not the Bi ion in BBO is valence-
skipping has implications for explaining the relatively high critical tempe-
rature of the observed superconductivity in the doped compounds. In a
lattice, the combination of on-site electronic correlations and polarizability
of the surrounding (both electronic and polaronic) can render the on-site
Coulomb interaction (U) attractive in nature [130]. It has been suggested
that BBO is, perhaps, the first negative-U pairing mediated super-
conductor [131].

Contrary to Cox and Sleight [101, 103], the x-ray spectroscopy experi-
ments performed in 1982 by Wertheim et al. [58] showed that the lattice sites
for the Bi ion in BBO are only marginally distinguishable. These
authors claimed that the semiconducting character of BBO results from the
completely filled oxygen 2p band, since this band disappears when substi-
tuting Bi by Pb. Using the linear augmented plane-wave (LAPW) method
to calculate the band structure, Mattheiss and Hamann [110, 111] predicted
that a gap is formed in the band structure of BBO by a Fermi surface insta-
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bility induced by the 6s-2p anti-bonding state.
According to Mattheiss and Hamann [110, 111], Cox and Sleight [101]

misinterpreted the origin of the different bond lengths between bismuth
and oxygen as an ordered array of Bi3+ and Bi5+ cations. Based on earlier
infrared and x-ray photoemission spectroscopy (XPS) measurements,
Mattheiss and Hamann proposed a breathing mode – where oxygen octa-
hedra are alternately expanded and compressed – as the cause of the two
different bond lengths. In Fig. 2.1(c), the cubic perovskite structure, with
all octahedra (indicated by the gray-shaded areas) having the same size,
is shown in the upper panel. The lowel panel shows the structure in the
presence of the oxygen breathing mode, where to octahedra are alternatively
expanded and compressed.

In 1985, Chaillout and Remeika [132] reported results, which are in
agreement with the two aforementioned articles. In this work, a neutron
powder diffraction experiment was performed, which has indicated that
the two different sites for bismuth are both occupied with a valence of 4+.
This can be a consequence of randomly distributed Bi3+ and Bi5+ ions as
the samples studied showed a low ordering of 3+ and 5+ cations.

2.2.2 OXYGEN OCTAHEDRA EXPANDING AND CONTRACTING

Also in 1985, Tajima et al. [102] reported the optical reflectivity spectra of
BBO in a large energy range. It was shown that, in the whole energy range
considered, the reflectivity is relatively low, consistent with the absence of
free electrons and, therefore, confirming the semiconducting character of
the material. From the reflectivity measurements, Tajima et al. concluded
that the 6s level of the bismuth atom is hybridized with the 2pz level of
the oxygen atoms. A gap near the Fermi energy is formed by the oxygen
breathing mode – a conclusion in agreement with Mattheiss and
Hamann [110, 111]. Tajima et al. [102], also in agreement with Cox and
Sleight [101], claimed that the breathing mode phonons cause an alternating
array of two differently charged bismuth atoms. Therefore, Tajima et al.
concluded that a combination of the two mechanisms, the oxygen breathing
mode and charge ordering of Bi3+ and Bi5+, can be associated with the
semiconducting character of BBO. Subsequently, the same research
group [105], reported direct evidence indicating that the breathing mode
distortion is the main reason behind the gap formation. This evidence was
obtained by examining the Raman spectrum in the backscattering configu-
ration, and the energy gap was found to be approximately 2 eV.

In 1987, Takegahara and Kasuya [112] applied augmented plane wave
band calculations with the muffin-tin approximation on the band structure
of BBO. These authors assumed an ideal perovskite structure with a lattice
constant of 4.35 Å. Around each atom, a spherically-symmetric potential
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was chosen within a muffin-tin approximation volume, and outside of this
volume the potential was taken to be constant. From the calculated band
structure, it was concluded that the charge ordering on the bismuth sites is
not strong enough to explain the semiconducting character of BBO.
Takegahara and Kasuya suggested two new mechanisms for the gap
formation: spin density wave and the formation of a dense Kondo system.
The experimentally observed gap of 2 eV can be assigned to pairing of a
hole in the oxygen 2p band and an electron in the bismuth 6s band.

Pei et al. [56] also carried out a neutron powder diffraction experiment,
the results of which were published in 1990. It was claimed that the insula-
ting gap is formed by antiferromagnetism or charge density waves. The
latter is caused by electrons that form a standing wave, as explained by
Grüner [133]. Pei et al. [56] noted that the neutron diffraction data of Cox
and Sleight [101, 103] also show the oxygen breathing mode. However,
Cox and Sleight have not made this conclusion in Refs. [101, 103]. Pei et
al. mainly looked at the crystal structure and found that the two main
distortions in BBO are an octahedral tilt and oxygen octahedra breathing
mode, and that the latter renders the alternating Bi sites inequivalent, thus
causing BBO to become semiconducting.

In 1994, Takegahara [134] published a follow-up of Ref. [112], where
the same augmented plane wave model was used to calculate the band
structure. In this work [134], a large breathing mode distortion, which
causes the whole oxygen environment to move towards or away from the
Bi3+ and Bi5+ sites, was included into consideration. As a result, a direct
band gap of 0.9 eV was induced, but bands overlap elsewhere in the
Brillouin zone. Therefore, no indirect band gap is shown in the density
of states. Takegahara suggested in Ref. [134] that the gap formation is due
to a strong correlation effect of the bismuth 6s electrons in addition to the
breathing mode distortion.

In 1995, Lobo and Gervais [104] obtained infrared and visible reflectivity
spectra of BBO. The disproportionation of Bi3+ and Bi5+ was observed to be
partly static and, therefore, responsible for opening up of the energy gap.
The Bi-O bond distances were observed to be shorter than expected from
the radii of Bi3+ and Bi5+ ions. It was proposed that the dynamic part of
the bismuth disproportionation, and the related oxygen breathing mode,
cause shorter bond lengths. However, in 2006, Thonhauser and Rabe [135]
showed by using density functional theory (DFT) calculations that the
experimentally-observed peaks in the infrared spectra are already present
if we only adding a breathing mode distortion to the simple cubic structure.
That is, no charge disproportionation is necessary to explain this spectrum
theoretically.
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2.2.3 MODERN THEORETICAL CALCULATIONS: FROM CHARGE
TO BOND DISPROPORTIONATION

In 2009, Franchini et al. [113] used ab initio calculations to show that BBO
has an indirect band gap of 0.65 eV, with bismuth being charge dispropor-
tionated. The valence band and conductions band are dominated by orbitals
close to the Bi3+ and Bi5+ atoms, respectively. One year later, Franchini
et al. [114] published a follow-up paper where a breathing mode and the
tilting of the oxygen octahedra were added to the cubic perovskite structure.
Still, charge disproportionation was considered to be present. By including
non-local exchange effects and hybrid functionals, which are not part of the
standard DFT calculations, the complex experimentally-observed behavior
was reproduced. It became clear that one should be careful with the stan-
dard DFT calculations in the case of BBO.

Korotin et al. [136] supported the claim that the standard DFT should
be extended to incorporate distortions like an oxygen breathing mode. In
Ref. [136], the standard DFT is extended with generalized gradient approxi-
mation and a Hubbard U correction for a charge disproportionated BBO
structure. A Wannier function is taken as a basis set instead of the atomic
orbitals, so that the strong hybridization between the Bi 6s and O 2p states
– which form a half-filled band – is incorporated. The Hubbard U term
corrects for the contribution of oxygen states to the aforementioned half-
filled band. Korotin et al. [136] succeeded in calculating the energy gap and
the structural parameters, which are in agreement with the experimental
data.

In 2015, Foyevtsova et al. [115] published a theoretical study of BBO.
In this reference, DFT calculations were performed within the local density
approximations. Similarly to Korotin et al. [136], Foyevtsova et al. predicted
a strong hybridization and referred to this state as a bond disproportionated
state. However, in contrast to Korotin et al., they observed that the hybridi-
zation excludes charge disproportionation of Bi3+ and Bi5+ ions. The main
difference between charge and bond disproportionation is in how the lower
part of the conduction band is formed. In the case of charge disproportio-
nation, the wave function is localized at the Bi 6s states whereas, for bond
disproportionation, the wave function is mainly localized on the oxygen 2p
orbitals. The experimentally observed values for the breathing and tilting
distortions were also studied. It was found that a tilting distortion is needed
to stabilize the breathing distortion – agreeing with Ref. [137], where it was
argued that tilting of 10 degrees is energetically most favorable.

In subsequent work, Balandeh et al. [138] presented a combination of
experimental and theoretically work on BBO single crystals. In particular,
a monoclinic phase was observed at room temperature. The XPS analysis
of the oxygen 1s peak confirmed the presence of an oxygen 2p hole density
in the ground state, as expected from the DFT calculations from Ref. [115].
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This result supports the conjecture of bond disproportionation state because
the hole density in the O 2p state originates from the strong hybridization
between the Bi 6s and O 2p states.

In another theoretical work by the same group, Khazraie et al. [116] the
bond disproportionation in BBO is further examined by looking at the role
of the created hole density. A hole pair, also referred to as a ligand hole,
is positioned spatially on a contracted O6 octahedra. All bismuth atoms
are Bi3+ ions while the holes compensate for the ionic charge and keep the
system electrically neutral. Therefore, all charges in the Bi and O sublattices
remain the same. A simple tight-binding (TB) model was derived to verify
the DFT predictions. It was shown that, by including a breathing mode
and a tilt of the oxygen octahedra, a gap opening around the Fermi energy
and narrowing of the bands can be obtained. In Ref. [116], it was claimed
that the breathing mode is responsible for the semiconducting behavior. It
was shown that a simple TB model is able to capture the influence of lattice
distortions on the electronic structure of BBO. In subsequent experimental
work [139], it was shown that monoclinic BBO single crystals consist of two
differently-oriented domains.

Dalpain et al. [140] also argued, based on DFT calculations, that all Bi
ions have the same charge even though they are located in different local
environments. Going from a single local environment, where all X atoms in
an AXO3 perovskite structure have the same environment (as illustrated in
Fig. 2.2(a)), to one where X atoms have different local environ-
ments (see Fig. 2.2(b)) can lower the total energy of the system. The latter
leads to double perovskites, A2XYO6, where X and Y have different local
environments. It was shown that, using DFT calculations, it is possible to
predict the appearance of different local environments. The different local
environments surrounding the Bi atom in BBO lead to the bond dispropor-
tionation as described above [116]. A ligand hole is formed to compensate
for the large 5+ charge on the bismuth ion. In the case of BBO, the oxygen
is the ligand. The presence of the bismuth atoms ensures a strong metal-to-
ligand coupling, which, in turn, results in splitting of the ligand valence
band into occupied and unoccupied states, where the latter is the ligand
hole (see the small octahedra in Fig. 2.2(b)). In the supplementary infor-
mation of Ref. [140], the exact angles used during the calculations are
provided. For the A2XYO6 structure, a monoclinic angle of b = 125.72�
was used. This is, however, not supported by experimental data: Cox and
Sleight [101] and Barath et al. [141] found an angle of b = 90.17� and Balandeh
et al. [138] an angle of b = 90.13� at T = 210 K in single crystals.

Recently, Bharath et al. [141] fabricated BBO single crystals via the solid
state method. With diffraction experiments, a monoclinic structure was
observed. The core level spectra were studied with XPS, and it was con-
cluded that only Bi3+ ions are present in the material system. Bharath et
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FIGURE 2.2: (a) Schematic representation of BBO under the assumption that
all octahedra have the same size. A metallic character is expected because
the Bi 6s orbital is half filled. (b) The configuration wherein different local
environments surround the Bi atom and a bond disproportionation is present.
Because of the metal-to-ligand coupling, the ligand valence band is split into
occupied and unoccupied states. The small octahedra (left) push the ligand
hole up in energy, while the larger octahedra (right) push the occupied state
down. If the difference is large enough, a band gap will open. The (empty)
filled boxes represent (un)occupied orbitals. Reproduced with permission
from [140].

al. support their experimental results with an extended DFT calculation,
concluding that the state of the Bi ions hybridize with the O 2p states,
leading to holes in the oxygen 2p state – as experimentally observed in
Ref. [138] and in accordance with the theoretically proposed bond dispro-
portionation [115, 116, 140]. According to Bharath et al. [141], a breathing
mode is present because of an unequal transfer of electrons from the O 2p
state to the different bismuth sites.

Summarizing, for over half a century, BBO single crystals have been
experimentally and theoretically studied. While simple DFT calculations
predict metallic behavior, experiments clearly show an insulating state.
When superconductivity was discovered in K- and Pb-doped BBO, it became
important to understand the mechanism for opening up the energy gap
in the parent compound. The two different Bi-O bond lengths were first
explained by a charge disproportionation state where Bi3+ and Bi5+ ions
were alternating. However, later on, this was no longer seen as the correct
picture. Contracting and expanding oxygen octahedra also cause different
Bi-O bond lengths, but do not necessarily change the oxidation state of the
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bismuth atom. Theoretical calculations showed that hybridization of the Bi
6s and O 2p states plays an important role in the energy gap formation – also
referred to as bond disproportionation, wherein the two different Bi sites
have different local environments. The insulating character of BBO single
crystals is not explained by only one mechanism, but by a combination of an
oxygen breathing mode and either a charge or a bond disproportionation.
Thin film studies, reviewed in the next section, can hopefully indicate which
mechanism is more important. Indeed, the oxygen breathing mode is expec-
ted to be suppressed in the ultra-thin film limit [122].

2.3 THIN FILMS AND THEIR CRYSTAL STRUCTURE

When deposition techniques were developed, BBO was also studied as a
thin film. In 1989, Sato et al. [57] were the first to look at BBO thin films with
an average thickness of 300 nm, fabricated by sputter deposition. SrTiO3
(STO) substrates, oriented along the [011] direction, were used. Optical
conductivity, reflectivity and transmission measurements were carried out
to find the origin of the insulating state. A sharp absorption peak at 2 eV
was observed, which indicates that BBO is an insulator. This is in good
agreement with the optical gap found by Tajima et al. [105]. Here a Bi3+
and Bi5+ charge ordering is caused by the breathing mode distortion, which
subsequently gives rise to charge density waves. As a result, an energy
gap opens up at the anti-bonding bismuth 6s and oxygen 2p orbitals – as
suggested by Mattheiss and Hamann [111] – which form the conduction
band. Since the breathing mode is a periodic lattice distortion, which leads
to formation of the band gap, BBO is classified as a Peierls insulator [142].

In 1993, Makita et al. [143] used molecular beam epitaxy (MBE) to fabri-
cate BBO thin films. They used STO substrates with two orientations, (001)
and (011). In x-ray diffraction (XRD) experiments, they found that BBO on
STO(001) has a mixed orientation of (001) and (011). With an additional
XPS study, they observed an increase in the Ba intensity relative to the Bi
intensity in the initial growth stage. In a subsequent article [144], it was
shown that a BaO buffer layer enhances the (001) orientation in BBO thin
films.

Norton et al. [145] also used MBE to deposit thin BBO films, but single
crystal MgO substrates were used instead. Contrary to Makita et al. [143],
a BaBi2Oy composition was observed – with too much bismuth and too
little oxygen present. A disordered BaO layer is initially formed before the
epitaxial growth of BaBi2Oy [146]. In 1995, Iyori et al. [147] used the same
fabrication technique for BBO thin films. An oxygen radical beam source
was adapted in the setup to create a good oxygen availability and oxidation
at low energy. Again, MgO(001) substrates were used. In this work, a single
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orientation was found, namely (110), in the BBO films. With XPS, both Bi3+
and Bi5+ valence states were observed.

2.3.1 IMPROVED DEPOSITION TECHNIQUES

Over time, deposition and in situ characterization techniques have im-
proved, and therefore the quality of thin films improved as well. In 2007,
Gozar et al. [117] demonstrated a crystalline BBO thin film of single orien-
tation with a thickness of 96 nm and roughness below 4 Å. The film was
grown on a STO substrate and deposited with atomic layer-by-layer MBE.
Surprisingly, Gozar et al. found that the film had a structure very close to
that of a cubic perovskite at 300 K, inconsistent with the monoclinic structure
found in single crystals [56, 101, 103]. As discussed in Refs. [56, 101, 102, 103,
105], this lattice distortion is often claimed to be related to the insulating
character of BBO. It was not reported by Gozar et al. [117] whether the
thin film grown had a metallic character – as expected for a cubic crystal
structure [111].

In 2008, Inumaru et al. [118] deposited thin films of BBO on top of
MgO(001) and STO(011) substrates by pulsed laser deposition (PLD) and
performed XRD measurements, which indicated that the BBO film follows
the orientation of the substrate in both cases. Furthermore, a cubic structure
with lattice size twice that of a simple perovskite structure was observed.
The x-ray scans confirmed the presence of a breathing distortion in the
structure, contrary to Gozar et al. [117]. However, tilting of the octahedra
was not observed. The film still had an insulating character, which was
confirmed with an electric transport measurement. Inumaru et al. [118]
believed the breathing distortion is the mechanism responsible for the gap
formation in BBO and that it is closely related to the charge disproportio-
nation of the bismuth atoms.

The structure reported by Inumaru et al. [118] is similar to the cubic
structure observed in the BBO single crystals above 750 K. The substrate
temperature was 773 K during the deposition. A possible explanation for
the observed double unit cell in the BBO films could be that the structure
was frozen in during the deposition, since the substrate temperature is
higher than the bulk transition temperature. However, when lowering the
substrate temperature, polycrystalline films were obtained. The films stu-
died in this work were between 42 nm and 52 nm thick.

2.3.2 HUNTING THE INSULATOR-TO-METAL TRANSITION

In 2015, Kim et al. [122] reasoned the other way around: if the breathing
mode causes BBO to be insulating, one can control it to study its influence
on the electronic properties. Kim et al. proposed that the charge density
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wave, caused by the breathing distortion, is only stable above a certain
critical thickness, dc – implying that a thickness-dependent study should
yield a phase transition, which is what was indeed demonstrated. Films
were fabricated using PLD with a thickness varying between 2 and 170
unit cells (u.c.) on STO(001) substrates. For BBO films with a thickness
above dc, a tetragonal structure with a static breathing mode distortion was
observed, which is inconsistent with the monoclinic structure observed in
bulk crystals [56, 101, 103]. In a 9 unit cell-thick film, an increase in the
c-axis parameter was observed by XRD reciprocal space maps so that a =
b = c = 4.377 Å – indicating a cubic structure and thus the suppression of
the breathing mode. Raman spectroscopy produced a result consistent with
the above finding. Namely, for all films with a thickness below 9 u.c., the
Raman response of the BBO has vanished completely. If the breathing mode
is responsible for the insulating character of BBO, the observed structural
phase transition is expected to be accompanied by an insulator-to-metal
transition. However, no reliable transport measurements were performed
yet.

In 2016, the first angle-resolved photoemission spectroscopy (ARPES)
measurements for this compound were published by Plumb et al. [120].
Their goal was to understand better the insulating phase and super-
conducting properties of BBO doped with potassium or lead. BBO thin films
fabricated in situ, with a thickness of approximately 12 nm, were studied.
The films were grown by PLD on STO(001) substrates with a conducting
SrRuO3 buffer layer underneath, which prevented charging during the
ARPES measurements. Density functional theory calculations showed a
good agreement with the experimental data. As charge ordering of Bi3+
and Bi5+ ions is often assumed to be responsible for the insulating character
of BBO [101, 104, 114], Plumb et al. [120] also studied the Bi core levels
and observed solely Bi3+ ions. By looking at the character of the observed
dispersion bands, Plumb et al. [120] found that the highest occupied band
are, mainly, oxygen 2p states while the Bi 6s states lie much deeper in the
energy spectrum. This observation is consistent with the theoretically pro-
posed bond disproportionation [115, 116, 140].

In the same year, Ferreyra et al. [119] were the first to grow BBO films
on Si(100) substrates using PLD. The films were non-epitaxial but highly
textured along the (100) orientation, with the thicknesses between 32.5 nm
and 480 nm. In XRD experiments, a BaO(200) diffraction peak was observed
besides the BBO(200) peak. By means of a thickness-dependent study, these
authors demonstrated that the BaO layer is localized at the Si/BBO interface.
The result of a single-oriented film with a naturally formed buffer layer is
in agreement with the studies performed by Makita et al. [143, 144] and
Norton et al. [146].

In the work published by Ferreyra et al. [119], the BBO(200) diffraction
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FIGURE 2.3: Conventional 2q-w XRD scans of BBO thin films on various
substrates, (a) Si(001) (adapted with permission from [119]); (b) MgO(001)
(with permission from [118]); and (c) STO(110) (with permission from
[143]).

peak appears around 28� in a standard XRD 2q-w scan, as presented in
Fig. 2.3(a). However, in other work [27, 117, 118, 144], the (200) diffraction
peak (or (100), depending if the unit cell is interpreted as a double or single
perovskite, respectively) appears around 21�, as shown in Fig. 2.3(b) [118].
In the multi-oriented films of Makita et al. [143, 144], the diffraction peak
around 28� is linked to BBO(110), see Fig. 2.3(c). Furthermore, the extracted
out-of-plane lattice constant of 6.18 Å [119] is similar to the bulk lattice
constant of 6.1814 Å. However, this is not the out-of-plane lattice constant
of the bulk, but the in-plane constant [101, 118] of the monoclinic structure.
Therefore, Ferreyra et al. [119] interpreted the orientation and the lattice
constant of the film differently than what was done in other research.
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2.3.3 THE PREDICTION OF A TWO-DIMENSIONAL
ELECTRON GAS

Ferreyra et al. [119] were motivated by the theoretical prediction (by
Vildosola et al. [148], published in 2013) of the existence of a two-dimen-
sional electron gas (2DEG) at the surface of a Bi-terminated BBO thin film.
According to the ab initio calculations, the 2DEG is formed because of an
incomplete oxygen environment of the surface octahedral of the Bi ions. In
that case, the charge disproportionation and the coupled breathing mode –
which together are assumed to be the responsible for the insulating character
– are disrupted. Therefore, a metallic character is expected at the surface,
and the two outermost layers turn cubic. Already before this prediction was
made, Gozar et al. [117] verified that BBO thin films were BiO2 terminated.

Subsequently, Ferreyra and Vildosola together published a follow-
up [125] of previous experimental [119] and theoretical [148] work. In
Ref. [125] it is shown that, by increasing the energy density of the laser
during the PLD process, the BBO thin films are no longer single-orientated.
It became clear how Ferreyra et al. [119] interpreted the orientation of the
film differently compared to previous research [117, 118, 144], see Fig. 2.3.
In Fig. 2.4(a) the perovskite BBO is depicted as it is typically presented in the
literature. The yellow plane shows the [001] direction and the pink plane
corresponds to the [011] plane. In Fig. 2.4(b), the structure is rotated by 45�
with respect to (a). Rotating the pink plane, so that it is facing the reader,
corresponds to the structure depicted in Fig. 2.4(c) and to how the structure
is depicted in Ref. [125]. In Ref. [125], they refer to this structure as the (100)
surface of BBO, where no particular Bi- or Ba-termination is present.

The calculations performed for the Bi-terminated surface of BBO in
Ref. [148] were redone in Ref. [125] for the surface structure depicted in
Fig. 2.4(c), where both barium and bismuth atoms are present in the topmost
layer. In a slab calculations, the five outermost layers of the BBO thin film
are considered. The three innermost layers show a semiconducting character
with a charge disproportionation of Bi3+ and Bi5+ – as in the bulk, according
to [148]. The two outermost layers are also semiconducting, but all Bi ions
have a valence of 3+. As a consequence, the Bi-O bonds shorten and the
band gap is reduced in width. These theoretical calculations are supported
by transport measurements. A single-oriented film with the surface struc-
ture as shown in Fig. 2.4(c) has a lower resistance than a multi-oriented
film. According to Ferreyra and Vildosola et al. [125], this is a direct proof
for the reduced band gap at the surface of the single-oriented film. How-
ever, no 2DEG exists at the surface of the (011)-oriented BBO thin film on
the Si(001) substrate.

In 2018, Oh et al. [121] also published ARPES measurements for this
compound. The BBO films were fabricated in situ by PLD and had the
thickness of 30 u.c. (approximately 13 nm), which is comparable to the
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FIGURE 2.4: Schematics of perovskite BBO. The red dots represent the
oxygen atoms, the green and blue dots correspond to the barium and bismuth
atoms, respectively. The atom radii are depicted not to scale. (a) The yellow
plane indicates how the [001] direction is normally depicted. The pink plane
depicts the [011] direction. (b) The structure rotated 45� with respect to (a).
This orientation no longer has a specific termination. (c) The pink plane from
(b) is now the plane facing the reader and present how the structure is shown
in [125]. Here, both Ba and Bi atom are present in the topmost layer.

film thickness studied by Plumb et al. [120]. Instead of a conducting buffer
layer, a conducting Nb-doped STO(001) substrate was used. Oh et al. [121]
were also motivated by the possible existence of a 2DEG at the surface of
Bi-terminated BBO as theoretically predicted by [148]. By changing the
emission angle, a depth profile for the core level spectra was obtained,
confirming the Bi-terminated surface, in agreement with the result obtained
by Gozar et al. [117]. If the 2DEG is present, metallic surface states can be
expected. However, no hints of metallic surface states were observed in the
whole Brillouin zone.

The band dispersion spectra are in good agreement with the results
obtained by Plumb et al. [120]. Surprising is the energy shift in the spectrum.
The highest occupied band, the Bi 6s-O 2p anti-bonding state, is situated at
0.5 eV or 1.9 eV below the Fermi energy according to Plumb et al. [120]
and Oh et al. [121], respectively. Apparently, the Fermi energy is situated at
a different energy level in the band gap. By evaporating potassium atoms
onto the surface, Oh et al. [121] investigated which bands are originating
from the surface and which from the bulk material. A band, situated
approximately 3.8 eV below the Fermi energy, was confirmed to be origi-
nating from the surface. This band also appears in the calculations by
Vildosola et al. [148], giving another hint that the metallic surface states
should be present. However, as of this writing, there is still no proof found
of metallic surface states.

In the comment [149], Vildosola et al. (who initially predicted
2DEG [148]) strongly disagreed with the conclusions drawn by Oh et al.
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in Ref. [121]. The argument was that, in order for the 2DEG to appear,
a high-quality, single Bi-terminated BBO surface is required. Considering
the large lattice mismatch between BBO and the substrate used of approxi-
mately 12% in terms of lattice constant, it is unlikely that the BBO film
is single-terminated. Furthermore, Vildosola et al. argued that the angle-
dependent XPS data alone are not sufficient to claim single-terminated
surface as Oh et al. did in Ref. [121].

2.3.4 THE USE OF BUFFER LAYERS TO OVERCOME
LARGE LATTICE MISMATCHES

Lee et al. [124] also studied BBO thin films, but focused on the difficulty
of fabricating this material as a thin film and on the large lattice mismatch
with the commercially available substrates. To overcome the almost 12%
lattice mismatch between STO(001) substrates and BBO, a double buffer
layer was used. BaCeO3 functions as the main buffer layer, where BaZrO3
helps overcome the large lattice mismatch between STO and BaCeO3. By
means of the XRD analysis, it was shown that BaCeO3 and BBO have the
same in-plane lattice constant. The double buffer layer offers a template to
strain-engineer BBO and other oxide perovskites with large lattice constants
compared to commercially available substrates.

In 2018, the same group published a sequel where they have studied the
oxygen breathing distortion in fully strained epitaxial BBO thin films [150].
The same double-layer buffer template of BaCeO3 and BaZrO3 was used to
achieve high-quality BBO. Similarly to Kim et al. [122], the Raman response
of the BBO as a function of thickness was studied in order to detect a possible
insulator-to-metal transition where a suppression was found for a thickness
of 9 u.c. [122]. In Ref. [150], the BBO response was not suppressed until
6 u.c., implying a lower critical thickness when a double buffer layer is
used.

Using PLD, Chouhan et al. [151] fabricated BBO films, which only
became crystalline after a post-annealing step at 600�C. Diffraction peaks
indicated a multi-oriented structure. Furthermore, in XPS spectra, a peak
splitting of 2 eV was found, implying the presence of both Bi3+ and Bi5+
ions in the films. A direct and indirect band gap of 2.25 eV and 2.02 eV,
respectively, were observed in optical measurements. It has to be noted that
the thickness of films in Ref. [151] (approximately 1 µm) was much larger
than in other studies since Ref. [151] is focused on application of BBO in
solar cells.
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2.3.5 INSULATOR-TO-METAL TRANSITION STILL NOT OBSERVED

In 2018, Zapf et al. [76] published a study where they focused on fabrication
of high-quality BBO thin films on a STO substrate by PLD, in spite of the
aforementioned lattice mismatch of 12%. Mainly from a transmission elec-
tron microscopy (TEM) study, it was concluded that there is a structural
rearrangement at the interface. Over a thickness of 1.7 nm, no clear crystal
structure was observed. Starting from this thickness, BBO grows in an
unstrained manner. Two domains are observed in the TEM images separa-
ted by an anti-phase boundary (APB) – defined by a shift of half a unit cell,
which is one of the reasons according to [149] why it is unlikely that the BBO
films of Oh et al. [121] are single-terminated.

One year later, Bouwmeester et al. [27] demonstrated the same type
of anti-phase boundaries in high-quality BBO thin films similar to those
investigated by Zapf et al. [76], and also observed a transition layer at the
interface with the STO substrate.2 By means of high-resolution scanning
TEM study, it was found that a dislocation at every ninth unit cell (counting
in one direction) accommodates for the 12% lattice mismatch between BBO
and the STO(001) substrate. In Fig. 2.5(a), the positions of the dislocations
are indicated by vertical dotted lines. At the interface, two AO layers –
where A indicates an intermixing of Sr and Ba atoms – form a rocksalt
structure where the bottom layer is fully strained by the substrate and the
top layer decouples the film from the substrate. The rocksalt layer is schema-
tically shown in Fig. 2.5(c) where the purple dots represent the A-sites of the
rocksalt layer. With a geometric phase analysis, it is shown that all the strain
is, locally, resolved at the dislocation in the top AO layer (indicated by "T").

Once the growth mechanism was understood better, Zapf et al. [123], in a
subsequent study, focused on the physical properties of the BBO films. This
research was motivated by the observation of Kim et al. [122] that the Raman
response of BBO thin films vanishes below 9 u.c. and this phenomenon
is, possibly, related to an insulator-to-metal transition. A set of BBO thin
films were prepared with the thicknesses varying between 1 u.c. and 40 u.c.
Repeating the Raman response experiments of [122, 150], Zapf et al. [123]
observed that the BBO phonon excitation peak vanishes gradually below
7 u.c – in a good agreement with the critical thickness of 6 u.c. [150]. How-
ever, in Ref. [123] it is claimed that the Raman response vanishes because
of the transition layer at the interface [27, 76]. When studying the valence
band with XPS for ultra-thin samples, no Fermi step, which could indicate a
(semi)metallic character, was observed. Therefore, Zapf et al. [123]
concluded that no insulator-to-metal transition occurs in this material
system.

2This publication is, partly, presented in chapter 3.
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FIGURE 2.5: BBO/STO interface. (a) High-angle annular dark-field
(HAADF) STEM image along the [110] zone axis. The dotted lines indicate
the position of the dislocation, which accommodates the lattice mismatch
between BBO and SrTiO3. The dotted ellipse surrounds the position
where the A-sites of the rocksalt interfacial layer are aligned (adapted with
permission from [27]). (b) An HAADF STEM image along the [110] zone
axis. The dotted lines indicate the position of the anti-phase boundary
(APB). The dislocations at the interface are marked by a "T" (adapted with
permission from [152]). (c) A schematic view of the interface. The green,
yellow, blue, dark green and red dots represent the strontium, titanium,
barium, bismuth and oxygen atoms, respectively. The rocksalt layer at the
interface is represented by purple dots. The dotted line and the letter "T"
indicate the dislocation position. The dotted ellipse shows where the A-sites
of the rocksalt layer are aligned. The dots are shown not to scale. (Adapted
with permission from [27].) (d) Annular bright-field (ABF) STEM image.
The purple arrow points to the bottom of the interface. The colors of the dots
correspond to the same elements as in (c). By resolving the oxygen atoms, a
fluorite structure is observed. (Adapted with permission from [152].)
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The electronic properties of BBO were studied by in situ scanning
tunneling spectroscopy experiments [153].3 A modification of the band gap
size was found as a function of the BBO film thickness. For films with
a thickness of 16 u.c., a band gap of 1.2 eV was determined. When the
thickness was decreased to 3 u.c., the band gap has reduced to ⇠0.07 eV.
The dependence of the band gap width on the film thickness was found to
be similar that of the Raman response intensity. Again, no metallic states
were observed.

In a recent work, Talha et al. [126] studied BBO films fabricated using
PLD on three different substrates: MgO(100), STO(001) and STO(011). They
assumed that a charge disproportionation of Bi3+ and Bi5+ ions is present
and that it is accompanied by a breathing mode of the octahedra. While
the film is fully relaxed on both STO substrates, as was observed before [27,
76, 122, 123], the BBO grown on MgO(100) is strained. These authors were
the first to publish transport measurements and reported a sheet resistance
in the order of magnitude of MW with a 2-probe method at room tempe-
rature. The measurement was performed on a 100-nm-thick BBO film,
fabricated using a STO(011) substrate [154].

In 2020, Jin et al. [152] took a closer look at the interface. Similarly
to Bouwmeester et al. [27], a misfit dislocation was observed every ninth
plane at the interface and anti-phase boundaries were present. In Fig. 2.5(b),
the positions of the dislocations are indicated by a white letter "T" and the
anti-phase boundaries by the dotted lines. However, whereas Bouwmeester
et al. [27] have concluded a rocksalt structure formed at the interface, Jin et
al. [152] determined the structure in a more detailed manner by also resol-
ving the oxygen atoms in an annular bright-field TEM and concluded that
a fluorite structure is present in the transition layer, see Fig. 2.5(d). The
thickness variations in the transition layer are the origin of the anti-phase
boundaries.

We can summarize this section as follows. When fabrication of high-
quality thin films became possible, the interest in BBO was revived. While
some researchers were still interested in finding the origin of the insulating
state, others started to focus on the growth mechanisms and improving
the quality of thin films. Some conflicting results regarding the presence
on the breathing mode were published [117, 118]. Despite the proposal
to use the thickness as a new degree of freedom to eventually suppress
the breathing mode [122], no metallic state in BBO has been reported so
far. Furthermore, it became apparent that inclusion of an initial BaO layer
improves the quality of the BBO thin films [119, 125, 143, 144, 146] as it
functions as a natural buffer layer. Artificial buffer layers were also used
to improve the quality of the BBO [124]. Furthermore, the BBO/SrTiO3
interface was studied intensively, where, first, a Ba/Sr-rich rocksalt layer

3This publication is presented in chapter 5.
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was observed [27], later in time a fluorite structure was seen in a more
extended TEM study [152]. The theoretical prediction of a 2DEG at the Bi-
terminated surface [148] also gave the field an additional motivation.
However, no 2DEG has been observed despite the observation of Bi-
termanited surfaces [117, 121]. The research performed in thin films still
did not succeed in excluding the mechanism responsible for the insulating
behavior of BBO. However, the steps taken towards improvement of the
film quality are very important for possible applications. Topological
insulators, the topic of the next section, are only useful as thin films for
future applications.

2.4 BABIO3 AS TOPOLOGICAL INSULATOR

In the last decade, the material class of topological insulators (TIs) received a
lot of attention. Their nontrivial band structure forms a gapless surface state
when physically connected to a trivial insulator [29]. After the experimental
verification of two- and three-dimensional topological insulators [33, 34, 48],
a search started for topological insulators with bulk band gaps that are large
enough to avoid thermal excitation of bulk carriers and therefore enable the
application of TIs at room temperatures.

This is where the oxide materials came into the fore, as their bulk band
gap are intrinsically large enough to exceed thermal excitation levels.
Already in 2011, Rüegg et al. [155] investigated heterostructures of
transition-metal oxides, where a [111]-oriented bilayer is sandwiched be-
tween a band insulator. Even though the interplay of orbitals is studied on a
general level, a [111]-oriented bilayer of the perovskite LaNiO3 sandwiched
between LaAlO3 was mentioned as a practical example. Using a TB model,
it was shown that topological phases appear by spontaneous ordering of the
complex orbitals and local interactions.

Xiao et al. [85] studied the same transition-metal oxide systems with
various materials. They found that LaOsO3, LaAgO3 and LaAuO3 sand-
wiched between LaAlO3 and SrIrO3 sandwiched between SrTiO3 are topo-
logical insulators. In 2018, Kim et al. [156] applied the same three-layer
geometry, but chose BBO as the [111]-oriented bilayer. A Bi4+ was consi-
dered, which could be the case in ultra-thin layers [122]. By choosing various
perovskites to sandwich the BBO bilayer and also using different bottom
and top sandwiching layers, the band gap can be tuned. The largest bulk
band gap is found in a symmetric structure, when BBO is sandwiched
symmetrically between BaTiO3. However, when charge disproportionation
of the Bi ion is assumed [101, 104, 113, 114], the topological phase is no
longer stable. The possibility of bond disproportionation [116], where all Bi
ions are Bi3+, has not been yet considered.
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FIGURE 2.6: (a) Calculated band structures for cubic crystal phase and
(b) for the monoclinic structure (where the band inversion is still present),
reproduced with permission from [51], (c) for monoclinic structure of
electron-doped BBO (band inversion is still present) and (d) the same
structure and system as in (c), but now after relaxation of the system – the
band inversion is lost, reproduced with permission from [55].

2.4.1 THE LARGEST TOPOLOGICAL GAP KNOWN

In 2013, Yan et al. [51] predicted theoretically that BBO is a topological insu-
lator when doped with electrons. They claim that BBO has a distorted
perovskite structure as a consequence of the two valence states of bismuth,
referring to the results published by Cox and Sleight [101]. When consi-
dering doping with electrons, spin-orbit coupling (SOC) effects are much
more pronounced. Yan et al. [51] performed DFT calculations for an ideal
cubic structure and included the SOC strength, a band inversion between
the 6s state and the 6p state of bismuth was discovered. The indirect bulk
band gap is found to be 0.7 eV, as is shown in Fig. 2.6(a). This makes BBO
a topological insulating material with the largest bulk band gap known so
far and stable against the oxidation effects [50], which is a very promising
result. When calculating the band structure for a monoclinic crystal phase
(see Fig. 2.6(b)), the band inversion is still present with an unchanged band
gap size [51], implying that the observed topology is stable against lattice
distortions.

An interesting finding is that, without including SOC into consideration
in theoretical calculations, the Bi s- and p-states are already inverted [51].
Consequently, accounting for SOC results in prediction of a nonzero energy
gap. The same is observed in the TB models of Pi et al. [84], where oxides
with a rocksalt lattice were studied. This is in contrast to the conventional
topological insulators [33, 37, 48, 62], where the SOC is responsible for the
band inversion. Unfortunately, a topological insulating state in pure BBO
can be experimentally observed only if the Fermi energy is increased by
2 eV, as can be seen in Fig. 2.6(a) and (b). This is equivalent to a doping
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concentration of one electron per unit cell, approximately 1022 electrons/cm3

[55, 89]. To observe the Dirac cone, a monolayer of BBO already requires
a carrier density of 4.3·1014 cm�2, which is close to the maximum carrier
densities reached by dielectric gating and ionic liquid gating, respectively,
⇠ 1013 cm�2 [157] and ⇠ 4·1014 cm�2 [158].

2.4.2 A SECOND BAND INVERSION

Inspired by the previously-discussed work of Yan et al. [51] and the disco-
very of the high-temperature superconducting phases in Ba1�xKxBiO3 [56,
57, 106, 107, 108] and BaPb1�xBixO3 [58, 102, 105, 109, 110, 111, 112], where
the system is effectively doped with holes, Li et al. [50] investigated whether
the topological phases are also present when the level of hole-dopants is
increased. By calculating theoretically the band structure of the cubic
perovskite KBiO3, the same band inversion as for BBO was observed: the Bi
s- and p-orbitals interchange. In this case, the band inversion is 4 eV above
the Fermi energy. An additional band inversion is found almost 6 eV below
the Fermi energy. An ideal technique to detect these states is ARPES, since
it probes the occupied states. The topological nature of BBO is also robust
against Pb-doping. When studying the cubic BaPbO3, the band inversions
are still present – both above and below the Fermi energy. However, when
adding electron doping to the system to reach the Dirac cone, BaPbO3 will
behave like a topological metal.

In a DFT study by Khamari et al. [159], various Bi-based perovskites
were studied. The previously-found two band inversions [50] appear to be
a characteristic feature for this class of TIs, formed by bonding and anti-
bonding states for the valence and conduction band, respectively. As for
KBiO3 and BaPbO3 [50], the two band inversions are also present in
BBO [159]. The band inversion in the valence band is due to a SOC strength
of the Bi p states, but the inversion in the conduction band is caused by
hybridization – the lower and upper bands exchange their s- and p-character,
even when no SOC strength is present. By solving the TB model for cubic
BBO without SOC, but including second-neighbor Bi-Bi interactions, the
band inversion is present in the conduction band. The SOC only serves
to further separate the bands – in a good agreement with [51, 84].

When slab calculations for a 15 u.c.-thick BBO slab were performed [159],
no surface states were observed without including SOC in the model. This
result implies that band inversion by second-neighbor interactions does not
play an important role in formation of the surface states. This is so because
the top and bottom surface states can couple and make the surface states
vanish. When SOC is included into consideration, linear dispersive bands
exist at both inversion points, in the valence and in the conduction band,
at approximately -6.5 eV and +1.7 eV, respectively, relative to the Fermi
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energy. These linear dispersive bands can be classified as surface states
since their orbital weights are only significant in the four layers closest to
the surface of the slab. The Dirac point in the valence band is isolated
from other bands, while the one in the conduction band is surrounded by
other bands – making it difficult to observe in transport experiments. In the
appendix of Khamari et al. [159], the breathing distortion is also included in
the calculations. In the slab calculations, with SOC, the two band inversions
are still present.

By using a TB model, the influence of the enlargement of the unit cell on
the topology was studied in a subsequent article [160]. Whereas, for other
compounds, high pressure is required for the appearance of these surface
states, in BBO the ambient conditions are sufficient. When the structure is
expanded, the topological band gap is reduced in width. When the structure
is further enlarged, the band gap vanishes, the band inversion is lost, and a
trivial band gap opens up. Only cubic crystal structures were considered in
this work.

2.4.3 STABILITY ANALYSIS

In 2017, Zhang et al. [55] extended the theoretical calculations of the band
structure of BBO. Similarly to Yan et al. [51] and Khamari et al. [159], the
monoclinic structure was considered – which is also observed experi-
mentally [56, 101, 103, 138, 139]. At first, the BBO system appears to also
be a topological insulator with, again, a band inversion 2 eV above the
Fermi energy. With doping at the level of one electron per unit cell, the
Fermi energy is shifted up to the energy gap as is illustrated in Fig. 2.6(c).
However, when the solution is iterated to self-consistency, the band inver-
sion vanishes as shown in Fig. 2.6(d), implying the previously discussed
solution (in Ref. [51]) was not converged. Since the monoclinic phase is
more stable than the cubic structure and is comparable to the self-
consistently found solution, the previously predicted topological phase in
both the cubic and monoclinic compound [51] is expected to vanish when
the structure relaxes into the monoclinic structure.

Zhang et al. [55] even come up with a general rule for ABO3 perovskites:
"ABO3 oxides that are stable are not TIs and structures that are TIs are not
stable." In his comment in Nature [88], Zunger emphasizes the importance of
stability analysis, such as calculating the total energy of the system. Further-
more, in the case of BBO, where the Fermi energy needs to be increased
by 2 eV to access the inverted bands, the extra electrons will occupy the
anti-bonding states. This massive occupation will destabilize the structure
and make experimental realization impossible [89]. Many theoretically
predicted TIs are not experimentally realizable, or are investigated theo-
retically for unstable crystal structures.
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2.4.4 CHEMICAL DOPING TO SHIFT THE FERMI ENERGY

In 2019, Khamari et al. [127] investigated chemical doping as an alter-
native approach to reach the Dirac cone in BBO by substituting fluorine for
oxygen. Earlier experimental studies showed that fluorine substitutions in
perovskites are possible [161, 162]. By replacing one third of the oxygen
atoms by fluorine, an effective doping of one electron per unit cell can be
realized. The cubic compound BaBiO2F was studied via DFT calculations,
and the lattice constant of 4.60 Å was assumed. When SOC strength was
included, the calculations confirm that the Fermi energy lies inside the band
gap – so that it is effectively shifted up by 2 eV. Since the p-state of fluorine
dominates the valence band of BaBiO2F, the band inversion in the valence
band is no longer present. Phonon dispersion curves were calculated for
stability analysis. At the temperatures higher than 500 K, no negative
frequencies were observed, implying that the structure is stable above this
temperature. For monoclinic BaBiO2F, the band inversion was shown to still
be present at the Fermi energy.

In response, Malyi et al. [89] stated that it is not possible to replace one
third of the oxygen atoms by fluorine. By DFT calculations, they found
that cubic BaBiO2F is highly unstable and decomposes into Bi2O3, BaF2
and Ba2Bi2O5. Furthermore, doping leads to occupations of previously
unoccupied anti-bonding states. As a consequence, bonds re-arrange and a
new band structure is formed. For the case of monoclinic BBO with electron
doping, the band structure is one of a regular insulator.

Another theoretical proposal was made by Pi et al. [84], namely, to dope
BBO via the B-site. By replacing half of bismuth atoms with either bromine
(Br) or iodine (I), the system can be doped with two more electrons per
unit formula Ba2Bi(Br,I)O6 as compared to pure BBO, where all Bi ions are
assumed to have the 3+ valency. It was shown that, for this compound, the
band inversion persists and that the Dirac cone is directly accessible in the
gap, even though half the bismuth has been replaced. Both systems show a
band touching at the G-point without account of SOC. However, when SOC
is included, a gap opens up. Topological properties are only expected with
Ba-terminated surfaces, with a gap of 0.55 eV in Ba2BiIO6. The question still
remains whether this proposed structure is stable, since no stability analysis
was performed.

In addition to Br and I, other dopants with the 5+ valence are known in
the literature. In 2018, Ge et al. [163] fabricated BBO films doped with Nb5+

ions. However, these films are nanoporous, since these are designed to be
applicable in the field of photoelectrochemical water splitting processes –
where a semiconductor is used to split water into hydrogen and oxygen
using sunlight. Nevertheless, the 4d-orbitals of the Nb ion contribute to the
conduction band minimum and, therefore, also effectively dope the pure
BBO compound with electrons. Via chemical solution methods,
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Ba2Bi(Bi1�xNbx)O6 nanoporous films where fabricated with 0  x  0.93.
Optical transmission spectra showed an increase of the band gap width
upon stronger doping. Raman response experiments confirmed the oxygen
breathing mode for the pure compound, as observed in Ref. [122, 123].
Whether a band inversion is still present in this system was not determined
since this is irrelevant for the intended application.

An experimental investigation of an electron-doped BBO was published
recently [94]. By replacing the Ba ions by La ions, an effective doping of one
electron per unit cell was established. Since La substitutes more easily for
Bi than for Ba, a multi-step fabrication process was designed. After a buffer
layer of BBO, a Ba-deficit monolayer was deposited, followed by a La2O3
layer. At last, a BBO monolayer was deposited. These three layers were
repeated multiple times with the goal to create, after an annealing step, the
material system Ba2�xLaxBi2O6. Using a TEM study and energy-dispersive
spectroscopy (EDS), it was established that La-doped BBO was indeed the
fabricated system, where the La ions went into the A-site positions of the
persovskite structure. However, the electron doping level required to access
the topological insulating phase was not reached in this heterostructure.

2.4.5 SHIFTING THE DIRAC CONE BY INTERFACIAL POTENTIALS

Another option to move the Fermi energy is by using the symmetry-
breaking electric fields that can appear at the interfaces. Men’shov et al. [164]
analytically studied a structure of five quintuple layers of Bi2Se3 on a ZnSe
substrate. The alternating cation and anion planes in the substrate give rise
to an electric field in Bi2Se3, inducing a potential well. When comparing
the surface states at the substrate and vacuum interfaces, the Dirac point of
the former is situated 70 meV lower in energy than the Dirac point from the
vacuum states.

A much larger splitting effect is observed for three quintuple layers
of Bi2Se3 on an AlN(0001) substrate [165]. Here, the Dirac point of the
substrate surface states lies 0.6 eV below that of the vacuum surface states.
The splitting is so large in this case because of a charge transfer that builds
up an internal electric field, indicating that a strong polar substrate can shift
the Dirac cone substantially. Berntsen et al. [166] provided experimental
ARPES results confirming the energy splitting between the substrate and
vacuum surface states. Here, six and fifteen quintuple layers of Bi2Se3 on
a n-type Si(111) substrate were studied. At the surface of the six quintuple
layer sample, a splitting of 0.270 eV was observed, while no splitting was
observed for the fifteen quintuple layer one. This is because no finite
coupling exists between the substrate and vacuum surface states [167].

For BBO, one would look for a polar substrate with a matching lattice
constant. Unfortunately, the lattice constant of BBO (a = 4.35 Å [101, 111,
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112]) does not match many commercially available substrates, let alone polar
substates. A buffer layer could also have the same effect, but the previously
used BaCeO3 and BaZrO3 [124] are not polar. However, the goal here is
not the shift the Dirac cone to the Fermi energy, but to push it below the
conduction band. If successful, the surface states can be accessed by electro-
static gating experiments – with the remark that BBO needs to be thin
enough so that it is possible to apply gating in a manner that the surface
states are still coupled.

Therefore, when the demand for topological insulators with a larger
band gap became stronger, theoreticians started to look into BBO as a
possible candidate. Even though the experimental realization remains un-
successful, many suggestions for how to overcome the apparent challenges
have been published. One possible solution is to change the symmetry of
the system. In a [111]-oriented bilayer of BBO sandwiched between BaTiO3
layers [156], topology is expected when a charge disproportionation is
assumed. When calculating the band structure for a monoclinic structure,
two band inversions are present, below and above the Fermi energy caused
by SOC and hybridization, respectively. However, there appear to be two
problems. First, when the structure is relaxed, the band inversion in the
conduction band vanishes. Second, the Dirac cone lies 2 eV above the Fermi
energy, which is impossible to reach by traditional gating methods. Electron
doping could overcome this problem, which could effectively done by
chemical doping, but, again, the stability is then an issue. Challenging
proposals like interfacial engineering could also be considered as possibility
to reach the Fermi energy.

One possible route to experimentally reach the Dirac cone in BBO could
be by combining several of the proposals discussed above. For example, the
combination of chemical doping and ionic liquid gating can be successful.
As deposition techniques keep improving, and therefore the level of control
at the atomic scale is increasing, alternative superlattice structures (as Talha
et al. [94] has introduced) could be theoretically evaluated. Moreover, the
[111]-oriented bilayer of BBO sandwiched between BaTiO3 layers has not
yet been theoretically considered in combination with the bond dispropor-
tionated mechanism. Additional theoretical calculations could provide
more insight into whether the future experimental realizations of these
bilayers are promising routes towards oxide topological insulators.

Returning to BBO thin films, the characterization of high-quality mate-
rial via transport measurements is still lacking. Degradation effects that
occur under atmospheric conditions [139] are a challenge that needs to be
overcome before reliable devices can be fabricated. After tackling the mate-
rials science challenges in combination with Fermi energy control – possibly
metallic behavior will be observed after all.
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2.5 CONCLUSIONS

In this chapter, we have discussed the history of BBO as is summarized in
Table 2.1. The compound caused a lot of confusion when it proved experi-
mentally to have an insulating character despite theoretical predictions that
it should be a metal. When high-temperature superconductivity was dis-
covered upon hole doping, the interest in the parent compound was also
revived since a possible explanation could be its unexpected insulating
behavior. An extensive debate about the mechanism responsible for the
insulating property has ensued. The two most frequently considered
mechanisms are charge disproportionation, where the Bi ions have alter-
nating valence states of 3+ and 5+, and bond disproportionation where a
strong hybridization between the Bi 6s and O 2p state is present. Both are
accompanied by an oxygen breathing mode, where the octahedra contract
and expand.

When it became possible to fabricate high-quality thin films of BBO,
various attempts were made to suppress the breathing mode as a function
of thickness. However, an insulator-to-metal transition has not yet been
observed. Furthermore, the termination of the film also became of impor-
tance, since a two-dimensional electron gas was theoretically predicted to
be present on a Bi-terminated surface. The correct termination was experi-
mentally observed, but metallic surfaces are never detected.

Better understanding of the growth mechanism led to theoretical predic-
tions of a possible topological insulating state in BBO. Unfortunately, the
inverted bands lie too far above the Fermi energy to reach with conventional
gating methods and achieving stability of a chemically doped compound
remains a challenge. However, if a topological insulating phase can be
stabilized in BBO, a topological-superconductor interface can be established
by doping the same material with electrons or holes, respectively. So, a
Majorana-hosting interface could be realized within the same parent com-
pound [76]. Therefore, this will not be the last one reads about BBO.
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TABLE 2.1: The overview given in this chapter is summarized,
corresponding references are stated.

Mechanism responsible for insulating behavior in BaBiO3+

Charge disproportionation Bond disproportionation Oxygen breathing mode Combination of mechanisms
Experimental [101, 103, 104] [120, 138, 141] [56, 57, 105, 118, 133] [102]
Theoretical [113] [111, 110, 115, 116, 136, 140] – [112, 134, 148]

Bismuth valence stages
Bi3+ and Bi5+ Bi4+ Solely Bi3+

Experimental [57, 101, 103, 104, 132, 145, 147, 151] [139] [120, 141]
Theoretical [113, 114, 134, 136, 148] [156] [116, 140]

Route towards topological insulating phase in BaBiO3+ (theoretical)
Intrinsic (111)-oriented bilayer Large hole doping levels

Electron doping [51]

[156] [50]
Chemical doping [84, 127]
Superlattice [94]
Polar substrates –



Chapter 3

OVERCOMING THE LARGE
LATTICE MISMATCH BETWEEN
BABIO3 AND SRTIO3

The fabrication of high-quality BaBiO3 thin films is
challenging because of the volatile character of bismuth
and the large lattice mismatch with commercially available
substrates. By pulsed laser deposition, stoichiometric
BaBiO3 films were obtained. The re-evaporation of Bi was
prevented by using a relatively low substrate temperature
during the deposition. Furthermore, the BaBiO3 film
overcomes the large lattice mismatch of 12% with the SrTiO3
substrate by forming a rocksalt structure in between the two
perovskite structures. A dislocation every ninth unit cell
accommodates for the large strain and enables a continued
relaxed growth of the BaBiO3 film towards the surface.1

1Most content of this chapter is published as part of: Rosa Luca Bouwmeester,
Kit de Hond, Nicolas Gauquelin, Jo Verbeeck, Gertjan Koster, Alexander Brinkman,
Stabilization of the perovskite phase in the Y–Bi–O system by using a BaBiO3 buffer
layer, Physica Status Solidi – Rapid Research Letters 13, 1800679 (2019) [27].
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3.1 INTRODUCTION

The material properties of BaBiO3 (BBO) have been discussed extensively in
chapter 2. Even though this material system is already studied intensively,
recent theoretical predictions [50, 51, 84, 126, 127, 156, 160] stimulate new
experiments for which high-quality samples are needed.

BBO thin films are, within this research, fabricated using pulsed laser
deposition (PLD), a suitable technique for the formation of complex
oxides [23, 70, 168, 169, 170]. There are two main challenges when fabrica-
ting BBO thin films: 1) Bi is a volatile element [171, 172, 173] and 2) the lattice
constant of BBO (a = 4.35 Å [112]) does not match commercially available
substrates [174].

In this chapter, high-quality BBO thin films are fabricated and in situ
characterized with reflection high-energy electron diffraction (RHEED) and
x-ray photoelectron spectroscopy (XPS). Additional ex situ characterization
was performed with x-ray diffraction (XRD) experiments and a high-
resolution scanning transmission electron microscopy (HRSTEM) study. It
is revealed that the formation of a rocksalt layer at the interface of the BBO
film and SrTiO3 substrates enables the high-quality and relaxed growth of
BBO.

3.2 FABRICATION AND GROWTH MONITORING

PLD is widely accepted as deposition technique for complex oxides, since
its main advantage is the stoichiometric transfer from a solid target to a
substrate [23, 168, 169, 175]. The basic working principle is relatively simple:
a pulsed-laser beam is used to ablate material from a solid target, an ener-
getic plasma plume forms and is slowed down by a background gas towards
a heated substrate, onto which the particles are deposited [176]. A photo
of the setup used and a simplified schematic drawing of the process are
presented in Fig. 3.1.

Contrary to the simplicity of the process, the fabrication of high-quality
thin films is challenging and complex. To optimize the growth process,
several parameters can be tuned. Examples are the laser fluency and
frequency, substrate temperature, background pressure and gas compo-
sition. Since these parameters are dependent on each other and each mate-
rial requires yet another unique combination [175], finding the optimal set
of parameters forms a study on its own.

During a deposition, the thin film growth is often monitored by
RHEED [59, 168, 169, 175, 177]. An incident electron beam (10 - 40 keV)
arrives at the sample surface under grazing angles, which allows the elec-
trons to solely interact with topmost layer of atoms. The scattered electrons
arriving on a phosphorus screen form a diffraction pattern from which the
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FIGURE 3.1: The Complex Oxides MATerials (COMAT) system at the
University of Twente, used for thin film fabrication. Inset: Schematic
drawing showing the basic process of PLD. The incoming laser beam (orange
line) hits the target (dark blue), a plasma plume forms (light blue) and moves
towards the substrate (red) which is mounted on a substrate holder (yellow)
heated by a laser.

crystal structure is determined [178]. The scattering of electrons in the
background gas is reduced by using a differentially pumped tube through
which the electron beam passes [179].

Furthermore, the scattered electrons contain information on the mor-
phology of the sample surface [175]. When monitoring the intensity of the
scattered electrons during sample fabrication, variations are observed. The
initial growth front of the substrate is flat, forming an intensity reference.
When particles are deposited at the substrate, the surface roughens and the
intensity decreases. The arrival of more particles, until a layer is completed,
leads to a smooth surface again and therefore an intensity maximum. These
so-called RHEED oscillations cannot be observed for step-flow growth, since
no change in surface morphology occurs [180]. By monitoring RHEED
intensity as a function of time, the number of layers deposited is controlled
and the growth mode is deduced [59, 168, 175].



42 Chapter 3. Large lattice mismatch between BaBiO3 and SrTiO3

3.3 CHALLENGES FOR THE DEPOSITION OF BABIO3

To enable high-quality growth of BBO, the volatile character of bismuth and
the large lattice mismatch with commercially available substrates need to
be overcome. First, the volatility of bismuth is addressed. Second, the large
lattice mismatch and the previous use of buffer layers is discussed. Lastly,
the growth parameters used in this study are stated.

3.3.1 THE VOLATILITY OF BISMUTH

Bismuth is known to have a volatile character [171, 172], which could lead
to re-evaporation of bismuth after arriving at the substrate [168, 171]. In
an attempt to overcome a Bi-deficient stoichiometry, an off-stoichiometric
target could be used. An example is the fabrication of BiMnO3 thin films
using PLD [171]. Even though the target had a Bi excess level of 10-15%, all
samples remained Bi deficient. An increased Bi deficiency was noted when
the sample temperature was increased during deposition.

In the case of KNbO3, potassium is more volatile than the other elements.
To obtain stoichiometric thin films [181], fabricated with PLD, a segmented
rotating target was used. Half of the target consisted of KNbO3, the other
half of KNO3 as an additional potassium source. Stoichiometric KNbO3 thin
films were obtained in substrate temperature range of 650-800�C.

Besides being volatile, bismuth also rarely oxidizes within the plasma
plume [172]. For the fabrication of YBiO3, the composition of the back-
ground pressure was varied from a pure oxygen environment towards a
mixture of argon and oxygen gas to study the influence on the oxidation
levels of the Bi atom in the plasma before arriving onto the substrate. Using
laser-induced fluorescence spectroscopy, no oxidized Bi was detected in
the plasma plume for all background gas mixtures used. Epitaxial growth
of fluorite YBiO3 was observed for a background gas consisting of 20%
oxygen and 80% argon. Again, an increased Bi deficiency was observed
when the stoichiometry was studied as a function of increasing substrate
temperatures [182].

The influence of a partial oxygen background pressure was also studied
for the deposition of superconducting Ba1�xKxBiO3 (BKBO) films [183].
When the background composition was varied from pure oxygen to a
mixture with nitrogen gas, superconducting films were obtained in a wider
region for the substrate temperature. However, a higher substrate tempera-
ture generally led to a lower potassium concentration – in agreement with
earlier work [171, 182]. Furthermore, the target composition was also
varied [183], a surplus of potassium resulted in BKBO films with better
superconducting properties.
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Even when a difference in volatility of the various elements is not
existent, growth parameters still influence the stoichiometry of the sample.
The influence of the laser fluency on the sample stoichiometry is studied, for
example, for SrTiO(110) films [184]. For high laser fluences, a Ti-rich phase
was observed. When lowering the fluence, Sr-rich films were obtained. This
demonstrates the complexity of PLD.

During the deposition of BBO, one wants to prevent re-evaporation of
the Bi atom and stimulate its oxidation. Therefore, a relatively low substrate
temperature of 500�C and a background composition of pure oxygen gas
were used in the remainder of the chapter, aiming towards a stoichiometric
film.

3.3.2 LATTICE MISMATCH BETWEEN BABIO3 AND SRTIO3

BBO has a large lattice mismatch with substrates that are commercially avai-
lable [174]. In this research, SrTiO3(001) (STO) substrates are used. The
lattice mismatch between BBO (a = 4.35 Å [112]) and STO (a = 3.905 Å [67])
is 12%. A compressive strain is expected to be present in the BBO film.

When a material is deposited on top of a substrate, two energy terms
are dominant: the interfacial inter-atomic bond energy (or chemical energy)
and the strain energy [185]. The latter increases upon increasing thickness
and eventually creates dislocations. The chemical energy is important at
initial nucleation. It can even cause the deposited thin film to adapt another
orientation than the substrate when it lowers the inter-atomic bond energy
– as is presented for example in chapter 7.

Often, the lattice mismatches between deposited thin films and
substrates are minor in which case two-dimensional growth in favored [185].
The lattice of the deposited thin film shall match lattice constant of the
substrate, causing a tensile or compressive strain for a larger or smaller
substrate lattice constant compared to the thin film, respectively. In the
case of compressive strain, an expansion of the c-axis lattice constant of
the thin film should be measurable [171, 186]. When the lattice mismatch
becomes too large, domain matching occurs to reduce the mismatch [185].
The domain size is equal to m lattice constants of the deposited layer which
match with n lattice constants of the substrate. Dislocations are formed close
to the interface, enabling the thin film to continue its growth in a strain- and
misfit-dislocation-free fashion [187].

If a large lattice mismatch between the desired thin film and substrate is
present, often buffer layers are used. Additionally, when the crystal
structures are not matching, a buffer layer potentially still enables epitaxial
growth [188]. In literature, buffer layers are likewise used to fabricate
crystalline BBO films on STO substrates. A 2-nm-thick BaO buffer layer
was used by Makita et al. [144], causing the BBO film to be mainly oriented
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in the [100] direction instead of in both the [100] and [110] directions. Lee et
al. [124] even uses two materials, BaCeO3 (a = 4.4 Å) and BaZrO3 (a = 4.19 Å),
to function as one buffer layer to obtain a high-quality and epitaxial BBO
film.

However, fabrication of high-quality thin films in the presence of a large
lattice mismatch without an underlying buffer layer is possible and pre-
sented in literature. For example, heteroepitaxial ZnGa2O4 thin films on
sapphire substrates, with a lattice mismatch of 5-8%, were previously fabri-
cated and the quality was confirmed by a STEM study [189]. Furthermore, a
lattice mismatch of 6.7% is present between LiMn2O4 (LMO) and
La0.5Sr0.5CoO3 (LSCO), deposited on STO(111) substrates [190]. In the inter-
facial layer, a crystal phase transition from spinel cubic to tetragonal was
observed in the LMO film – reducing the effective lattice mismatch to 4%.
Nevertheless, a large surface roughness of LMO was observed by means
of atomic force microscopy, caused by the formation of three-dimensional
islands.

Here, high-quality BBO thin films are deposited on top of STO substrates
without the use of an additional buffer layer. Like at the LMO/LSCO inter-
face [190], an interfacial layer with a different crystal structure is formed.
Dislocations are formed where the strain is locally relieved.

3.3.3 GROWTH PARAMETERS FOR BABIO3

As substrates for the fabrication of BBO thin films, TiO2-terminated, (001)-
oriented STO (from CrysTec GmbH) were used. The substrates were pre-
pared by a wet etching step in a buffered hydrogen fluoride solution,
followed by a 1.5 hour annealing step at 950�C [191]. As a result, single-
terminated and smooth substrate surfaces were obtained.

For the deposition, a stoichiometric target of Ba-Bi-O (in-house made,
purity 99.99%) was used. The pulsed laser deposition was performed with
a KrF laser at a fluency of 1.9 J/cm2 and a wavelength of 248 nm, while the
substrate temperature was set to 500�C and the O2 background pressure
was 1.0 · 10�2 mbar. The distance between the target and substrate was
kept constant at 50 mm. A repetition rate of 1 Hz and a total of 900 laser
pulses were used for the BBO films studied in this chapter.

3.4 THE BABIO3/SRTIO3 INTERFACE

First, the BBO thin films are characterized using RHEED, XPS, XRD and
electron energy loss spectroscopy (EELS). Subsequently, the BBO/STO inter-
face is studied extensively by means of a HRSTEM study and additional
geometrical phase analysis. It is revealed how BBO manages to grow in a
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FIGURE 3.2: RHEED patterns of a BBO thin film on a STO substrate taken
along the (a) [100] and (b) [110] directions of the substrate.

high-quality fashion despite the 12% lattice mismatch with the STO
substrate.

3.4.1 CHARACTERIZATION OF THE THIN FILM

After fabrication and cooldown of the BBO thin films, the RHEED
patterns were captured under high-vacuum conditions. The diffraction
patterns are shown in Fig. 3.2(a) and (b) along the [100] and [110] directions
of the substrate, respectively. A (001)-oriented perovksite structure is con-
firmed, as it shows similarities with perovskite structures presented in
previous work [182, 192].

By performing an in situ XPS measurement, it was observed that the
BBO films are close to being stoichiometric. The XPS overview scan is pre-
sented in Fig. 3.3(a), the core level peaks used for analyses are identified.
The element ratio for Ba:Bi:O is determined to be 21:25:53 ± 3%, respectively,
after a Shirley background [193] was subtracted.

A single-oriented perovskite phase was confirmed to be present in the
BBO thin film by a 2✓-! scan using a PANalytical X’Pert MRD diffraction
system. The system has a copper source and is equipped with a monochro-
mator, letting only the Cu Ka wavelength (l = 1.5406 Å) go through. The
data is presented in Fig. 3.3(b), the diffraction peaks of BBO and STO are
indicated. The absence of additional peaks is a good indication for the high
quality of the thin film. Using Bragg’s law [194], the out-of-plane lattice
constant of the BBO film is determined to be 4.35 ± 0.1 Å – consistent with
the ideal cubic lattice constant of 4.35 Å [112].
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FIGURE 3.3: Characterization of a BBO thin film, deposited on a STO
substrate. (a) The XPS result, the core level peaks used for analysis are
indicated. (b) An XRD 2✓-! scan showing a single-oriented perovskite
structure with an out-of-plane lattice constant of 4.35 ± 0.1 Å. (c) Annular
dark-field (ADF) image of the specimen (scale bar 20 nm). A zoom of the
red rectangle in (c) is shown in (d) as well as the EELS measurements at the
BBO/STO interface.

With the EELS,2 the diffusion at the interface of STO and BBO is studied.
The bismuth O- and M-edges are outside of the measurable range. At the
BBO/STO interface, sharp interfaces are observed for strontium, titanium
and barium atoms, all at the same height as can be seen from the images
presented in Fig. 3.3(c) and (d). So, no intermixing took place at this
interface.

2The EELS measurements are performed by N. Gauquelin from Electron
Microscopy for Material Science (EMAT) at the University of Antwerp.
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FIGURE 3.4: (a) HAADF-STEM image of the interface between a STO
substrate and the BBO film. (b) HAADF-STEM image of the top of the
BBO film and its interface with the Y-Bi-O system as top layer. In both (a)
and (b) the overview image of the full specimen, with a small box showing the
location of the region presented in the main panel, is shown in the top right
corner. In both images Bi atoms are represented by the orange dots and Ba
atoms by the blue dots. In (b) the two black lines follow the bismuth atoms,
indicating the anti-phase boundary where the unit cell shifts by half a unit
cell.

3.4.2 INVESTIGATING THE BABIO3/SRTIO3 INTERFACE

The crystalline quality and interface structure of the BBO films have been
investigated using an aberration-corrected scanning transmission electron
microscope (STEM), a Titan 80-300 which operated at 300 kV with a conver-
gence angle of 45-97 mrad at the collection angle for high-angle annular
dark field (HAADF) imaging – performed by N. Gauquelin from Electron
Microscopy for Material Science (EMAT) at the University of Antwerp.

The specimen was prepared from a sample consisting of a STO substrate,
a BBO thin film with a thickness of approximately 82 ± 2 nm and a 26 ± 2 nm
thick film of the Y-Bi-O system, which is discussed in chapter 7. The focused
ion beam (FIB) lamella was prepared in a vacuum transfer box and trans-
ferred inside a glove box to a vacuum transfer holder as described else-
where [195, 196, 197].

An HAADF-STEM image of the interface between the STO substrate
and the BBO film is shown in Fig. 3.4(a), the structure relaxes within a four-
unit-cell thick interfacial layer and continues its growth in an unstrained
fashion. The HAADF-STEM image is a result of the alignment of 20 fast-
acquired images of 4096⇥4096 pixels, aligned in the same manner as dis-
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cussed by Gauquelin et al. [198] in order to remove scanning artefacts, noise
and sample drift. At the interface, every ninth unit cell shows a dislocation,
which is consistent with the lattice mismatch of 12% between the BBO and
STO. This will be discussed into detail in a subsequent section.

Anti-phase boundaries with a step of half a unit cell are observed in the
BBO film. In Fig. 3.4(b), this step is indicated by the two black horizontal
lines. Both black lines follow a row of bismuth atoms, which are brighter
since they are heavier than the barium atoms. Where the two lines are
supposed to connect, a shift of half a unit cell is observed. The blue and
orange dots in Fig. 3.4(a) and (b) represent the barium and bismuth atoms,
respectively.

The anti-phase boundary is caused by the reconstruction layer at the
BBO/STO interface, so that BBO no longer has a single-terminated nuclea-
tion side. A similar phenomena in epitaxial BBO films is discussed in the
recent article by Zapf et al. [76] (and after publication of this work [27] as
well by Jin et al. [152]). The anti-phase boundaries, however, do not disturb
the quality of the film on a local scale.

3.4.3 ACCOMMODATING THE LARGE LATTICE MISMATCH

In this subsection, a closer look is taken at the BBO/STO interface. The
dislocations at the BBO/STO interface, that occur every ninth unit cell, are
in good agreement with domain matching as earlier observed in the case of
large lattice mismatches [185, 187]. A domain of m = 9 unit cells (= 39.15 Å)
of BBO is almost equal to n = 10 unit cells (39.05 Å) of STO.

At the interface, the induced strain is quickly resolved by two AO layers
in between the two perovskite structures, whereas the first AO layer follows
the stacking of the substrate as schematically visualized in Fig. 3.5(a) and (d)
along the [110] and [100] directions, respectively. The dotted lines indicate
where the cation site of the substrate and bottommost AO layer lies in
between two cation site of the top AO layer. These positions form the cores
of the dislocations. In the HRSTEM images, the dislocation site are also
indicated with dotted lines, see Fig. 3.5(b) and (e) for the [110] and [100]
directions, respectively.

The strategy of the structure to accommodate for the lattice mismatch
is by introducing a second AO layer to decouple the substrate from the
film. Further, it can be noticed that the dislocation core is situated exactly in
this second AO layer. The intermediate layers are described as AO layers,
because due to strain, the chemical composition cannot be directly assessed
from the HAADF contrast and these layers might be intermixing of Ba and
Sr atoms.

For easier visualization of the dislocation structure at the interface,
geometric phase analysis (GPA) [199] has been used to determine strain
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FIGURE 3.5: Strain relaxation at the BBO/STO interface. (a) and (d) present
schematic models of the STO substrate, the two AO layers and the BBO film
along the [110] and [100] directions, respectively. The green, yellow, blue,
dark green and red dots represent the strontium, titanium, barium, bismuth
and oxygen atoms, respectively. The purple dots indicate the cation sites
in the two AO layers. The atoms are not depicted in their realistic radii.
In (b) and (e) the HAADF-STEM images of the BBO/STO interface are
shown along the [110] and [100] zone axis, respectively. (c) and (f) show the
geometrical phase analysis (GPA) images overlapped with a filtered image in
the horizontal direction of the image along the [110] and [100] zone axis,
respectively. The strain is indicated by color coded in %. In all panels
the dashed lines indicate the position of the stacking fault related to the
dislocation.

in the in-plane direction (#xx). These images are overlapped with filtered
images using the [110] reflection (for the image taken along the [110] zone
axis) and [010] reflection (for the image taken along the [100] zone axis) as,
respectively, shown in (c) and (f). It is shown that strain is only present at
the dislocations and therefore very locally. Strain concentrations are also
observed in other large lattice mismatch systems [200].
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The two AO layers form a rocksalt structure.3As in Ruddlesden-Popper
compounds a perovskite ABO3 is alternated with a rocksalt AO layer along
the out-of-plane axis. Both experimentally and theoretically it is shown that
by rearranging the order of AO and BO2 layers, the energy of the film can be
lowered [201, 202]. For the BBO layer, the double AO layer accommodates
for the large lattice mismatch between the STO substrate and BBO film.
The large strain is relieved by dislocations in the second AO plane which
occur every ninth unit cell. The double AO is perhaps made possible by
the volatile character of the bismuth atom. The formation of the double
AO layer is comparable to the interfacial layer formed at the LMO/LSCO
interface [190]. In both cases a change of crystal structure helps to overcome
the large lattice mismatch.

3.5 CONCLUSIONS

Stoichiometric high-quality BBO thin films are fabricated directly on STO
substrates without the use of additional buffer layers. By keeping the
substrate temperature relatively low and using a pure oxygen gas to facili-
tate a background pressure during the deposition, re-evaporation of the Bi
element is prevented and oxidation is stimulated. As a result, stoichiometric
and single-oriented perovskite BBO thin films were obtained.

The large lattice mismatch between STO and BBO is accommodated by
the formation of a rocksalt-like double AO layer. The double AO layer
accommodates for the strain by clearly visible dislocations every ninth unit
cell in the upper AO layer, while the bottommost AO layer is still fully
strained to the STO substrate. Subsequently, the BBO film grows in a relaxed
manner until the surface of the film. The anti-phase boundaries do not
disturb the high-quality growth of BBO. In chapter 7, the BBO films are
used as a buffer layer to enable the stabilization of the perovskite phase in
the Y-Bi-O system.

3In later work, Jin et al. [152] showed that a fluorite structure is present within
the interfacial layer. This was resolved by visualization of the oxygen atoms, using
high-resolution STEM. In chapter 2 this result is described more extensively.
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ACCESSING THE ELECTRONIC
BAND STRUCTURE OF BABIO3
AFTER A VACUUM-SUITCASE
TRANSFER

The most direct experimental technique to study the
momentum-resolved electronic structure is angle-resolved
photoemission spectroscopy (ARPES). Since thin films of
BaBiO3 do not withstand conventional surface cleaning
methods, current ARPES results have been so far only
obtained on thin films fabricated in situ. Here, we
demonstrate the successful utilization of a vacuum suitcase
system ensuring the transfer of pristine BaBiO3 thin films
over long distances of about 600 km. By reproducing earlier
results, we show that a vacuum suitcase transfer opens up
the possibility to perform ARPES experiments on numerous
sensitive materials fabricated elsewhere. Additionally, we
show that when BaBiO3 is capped with pure aluminium,
the latter becomes fully oxidized. However, the oxygen
vacancies induced in the BaBiO3 films do not form metallic
states – providing evidence against the formation of a
two-dimensional electron gas. This could be due to a
possible enlargement of the band gap size, in agreement with
the recently observed “antidoping” effect.1

1The content of this chapter is submitted for publication as: Rosa Luca
Bouwmeester, Maximilian Thees, Pedro H. Rezende-Gonçalves, Ji Dai, Franck
Fortuna, Emmanouil Frantzeskakis, Patrick Le Févre, François Bertran, Gertjan
Koster, Alexander Brinkman, Andrés F. Santander-Syro, Accessing the electronic
structure of sensitive functional oxides: the example of BaBiO3 thin films transported
by ultra-high-vacuum suitcase.
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4.1 INTRODUCTION

Oxide perovskites are a broad family of materials already found in nume-
rous applications, especially in the form of thin films [70]. In particular,
BaBiO3 (BBO) is used in photoelectrochemical water splitting proces-
ses [163], as potential absorber in a full-oxide solar cell [151], becomes a
high-Tc superconductor when doped with holes [109, 203], and it is theore-
tically predicted to be a topological insulator when doped with
electrons [51]. However, its electronic structure is still not completely under-
stood. From a simple ionic picture, metallic behavior is expected because of
a half-filled 6s orbital of the Bi ion [104]. Nevertheless, experimental results
show insulating behavior [102, 118, 126].

After a long-standing debate concerning the unexpected insulating
character of BBO, the most recent results point towards a bond dispropor-
tionated state as the mechanism responsible for the energy gap forma-
tion [115, 116, 136, 138, 140]. The compound decreases its total energy
by forming different local environments, with alternating contracted and
expanded oxygen octahedra (from now on referred to as the oxygen
breathing mode) [140]. In this picture, all Bi ions have a valence state of
3+ and a ligand hole pair, that sits on the spatially contracted octahedra,
which is compensating for the missing charge [116]. Experimentally, this
was confirmed by the observation of a hole density in the O 2p ground state
of BBO single crystals [138]. The bond disproportionated state is accompa-
nied by an oxygen breathing mode, as experimentally shown in BBO thin
films [118, 122, 123, 150] and schematically depicted in Fig. 4.1(a). Theore-
tical studies show that the inclusion of the oxygen breathing mode induces
an energy gap in the band structure of BBO [116].

Angle-resolved photoemission spectroscopy (ARPES) allows to directly
image the electronic band structure of a material. Previous ARPES studies
on in situ fabricated BBO thin films unveiled the energy-momentum disper-
sion of its highest occupied band, and showed that it corresponds to an O 2p
state [120, 121], in agreement with the proposed bond disproportionation.

ARPES is very surface sensitive, which makes it challenging to use on
materials that cannot be easily cleaved in situ [107, 204, 205, 206, 207]. In
situ fabricated films could be therefore a solution [120, 121, 208], but unfor-
tunately in situ fabrication equipment is rarely available in current ARPES
setups, and not straightforward to realize and adapt to multiple materials.
Other than in situ fabrication, alternative methods to obtain clean surfaces
of functional oxides comprise, such as annealing in ultra-high vacuum [209]
and sputtering-annealing cycles [205, 209]. However, annealing can result
in the creation of oxygen vacancies, which can be the source of new pheno-
mena, like the formation of surface two-dimensional electron gases
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FIGURE 4.1: (a) The crystal structure of BBO is schematically depicted. The
oxygen breathing mode is simplistically shown by an alternating expansion
and compression of the oxygen octahedra. The green, blue and red dots
represent the barium, bismuth and oxygen atoms, respectively. The atoms
are not depicted in their realistic radii. (b) The folded Brillouin zone, caused
by the breathing mode. High symmetry points are indicated with red dots
and the corresponding letter.

(2DEGs) [206, 209, 210], but it may also complicate the interpretation of the
intrinsic electronic structure of such oxides [211].

In this chapter, we present an additional possibility, namely the use of an
ultra-high-vacuum suitcase. We show that it is possible to perform ARPES
measurements on thin films that are fabricated elsewhere and subsequently
transported for over 600 km using a vacuum suitcase in order to preserve
ultra-high vacuum conditions. By means of the aforementioned fabrication-
transport-measurement protocol, we observe an electronic band structure
on BBO thin films that is comparable to earlier works. It is shown that
traditional methods to obtain clean surfaces, such as annealing, do not
suffice for this material system. Various film thicknesses are studied, all
showing similar band dispersions – although there is a clear effect of the
thickness-dependent surface roughness. Furthermore, when BBO is capped
with a pure aluminium layer, a fully oxidized Al core level is detected,
meaning that oxygen vacancies (hence electron doping) were induced in the
BBO film. However, no metallic states are observed, which is in agreement
with the recently observed antidoping effect in BBO. Our results prove that
a vacuum suitcase transfer is a viable option to study the electronic structure
of BBO thin films and other complex materials that cannot be fabricated in
situ.
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FIGURE 4.2: (a-c) RHEED images taken directly after deposition and
cooldown of the BBO films with thicknesses of 9, 20 and 120 u.c., respectively.
(d-f) Ex situ AFM images of the 9, 20 and 120 u.c. thick films, respectively.
All images show an area of 3 ⇥ 3 µm, the scale bar is one fourth of the image
width.

4.2 EXPERIMENTAL DETAILS

The BBO films are fabricated by pulsed laser deposition (PLD) using a
stoichiometric BBO target (purity 99.99%). The growth parameters are as in
a previous work [27]:2 an O2 background pressure of 10�2 mbar, substrate
temperature of 500�C and laser fluency of 1.9 J cm�2. Niobium-doped
SrTiO3(001) (Nb:STO) substrates, with a doping level of 0.5 wt%, were used.
TiO2-terminated surfaces were accomplished by following the recipe
from [191], only the annealing temperature was changed to 930�C.

The BBO films studied have thicknesses of approximately 9, 20 and
120 unit cells (u.c.) – as characterized in an earlier work [27]. Directly after
deposition and cooldown, an image of the reflection high-energy electron
diffraction (RHEED) pattern was taken. Fig. 4.2(a, b, c) shows the RHEED
images for BBO films with thicknesses of 9, 20 and 120 unit cells. All images
were acquired under high vacuum conditions, average 5.0 · 10�7 mbar.

2Also presented in chapter 3.
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After the sample fabrication at the University of Twente, the BBO thin
films were directly transferred in a vacuum suitcase, which had a base
pressure of 7.7 · 10�11 mbar. Subsequently, the suitcase was disconnected
(at a pressure of 8.8 · 10�11 mbar) and transported to the synchrotron
SOLEIL in France. Meanwhile, the suitcase was pumped by a battery-
powered non-evaporable getter (NEG) pump to maintain the vacuum in
the ultra-high vacuum (UHV) range.

During all time, the pressure was below the limit of the pressure readout,
which was 5.0 · 10�9 mbar. When the suitcase was connected to the experi-
mental station at SOLEIL, the UHV chamber used for the connection had to
be baked out at a temperature of approximately 120�C in order to ensure a
uniform pressure during the installation of the samples into the measure-
ment chamber. After bake out, the pressure in the suitcase was again below
5 · 10�9 mbar and the samples could be transferred into the measurement
chamber.

The ARPES experiments were performed at the high-resolution beam-
line CASSIOPEE of the synchrotron SOLEIL, France. The ARPES setup is
equipped with a hemispherical analyser and a vertical slit. The vacuum
pressure in the ARPES measurement chamber was around 5 · 10�11 mbar
during all measurements. Typical sample temperatures, energy and angle
resolution were, respectively, 20 K, 20 meV and 0.2�. Photon energies were
hn = 67.5 eV and 120 eV. Data were typically acquired with linear verti-
cal (LV) polarized light, unless otherwise stated.

4.3 DISPERSION SPECTRA OF CLEAN
BABIO3 THIN FILMS

The BBO thin films have an insulating character [126] and are therefore
prone to charging. By using the Ba 5p1/2 core level positions (9 and 20 u.c.
films, binding energy Eb = 17.0 eV [212]) and the valence band maxima
(VBM) (120 u.c. film) as a reference, we have verified that the deduced work
function matches well the work function of the electron analyser with an
accuracy in the order of 0.1 - 0.2 eV.

In Fig. 4.3, the energy-momentum intensity maps along X-G-X are
presented for the different BBO films with various thicknesses. The high-
symmetry points in the Brillouin zone are shown in Fig. 4.1(b). Every
column shows a different thickness, from left to right the 9, 20 and 120 u.c.
thick BBO films are depicted. To better represent the dispersive features,
Fig. 4.3(d, e, f) show the two-dimensional (2D) curvature on the ARPES
maps of Fig. 4.3(a, b, c) [213].

For the thickest BBO film of 120 u.c., see Fig. 4.3(c) and (f), the dispersive
bands are hardly visible. This is because of a larger surface roughness than
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FIGURE 4.3: ARPES energy-momentum intensity maps along X-G-X for
different thicknesses of BBO thin films. (a) Dispersion spectrum for a film
with a thickness of 9 u.c., taken at hn = 67.5 eV, (b) with a thickness of
20 u.c., taken at hn = 120 eV, (c) with a thickness of 120 u.c., taken at
hn = 67.5 eV. (d-f) show the result of the 2D curvature method [213] on the
corresponding ARPES intensity maps [panels (a-c)] in order to enhance the
intensity of broad/weak spectral features. To this end, boxcar smoothing was
applied on the raw data with a kernel of the order of 100 meV ⇥ 0.4 Å�1.
The 2D curvature free parameter was set to 0.01. Only negative values of
the 2D curvature, which represent maxima in the original data, are shown.
All experiments were performed at a sample temperature of 20 K and with a
linear vertical (LV) light polarization.
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for the 9 and 20 u.c. films, as extracted from the atomic force microscopy
(AFM) images – taken after the ARPES measurements and presented in
Fig. 4.2(d, e, f). The root-mean-square (RMS) roughnesses are 0.93 nm,
1.49 nm and 2.90 nm for the 9, 20 and 120 u.c. thick films, respectively. The
RHEED images also show an increasing roughness. The 9 u.c. film shows
sharper features than the 120 u.c. film, which is an indication of a smoother
surface [176].

The highest occupied band, dispersing upwards in energy from G to X,
has a maximum at 1.9 eV below the Fermi energy (EF). Within the valence
band, from �4 eV to approximately �6.5 eV, no individual dispersing bands
were observed. Another dispersing electron-like band is present, with a
minimum situated at G and an energy of �7.7 eV. From there, it disperses
upwards in energy in the direction of X and merges with the other valence
band states. These highly dispersive bands are similarly observed for all
three thicknesses of the BBO films studied.

The dispersions observed are comparable to earlier ARPES experi-
ments [120, 121] and theoretical tight-binding (TB) results [116]. However,
the energy position of the VBM is rather different. Oh et al. [121] showed
a similar VBM at �1.9 eV, but Plumb et al. [120] observed an occupied
band with a maximum at �0.4 eV. This inconsistency might be attributed
to how the system was given a conducting layer. To prevent large charge
effects, since BBO is an insulating material system, different methods are
chosen. Plumb et al. [120] deposited a SrRuO3 buffer layer to overcome
the insulating character of the SrTiO3 substrates that were used, while Oh et
al. [121] and we, in this study, used conducting Nb-doped SrTiO3 substrates.

The difference in the energy value of the highest occupied band does
not necessarily affect the size of the energy band gap. Since ARPES only
probes occupied electronic states, no conclusions can be drawn on the band
gap size. The optical determined gap for both BBO single crystals as well as
for thin films is 2.0 eV [57, 102, 104]. In a recent study [153], a modification
of the band gap size as a function of thickness is observed by means of
scanning tunneling spectroscopy, originating from the suppression of the
oxygen breathing mode.3 Theoretical calculations [116] show an opening of
the band gap upon inclusion of the oxygen breathing mode. Modifications
to the band structure are only observed around W-L of the Brillouin zone,
which is not probed in this study. Therefore, the similarity between the
electronic band structures of the three thicknesses studied is as expected.

Fig. 4.4 presents an in-plane constant energy map of the 9-unit-cell-thick
BBO film, measured at a binding energy of 1.9 eV. The alternation of the
chemical surroundings between neighbouring lattice points caused by the
oxygen breathing mode expands the lattice periodicity to face-centered
cubic (FCC) symmetry. The red octahedron in Fig. 4.4 shows the Brillouin

3This publication is presented in chapter 5.
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FIGURE 4.4: A constant energy map, measured at E � EF = �1.9 eV for
the BBO film with a thickness of 9 unit cells. The photon energy was set to
67.5 eV, polarization to LV, with a sample temperature of 20 K and an angle
steps of 0.3�. The red octagon represents the folded Brillouin zone, due to the
oxygen breathing mode. The blue line denotes a cut taken along W-K-G-X-W,
the corresponding momentum-resolved photoelectron intensity can be found
in Fig. 4.5.

zone corresponding to the FCC lattice. The constant energy map shows
an octagonal symmetry within the (001) G-plane of the Brillouin zone, as
expected from the crystal structure of BBO [27, 76, 122] and consistent with
earlier ARPES results [120, 121]. The energy-momentum intensity spectrum
along W-K-G-X-W, corresponding to the high-symmetry points indicated in
Fig. 4.1(b), is presented in Fig. 4.5.

4.4 EFFECT OF A FLASH ANNEALING

The data discussed so far are measured on BBO films which have been
transferred to the experimental endstation using the UHV suitcase without
any further treatment. In order to assess the effect of an in situ annealing,
the 20-unit-cell BBO film was afterwards mildly annealed to investigate the
effect of in situ surface treatment. The base pressure was 1.0 · 10�9 mbar.
The power of the heat source was gradually increased during 8 minutes,
while at the same time the pressure in the chamber reached a maximum
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FIGURE 4.5: Band dispersions along W-K-G-X-W, cut from the constant
energy map presented in Fig. 4.4. The BBO film thickness is 9 u.c., a
photon energy of 67.5 eV and an angle step of 0.3� were used. The sample
temperature was 20 K.

of 1.0 · 10�7 mbar. After 9 minutes, the film and holder started glowing,
known as the Draper point at around 525�C [214]. Finally, three minutes
later, the power of the heat source was slowly decreased.

In Fig. 4.6, the energy-momentum intensity maps before and after the
flash annealing are presented. As can be clearly seen, dispersive bands
are observed before the annealing step. However, after the flash annealing,
these dispersive bands are no longer present. This indicates that the surface
was degraded during annealing, confirming how sensitive these particular
oxide films are to the usual surface cleaning methods, and underlining the
importance of our vacuum suitcase transfer.

4.5 INDUCED OXYGEN VACANCIES AND
THEIR INFLUENCE

Oxygen vacancies have often been responsible for doping effects in transi-
tion metal oxides [206, 209, 215, 216], where the associated electron doping
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FIGURE 4.6: ARPES energy-momentum intensity maps along X-G-X for a
20-unit-cell-thick BBO film (a) before and (b) after a flash anneal. The photon
energy was set to 120 eV and LV polarized light was used while the sample
temperature was 20 K.

often leads to an increase of the conductivity. However, the opposite effect
has also been observed. For example in NdNiO3 [217], doping the system
with oxygen vacancies resulted in a reversed metal-to-insulator transition
and stabilized the insulating phase at room temperature. This phenomenon,
dubbed “antidoping” [218], is explained as a result of electron doping
increasing the band gap size and, therefore, decreasing the conductivity.

In a recent study [219], an increase of the band gap size was shown for
a series of BBO thin films with increasing level of oxygen vacancies. An
analogy could be made with SmNiO3 [220] and SrCoO2.5 [221] in which an
unconventional increase of the band gap has been reported upon electron
doping. Both materials as well as BBO (in the bond disproportionated
picture [116, 140]) have an unoccupied ligand-hole band, the lowest unoccu-
pied band, which forms an isolated intermediate band within the energy
band gap. Antidoping explains the reduction in conductivity as fol-
lows [218]: when electrons dope the system, the lowest unoccupied band
is first occupied, causing these states to merge with the lower-lying valence
band. The intermediate band in the band gap vanishes and, therefore,
results in an enlargement of the size of the band gap.

In an earlier work [209], it was shown that oxygen vacancies can be
created homogeneously on the surface of transition metal oxides, via a redox
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FIGURE 4.7: The BBO film with a thickness of 9 u.c. and a 2 Å
thick aluminium capping layer. (a) The core 2p peak of aluminium,
showing fully oxidized aluminium, measured at hn = 110 eV. (b) The
ARPES energy-momentum intensity map along the X-G-X direction at
hn = 67.5 eV. There is no sign of a dispersive band. Both measurements
were performed with LV polarized light, an angle step of 0.3

� and a sample
temperature of 20 K.

reaction, by depositing an ultra-thin layer of pure aluminium. Since the
binding energy of the metallic and oxidized Al 2p core levels differ by 2.5 eV,
the two can be easily distinguished. By varying the thickness of the Al
capping layer, it was shown that for a thickness of 2 Å the Al oxidizes
fully [209].

Here, we deposit aluminium on top of the 9-unit-cell-thick BBO film,
with a thickness equivalent to a 2 Å layer of pure Al, in order to induce
oxygen vacancies and therefore dope the system with electrons. The alumi-
nium was deposited on the surface by means of thermal evaporation from
a Knudsen cell. First, the Al source was outgassed at a temperature of
1000�C. Subsequently, the deposition rate was calibrated by means of a
quartz balance to have accurate control over the thickness. The capping
layer was deposited with the BBO thin film at room temperature and in
ultra-high-vacuum conditions (maximum 9 · 10�10 mbar), while the tempe-
rature of the Al source was 925�C.

The binding energy of the Al 2p peak in Fig. 4.7(a) is in excellent agree-
ment with the energy value expected for oxidized Al: 74.9 eV in comparison
with 72.5 eV for metallic Al [209]. The absence of a peak that corresponds
to metallic Al is a strong indication that aluminium is fully oxidized on the
surface of the BBO film, hence leading to the formation of oxygen vacancies.
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Fig. 4.7(b) shows an energy-momentum map along X-G-X, where there is
barely any sign of dispersive bands, nor of metallic states crossing the Fermi
energy, that would hint towards the formation of a two-dimensional electron
gas [209]. This is an indication that the oxygen vacancies did not dope the
conduction band, and the resulting electron doping might therefore result
in the antidoping effect, creating an even larger band gap in BBO.

4.6 CONCLUSIONS

In conclusion, we show that ARPES measurements can be performed on
high-quality BBO thin films fabricated at distant geographical locations
thanks to transfer using an ultra-high-vacuum suitcase. The studied sur-
faces retained their cleanliness and order after a vacuum suitcase transfer
from the Netherlands to France. We could reproduce previous ARPES work
on BBO thin films. A flash anneal showed the extreme sensitivity of the
BBO, as afterwards dispersive bands were no longer observed. When
capping a 9-unit-cell-thick BBO film with a 2 Å layer of pure aluminium, it
was found that the aluminium was fully oxidized. Nevertheless, no metallic
states were detected, which possibly hints to the antidoping effect. This
work shows that by making use of a vacuum suitcase, it is possible to per-
form ARPES measurements on sensitive thin films that do not survive
conventional cleaning methods and are fabricated ex situ.



Chapter 5

THICKNESS-DEPENDENT
BAND GAP MODIFICATION
IN BABIO3

The material BaBiO3 is known for its insulating character.
However, for thin films, in the ultra-thin limit, metallicity
is expected because the oxygen octahedra breathing mode
will be suppressed as reported recently. Here, we confirm
the influence of the oxygen breathing mode on the size
of the band gap. The electronic properties of a BaBiO3
thickness series are studied using in situ scanning tunneling
microscopy. We observe a wide-gap (EG > 1.2 V) to
small-gap (EG ⇡ 0.07 eV) semiconductor transition as a
function of a decreasing BaBiO3 film thickness. However,
even for an ultra-thin BaBiO3 film, no metallic state is
present. The dependence of the band gap size is found to
be coinciding with the intensity of the Raman response of
the breathing phonon mode as a function of thickness.1

1The content of this chapter is published as: Rosa Luca Bouwmeester, Alexander
Brinkman, Kai Sotthewes, Thinkness-dependent band gap modification in BaBiO3,
Nanomaterials 11, 882 (2021) [153].



64 Chapter 5. Band gap modification in BaBiO3

5.1 INTRODUCTION

The material system BaBiO3 (BBO) received a lot of attention since it was
first fabricated in 1963 [128] and is currently applied in various fields as
in photoelectrochemical water splitting processes [163] and as an absorber
in solar cells [151]. In a simple ionic picture, a Bi4+ ion is expected to be
present. Its half-filled 6s shell would make BBO metallic [56, 101, 108, 109].
Contrary, experimental results showed an insulating character [58, 101, 102]
with an optical observed bulk band gap of 2 eV [57, 104, 105], raising the
question what mechanism is responsible for its insulating behavior. When
more studies were performed, it was discovered that BBO became super-
conducting upon hole doping [56, 57, 108, 109, 203, 222]. With optimum
lead or potassium doping, critical temperatures of 13 K [109] and 30 K [203],
respectively, were achieved. It is still an open question why BaPb1�xBixO3
and Ba1�xKxBiO3 become superconducting. A possible explanation might
be related to the mechanism causing the unexpected insulating behavior in
BBO. In this chapter, the electronic properties are studied to shine a new
light on the mechanism responsible for the insulating character.

At first, a charge disproportionation, with alternating 3+ and 5+ valence
states of the Bi atom, was given as the origin of the insulating behavior [101,
103, 104, 114]. Subsequently, others claimed the oxygen breathing mode
[102, 105, 110, 111] – where the oxygen octahedra contract and expand – to
be responsible for the band gap formation in BBO. In a more recent view,
a strong hybridization between the Bi 6s and O 2p states creates a bond
disproportionation [115, 116, 136]. Here, all bismuth ions have an oxidation
state of 3+ [116, 140], but different local environments. A hole pair sits on the
contracted oxygen octahedra [116], explaining the experimentally observed
two different Bi-O bond lengths [101, 103, 104]. In experimental work, the
presence of an oxygen 2p hole density in the ground state was observed
for BBO single crystals [138] and a Bi core level analysis of BBO thin films
revealed the presence of solely Bi3+ ions [120], both agreeing with the theo-
retically proposed bond disproportionated picture.

In both the charge disproportionated and bond disproportionated
picture, the oxygen octahedra breathing mode is present. The appearance
of this breathing mode combined with octahedra tilting distortions cause a
phase transition from a cubic to a monoclinic structure [114]. When conside-
ring the thickness of the BBO films as a degree of freedom, it was found
that for films thinner than 9 unit cells (u.c.) the structure transforms from a
tetragonal to a cubic phase [122], hinting towards suppression of the oxygen
breathing mode. Theory shows a closing of the band gap when the oxygen
octahedra breathing mode is excluded and a cubic BBO crystal structure is
considered [116]. Nevertheless, no electrical properties were determined for
any of these ultra-thin BBO films in order to confirm the presence or absence
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of a thickness-dependent insulator-to-metal transition.
Furthermore, with a Raman spectroscopy experiment on the same

series of BBO films, suppression of the breathing phonon intensity was
observed as a function of thickness. Repeating the experiment for BBO
films deposited on a double buffer layer template of BaZrO3 and BaCeO3,
a suppression of the breathing phonon intensity was not observed until
6 u.c. [150]. When BBO films were deposited directly on a Nb-doped
SrTiO3(001) substrate, the breathing phonon intensity was present till a
thickness of 7 u.c. [123]. However, it was concluded that the loss of response
intensity was caused by a reconstruction layer at the interface (see Ref. [76]
and chapter 3), rather than by suppression of the oxygen breathing mode.

In this chapter, we study the electronic properties of a BBO thickness
series by in situ scanning tunneling spectroscopy (STS) experiments. We
found that the size of the band gap (EG) depends on the thickness of the BBO
film and shrinks from EG > 1.2 V for a 16-unit-cell-thick film to EG ⇡ 0.07 eV
for a film with a thickness of 3 unit cells. A c(4 ⇥ 2) surface reconstruction
confirms the presence of a perovskite structure.

5.2 FABRICATION OF THE BABIO3 THICKNESS SERIES

BBO films are fabricated with thicknesses (dBBO) of 4, 10 and 16 u.c. on
TiO2-terminated, 0.5 wt% Nb-doped SrTiO3(001) substrates (Nb:STO) from
CrysTec GmbH. To obtain a TiO2 single-terminated surface, a wet etching
step of 30 seconds in a buffered hydrogen fluoride solution was perfor-
med [191]. Subsequently, the substrates were annealed for 1.5 hours in a
furnace with a continuous oxygen flow at 930 �C. Afterwards, the surface
quality was checked with an atomic force microscope (AFM). A 4 ⇥ 4 µm
image of a Nb:STO is presented in Fig. 5.1(a), nicely arranged terraces are
observed. The height profile, see Fig. 5.1(b) and corresponding to the black
line in (a), shows straight terraces with a step height of approximately 0.4 nm
– in good agreement with the STO bulk lattice constant of 3.905 Å [67].

The films were fabricated by pulsed laser deposition (PLD) using a
stoichiometric in-house-made BaBiO3 target (purity 99.99%). The growth
conditions of the BBO films were the same as reported in earlier work [27].2
During the deposition, the growth of the BBO films was monitored by
reflection high-energy electron diffraction (RHEED). In Fig. 5.2(a-c) the
RHEED patterns of the BBO films with thicknesses 4, 10 and 16 u.c., respec-
tively, are presented. The images are taken after a cooldown in high-vacuum
conditions (average pressure of 3 · 10�7 mbar). In Fig. 5.2(d) the diffraction
pattern of the Nb:STO substrate is shown. In Fig. 5.2(e), the intensity of
the main diffraction spot, that was monitored during growth, is presented

2Also presented in chapter 3.
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FIGURE 5.1: (a) AFM image of a Nb-doped STO(001) substrate. The
root-mean-square (RMS) roughness is 168 pm (4 ⇥ 4 µm, scale bar 1 µm).
(b) The height profile corresponding to the black line in (a), confirming the
TiO2 single-terminated surface.

as function of time. The red, blue and black curve correspond with the 4-,
10- and 16-unit-cell-thick BBO films, respectively. The small black arrows
indicate when the intensity is manually de- or increased.

Subsequently, the BBO samples were transferred in situ to an
Omicron nanoprobe scanning tunneling microscope (STM) (with a base
pressure of 1 · 10�10 mbar, using chemically etched tungsten tips). The
measurements were acquired at room temperature. All voltages refer to the
tip bias voltage with respect to the sample. The dI

dV (V) curves were recorded
using a lock-in amplifier ( f = 1763 Hz, VAC = 30 mV). In addition, I(V)
curves were recorded and used for calibration of the dI

dV (V) curves. In order
to compare the band gap obtained from the different samples, the curves
are normalized with respect to each other. By plotting the corrected I(V)
spectra on a semi-logarithmic scale, the band gap is determined by taking
the average voltage separation between the conduction and valence band
current onsets at the lowest detectable current (detection limit approxima-
tely 500 fA) [223, 224, 225], as explained in more detail in the Appendix 5.A.
The topography images, presented in Appendix 5.B, show that the tip was
in a good condition and results could be reproduced.

5.3 SURFACE RECONSTRUCTION CONFIRMS
THE PEROVSKITE STRUCTURE

Fig. 5.3(a) shows the surface of the 10-unit-cell-thick BBO film on Nb:STO.
The corresponding height profile across the surface is presented in Fig. 5.3(b)
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FIGURE 5.2: (a-c) RHEED images of the diffraction patterns of the 4-, 10-
and 16-unit-cell-thick BBO films, respectively. The images are taken after
the samples were cooled down and in high-vacuum conditions. (d) RHEED
pattern of the Nb-doped STO(001) substrate used for the 4 u.c. BBO film,
taken at room temperature in high-vacuum conditions. (e) The intensity of
the main diffraction spot of the RHEED pattern is monitored during growth.
The red, blue and black curves correspond to the 4-, 10- and 16-unit-cell-thick
BBO films, respectively. The small black arrows indicate when the RHEED
intensity was manually adjusted.

and reveals a step height of approximately 4.5 Å. This is consistent with a
single unit cell of BBO (a = 4.35 Å) [27]. Fig. 5.3(c) shows a zoomed image of
the BBO surface. The observed pattern of atoms corresponds to a c(4 ⇥ 2)
surface reconstruction, the diamond-shaped orange lines indicate its unit
cell. The same surface reconstruction is also found for the 4-unit-cell-thick
BBO film, shown in Fig. 5.4. The image is slightly distorted due the presence
of a double tip. In Fig. 5.3(e) the surface reconstruction on the BBO surface is



68 Chapter 5. Band gap modification in BaBiO3

(b)

(c)(a)

0 5 10 15 200

250

500

x [nm]

z 
[p

m
]

(d)
(d)(e)

FIGURE 5.3: (a) Topography image (20 ⇥ 7 nm, scale bar 4 nm) of
the 10-unit-cell-thick BBO film on Nb:STO showing a stepped surface.
(b) Cross-sectional height profile along the corresponding light blue line
segment in (a). The step height is approximately 4.5 Å. (c) Zoomed image
(5 ⇥ 5 nm, scale bar 1 nm) showing the c(4 ⇥ 2) surface reconstruction, the
diamond-shaped orange lines indicate the unit cell. Inset: The corresponding
FFT showing a threefold symmetry with a periodicity of 1 nm. (d) Schematic
of the cubic perovskite BBO unit cell. The gray-shaded area represents an
oxygen octaheder. (e) A top view of the c(4 ⇥ 2) surface reconstruction. The
diamond-shaped orange lines show the unit cell (corresponding to the orange
diamond shape in (c)).

schematically depicted, the orange diamond-shaped lines indicate the unit
cell and correspond to the orange lines in Fig. 5.3(c).

Erdman et al. [226] concluded for the c(4 ⇥ 2) reconstruction on a
STO(001) surface that a stoichiometric TiO2 overlayer was present, consis-
ting of TiO5 edge-sharing polyhedra. Such an overlayer is formed to
stabilize the truncated, corner-sharing octahedra in the surface layer of a
TiO2-terminated STO(001) underneath. Therefore, we propose, in analogy
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FIGURE 5.4: Topography image (40 ⇥ 13 nm, scale bar 5 nm) of the
4-unit-cell-thick BBO film on Nb:STO, showing the c(4 ⇥ 2) surface
reconstruction. The image is slightly distorted due to to the presence of
a double tip. Inset left: Zoomed image (7.5 ⇥ 9 nm) of the c(4 ⇥ 2)
reconstruction. Inset right: The corresponding fast Fourier transform (FFT)
showing the threefold symmetry with a periodicity of approximately 1 nm.
The tunneling parameters are 700 pA and -1.5 V.

with the studies on Nb:STO(001) and STO(001), that a BiO2 overlayer is
present on the surface of BBO, hosting BiO5 edge-sharing polyhedra.

The fast Fourier transform (FFT), shown in the inset of Fig. 5.3(c), has
a threefold symmetry with a periodicity of 1 nm. Note that the underlying
crystal structure is still a fourfold symmetric cubic perovskite structure. The
lattice constant corresponding to a periodicty of 1 nm is 4.35 Å (

p
5 ⇥ 4.35 Å

= 1 nm), which is in agreement with the BBO lattice constant. The surface
reconstruction on the 4-unit-cell-thick BBO film also has a periodicity of
1 nm, see inset of Fig. 5.4. Previous studies on Nb:STO(001) and STO(001)
surfaces revealed the same type of reconstruction, however, with a periodi-
city of 0.88 nm – corresponding to a bulk lattice constant of 3.9 Å [226, 227,
228] matching STO (a = 3.905 Å) [67].

The observation of BBO thin films with a relaxed lattice constant is in
good agreement with our previous study as discussed in chapter 3, where
we show – by means of scanning transmission electron microscopy (STEM)
– that a lattice mismatch of 12% between the STO substrate and BBO film is
accommodated by the formation of an interfacial layer. This was confirmed
by Jin et al. [152], where an interfacial layer with a fluorite structure and
similar thickness is observed at the BBO/STO interface. The interfacial layer
decouples the BBO film from the substrate. The bottommost part is still
strained to the STO substrate, but the subsequent layer is already decoupled
and relieves all strain in a dislocation every ninth unit cell [27]. Therefore,
the substrate does not influence the BBO film.

The BBO film is able to continue its growth without any effects of strain
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in a perovskite structure [27, 152]. Anti-phase boundaries, where a step of
half a unit cell is present, are observed within the BBO film in various STEM
studies [27, 76, 152]. However, this boundary does not disturb the quality
of the film. The suggested suppression of the oxygen breathing mode as
a function of thickness has not yet been observed by STEM. The structural
transition from tetragonal to cubic, as previously observed [122], is too small
to be detected by STEM since it occurs on the picometer range.

The presence of the surface reconstruction, with an identical periodicity
for the 4- and 10-unit-cell-thick BBO films, proves that the underlying
structure in both cases is still the perovskite structure with the relaxed lattice
constant of bulk BBO. The subsequently presented spatially-resolved STS
measurements are, therefore, observing the effect of thickness and not of
substrate-induced strain nor defects.

5.4 ELECTRONIC PROPERTIES OF BABIO3 THIN FILMS

STS was first used to determine the electronic properties of the 16-unit-cell-
thick BBO film. In Fig. 5.5(a), the differential conductance curves ( dI

dV (V))
represent the local density of states (LDOS). A semiconducting characteristic
with a band gap (EG) of 1.2 ± 0.3 eV is observed. From the cross-section
height profile (see Fig. 5.5(b)) variations of 2 nm are observed, which have
no clear spatial-dependent influence on the electronic profile across the
surface. The band gap is asymmetric with the valence band located closer
to the Fermi energy (EF).

In the case of the 10-unit-cell-thick BBO film, the LDOS varies spatially.
Fig 5.6(a) shows the LDOS on various locations on the sample, the colored
dots on the topography image in the inset correspond to colors of the diffe-
rential conductance spectra. On the thicker part of the sample, represented
by the red curve in Fig. 5.6(a), semiconducting behavior is observed – similar
to the profile on the 16-unit-cell-thick BBO film in Fig. 5.5(a). However, the
size of the band gap is reduced to 0.7 ± 0.2 eV.

From the cross-section height profile, see Fig. 5.6(b), it is clear that the
lower region (black dot) is located 1.4 nm (⇡ 3 u.c.) lower with respect to
the higher region (red dot). Note that the exact thickness of the BBO film
is unknown and therefore only relative thicknesses are given. The dI

dV (V)
spectra taken at the lower region of the sample, black curve in Fig. 5.6(a),
reveal a significant reduction of EG. A closer look at the Fermi energy,
depicted in Fig. 5.6(c), shows this even more clearly. The band gap reduces
to approximately 0.10 ± 0.03 eV.

The simultaneously obtained differential conductance (dI/dV) maps,
presented in Fig. 5.6(d), depict the LDOS for the thickness regions at
different bias voltages. A clear correlation is observed between the topo-
graphy, bottommost image, and the LDOS. At non-zero bias voltages, the
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FIGURE 5.5: Differential conductivity spectra
⇣

dI
dV (V)

⌘
on the

16-unit-cell-thick BBO film on Nb:STO(001). A band gap of approximately
1.2 ± 0.3 eV is observed. Inset: Topography image (100 ⇥ 100 nm, scale bar
30 nm). The tunneling parameters are 500 pA and -1.8 V. (b) Cross-sectional
height profile of the corresponding blue dashed line in the inset of (a).

LDOS is much higher at the lower region of the sample compared to the
higher region. At zero bias voltage all the contrast is lost and the regions
can no longer be distinguished, excluding the presence of a metallic state.

In between the two height regions, a transition region is present, indica-
ted by the blue dot in the inset of Fig. 5.6(a) and by the blue curve in (a) and
(c). The size of the band gap depends heavily on the exact location on the
sample, this is better visualized in Fig. 5.6(e). The measured dI

dV (V) curves
are plotted as a function of the distance, the colored dots correspond to the
dots in the inset of Fig. 5.6(a). A continuous but steep transition in the band
gap size is found between the two regions.

To further confirm the observed band gap reduction, the 4-unit-cell-thick



72 Chapter 5. Band gap modification in BaBiO3

-0.8 0.80.0
0

100

200

300

dI
/d

V 
[p

A/
V]

V [V]
-1.5 1.5-1 10

0.0

1.0

0.5

2.0

dI
/d

V 
[n

A/
V]

0 nm

1.5 nm

0 1nA/V

0 3015
x [nm]

-1.0
-0.5
0.0
0.5
1.0

V 
[V

]

(c) (d)(a)

(e)
75 pA/V

0 pA/V

(b)

0 3015
x [nm]

0.0

0.5

1.5

z 
[n

m
] 1.0

-0.5 0.5

1.5

V [V]

1.5 V

1.0 V

0.5 V

0.0 V

-0.5 V

-1.0 V

FIGURE 5.6: (a) Differential conductivity spectra
⇣

dI
dV (V)

⌘
on the

10-unit-cell-thick BBO film on Nb:STO, the curve colors correspond to the
positions (colored dots) marked in the inset. A wide band gap (red) to small
band gap (black) transition is found depending on the thickness of the film.
Inset: Topography image (100 ⇥ 100 nm, scale bar 25 nm) with spectrum
locations marked by the colored dots. The tunneling parameters are 700 pA
and -1.5 V. (b) Cross-sectional height profile, from corresponding blue dashed
line in inset of (a), showing a height difference of 1.4 nm between the higher
and lower region. (c) Zoom-in of the spectroscopy data of (a) revealing a
decrease of the band gap when moving from the higher to the lower region.
(d) dI/dV maps at different bias voltage set points. The lateral position is
aligned with the topography image at the bottom, which is the same as the
inset in (a). An increased LDOS at the lower region of the sample is clearly
visible for V > 1 V. (e) dI

dV (V) cross-section recorded across a transition
region (colored dots correspond to the dots in the inset of (a)). A strong
decrease of the band gap is observed when going from the higher (red dot) to
lower (black dot) region. The black dashed line is a guide to the eye.

BBO film is studied. Fig. 5.7(a) shows the location-dependent differential
conductance curves. The LDOS measured on the higher region of the 4 u.c.
BBO film (red curve in Fig. 5.7(a)) has the same characteristics as the spec-
trum measured on the lower region of the 10-unit-cell-thick BBO film (black
curve in Fig. 5.6(a) and (c)), including a similar band gap of 0.10 ± 0.05 eV.
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FIGURE 5.7: (a) dI
dV (V) spectra on the 4-unit-cell-thick BBO film on

Nb:STO according to the positions (blue and red dot) marked in the inset.
The black curve is taken from Fig. 5.6(c) (the lower region) and rescaled based
on the tunneling parameters. Inset: Topography image (80 ⇥ 80 nm, scale
bar 20 nm) with the spectrum locations marked. The tunneling parameters
are 400 pA and -1 V. (b) dI/dV maps at different bias voltage set points. The
lateral position is aligned with the topography image at the bottom, which
is the same as the inset in (a). The height difference is clearly visible in
the LDOS maps for V � 0.25 V. (c) Cross-sectional height profile from
corresponding blue dashed line in (a), a height variation of maximum 1 nm is
observed. (d) dI

dV (V) cross-section recorded across a transition region (blue
dashed line in the inset of (a)).

For better visualization, the scaled differential conductance spectrum of
Fig. 5.6(c) (black curve) is also plotted in Fig. 5.7(a).

On the region located 1 u.c. lower, see the height profile in Fig. 5.7(c),
the LDOS is altered again (blue curve in Fig. 5.7(a)). In addition to a small
decrease in the size of the band gap (i.e. 0.07 ± 0.04 eV), the band gap is no
longer positioned symmetrically relative to the Fermi energy. A small shift
towards negative voltages is observed (i.e. the conductance band is located
closer to EF), which is most likely caused by band bending. The contact
potential difference between Nb:STO and BBO results in an accumulation
layer of electrons in the BBO film, bending the conduction band towards the
Fermi energy. Fig. 5.7(d) shows the dI

dV (V) as a function of the distance. The
shift of the band gap towards more negative voltages at the lower region



74 Chapter 5. Band gap modification in BaBiO3

(blue dot) is clearly observed.
In Fig. 5.7(b) the spatially resolved LDOS for the 4-unit-cell-thick BBO

film is shown for different bias voltages. Around the Fermi energy, no
contrast is observed, similar as for the 10-unit-cell-thick BBO film (see
Fig. 5.6(d)). Only for V > 0 V, clear correlations are observed between
the LDOS maps and the topography (bottom most image, same as inset of
Fig. 5.7(a)). The higher region (see red dot) has a significantly lower LDOS
than the lower region (blue dot).

5.5 BAND GAP REDUCTION UPON
DECREASING THICKNESS

From the BBO thin film thickness series, we observed the following:
1) a reduction of the band gap as a function of decreasing thickness, 2)
the absence of a metallic state and 3) a monotonous but steep transition
in the band gap size between the different thickness regions. Although an
insulator-to-metal transition was predicted [122], a clear wide-gap
(EG > 1.2 eV) to small-gap (EG ⇡ 0.07 eV) semiconductor transition is obser-
ved as a function of dBBO.

In Fig. 5.8, the band gap sizes are plotted as a function of thickness.
The uncertainty in thickness for the BBO films is determined from AFM
images, presented in Appendix 5.C. The transition from a wide-gap to a
small-gap semiconductor is continuous and gradual.

Recent density functional theory (DFT) calculations in combination with
a tight-binding (TB) model [116] revealed the influence of the oxygen
breathing mode on the band structure of BBO. If the oxygen breathing mode
is absent, a metallic band structure is predicted, while a band gap forms
when the oxygen breathing mode is present. Implying that a semiconductor-
metal transition occurs when the oxygen breathing mode is suppressed, as
we observe as a function of thickness. No metallicity is observed, even for
the 4-unit-cell-thick BBO film, implying that the oxygen breathing mode is
not fully suppressed.

On the right axis of Fig. 5.8, the intensity of the Raman response of the
breathing phonon mode (Iph) is plotted (data from Ref. [123]). A coinciding
dependence between EG and Iph as a function of the BBO film thickness is
observed. Synchrotron x-ray diffraction and Raman spectroscopy experi-
ments suggest that the strength of the oxygen-breathing mode is decreasing
with thickness [122, 123, 150]. Therefore, we conclude that the closing of the
band gap originates from the suppression of the oxygen breathing mode as
a function of thickness.

For increasing thickness, around a thickness of 8 u.c., both the band gap
size and the breathing phonon intensity start to increase. In both cases, the
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FIGURE 5.8: The band gap (left axis, black circles) and the relative intensity
of the Raman response of the breathing phonon mode (Iph) (right axis, red
squares, taken from Ref. [123]) as a function of the BBO film thickness
(dBBO). A similar trend is found for EG and Iph. The x-axis error bar is the
root-mean-square (RMS) roughness extracted from atomic force microscopy
images (see Appendix 5.C).

BBO films remain insulating up to the ultra-thin limit of dBBO = 3 u.c. In
addition, no step-like suppression in the breathing phonon mode intensity
or the band gap is observed, in good agreement with previous studies [122,
123, 150]. The observed c(4 ⇥ 2) surface reconstruction on the BBO films
with thicknesses of 4 and 10 u.c., confirms the underlying structure is the
perovskite structure and not an interfacial layer [27, 152] and the identical
periodicity proves that no substrate-induced strain effect is present.

The influence of the breathing phonon mode on the band gap also
explains the discrepancy between the observed band gap of the 16-unit-cell-
thick BBO film (shown in Fig. 5.5) and the optical determined band gap on
BBO (1.2 eV versus 2.0 eV) in previous studies (for single crystals [104, 105]
and for films with dBBO > 300 nm [57]). This discrepancy is a consequence of
the thickness-dependent band gap variation. In Refs. [122, 123], it is clearly
shown that the BBO breathing phonon intensity was already affected for
BBO thicknesses of 30 u.c. Therefore, the band gap on the 16-unit-cell-thick
BBO film is already reduced and not reaching the optically measured 2 eV
band gap.
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5.6 CONCLUSIONS

In conclusion, by combining STM and STS, we observed a thickness-
dependent wide-gap to small-gap semiconductor transition in BBO thin
films. For dBBO ⇡ 16 u.c., a band gap of 1.2 ± 0.3 eV is observed. With
a reduction of the film thickness, the band gap shrinks to approximately
0.07 ± 0.04 eV for a 3-unit-cell-thick BBO film. No metallic state was
detected in the ultra-thin limit. The transition is continuous and gradual
and shows a coinciding dependence with the intensity of the Raman res-
ponse of the breathing phonon mode as a function of thickness. A c(4 ⇥ 2)
surface reconstruction is observed on the 4- and 10-unit-cell-thick BBO films,
confirming the perovskite structure with the correct lattice constant under-
neath, excluding the influence of substrate-induced strain. The presented
results show that the suppression of the oxygen breathing mode as a
function of thickness is responsible for the modification of the band gap
size.
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FIGURE 5.A.1: (a-c) I(V) curves recorded on the 10- and 16-unit-cell-thick
BBO sample. (a) The original I(V) curves. (b) The corrected I(V) curves,
scaled to the set point used for the I(V) curse obtained on the 10 u.c.
BBO film. (c) I(V) curves on semi-logarithmic scale, the gray-colored bars
represent the band gap of the various measurements. (d-f) I(V) curves
recorded on the 4 and 10 u.c. BBO films. (d) The original I(V) curves.
(e) The corrected I(V) curves. (f) I(V) curves on the semi-logarithmic scale.

5.A BAND GAP DETERMINATION

In order to properly compare the band gap measured on the different
samples, the I(V) curves are first scaled to the same set point. In
Fig. 5.A.1(a-c) the 10- and 16-unit-cell-thick BBO films are compared. Since
it was not possible to use the same scan settings on both surfaces, the I(V)
spectrum of the 16 u.c. BBO film is scaled to the set point used for the
I(V) curves obtained on the 10 u.c. BBO film (I = 700 pA and V = �1.5 V,
Fig. 5.A.1(b)). The size of the band gap (EG) is determined for all measure-
ments by plotting the corrected I(V) spectra on a semi-logarithmic scale
(see Fig. 5.A.1(c)) and, subsequently, taking the average voltage separation
between the conduction band and valence band current onsets at the lowest
detectable current (detection limit approximately 500 fA) [223, 224, 225].

From this measure a difference in the band gap is obtained between the
10 and 16 u.c. BBO films (shown in Fig. 5.A.1(c)). A similar approach is used
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to compare the 4 and 10 u.c. BBO samples, presented in Fig. 5.A.1(d-f). The
obtained I(V) curve on the 10-unit-cell-thick BBO film is scaled with respect
to the I(V) curve measure on the 4-unit-cell thick BBO film (I = 400 pA and
V = �1 V). Although the absolute value for the band gap extracted from
STS spectra depends slightly on the chosen scan parameters, the increasing
trend between the thickness and the size of the band gap (Fig. 5.8) remains
unaffected.

5.B TOPOGRAPHY AND SPECTROSCOPY

Some of the topography images look a little bit scratchy, even though the
measurements are repeatedly performed with different tips and scanners
(the measurements are performed in the nanoprobe STM which contains
four independently operating scanners). In order to exclude the possibility
that the tips are contaminated, topography and spectroscopy data is presen-
ted in Fig. 5.B.1, taken before and after scanning on Au(111).

In Fig. 5.B.1(a), a topography scan on a 10-unit-cell-thick BBO sample
is presented. The topography looks a bit scratchy, but terraces are still
visible. The measured I(V) curve is displayed in Fig. 5.B.1(d) and shows the
presence of a band gap. After the measurement on the BBO film, the sample
was replaced by Au(111) (see Fig. 5.B.1(b)). Several steps are visible and on
the terrace the herringbone reconstruction is present [229], indicating that
the quality of the tip is good. Also, a metallic spectrum is measured in the
I(V) measurement, presented in Fig. 5.B.1(e).

Subsequently, the 10-unit-cell-thick BBO film is scanned. A higher
quality topography scan is obtained, see Fig. 5.B.1(c), with a similar spectros-
copy measurement (Fig. 5.B.1(f)) as initially observed on BBO (Fig. 5.B.1(d)).
Although the same tip and tunneling parameters are used, the image quality
is slightly improved implicating that the scratchy topography appearance is
not caused by the tip quality but reflects the state of the surface. Further-
more, the topography image of Fig. 5.B.1(a) (and also of Fig. 5.6 and Fig. 5.7)
look very similar to the topography images scanned with the AFM and
presented in Fig. 5.C.1, suggesting that it is a not a tip artefact that is
measured.
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FIGURE 5.B.1: Topography and spectroscopy data on 10-unit-cell-thick
BBO films. (a) Topography of the BBO surface (200 ⇥ 200 nm, scale bar
is 50 nm). (b) Topography image of Au(111) to show that the tip was in a
good condition (100 ⇥ 100 nm, scale bar is 25 nm). (c) Topography scan of a
10 u.c. BBO film after scanning the Au(111) surface (20 ⇥ 20 nm, scale bar
5 nm). The BBO surface reconstruction is visible. (d-f) The corresponding
I(V) curves measured on the positions marked in panels (a-c), respectively.

5.C SURFACE ROUGHNESS

To determine the surface roughness, the BBO films were studied with AFM.
First, a 4-unit-cell-thick BBO film was removed from the vacuum, the result
is presented in Fig. 5.C.1(a) and (d). The substrate terraces are still visible,
but when scanning a smaller area some roughness is observed. The root-
mean-square (RMS) roughness is 150 ± 20 pm.

The same is performed for a 10- and a 16-unit-cell-thick BBO film, see
Fig. 5.C.1(b, e) and (c, f), respectively. The average RMS roughnesses are
200 ± 20 pm and 350 ± 20 pm for the 10 and 16 u.c. BBO films, respectively.
The RMS values are used as a measure for the x-axis error bars in Fig. 5.8.
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FIGURE 5.C.1: AFM images of (a, d) a 4 u.c., (b, e) a 10 u.c. and (c,
f) a 16 u.c. BBO film. The area is (a, b, c) 750 ⇥ 750 nm and (d, e,
f) 200 ⇥ 200 nm, the scale bars are equal to a quarter of the image size. The
RMS values are 150 ± 20 pm, 200 ± 20 pm and 350 ± 20 pm, respectively,
for the 4, 10 and 16 u.c. films.



Chapter 6

IS THE OXYGEN OCTAHEDRA
BREATHING MODE IN BABIO3
STRUCTURALLY OBSERVABLE?

The oxygen octahedra breathing mode is present in BaBiO3
single crystals and thin films and causes a structural
transition from a cubic to monoclinic structure. Recent
experimental results point towards a suppression of the
breathing mode with decreasing film thickness. However,
this is not yet observed structurally. X-ray photoelectron
diffraction is an excellent technique to study the crystal
structure and possible distortions in an element-specific
fashion. Its surface-sensitive character opens up the
possibility to perform experiments on ultra-thin films
without probing the substrate underneath. Furthermore,
degradation of BaBiO3 thin films is not an obstacle since
in situ transfer from the fabrication chamber to the x-ray
photoelectron diffraction setup is possible. In this chapter,
the working principle of x-ray photoelectron diffraction
is described and the data analysis required afterwards is
discussed. Furthermore, experimental results are compared
with multiple-scattering simulations. X-ray photoelectron
diffraction interference patterns are obtained for various
thicknesses of BaBiO3 thin films. Although, indications for
the presence of the oxygen octahedra breathing mode are
observed, it remains challenging to quantify the suppression
of the breathing mode as a function of thickness.
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6.1 INTRODUCTION

The material system BaBiO3 (BBO) is extensively discussed in the previous
chapters. In chapter 5, a modification of the band gap size as a function
of the BBO film thickness was observed by means of scanning tunnelling
spectroscopy (STS) experiments. It is shown that the suppression of the
oxygen breathing mode, defined by octahedra that expand and contract
alternately around the Bi atom, is responsible for the decreasing band gap
size upon decreasing film thickness. The BBO crystal structure without
and with breathing mode is schematically depicted in Fig. 6.1(a) and (b),
respectively.

The oxygen breathing mode is a structural and static distortion [104,
150] that causes a doubling of the unit cell parameters [118, 122, 163]. There-
fore, it is expected that the oxygen breathing mode is directly observable
using experimental techniques that characterize the crystal structure of a
material system. The length scale at which the oxygen breathing mode takes
places makes it, nevertheless, challenging. In theoretical work, a deviation
in the oxygen position as small as 0.1 Å is already enough to open up a
significant energy gap in the band structure of BBO [116]. Additionally,
to observe the suppression of the oxygen breathing mode as a function of
thickness, techniques that are sensitive for a few monolayers are required.

A technique used for structural characterization is x-ray diffrac-
tion (XRD) [194, 230, 231]. In laboratory setups, a Cu source is often available
for the generation of x-rays. By using an additional monochromator, letting
only the Cu Ka energy go through, a well-defined wavelength of
l = 1.5406 Å is obtained. As XRD is not surface sensitive [232], it is an
unsuitable technique to study the breathing mode in ultra-thin BBO films.
Previously, Raman spectroscopy and synchrotron diffraction experiments
were combined to detect the thickness-dependent suppression of the
breathing mode in BBO thin films [122], but a direct observation is still
lacking.

In this chapter, we look into the possibility of observing the oxygen
breathing mode using x-ray photoelectron diffraction (XPD). Since it is
connected to the pulsed laser deposition (PLD) system used to fabricate
the BBO thin films, the degradation effects that occur under atmospheric
conditions [139] are not an issue. First, XPD is introduced as a technique.
Second, the data analysis required is discussed by using a measurement on
a Nb-doped SrTiO3(001) (Nb:STO) substrate as an example. Subsequently,
multiple-scattering simulations are explained and compared to the experi-
mental results. Lastly, it is discussed how to confirm the presence and
quantify the strength of the oxygen breathing mode in BBO thin films by
comparing experimental results and theoretical cluster calculations.
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FIGURE 6.1: The crystal structure of BBO schematically depicted. In (a)
all oxygen octahedra have identical sizes. In (b) an oxygen breathing mode
is present and the octahedra are alternately expanded and contracted around
the Bi atom. The elements are indicated in the legend and not depicted in
their realistic radii.

6.2 X-RAY PHOTOELECTRON DIFFRACTION

XPD is an element sensitive technique, which can be used to determine
the crystal structure of a thin film. Originally, XPD is used to study the
orientation of small molecules on a surface [233, 234, 235]. In more recent
work, the structural transition from a planar- to chain-type SrCuO2 crystal
structure was observed upon decreasing film thickness by using XPD among
other techniques [236] as well as the presence of the tetragonal structure
in CuO thin films [237]. Furthermore, for ultra-thin PbTiO3 (PTO) films,
the ferroelectric configuration was determined by combining experimental
and simulated XPD results [238, 239]. In other fields, for example organic
chemistry, XPD also proved to be useful when observing the light-induced
trans to cis isomerization of azobenzene [240]. Despite its possibilities, the
technique is not used often due to complexities in both the experimental
setup and the data analysis.

In a very general picture, XPD can be described as angle-dependent
x-ray photoelectron spectroscopy (XPS). In the ’80s, XPD was even referred
to as angle-resolved XPS in literature [233, 241, 242]. Just as in XPS, photo-
electrons are generated by means of the photoelectric effect [234]. Both
techniques are surface sensitive due to a limited mean escape depth (MED)
of approximately 20 Å [238]. The MED depends on the material of interest
and measurement conditions, such as the emission angle of the photo-
electrons [243].



84 Chapter 6. Structural observation of the breathing mode

FIGURE 6.2: The XPD system. (a) A schematic drawing of the XPD setup,
the degrees of freedom are indicating by the green arrows. The yellow arrows
represent the incoming photon beam and outgoing photoelectrons. (b) Photo
of the experimental XPD setup, in situ connected to the PLD chamber.

When inelastic scattering is ignored, the effective probing depth is
calculated by [193, 243]

I = I0e�d/l cos q (6.1)

with I the intensity originating from the emitted photoelectrons and Auger
electrons [244], I0 the original signal intensity (for example from a bare
substrate), d the probing depth, l the inelastic electron mean free path and
q the angle of the emitted photoelectron with respect to the surface
normal [193, 243].

From the measured kinetic energy (Ek) of the excited photoelectron, the
element specific binding energy (Eb) of the emitting atom is calculated [245,
246, 247, 248] by

Ek = hn � Eb � F (6.2)

where hn is the energy of the incoming photons and F is the work function,
which is the minimum energy necessary for an electron to leave the
surface [193].

In 1970, Siegbahn et al. [249] were the first to investigate the angular
dependence of the excited photoelectrons. By varying the incoming photon
angle, the chemical composition can be studied as a function of depth [250].
During an XPD measurement, the sample is rotated with respect to the
analyser and around its own centre, as schematically depicted in Fig. 6.2(a)
by ✓ and �, respectively, with the goal to probe the crystal structure.

By rotating both the polar angle (✓) and the azimuthal angle (�) during
an XPD measurement, the whole upper hemisphere is probed. The angle
between the x-ray source and electron analyzer is fixed. The technique
remains element specific, since the photoelectric effect forms the basis and
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FIGURE 6.3: Forward focussing is schematically depicted, adapted
from [236]. The curvy yellow line shows the incoming photon beam and the
dark green dot represent the emitting atom. The excited photoelectron (yellow
arrow) interacts with the attractive potential of the neighboring atoms (the
light green dots), resulting in an inference pattern (solid black line) with one
outstanding peak: the forward focussing peak.

only photoelectrons with a specific kinetic energy are measured by the
detector. By studying the intensity of photoelectrons as a function of sample
orientation, the influence of the crystal structure on the excited photo-
electron intensity is investigated – as explained in the subsequent subsection.

6.2.1 FORWARD FOCUSSING

In ordered systems, variations in the photoelectron intensity are observed
due to coherent scattering [236, 251]. In crystalline material systems, an
increased intensity is observed along the nuclear axes because the
emitted photoelectrons are attracted by the Coulomb potential of the neigh-
boring atoms [241] and experience constructive interference [242]. This
effect is called forward focussing and schematically depicted in Fig. 6.3.

After an incoming photon is absorbed by an atom (the emitter), a photo-
electron wave is moving outwards in a certain direction. Since the neigh-
boring atoms act as scatterers, constructive and destructive interference
occurs between the direct and scattered waves [233, 234, 238, 239, 252, 253].
When the kinetic energy of the emitted photoelectron exceeds a few
hunderd electronvolts, the scattering amplitude is mostly focussed in the
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forward direction leading to one outstanding peak in the interference
pattern [234, 238, 241, 242], see upper right corner in Fig. 6.3.

This peak can be directly associated with the position of the near-
neighbors with respect to the emitter [235, 239, 242]: the closer the scatterers
are located to the emitter, the larger the enhancement of the forward focus-
sing peak [233]. The size of the neighboring atoms also has an influence,
since a lower atomic number implies a lower scattering power [254]. The
width of the forward focussing peak depends on the energy of the photo-
electron: the higher the energy, the narrower the peak [236, 241, 251].
Furthermore, higher kinetic energies of the photoelectrons lead to improved
focussing over larger nuclear distances [251]. So, when probing the crystal
structure as a function of position, the highest photoelectron intensities will
be found where most atoms are aligned, along the nuclear axes.

The interference pattern, see black line in Fig. 6.3, also provides struc-
tural information. The peak separation is, namely, determined by the inter-
atomic distance and electron wavelength [234, 251]. However, these can
also originate from interfering superpositions of contributions from smaller
clusters and cannot easily be assigned to structural parameters, as is the case
for the forward focussing peak. Furthermore, multiple-scattering events
can cause a defocusing of the forward focussing peak and thus a decreased
intensity [251] – making it challenging to identify if a peak is caused by
interference or forward focussing. In that case, multiple-scattering model-
ling is a useful tool, as explained in section 6.4. Another effect that needs to
be considered is the refraction of the scattered wave at the surface potential
barrier [233], resulting in a decreased intensity of the forward focussing
peak.

So, by rotating the sample in both ✓ and �, the crystal structure is probed
as a function of sample orientation with respect to the analyser. From the
measured photoelectron intensity maxima, the surface crystal structure is
resolved by determining the directions of the nuclear axes [251]. Since the
detector is set to detect only photoelectrons with a specific kinetic energy,
XPD is used to probe the local environment of a specific element. For a
complete dataset, the XPD measurement is repeated for each element of
interest, for which a specific core level is selected.

6.2.2 SETUP DETAILS

The XPD measurements were performed in an in situ Omicron Nanotech-
nology GmbH Surface Analysis system using a monochromatic Al Ka x-ray
source with a kinetic energy of 1486.7 eV.1 By default the source was set to
emission mode and a filament current of ⇠4.2 A. The typical background
pressure was 2.0 · 10�9 mbar. An EA 125 Energy Analyser, equipped with

1A manual for the measurement procedure is available at [255].
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FIGURE 6.4: (a) Schematically shown how a three-dimensional object, a
sphere, is projected onto the equatorial plane (gray-shaded area). The green
dot represents the point of interest, from where a line is drawn to the south
pole. The point where the line intersects with the equatorial plane is the
projection point. (b) An example of an XPD interference pattern. The polar
and azimuthal dependencies are indicated by the arrows.

seven channeltron electron multipliers, was used to detect the excited
photoelectrons. The angle between the x-ray source and the lens of the
analyser is fixed by the geometry and equal to 80�.

The magnification of the analyser was set to a medium mode, corres-
ponding to an angular acceptance of ± 4� and an analysis area with a
diameter of 3.0 mm. The entrance aperture plate was set to 6 ⇥ 12 mm2

and the exit slits were 5 ⇥ 11 mm for each channeltron. Furthermore, a pass
energy of 100 eV and a dwell time of 0.90 s were used. Typical step sizes in
✓ and � are 3� for complete scans and 1� for high-resolution scans. For the
latter, several polar angles are averaged for every azimuthal position.

The sample holder, used for XPD measurements, has the possibility of
being cooled and heated in the temperature range of –134 �C to 227 �C. All
results discussed in the remainder of the chapter are performed at room
temperature.

6.2.3 STEREOGRAPHIC PROJECTIONS

A complete XPD dataset consists of an intensity measurement as a function
of every unique combination of the polar angle, ✓, and the azimuthal angle,
�, for every element of interest. In order to visualize this data, a stereo-
graphic projection is commonly used, which projects a three-dimensional
object onto a two-dimensional plane [256].
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During the XPD measurement the whole upper hemisphere is probed,
so a sphere needs to be projected onto the two-dimensional plane – the
equatorial plane. In Fig. 6.4(a) it is schematically shown how the sphere
is projected onto the equatorial plane. The green dot represents the point
of interest. From there, a line is drawn to the south pole of the sphere.
The point where it cuts the equatorial plane is where the point of interest
is projected onto the two-dimensional image.

In Fig. 6.4(b), an example of an XPD interference pattern is shown, the
polar and azimuthal dependencies are indicated. The center corresponds to
normal emission (polar angle of ✓ = 0�), the innermost ring to ✓ = 10� and
the outermost ring to ✓ = 60�. The high-intensity peaks relate to the nuclear
axes of the crystal structure.

6.3 DATA ANALYSIS

After completion of an XPD measurement, analysis of the data is required
before the final stereographic projection is obtained. In this section, the steps
needed to obtain an accurate XPD interference pattern are described. As an
example, a Nb:STO substrate (with a doping level of 0.5 wt%) is used to
confirm the correctness of the measurement procedure and to demonstrate
the influence of the steps taken during the data analysis. All the data ana-
lysis steps are performed in MATLAB.

6.3.1 DATA STRUCTURE AND NORMALIZATION

At the start of an XPD measurement, one isolated core level for each element
of interest is selected as well as one (or more) energy value(s) where no
element peak is present, which will be used for an analysis step and from
now on referred to as geometrical energy. To select the energy values, an
XPS overview scan is taken, as presented in Fig. 6.5(a) for the Nb:STO sub-
strate. The core levels O 1s (Eb = 530 eV), Ti 2p (Eb = 462 eV) and Sr 3d
(Eb = 134.5 eV) and a geometrical energy of 934 eV are chosen. The step
sizes for the polar and azimuthal angle are set to 2�.

For each core level, an energy region is determined in which no overlap
with other core level peaks occurs and the complete peak is included, typical
widths used vary between 10 – 40 eV. To cover the desired region, five
measurements are performed at slightly different energy values close to the
chosen core level energy. One makes then use of the spacial separation of
the channeltron electron multipliers, which leads to the detection of photo-
electrons with an offset in their kinetic energy compared to the energy
detected by the channeltron in the center. Therefore, each measurement
for each core level, at every unique combination of ✓ and �, consists of 35
measurement points.



6.3. Data analysis 89

FIGURE 6.5: (a) An XPS overview scan of a Nb:STO(001) substrate,
showing the core level peaks used for the XPD measurement: O 1s, Ti
2p, Sr 3d. (b) An example of a measurement performed at every unique
combination of q and f for every core level of interest – the Ti 2p peaks in
this case for q = 56� and f = 136�. The solid black line shows the data
after channeltron normalization. The red dots indicated the peaks that were
automatically found. The gray dashed line is the linear approximation of the
inelastic scattering background. The green dashed line presents the data after
subtraction of the linear background and the green solid line shows the final
data used for further data analysis.

The rotations in ✓ and � are controlled by motors, which follow a
beforehand generated sequence file. When generating the sequence file, the
order in which ✓ and � are rotated can be chosen. By first collecting all
the data for a specific � value before moving ✓, variations in the intensity
of the x-ray source can more easily be recovered than for opposite order.
Therefore, this order is used by default.

At the start of the data analysis, one needs to account for the different
sensitivities of the channeltron electron multipliers. To eliminate this effect,
the sum of the photoelectrons measured with each individual channeltron
at each position at the geometrical energy is used to normalize the channel-
tron count with respect to each other. After normalization, the data collected
at ✓ = 56� and � = 136� for the Ti 2p core level is plotted as an example in
Fig 6.5(b), shown by the black solid line.

In order to visualize the intensity solely originating from the forward
focussed peak, two more analysis steps are required, as described below.



90 Chapter 6. Structural observation of the breathing mode

6.3.2 XPS BACKGROUND SUBTRACTION

Inelastic scattering effects give rise to a background in the photoelectron
measurements [233]. To visualize the forward focussing peaks in a stereo-
graphic projection, it is desired to sum the intensity of only the peak at every
measurement position and not any intensity originating from the back-
ground. Therefore, a background needs to be subtracted, in the most simple
manner this can be executed using a linear fit [193, 257].

For the data analysis of XPD, a linear background is subtracted at every
position and core level measurement [236]. For the example of the Ti 2p
core level in Fig. 6.5(b), the gray dashed line denotes the linear fit and the
green dashed line shows the intensity of the Ti 2p core level after subtracting
the linear approximated background. For the final stereographic projecton,
only the peak intensity is relevant. Therefore, the outermost data points
are cut off and data analysis is continued for the solid dark green line in
Fig. 6.5(b).

After subtracting the linear background, the intermediate results are
visualized in stereographic projections, one for each core level, and presen-
ted in the upper row of Fig. 6.6. Already, differences in the interference
patterns for each element are noted. However, the data still needs to be
corrected for the geometrical factor, as discussed subsequently.

6.3.3 CORRECTING FOR THE GEOMETRICAL FACTOR

The geometrical factor correction corrects for the angular influence of the
setup, the possible misalignment of the sample with respect to the x-ray
source and variations in the intensity of the x-ray source that might occur.
The factors on which the intensity depends are given by [258]

I = n f sqyATl, (6.3)

with n the number of atoms per cm3, f the x-ray flux, s is the cross-section,
q the angular correction factor, y the efficiency factor of the photoelectric
effect, A the area from which the photoelectrons are detected, T the efficiency
of the detector and l, as in Eq. 6.1, the inelastic mean free path. When the
sample is assumed to be homogeneous and the x-ray flux and efficiency
of the process are constant, the two factors that remain of influence on the
photoelectron intensity are the angular correction factor and the area of the
sample that is probed.

The measurement taken at the geometrical energy contains information
on both of these factors and is presented in Fig. 6.7(a). When the sample is
perfectly aligned, no intensity changes should occur for constant
polar angles (for a full loop in �). The influence of the setup is always
present, since the photoelectron count will be highest for normal emission
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FIGURE 6.6: Stereographic projection at various stages during the data
analysis. From left to right, the columns present the XPD interference
patterns for the Sr 3d, Ti 2p and O 1s core levels. (a) After normalization
of the channeltron electron multiplier count and subtraction of a linear
background. (b, c) Final projections, when a correction for the geometrical
factor has been made, in (b) the element specific data is divided by the
geometrical energy measurement (method 1) and in (c) the scaled geometrical
data is subtracted from the element specific data (method 2).

(✓ = 0�) because the effective probing depth is the largest, as can also be
deduced from Eq. 6.1. In Fig. 6.7(a), this angular dependence is clearly
visible. The intensity for constant polar angles is mostly constant, indicating
a proper alignment of the sample.
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FIGURE 6.7: (a) The measurement taken at the geometrical energy
(Eb = 934 eV) for the STO substrate, visualized in a stereographic projection
after channeltron normalization. (b, c) As an example, the data of the
strontium atom at ✓ = 42� is taken. The light green line shows the element
specific data after channeltron normalization and subtraction of a linear
background, the dark green line the data corrected for the geometrical factor
and the black line the geometrical measurement. The correction methods 1
and 2 are, respectively, applied for (b) and (c).

The geometrical factor, referring to both sample misalignment as well as
the angular dependence, is corrected for in various manners. More extensive
reporting is found in [259]. Here, two of the methods are discussed, both
using the measurement taken at the geometrical energy:

1. Dividing the element specific data by the geometrical energy
measurement.

2. Subtracting the scaled geometrical energy data from the element
specific data.

For the first method, a corrected dataset is obtained by simply dividing
each data point of the element specific measurement by the geometrical
data. This is shown in Fig. 6.7(b) for the strontium atoms at a position
of ✓ = 42� as a function of �. The light green line shows the data after
channeltron normalization and subtraction of the linear background (raw
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data), the black line the geometrical data and the dark green line the data
after the geometrical correction with method 1 (final data). Note that the
corrected data corresponds to the right-hand y-axis. A clear fourfold
symmetry is observed in both the raw and final data. Furthermore, the peak
positions do not change upon correction and no peak (dis)appear, which are
requirements for this step in the data analysis.

After correcting for the geometrical factor by method 1, the data is again
visualized in a stereographic projection, presented in Fig. 6.6(b). The for-
ward focussing peaks are much better visible than in Fig. 6.6(a) and the
angular dependence in the intensity is reduced significantly. Additionally,
the angular dependency can be reduced further by rescaling the corrected
data for every polar angle position (a full �-loop), as described in more
detail in [259].

When the second method is applied, the geometrical data is subtracted
from the element specific data. However, this cannot be done directly since
the intensity difference is relatively large between the two as visualized in
Fig. 6.7(c) by the light green and black lines, again for the strontium atom at
✓ = 42� as a function of �. Therefore, the geometrical data is first scaled to
the elemental data before the subtraction is performed. The scaling factor
is determined for every position in ✓, which could lead to a change in the
relative intensities of the forward focussing peaks.

After scaling of the geometrical data to the element specific data, the first
is subtracted from the latter, resulting in the dark green curve of Fig. 6.7(c)
– note that the right-hand y-axis corresponds to the corrected data. The
data is visualized in the stereographic projections presented in Fig. 6.6(c).
For method 2, the angular dependence remains more pronounced than for
method 1, unless a second scaling is applied for the final data.

In the final stereographic projections obtained with both methods, the
fourfold symmetry of the STO substrate is clearly visible and earlier results
are reproduced [236], indicating a successful data analysis. In the remainder
of this chapter, it will be stated which correction method for the geometrical
factor is used.

6.4 MULTIPLE-SCATTERING SIMULATIONS

To help understand and interpret the XPD interference patterns, multiple-
scattering simulations are performed using the electron diffraction in atomic
clusters (EDAC) software [260].2 Initially, the forward focussing effect was
studied with single-scattering calculations. In that case, a strong increase
was observed in the photoelectron intensity in the direction of neighboring

2A manual how to perform multiple-scattering simulations using EDAC software
is available at [261].
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FIGURE 6.8: (a) A schematic representation of the STO unit cell. (b)
The TiO2-terminated STO cluster used as input for multiple-scattering
simulations, the parabolic cluster shape is indicated by the dashed black line.
The vertical distances are much larger compared to the horizontal atomic
distances. The atoms are not depicted in their realistic radii.

atoms [251]. It was shown that placing additional atoms in higher lying
layers had little influence on the spectrum. However, when additional atoms
were added close to the observation plane, the forward focussing peak was
split into a volcano-like shape. When clusters became larger than eight
atoms, multiple scattering was introduced to correct for details in more
complex structures.

The EDAC software approximates the atomic potentials by spherically
symmetric muffin-tin potentials and is suitable for calculating the angular
distribution of the photoelectrons in crystals as the multiple-scattering
theory is implemented [260]. First, a finite cluster which describes the region
that contributes to the emission of elastically scattered photoelectrons –
limited by the electron inelastic mean free path – is included in the software.
The use of clusters is suitable for simulating the XPD interference patterns,
since short-range effects are dominant for the kinetic energies used [262].
Typical kinetic energies in this research are within the range of 400 – 1400 eV.

A STO unit cell and an example of a TiO2-terminated STO cluster, con-
sisting of 226 atoms, are shown in Fig. 6.8(a) and(b), respectively. The shape
of the cluster was set to parabolic (indicated by the black dashed line) with
a maximum distance of 13.6675 Å. Only the atoms whose distance to the
emitter and to the surface is less than the maximum distance contribute to
the intensity of emitted photoelectrons [260].

The stereographic projections shown in Fig. 6.9 visualize the result of the
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FIGURE 6.9: The simulated XPD interference patterns of (a) Sr 3d, (b) Ti 2p
and (c) O 1s using the EDAC software with the cluster depicted in Fig. 6.8(b)
as input.

multiple-scattering simulations for STO, for which the same core levels were
used as in the experimental XPD measurement. The number of iterations
was 10 for strontium and 20 for titanium and oxygen. The number of emit-
ters was 2, 1 and 5 for strontium, titanium and oxygen, respectively – all
chosen symmetrically with respect to each other and at the center of the
cluster. The simulated patterns are in good agreement with the experimental
results, presented in Fig. 6.6, and show a clear fourfold symmetry.

For the multiple-scattering simulations using EDAC, typical cluster sizes
consist of ⇠200 atoms and a parabolic shape with a maximum distance
of 13.6675 Å. The maximum total angular momentum was set to 15 and
a maximum nuclear distance to 1.8 nm. The inner potential and electron
inelastic mean free path were set to 10.5 eV and 2.3 nm, respectively. These
settings are similar as in previous work [236]. The number of iterations
varied between 5 and 20, depending on when the results converged. All
simulations are performed for T = 0 K and a Debye temperature of 100 K.

6.5 OXYGEN BREATHING MODE IN BABIO3

In this section, we return to the distortion that we are interested in to
observe, the oxygen octahedra breathing mode – as schematically depicted
in Fig. 6.1. As previous results (presented in chapter 5) show a thickness-
dependent band gap modification caused by the suppression of the oxygen
breathing mode, two thicknesses are chosen for this research in which a
difference in the breathing mode strength is expected to be present.

The BBO thin films studied have thicknesses of 10 and 30 unit cells (u.c.)
and are fabricated by PLD using Nb:STO subtrates. The same growth condi-
tions and parameters are used as in chapter 3. After fabrication, the BBO
films are transferred in situ to the XPD measurement chamber.
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FIGURE 6.10: XPS overview scan of the BBO film with a thickness of 30 u.c.
The relevant core level peaks are indicated.

The XPS overview scan is presented in Fig. 6.10 for the 30-unit-cell-thick
BBO film. No carbon core level peak is observed (Eb = 284.6 eV [263]),
indicating a successful transfer. For the BBO film with a thickness of 10 u.c.,
the XPS spectrum is shown in Appendix 6.A. From these spectra the relevant
core level peaks were chosen: Ba 3d 5/2 (Eb = 780 eV), Bi 4d 5/2 (Eb = 441 eV)
and O 1s (Eb = 529 eV) and correct energy regions were deter-
mined. Geometrical energy measurements were performed at Eb = 850, 600
and 500 eV. Step sizes in the polar and azimuthal angle are set to 3� for
complete scans. Subsequently, high-resolution scans are obtained for the
aforementioned core levels and additionally for Ba 3p 3/2 (Eb = 1063 eV),
with step sizes of 1� in ✓ and �.

6.5.1 THE OXYGEN BREATHING MODE INCLUDED IN
MULTIPLE-SCATTERING SIMULATIONS

Before the experimental XPD results are discussed, multiple-scat-
tering simulations of the BBO structure with and without oxygen breathing
mode are performed. All simulations were executed for BiO2-terminated
surfaces. Nevertheless, from experiments it is known that the BBO films
no longer have single-terminated surfaces due to the presence of anti-phase
boundaries in the films [27, 76, 152]. The simulations are performed for all
four core levels stated before. By simulating both the Ba 3p 3/2 and 3d 5/2
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FIGURE 6.11: The multiple-scattering simulation results for BBO in the
absence (top) and presence (bottom) of the oxygen breathing mode. (a, f,
g) Show the clusters used as input, with a BiO2-terminated surface where
in (g) the breathing mode is clearly visible by the horizontal displacement
of the oxygen atoms in the BiO2 plane and the vertical displacement in the
BaO plane. The green, blue and red dots represent the barium, bismuth and
oxygen atom, respectively. The atoms are not depicted in their realistic radii.
Stereographic projections are shown for the (b, h) Ba 3p, (c, j) Ba 3d, (d, j) Bi
4d and (e, k) O 1s core levels. A breathing mode strength of d = 0.4 Å was
included.
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core levels, the effect of kinetic energy on the XPD interference patterns is
examined, as discussed in Appendix 6.B.

In the clusters used as input for the multiple-scattering simulations, the
breathing mode was included by only taking into account the contraction
and expansion of the octahedra – as it is previously shown that tilting of the
octahedra was suppressed for BBO thin films [118]. From the schematic in
Fig. 6.1, it is clear that the oxygen atoms move towards and away from the
bismuth ion in the BiO2 plane and down- and upwards in the BaO plane, for
a contracted and expanded octahedron, respectively. A recently published
tight-binding (TB) model [116] shows that a deviation of 0.1 Å with respect
to the cubic position is already sufficient to open up an energy band gap in
the electronic band structure. In the remainder of the chapter, the breathing
mode strength (d [Å]) is defined as the deviation of the oxygen atoms with
respect to the cubic position.

The clusters used as input and the stereographic projections of the
simulation results for the BBO structure in the absence and presence of
the oxygen breathing mode are presented in Fig. 6.11 with d = 0.0 Å and
d = 0.4 Å, respectively. In the distorted clusters, see Fig. 6.11(f) and (g), the
horizontal and vertical displacement of the oxygen atoms in the BiO2 and
BaO planes, respectively, is clearly visible. The cluster consists of 172 to 174
atoms, depending on which atom is chosen as center position within the
cluster. The number of emitting atoms was set to 2, 1 and 4 for barium,
bismuth and oxygen, respectively. All simulations are iterated 10 times.

When comparing the stereographic projections with and without the
breathing mode, presented in Fig. 6.11(b - e) and (h - k), respectively, minor
differences are observed. By plotting the intensity as a function of the azi-
muthal angle for a fixed polar angle (from now on also referred to as a
�-loop), the differences are better visualized. Fig. 6.12 presents the simu-
lated and experimental intensity curves of the Ba 3d 5/2 core level at ✓ = 40�.
For the undistorted structure with d = 0.0 Å, a fourfold periodic intensity
curve is observed, see the upper curve. When the oxygen breathing mode
is included, with strengths of d = 0.2 Å and 0.4 Å, additional intensity peaks
appear. These vary in � as a function of the breathing mode strength –
as indicated by the red arrows and dashed black lines. The �-loop also
becomes twofold periodic instead of fourfold for the cubic structure.

To gain more insight in the effect of the breathing mode on the XPD
interference pattern, the BBO structure is schematically depicted in a two-
dimensional fashion without and with the breathing mode present in
Fig. 6.13(a) and (b), respectively. Forward focussing peaks are present along
the nuclear axes and indicated by the blue and yellow arrows. In the absence
of the breathing mode and with the barium atom as emitter, the oxygen
atoms are aligned within the Ba-Ba forward focussing direction – resulting
in the blue arrows in Fig. 6.13(a). When the oxygen breathing mode is
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FIGURE 6.12: Intensity curves of Ba 3d 5/2 core level as a function of f for
q = 40�. From dark to light blue, the multiple-scattering intensity curves
are shown for d =0.0 Å, 0.2 Å and 0.4 Å. The light and dark green curves
show the experimental results from the high-resolutions scans (step sizes of
1� in q and f) for the 30 u.c. and 10 u.c. BBO films, respectively. The dots
presents the data points averaged over q = 38� – 43�, the solid curve shows
the smoothed data by taking the median value over a five-data-point sliding
window. The red arrows indicate relative differences upon inclusion of the
oxygen breathing mode and the black dashed lines indicated where signatures
of the breathing mode appear.

present (d = 0.15 Å), additional forward focussing peaks appear, as indicated
by the yellow arrows in Fig. 6.13(b). The oxygen atoms move away from
the Ba-Ba nuclear axes upon inclusion of the breathing mode: the larger the
breathing mode strength, the larger this deviation. Therefore, the additional
forward focussing peaks vary in azimuthal position as a function of
breathing mode strength, as observed in the multiple-scattering simulation
results and indicated by the red arrows in Fig. 6.12.

A distortion which takes place at similar atomic displacement length
scales as the oxygen breathing mode is the ferroelectric polar distortion in
PTO [238, 239]. When comparing the breathing mode in BBO with the up-



100 Chapter 6. Structural observation of the breathing mode

FIGURE 6.13: The BBO structure (a) without and (b) with oxygen breathing
mode (d =0.15 Å) in a two-dimensional fashion. The blue arrows indicated
the direction of the forward focussing peaks present in both cases when the
barium atom is chosen as emitting atom. The yellow arrows indicate the
additional forward focussing peaks caused by the breathing mode, these vary
in azimuthal angle as a function of breathing mode strength. The elements
are indicated in the legend and not depicted in their realistic radii, the
gray-shaded areas represent the oxygen octahedra.

and down-state in PTO, the main difference is that in PTO the distortions
are within its unit cell and the same for every cell, while a doubling of the
unit cell occurs for BBO. So, for PTO a shift of the forward focussing peak
is observed in simulated interference patterns when comparing the up- and
down-state, while for BBO additional forward focussing peaks appear upon
inclusion of the oxygen breathing mode.

Furthermore, for PTO it is shown that Pb-Pb scattering dominates over
Pb-O nuclear scattering [238], in good agreement with lower scattering
powers for the oxygen atom compared to lead because of a lower atomic
number [254]. The largest intensity peak in the �-loops is, therefore, attri-
buted to the forward focussing originating from the Ba-Ba scattering in BBO.
The additionally appearing Ba-O forward focussing peaks upon increased
breathing mode strength are less intense that the Ba-Ba forward focussing
peak, in agreement with the results of PTO.

6.5.2 BABIO3 FILMS: 30 U.C. VERSUS 10 U.C.

XPD measurements are performed on 30- and 10-unit-cell-thick BBO films
and the complete scans are presented in Fig. 6.14(a) and (b), respectively.
Method 2 was used to correct for the geometrical factor, as discussed in
section 6.3.3. The scaling of the geometrical energy data to the element
specific data results in the difference in background intensity. All stereo-
graphic projections, except for the one of oxygen on the 10 u.c. BBO film,
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FIGURE 6.14: Experimental XPD results of BBO thin films with a thickness
of (a) 30 u.c. and (b) 10 u.c. From left to right, the Ba 3d 5/2 (Eb = 780 eV),
Bi 4d 5/2 (Eb = 441 eV) and O 1s (Eb = 529 eV) XPD interference patterns
are presented. The step sizes in q and f are 3�.

show clear fourfold symmetric interference patterns. Similarities with,
especially, the undistorted BBO simulated interference patterns are present.

As for the multiple-scattering simulation results, comparing results with
solely the stereographic projections is challenging. Similarly, �-loops cross-
sections are presented in Fig. 6.12 by the light and dark green curves for the
30 u.c. and 10 u.c. BBO films, respectively. For the experimental results,
high-resolution scans for the Ba 3d 5/2 core level are taken for ✓ = 38� – 43�
and for � = 0� – 360�, with step sizes of 1� in both angular degrees of
freedom. A geometrical energy measurement taken at Eb = 1000 eV was
used to correct for the geometrical factor using method 2. The presented
�-loops are obtained by averaging over the six polar angles, as presented
by the green dots in Fig. 6.12. Subsequently, the data is smoothed by a
five-data-point sliding window, shown by the solid green curves.

For the high-resolution scans on the 10-unit-cell-thick BBO film, a
large intensity variation was present in the geometrical energy measurement.
Even by correcting for the geometrical factor, the effect remained present in
the final result, as is visible in outermost regions of the dark green curve in
Fig. 6.12. Between � = 90� – 270�, the variation in geometrical intensity
is minimal. The intensity variations in the �-loops for the 10 u.c. and
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30 u.c. BBO films are almost identical. The additional intensity peaks (as
indicated by the black dashed line) that occurred in the multiple-scattering
simulations when the oxygen breathing mode was included, are present
in both experimental results. This indicates the presence of the oxygen
breathing mode in the 10- and 30-unit-cell-thick BBO films.

The additional peaks, caused by the breathing mode, show no clear
difference in intensity and position in � for the 10- and 30-unit-cell thick
BBO films as was observed in the multiple-scattering simulations. Therefore,
it remains challenging to quantify the strength of the oxygen breathing mode
in BBO thin films.

6.6 CONCLUSIONS

The presented results of STO substrate and BBO thin films show that XPD is
a useful technique to determine the crystal structure of the material
system. Even for ultra-thin films, interference patterns with significant inten-
sity differences are observed. More details of the interference patterns are
visualized by plotting the results as �-loops.

XPD interference patterns were simulated for breathing mode strengths
of d = 0.2 Å and 0.4 Å, which is relatively large compared to the theoretical
value of d = 0.1 Å [116], still the differences between the simulated results
were minor. The additional forward focussing peaks that appeared in the
multiple-scattering simulations upon inclusion of the oxygen breathing
mode were related to the oxygen atoms moving away from the Ba-Ba
nuclear axes and vary in � as a function of the breathing mode strength.

The experimental stereographic projections and �-loops of the 10- and
30-unit-cell-thick BBO films showed many similarities with the results of the
multiple-scattering simulations. The additional forwards focussing peaks,
caused by the breathing mode, are clearly present in the simulated and
experimental curves, indicating the presence of the oxygen breathing mode
in the 10- and 30-unit-cell-thick BBO films. As no convincing differences
between the two BBO films were observed, the strength of the breathing
mode could not be quantified.

Multiple-scattering simulations are very useful tool and should ideally
be performed before experiments are executed. Using the simulated
interference patterns, one could estimate whether the effect of interest is
observable in experiments. Some distortions, like the transition from up- to
down-state in PTO [238, 239], are more suitable to observe with XPD than
others.

To be able to observe distortions on the atomic scale, improvements in
the XPD setup could be made. For example by decreasing the spot size,
which is currently 3.0 mm in diameter. The XPD setup can also to be cooled
down and heated, opening up the possibility to study structural transitions
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as a function of temperature, for example the rutile to monoclinc phase
transistion in VO2 [264].

In conclusion, XPD is a useful technique for determining the crystal
structure of a material system, but it is challenging to structurally observe
distortions that take place at very small length scales.



104 Chapter 6. Structural observation of the breathing mode

APPENDICES

FIGURE 6.A.1: XPS overview scan of the 10-unit-cell-thick BBO film. The
relevant core level peaks are indicated.

6.A ULTRA-THIN BABIO3 FILM

The XPS overview scan for the BBO film with a thickness of 10 u.c. is
presented in Fig. 6.A.1. The transfer from the PLD chamber to the XPD mea-
surement chamber was successful since no carbon peak (Eb = 284.6 eV [263])
is observed. As for the 30-unit-cell-thick film, the Ba 3d 5/2 (Eb = 780 eV),
Bi 4d 5/2 (Eb = 441 eV) and O 1s (Eb = 529 eV) are chosen as relevant core
levels and geometrical energy measurements were taken at Eb = 850, 600
and 500 eV. Step sizes for complete scans and high-resolution scans are 3�
and 1�, respectively, for ✓ and �.
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6.B INFLUENCE OF KINETIC ENERGY

To study the effect of the kinetic energy of the photoelectron on the XPD
interference patterns, the multiple-scattering simulations for Ba 3p 3/2
(Eb = 1063 eV) and 3d 5/2 (Eb = 780 eV) of undistorted BBO are discussed.
The experimental results for the Ba 3p 3/2 core level are not of substantial
quality to present here. As is seen from the XPS overview scans, presented
in Fig. 6.10 and Fig. 6.A.1, the Ba 3p 3/2 peak is slightly larger than the
background intensity level, but much less intense than the Ba 3d 5/2 core
level. Therefore, the experimental result had a low signal-to-noise level.

Multiple-scattering simulations are independent of the intensity of a
core level with respect to the background and can, therefore, be used to
study the influence of varying kinetic energies. In Fig. 6.B.1, the simulation
results are presented as �-loops for the Ba 3p 3/2 and 3d 5/2 core levels
at fixed values for the polar angle, ✓ = 40� and 65�. From Eq. 6.2, the
kinetic energies are calculated. Since only relative energies are relevant, the
work function is assumed to be zero. The kinetic energies are 423.7 eV and
706.7 eV for Ba 3p 3/2 and 3d 5/2, respectively. For larger kinetic energies,
a narrower forward focussing peak is expected [236, 241, 251]. This effect is
mostly seen for ✓ = 40� in Fig. 6.B.1(a).

When the kinetic energy is changed, interference effects will vary [233].
This can be used in one’s advantage, since it can help to determine which
peaks originate from forward focussing and which from interference effects.
This can be excluded by comparing the peak position of Ba 3p and Ba 3d,
since forward focussing effects should be independent of the kinetic
energy of the photoelectron, while interference effects do depend on the
energy [241]. So, the peaks that appear at similar positions for the Ba 3p and
Ba 3d core levels are caused by a forward focussing effect.



106 Chapter 6. Structural observation of the breathing mode

FIGURE 6.B.1: The intensity curves for the Ba 3p 3/2 (blue curve) and
3d 5/2 (black curve) core levels as a function of f for (a) q = 40� and (b)
q = 65�. This is the result of multiple-scattering simulations for undistorted
BBO (d = 0.0 Å).



Chapter 7

STABILIZATION OF THE
PEROVSKITE PHASE IN
THE Y-BI-O SYSTEM

A topological insulating phase is theoretically predicted for
the thermodynamically unstable perovskite phase of YBiO3.
Here, it is shown that the crystal structure of the Y–Bi–O
system can be controlled by using a BaBiO3 buffer layer.
Depositing an YBiO3 film directly on a SrTiO3 substrate
gives a fluorite structure. However, when the Y–Bi–O system
is deposited on top of the buffer layer with the correct crystal
phase and comparable lattice constant, a single-oriented
perovskite structure with the expected lattice constants is
observed.1

1The content of this chapter is published as part of: Rosa Luca Bouwmeester,
Kit de Hond, Nicolas Gauquelin, Jo Verbeeck, Gertjan Koster, Alexander Brinkman,
Stabilization of the perovskite phase in the Y–Bi–O system by using a BaBiO3 buffer
layer, Physica Status Solidi – Rapid Research Letters 13, 1800679 (2019) [27].
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7.1 INTRODUCTION

Topological materials are at the focus of a relatively young field in material
science, aiming to find both new topological materials as well as discovering
novel applications for this new class of matter. The most prominent pheno-
mena that emerge in topological materials include a chiral spin structure
and topologically protected surface states [29, 37]. The spin-momentum
locking makes topological matter interesting for spintronic applications [33,
34, 37] and possibly quantum computation [36]. Therefore, global research
is conducted towards further developing topological materials and trying to
find new compounds that have a nontrivial topology in their band
structure.

So far, only a handful of materials have been identified as topological
insulators (TIs). Within a year after the theoretical prediction of Bernevig
et al. [37], König et al. [34] observed the quantum spin Hall state in
CdTe/HgTe/CdTe quantum wells – the first system known with a non-
trivial band structure. Bi1�xSbx was the first three-dimensional TI that was
experimentally observed [48], followed by Bi2Se3 [62] and Bi2Te3 [33]. The
relatively heavy bismuth gives rise to strong spin-orbit coupling (SOC)
effects, which in turn results in a band inversion at an odd number of time
reversal invariant momenta (TRIMs) and a nontrivial topological band
structure [39].

Almost all of the experimentally confirmed TIs are either metallic in
nature or formed by quantum wells. Therefore, it is useful to investigate
whether the field of TIs can be expanded into other classes of materials, such
as complex oxides. The large tunability of the growth processes of oxides
and the wide range of possible materials opens up a whole new realm of
unexplored possible TIs. Several oxides have theoretically been predicted
to be TIs [51, 83, 84, 85, 87], most of them containing heavy elements such as
bismuth, but experimental verification has remained unsuccessful thus far.

In this chapter, we realize the fabrication of perovskite Y-Bi-O, one of
the theoretically predicted compounds to be a topological insulator [82].
However, not the perovskite phase, but the fluorite crystal structure is
energetically favorable for the Y-Bi-O system. By using a buffer layer with
a comparable lattice constant and the desired crystal phase, Y-Bi-O is stabi-
lized in the perovskite structure.

7.2 FOUR SCENARIOS FOR THE Y-BI-O SYSTEM

In 2013, Jin et al. [82] predicted YBiO3 (YBO) to be a topological insulator,
implying a nontrivial band topology. The electronic band structure was
theoretically calculated while the SOC strength was increased. A gapless
Dirac cone was found in the band structure of YBO, which indicates a
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FIGURE 7.1: (a), (b) and (c) show the perovskite YBiO3, BiYO3 and the
fluorite YBiO4, respectively. The red dots represent the oxygen atoms, the
light blue the yttrium atoms, the medium blue dot the bismuth atoms and the
dark blue dots either the yttrium or bismuth atoms in the fluorite phase. For
a better visualization of the structures, the atoms are not depicted in their
realistic radii.

topological phase transition. A lattice constant of 5.428 Å was used in all
the calculations and a simple cubic perovskite structure was adopted. This
lattice constant was experimentally obtained by Li et al. [265] with x-ray
diffraction measurements. However, the lattice constant was assigned to a
cubic structure, but the related crystal phase was never specified.

By theoretically reproducing the result of Jin et al. [82], Trimarchi et
al. [266] found that the total energy of the system drops when the lattice
constant is allowed to be relaxed. The new equilibrium value for the perov-
skite lattice constant is a = 4.405 Å. When the yttrium and bismuth positions
were no longer set as a constraint, the total energy was lowered even further
by interchanging the occupation of the two cation sites. The BiYO3 (BYO)
configuration has a lattice constant predicted to be 4.349 Å. This, however,
is no longer a TI, but a trivial insulator. The crystal structures of YBO and
BYO are schematically shown in Fig. 7.1(a) and (b), respectively.

Based on x-ray powder diffraction experiments, Zhang et al. [47]
demonstrated the Y-Bi-O system to be stable in the high-temperature meta-
stable cubic phase as YBiO3 in the fluorite structure, which implies that
25% of the oxygen positions are unoccupied – a fluorite structure with two
cations has a general formula ABO4 [267, 268], schematically depicted in
Fig. 7.1(c). The experimentally observed lattice constant for fluorite YBO
was ⇠5.4 Å. This results is not in agreement with the perovskite phase
adopted in the calculations performed by Jin et al. [82]. With ultraviolet-
visible (UV-vis) absorption spectra a direct band gap of 5.88 eV is deter-
mined, which excludes the possibility of a topological insulating phase in
the fluorite YBO.

By density functional theory (DFT) calculations Zhang et al. [47] found
YBiO3 and BiYO3 as possible outcomes (see Fig. 7.1(a) and (b), respectively)
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TABLE 7.1: The four possible scenarios of the Y-Bi-O system. The crystal
structure with the corresponding lattice constant (a) and the possibility if the
system is a topological insulator (TI) or not.

Compound TI? Crystal structure a Ref.
YBiO3 No Perovskite 5.4238 Å [82]
YBiO3 No Fluorite ⇠ 5.4 Å [47]
YBiO3 Yes Perovskite ⇠ 4.4 Å [47, 266]
BiYO3 No Perovskite ⇠ 4.3 Å [47, 266]

when a simple perovskite structure was given as a constraint. The lattice
constants are 4.373 Å and 4.283 Å for perovskite YBO and BYO, respectively,
close to the values found by Trimarchi et al. [266]. The band structure of BYO
shows an insulating structure without a Dirac point, so it cannot be a TI.

In the calculations of the band structure of perovskite YBO, Zhang et
al. [47] also included a spin-orbit coupling strength, just as Jin et al. [82] did
in their calculations. A ground state with a metallic character was found,
since a band crosses the Fermi energy. However, in both theoretical calcula-
tions, the SOC strength is not quantified. If SOC is strong enough, the
perovskite YBO can still be a TI as the band inversion remained present.
In Table 7.1, the four scenarios are summarized.

Here, we show control over the crystal phase of YBO for thin film deposi-
tions. To realize the energetically unfavourable perovskite phase, the use of
a buffer layer is investigated. In literature, buffer layers are often used to
control the in-plane strain [124, 269], quality [270, 271] and crystal orienta-
tion [144] of the film deposited on top. BaBiO3 (BBO) is suggested as suitable
buffer layer material, since it has a lattice constant (a = 4.35 Å [112]) compara-
ble to the predicted perovskite YBO and it is stable in the perovskite phase.
Furthermore, it has an insulating character, required to be able to detect
possible conducting surface states at the BBO/YBO interface.

7.3 FABRICATION OF THE BUFFERED LAYER SYSTEM

BBO and YBO thin films were deposited on a TiO2-terminated SrTiO3(001)
(STO) substrate (from CrysTec GmbH) with pulsed laser deposition (PLD)
and characterized by in situ reflection high-energy electron diffraction
(RHEED) and x-ray photoelectron spectroscopy (XPS). Additional ex situ
characterization was performed with an x-ray diffraction (XRD) setup and
high-resolution scanning transmission electron microscopy (HRSTEM). The
substrates were prepared by a wet etching step in a buffered hydrogen
fluoride (BHF) solution, followed by a 1.5 hour annealing step at 950�C [191].
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Stoichiometric targets of Ba-Bi-O (in-house made, purity 99.99%) and
Y-Bi-O (SurfaceNet GmbH, purity 99.99%) were used during the pulsed
laser deposition. The BBO buffer layers are deposited as described in
chapter 3 and have thickness of 82 ± 2 nm – as determined from the
HRSTEM images. All Y-Bi-O depositions are performed using a KrF excimer
laser set to a fluency of 1.9 J/cm2. The distance between the target and
substrate was kept constant at 50 mm.

For the Y-Bi-O films deposited directly on the STO substrate, a substrate
temperature of 670�C was used and the total background pressure was set
to 1.0 · 10�1 mbar, consisting of 80 % O2 and 20 % Ar gas. A laser fluency
and frequency of 1.9 J/cm2 and 1 Hz were used, respectively. These growth
conditions are similar to earlier work [172, 182], except the laser fluency
which was previously set to 1.3 J/cm2.

When depositing the Y-Bi-O system on the BBO buffer layer, the sub-
strate temperature was 500�C and the background pressure was set to
1.0 · 10�2 mbar, consisting of 100% oxygen. The YBO films were grown
using interval deposition, which implies that 30 pulses are fired as a bunch
at a frequency of 50 Hz followed by a 30 seconds wait interval, allowing
the deposited atoms to rearrange and form a film. Layer-by-layer growth
can be controlled during such a pulsed laser interval deposition and island
growth can be prevented [272, 273]. Furthermore, a higher laser frequency
stimulates the presence of volatile elements within the film [274].

The PLD parameter settings for the Y-Bi-O layer on top of the buffer
layer differ from previous research. Previously, Orsel et al. [172] performed
laser-induced fluorescence (LIF) spectroscopy during the YBO deposition
and mapped the spatiotemporal distribution of Y, YO, Bi and BiO consti-
tuents while the composition of the background pressure was changed from
a pure argon gas to a pure oxygen background gas, keeping the total pres-
sure constant at 0.100 mbar. By XPS and XRD measurements, it was shown
that non-epitaxial YBO appears when the background pressure consist for
80% or 100% out of O2. Below 20% O2 in the total background pressure
composition, no Bi was found in the films. This originates from reactions
between the target and background gas and not from chemical interactions
of the plasma plume with Ar and O2 particles. By now combining a de-
creased total background pressure and a pure O2 environment – as com-
pared to Orsel et al. [172] – with the use of interval deposition, we show
that it is possible to deposit stoichiometric Y-Bi-O films that stabilize in the
perovskite phase.

7.4 FLUORITE VERSUS PEROVSKITE

If an YBO film is deposited directly on a STO substrate, it stabilizes in the
fluorite phase, as shown by the RHEED patterns in Fig. 7.2(a). The top
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FIGURE 7.2: (a) The RHEED patterns of a fluorite YBO film on a STO
substrate, captured along the [100] and [110] of the substrate for top and
bottom, respectively. (b, c) Schematic of the fluorite YBO structure on a
perovskite STO substrate, both depicted from the side. In (b) the substrate is
shown along the [100] direction and the YBO in the [110] direction. In (c)
the structure is rotated 45� with respect to (b), so that the STO is in the [110]
and the YBO in the [100]. The green, yellow, blue and red dots represent the
strontium, titanium, yttrium/bismuth and oxygen atoms, respectively. The
atoms are not depicted in their realistic radii.

and bottom RHEED patterns are taken along the [100] and [110] directions
of the substrate, respectively, and are similar as reporter earlier [182, 192].
In Fig. 7.2(b) and (c), the substrate with the fluorite YBO film on top are
schematically shown along the [100] and [110] directions of the substrate,
respectively. The RHEED pattern and schematic structure along the [1000]
direction of the substrate, both show an elongated YBO structure. When
the YBO film is rotated by 45� within the RHEED bundle – so that the film
is show along the [110] direction of the substrate, a square-like pattern of
the YBO is observed as in agreement with the schematic structure shown in
Fig. 7.2(c). So, the fluorite structure is rotated 45� in-plane with respect to
the substrate.

The 45� rotation of the YBO film is explained by the matching oxygen
planes of the perovskite STO phase and the fluorite YBO phase, as shown
by O0Sullivan et al. [275] who also stabilize a fluorite phase on a perovskite
structure. The distances between the oxygen atoms in the perovskite STO
substrate and fluorite YBO structures are similar, the difference is only ⇠2%.
Therefore, only a small strain is needed to epitaxially grow these structures
on top of each other when the fluorite YBO is rotated 45� with respect to
the STO substrate. Azimuthal scans are performed and shown in Fig. 7.3(a),
where the STO <101> diffraction peaks (in blue) and the fluorite YBO
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FIGURE 7.3: Azimuthal scans of (a) an YBO film deposited directly on
the STO substrate and (b) with a BBO buffer layer in between the Y-Bi-O
film and the substrate, as shown by the schematics in the top right corners.
The blue peaks indicate the STO <101> diffraction peaks. In (a) the red
peaks show the <202> diffraction peaks of the fluorite YBO and in (b) these
indicate the <101> diffraction peaks of both the perovskite Y-Bi-O and BBO
films.

<202> diffraction peaks (in red) are observed. The scan confirms the 45�
rotation of the fluorite YBO on the STO substrate and shows the fourfold
symmetry of both structures. The fluorite YBO films have a thickness of
28.5 ± 3 nm, as determined from x-ray reflectivity (XRR) scans.

When an Y-Bi-O film is deposited on top of the BBO buffer layer (fabrica-
tion and characterization are presented in chapter 3), a perovskite transmis-
sion pattern is observed in the RHEED image as shown in Fig. 7.4(a), compa-
rable to the pattern in Fig. 3.2(a). From the HRSTEM images the thickness of
the Y-Bi-O film is determined to be 26 ± 2 nm. To structurally differentiate
the Y-Bi-O system deposited directly on the STO substrate and on top of the
BBO buffer layer, further XRD characterization experiments are performed.

The 2✓-! scans of both systems are shown in Fig. 7.4(b) by the red and
blue curves for the YBO directly on the STO substrate and on the BBO buffer
layer, respectively. The expected diffraction peak positions of the fluorite
and perovskite structures are indicated by the vertical dashed and solid
lines, respectively. The YBO film deposited directly on the substrate solely
shows diffraction peaks at the fluorite (002) and (004) positions and the three
substrate diffraction peaks. The (001) and (003) diffraction peaks are absent,
since they are forbidden by the structure factor of a fluorite structure. The
out-of-plane lattice constant is determined to be 5.36 ± 0.05 Å.

Now focussing on the blue curve in Fig. 7.4(b), where the Y-Bi-O system
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FIGURE 7.4: (a) RHEED pattern of an YBO film grown on top of a BBO
buffer layer, indicating a perovskite structure. (b) 2q-w scans of an YBO film
deposited directly on the STO substrate (the red curve) and an YBO film on
top of a BBO buffer layer (the blue curve). The vertical dashed lines show
the expected positions of a fluorite structure with a lattice constant of 5.4 Å
and the solid vertical lines indicate the positions for a perovskite structure
with a lattice constant of 4.35 Å. The schematic figures on the right, show the
heterostructures corresponding to the scan. In (c) the intensities of the (001)
diffraction peaks of two single BBO films are compared with the intensity of
a BBO/YBO heterostructure of which the BBO film has the same thickness as
the single layers.

is deposited on top of the BBO buffer layer, the diffraction peaks of the
fluorite structure are no longer observed. Besides the substrate diffraction
peaks, four diffraction peaks of the perovskite structure are observed. The
structure factor of a perovskite phase does not allow the (001) and (003)
diffraction peaks either, similar to the fluorite structure. However, they are
observed in this case since the atomic radius of the barium/yttrium atom is
larger than the bismuth radius.

To confirm that the perovskite phase is present in the Y-Bi-O system,
the intensities of the (001) diffraction peaks of two BBO films (the blue and
red curves) – which are fabricated with identical growth parameters, and
a BBO/YBO heterostructure (the black curve) are compared in Fig. 7.4(c).
The BBO buffer layer of the heterostructure has the same thickness as the
two identical BBO films, namely 82 ± 2 nm. The Y-Bi-O deposited on top of
the BBO buffer layer has a thickness of 26 ± 2 nm. Even though the intensity
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FIGURE 7.5: The XRD 2q-w scans of two identical BBO films (the blue and
red curves) and a BBO/YBO heterostructure are shown (the black curve). In
(a) the full scan is shown and in (b) only the (001) diffraction peaks of the
thin films and substrate are depicted.

of the substrate diffraction peak is the same in all three cases, the intensity
of (001) diffraction peak for the BBO/YBO heterostructure is significantly
higher than for the two identical BBO films.

Furthermore, the full width at half maximum (FWHM) of the rocking
curves (also known as ! scans) of the (004) diffraction peaks is determined
for the BBO films and for the BBO/YBO system. Averaged over three iden-
tically fabricated samples for the BBO and BBO/YBO heterostructures, the
FWHMs are 0.98 ± 0.2� and 1.02 ± 0.5�, respectively. As the values are
similar, it confirms that both BBO and Y-Bi-O contribute to the perovskite
diffraction peaks observed by XRD.

The 2✓-! scans of the two identical BBO films and BBO/YBO hetero-
structure are compared in Fig. 7.5, in (a) the full region is depicted and in (b)
only the (001) diffraction peaks of the thin films and substrates are shown.
The observed shift to higher 2✓ values for the BBO/YBO heterostructure
compared to the BBO films indicates a smaller c-axis, which is what one
would expect for a strained film with a smaller A-site cation.

To confirm that the shift to higher 2✓ values is due to the formation
of the perovskite Y-Bi-O film, the line shape of the diffraction peaks is stu-
died. A single layer should have a symmetric line shape and a hetero-
structure, consisting of more than one layer, should have an asymmetric
shape. This is easier to observe for the (004) diffraction peak, since it has a
higher spatial resolution than the (001) peak. In Fig. 7.6(a) the (004) diffrac-
tion peak of the two single BBO films and the BBO/YBO heterostructure are
shown.
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FIGURE 7.6: (a) The (004) diffraction peaks of XRD 2q-w scans of two single
BBO films (the blue and red curves) and a BBO/YBO heterostructure are
shown (the black curve). (b) The difference between the (004) diffraction
peaks of the original 2q-w scans and the reversed curve of two single BBO
films (the blue and red curves) and a BBO/YBO heterostructure (the black
curve). In (c) and (d) the (004) diffraction peaks of XRD 2q-w scans of two
single BBO films are shown. In (e) the (004) diffraction peak of the BBO/YBO
heterostructure is shown. The intensities are plotted in a linear scale. The
black curve shows a part of the 2q-w scan, the red curve shows the reverse of
the black curve and the gray curve is the difference between the black and red
curve.

To determine whether the line shape of the diffraction peaks is sym-
metric or asymmetric, an equal number of measurements points is taken on
both sides of the maximum of the (004) diffraction peak. In Fig. 7.6(c, d, e),
this part of the scan is shown for the two identical BBO films and for the
BBO/YBO heterostructure, respectively, by the black curve. Subsequently,
this specific part of the scan is reversed in order and plotted in red. When
the black and red curve are compared, it is already clear that the line shape
of the (004) diffraction peak of the single BBO films is symmetric and that the
line shape of the (004) peak of the BBO/YBO heterostructure is asymmetric.

To make this more clear, the difference between the black and red curve
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FIGURE 7.7: RSMs of a BBO/YBO heterostructure, scanned with a 2q range
of 40� and an w range of 20�, in the (a) [400] and (b) [301] direction of the
substrate, respectively. The smaller and more intense peaks are caused by
the substrate and the broader, less intense ones originate from the BBO/YBO
heterostructure.

is plotted, as depicted by the gray curve. The difference between the original
and reversed scans for the BBO films is almost equal to zero, where the
difference for the BBO/YBO heterostructure deviates from zero. So, the line
shape of the (004) diffraction peak of the heterostructure is indeed asym-
metric and that of the BBO films is symmetric. In Fig. 7.6(b) the differences
are plotted in the same graph, the blue and red curves show the differences
of the two identical BBO films and the black curve shows the difference for
the BBO/YBO heterostructure.

The diffraction peaks in the 2✓-! scans, the (004) diffraction peak ana-
lysis and the shift to higher 2✓ values for the BBO/YBO heterostructure
confirm the perovskite structure as indicated by the RHEED pattern. The
out-of-plane lattice constant of the perovskite Y-Bi-O system is calculated
to be 4.34 ± 0.05 Å. Further characterization with XRD showed that the
in-plane orientation of the BBO and Y-Bi-O films was corresponding with
the substrate, see the azimuthal scans in Fig. 7.3(b). Both the substrate and
films <101> diffraction peaks appear at the same positions, confirming all
layers have similar orientation with respect to the substrate and a fourfold
symmetry.

Reciprocal space maps (RSMs) of the Y-Bi-O film deposited on top of
the BBO buffer layer also confirm the perovskite structure. The RSM in
Fig. 7.7(a) shows the (004) diffraction peaks of the substrate (top) and the
Y-Bi-O film (bottom), the BBO buffer layer also contributes to the intensity
of the latter. In Fig. 7.7(b) the [301] direction is scanned, where the smaller
diffraction peak is caused by the STO substrate and the bigger one by both
the BBO and Y-Bi-O films. Ideally, a peak separation is expected to be
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FIGURE 7.8: The XPS results of (a) a fluorite YBO thin film and (b) a
BBO/YBO heterostructure.

observed. However, the resolution of the RSMs is too low to observe this
separation. When a straight line is drawn from the substrate peak to the
origin, the line also crosses the centre of the film peak indicating a fully
relaxed film. This is in good agreement with the STEM analysis of the BBO
film, as discussed in chapter 3. From the RSMs the in- and out-of-plane
lattice constants can be calculated, which are determined to be 4.34 ± 0.1 Å
and 4.35 ± 0.1 Å, respectively.

The Y-Bi-O system has been studied with x-ray photoelectron spectros-
copy (XPS). Since the penetration depth is less than the thickness of the
Y-Bi-O film, the element ratio of solely the top film can be determined. The
results of in situ XPS studies are presented in Fig. 7.8 for the both the YBO
deposited directly on the substrate and on top of the buffer layer, respecti-
vely, in (a) and (b). For the fluorite phase, the Y:Bi:O element ratio is
22:19:59±3%, respectively, confirming the oxygen deficient fluorite phase as
also observed by [47]. When Y-Bi-O is deposited on the BBO buffer layer, the
element ratio is determined to be 23:19:58±3% for Y, Bi and O, respectively.

So far, the STEM analysis of the Y-Bi-O film is inconclusive since the
perovskite Y-Bi-O is a highly metastable phase which makes the specimen
preparation process very challenging. Therefore, it was not possible to
image the structure of the Y-Bi-O film with the HRSTEM. In Fig. 3.4(b), the
Y-Bi-O film is partly shown but only a distorted structure is obtained.

Electron energy loss spectroscopy (EELS)2 is, nevertheless, possible to
perform. The interface between the BBO and Y-Bi-O films is studied and
presented in Fig. 7.9(b). The bismuth O- and M-edges are outside of the
measurable range. At the BBO/YBO interface, a sharp edge is seen for the
barium atom and shows that Ba is only present below this interface. Since
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FIGURE 7.9: (a) Annular dark-field (ADF) image of the specimen (scale bar
20 nm). The area studied with EELS is indicated by the black rectangle. (b)
A zoom of the red rectangle and the EELS measurements of the BBO/YBO
interface are presented.

the yttrium atom is very small, it is harder to observe a clear boundary.
However, still a change in contrast is observed at the same height as for the
barium atom. So, there is no interdiffusion at this interface.

7.5 CONCLUSIONS

In conclusion, it is shown that the use of a buffer layer can influence the
crystal phase of the thin film deposited on top. When the YBO is deposited
directly on the STO substrate, it stabilizes in the fluorite phase with an
out-of-plane lattice constant of 5.36 ± 0.05 Å, which is also its energetically
most favourable phase. To match the oxygen positions, the YBO film is
rotated by 45� in-plane with respect to the substrate.

As buffer layer material, BBO is chosen since it is stable in the perovskite
phase and possesses a lattice constant comparable to the 4.4 Å of the desired
perovskite YBO that is potentially a topological insulator. By first depositing
the BBO buffer layer on the substrate, it becomes more energetically favo-
rable for the Y-Bi-O system to adopt and continue the perovskite structure
of the underlying film than to crystallize in the fluorite structure.

Furthermore, the lattice mismatch between the perovskite YBO and BBO
is ⇠1%, therefore very little strain needs to be included in the structure to
make the two match. When depositing the Y-Bi-O system on top of the

2The EELS measurements are performed by N. Gauquelin from Electron
Microscopy for Material Science (EMAT) at the University of Antwerp.
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buffer layer, a single-oriented perovskite phase is observed with an out-of-
plane lattice constant of 4.34 ± 0.05 Å and the expected fourfold symmetry.
It remained inconclusive if the perovksite phase in the Y-Bi-O film had a
YBiO3 or BiYO3 configuration. X-ray photoelectron diffraction might be
a suitable technique to distinguish between the YBO and BYO perovskite
configurations, as further addressed in Appendices 7.A and 7.B. The pre-
sented findings pave a way towards the fabrication of quantum devices for
testing the hypothesised topological insulating phase in perovskite YBiO3.
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FIGURE 7.A.1: The clusters used as input for the multiple-scattering
simulations of (a) perovskite YBO, (b) perovskite BYO and (c) fluorite
YBiO4. The legend indicated the dot color corresponding to the element,
the atoms are not depicted in their realistic radii.

7.A MULTIPLE-SCATTERING SIMULATIONS
OF YBIO3, BIYO3 AND YBIO4

In chapter 6, the technique x-ray photoelectron diffraction (XPD) and
multiple-scattering simulations, using the electron diffraction in atomic
clusters (EDAC) software [260], are extensively discussed. Here, the XPD
interference patterns for the crystal structures of perovskite YBiO3 (YBO)
and BiYO3 (BYO) and fluorite YBiO4 are simulated. All three crystal
structures are schematically depicted in Fig. 7.1.

The clusters used as input for the multiple-scattering simulations are
presented in Fig. 7.A.1. Typically the clusters consists of 170 – 174 atoms.
The interference patterns were simulated for the Y 3p (Eb = 310 eV), Bi 4d
(Eb = 464 eV) and O 1s (Eb = 530 eV) core levels. The emitting atoms were
chosen symmetrically with respect to the cluster center. The number of
emitting atoms varied per crystal structure and per atom, but was typically
between 1 and 4. The number of iterations was between 5 and 20.

The result of the simulations is presented in Fig. 7.A.2, where (a), (b) and
(c) depict the YBO, BYO and YBiO4 crystal structures, respectively. A clear
fourfold symmetry is observed in all stereographic projections, as expected
from the crystal structures. The pattern of yttrium in YBO is very similar to
the bismuth pattern in BYO, and vice versa.

In the �-loops, presented in Fig. 7.A.3(b) for the perovskite structure at
a polar angle of ✓ = 49�, the similarity of the yttrium intensity curve in YBO
with the bismuth intensity curve in BYO is also observed. This shows that
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FIGURE 7.A.2: Multiple-scattering simulation results. The simulated XPD
interference patterns of (a) perovskite YBO, (b) perovksite BYO and (c)
fluorite YBiO4. From left to right, the columns depict the stereographic
projects of the Y 3p, Bi 4d and O 1s core levels.

the position within the crystal structure is more important than the emitting
element, illustrating the importance of nearby atoms on the interference
patterns [233, 235, 239].

In the fluorite YBiO4 structure, the bismuth and yttrium atoms are,
however, randomly distributed. Resulting in almost identical interference
patterns as their environments are similar. A clear agreement between the
stereographic projections for Y and Bi, see Fig. 7.A.2(c), is observed as well
as similar intensity curves for Y and Bi as presented by the �-loops in
Fig. 7.A.3(a).
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FIGURE 7.A.3: The f-loops for the results of the multiple-scattering
simulations and experimental measurement for q = 49�. (a) Presents
the intensity curves for the fluorite structure. The blue curves show the
multiple-scattering simulation results for the yttrium and bismuth atom
for the dark and light curve, respectively. The green curves show the
experimental curves for the fluorite YBiO3 deposited directly on the STO
substrate for the yttrium and bismuth atoms by, respectively, the light and
dark curve. (b) Presents the intensity curves for the perovskite structure.
The blue curves depict, from dark to light, the result of multiple-scattering
simulations for yttrium and bismuth in YBO and the yttrium and bismuth in
BYO. The green curves show the experimental result for yttrium and bismuth
by the light and dark curve, respectively, for the Y-Bi-O film deposited on a
BBO buffer layer. All experimental data is smoothed by a five-data-point
sliding window.

7.B X-RAY PHOTOELECTRON DIFFRACTION
INTERFERENCE PATTERNS

XPD measurement are performed on fluorite YBiO3 films, deposited directly
on a Nb-doped STO(001) substrate, and on a BBO/YBO heterostructure,
aiming towards a better understanding of the crystal structure. Especially
for the Y-Bi-O films deposited on the BBO buffer layer, it is desired to deter-
mine the whether the structure stabilizes in a YBO or BYO perovskite phase.

The stereographic projections displaying the results are presented in
Fig. 7.B.1 for the core levels Y 3d (Eb = 306 eV), Bi 4d 5/2 (Eb = 441 eV)
and O 1s (Eb = 529 eV). Step sizes for the complete scans were 3� for ✓ and
�. Geometrical measurements were taken at Eb = 3600 and 350 eV. Method
2 was used to correct for the geometrical factor – as discussed in chapter 6.
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FIGURE 7.B.1: The stereographic projections displaying the result of XPD
measurement performed on Y-Bi-O systems deposited (a) directly on a STO
substrate and (b) on a BBO buffer layer. The columns present the Y 3p, Bi 4d
and O 1s core levels, from left to right.

It is shown that the YBiO3 film deposited directly on the STO substrate
possesses the fluorite structure, with an oxygen deficiency of 25 %. There-
fore, it is expected that the interference patterns for yttrium and bismuth are
almost identical, as shown by the multiple-scattering results in Fig. 7.A.2(c).
From the experimental stereographic projections, see Fig. 7.B.1(a), this
cannot be concluded directly for the fluorite YBO film as the interference
pattern of the Bi core level has an insufficient quality.

As in chapter 6, �-loops are shown for the simulated and experimental
results for the fluorite structure in Fig. 7.A.3(a). The yttrium and bismuth
multiple-scattering simulation results show �-loops that are very similar,
see blue curves. The experimental results for Y and Bi, depicted by the
green curves, show not enough similarity to conclude that they have similar
environments in the structure.

For the experimental results of the Y-Bi-O system deposited on the BBO
buffer layer, presented in Fig. 7.B.1(b), barely any intensity variations are
visible. The �-loops for the multiple-scattering simulations and experi-
mental results are presented in Fig. 7.A.3(b). The experimental curves are
not of sufficient quality to draw any conclusions.
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From the multiple-scattering simulation results presented in Appen-
dix 7.A, clear difference are observed for the YBO and BYO perovskite
structures. Unfortunately, the experimental results do not show the desired
quality to conclude whether the Y-Bi-O film stabilizes in the YBO or BYO
perovskite phase when deposited on top of the BBO buffer layer.





Chapter 8

TOWARDS THE OBSERVATION
OF THE TOPOLOGICAL
INSULATING PHASE IN Y-BI-O

The stabilization of the energetically unfavorable perovskite
phase in Y-Bi-O might result in the first oxide topological
insulator. In this chapter, various attempts are made towards
the verification of a nontrivial topology in perovskite
Y-Bi-O. It is shown that, when devices are fabricated, major
degradation effects occur – challenging ex situ transport
experiments. By performing in situ scanning tunneling
spectroscopy experiments, a first hint of the topological
insulating phase is obtained. The local density of states has a
linear voltage dependence on both sides of the Fermi energy,
possibly caused by the presence of a Dirac cone. Further
verification is acquired by four-probe distance-dependent
transport measurements, again in situ. By applying
a previously verified model, the Y-Bi-O and substrate
contributions to the total conductivity were determined to
be equal to r2D = 3.0 W and r3D = 3.6 mW·cm. Additional
experiments are required to prove the presence of the
topological insulating phase in perovskite Y-Bi-O.
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8.1 INTRODUCTION

In 2013, YBiO3 (YBO) was theoretically predicted to be a topological insu-
lator (TI) [82]. A perovskite phase with a lattice constant of a = 5.248 Å was
set as constraint in the calculations. This is, however, incorrect since not the
perovskite but the energetically favorable fluorite phase corresponds to this
lattice constant [47].

The energetically unfavorable perovskite phase, with a lattice constant
of 4.34 Å, is stabilized in the Y-Bi-O system when a BaBiO3 (BBO) buffer
layer is used – as presented in chapter 7. It remained unresolved if the
system stabilizes in the YBO or BiYO3 (BYO) configuration. Theoretical
calculations show that the total energy of the system is lowest when the
yttrium and bismuth positions are as the latter [47, 266]. The band structure
of BYO shows that of a trivial insulator, while the band inversion is still
present in the band structure of YBO. Nevertheless, the ground state of
perovksite YBO is theoretically predicted to be metallic [47].

In this chapter, we work towards the observation of the possible topo-
logical insulating phase in the perovskite Y-Bi-O system. First, it is briefly
discussed how TIs are experimentally verified previously. Second, the major
degradation effects that occurred in the Y-Bi-O films when devices were
fabricated are presented. Subsequently, experiments were performed with
an in situ nanoprobe scanning tunneling microscope (STM). Results of
spectroscopy and four-probe transport measurements are discussed in
sections 8.4 and 8.5, respectively. Finally, this chapter is closed with a short
conclusion.

8.2 EXPERIMENTAL VERIFICATION OF
TOPOLOGICAL INSULATORS

The first experimental observation of the quantum spin Hall (QSH) state,
synonymously used for the one-dimensional edges of a two-dimensional
(2D) topological insulating state, was by nonlocal transport measurements
in HgTe quantum wells [34]. Micrometer-scale structures, from now on
referred to as devices, were fabricated in a Hall bar geometry with various
dimensions using quantum wells with various widths. Subsequently, the
conductance was measured as a function of gate voltage. The observed
resistance plateau was found to be close to the quantized Hall resistance.
The conductance originates from the helical edge states that experience
dissipationless transport [31].

For the verification of three-dimensional (3D) TIs, angle-resolved photo-
emission spectroscopy (ARPES) is often used [33, 36, 48, 62, 166]. The odd
number of Dirac cones present on the surface confirms the nontrivial
topology of a material [33, 45, 48]. The ARPES experiments confirm the
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linear dispersion relation of the electrons close to the Dirac point due to
the spin-momentum locking [31, 32]. The 2D surface states of a 3D TI
also obey the spin scattering rules and, consequently, backscattering is sup-
pressed [276]. The spin-momentum locking of the electrons was experi-
mentally verified by spin-resolved ARPES [277]. Alternatively, by applying
a magnetic field in combination with STM and scanning tunneling spectros-
copy (STS) experiments, Landau levels were observed on Bi2Se3 thin
films [278].

Topological states are, furthermore, verified with transport measure-
ments. When performing Hall measurements in high magnetic fields on
high-mobility samples, Shubnikov-de Haas (SdH) oscillations are observed
in Bi2Te3 crystals [279, 280, 281] that are shifted in phase by p because of
the Berry phase from the spin-momentum locking. For increasing magnetic
field strengths, oscillations occur when successive Landau levels are
emptied. By comparison with identical measurements on a metallic sample,
it was concluded that the SdH oscillations originate from the 2D surface
states [279]. It is important to note that the 2D behavior does not necessarily
originate solely from the surface states but also from the bulk conduction
band [282].

When a Bi2Se3 thin film was patterned in a Hall bar configuration,
pronounced SdH oscillations were observed [283]. It was found that trans-
port properties abruptly change below a critical thickness of five quintuple
layers (QL), because of hybridization effects between the top and bottom
surface. The surface states become degenerate below the critical thickness,
backscattering is no longer prohibited and surface mobilities are lowered.

Another consequence of the topological shift of p in the Berry phase is
weak anti-localization [283, 284, 285]. The contribution of the 2D surface
states can be extracted by performing angle-dependent magnetoresistance
measurements [286], and works for low-mobility samples [282].

For classical TIs, surface oxidation effects form an obstacle towards
applications [32, 287]. For transport measurements, isolated surface states
are desired. However, unwanted doping, for example by crystal imper-
fections, leads to dominant bulk carriers [38]. For nanoscale structures, the
surface-to-bulk ratio is larger, enhancing the contribution of surface
states [32, 38]. Attempts to alternative ways of structuring are made, as
mechanical scratching of the Hall bar geometry [288], top and bottom elec-
trodes to distinguish bulk conduction from surface states [289], alternative
positioning of contacts [290] and the use of pressure to distinguish surface
and bulk conductance contributions [291].

In an attempt to verify the potential nontrivial topology of perovskite
Y-Bi-O thin films, devices were fabricated – as described in the subsequent
section.
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FIGURE 8.1: Degradation effects observed in an uncapped BBO/YBO
heterostructure after two-point transport measurements were performed. (a)
AFM image taken on a degraded area (30 ⇥ 17.5 µm, scale bar 2 µm). (b)
Image taken with an optical microscope. The contact separation is 5 µm
vertically and 50 µm horizontally (scale bar 100 µm). (c) SEM image of the
same area as shown in (b) (scale bar 40 µm). (d) SEM image of zigzag-like
degradation features (scale bar 4 µm). (e) AFM image of a zigzag-like
degradation feature. The height variations are ± 110 nm (scale bar 5 µm). (f)
SEM image of cross section of the degraded BBO/YBO heterostructure (scale
bar 200 nm).

8.3 DEGRADATION IN Y-BI-O DEVICES

Before transport measurements are performed, the perovskite Y-Bi-O films
are structured into various geometries. First, a grid of gold contacts was
deposited to study the influence of contact separation on the resistance of
uncapped BBO/YBO heterostructures. Second, BBO/YBO heterostructures
were capped with amorphous AlOx and structured into a standard Hall
bar geometry. In both cases, major degradation effects were observed as
presented in Fig. 8.1.

An uncapped BBO/YBO heterostructure with thicknesses of 20 nm and
15 nm, respectively, deposited on a TiO2-terminated SrTiO3(001) (STO)
substrate was used for initial structuring. The pulsed laser deposition (PLD)
fabrication parameters are the same as discussed in chapter 7. By optical
lithography and sputter depositions of ⇠2 nm titanium and ⇠80 nm gold,
a grid of Ti/Au contact pads was created on top of the heterostructure,
as partly visible in Fig. 8.1(b) and (c). The performed two-point transport
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measurements resulted in unreliable results – capacitive effects were
observed. Afterwards, major degradation signatures were visible as ob-
served by atomic force microscopy (AFM), optical microscopy and scanning
electron microscopy (SEM) as presented in Fig. 8.1.

The degradation signatures mainly occur in regions that have seen an
electric field. The degradation feature as presented in Fig. 8.1(a-c) appeared
mainly between and close to the contacts over which a voltage was applied.
The height variation of the feature, determined with AFM, is 10 – 15 nm.
In Fig. 8.1(d) and (e), zigzag-like degradation features are observed – again
located nearby the contact pads used for transport measurements. By AFM,
the height variation is determined to be ± 110 nm.

Both degradation types were observed on various BBO/YBO hetero-
structures, consistently after transport measurements were performed and
located in the areas over which an electric field was applied. A cross section
of a BBO/YBO heterostructure that was used for transport measurements,
depicted in Fig. 8.1(f), shows that the top layer is lifted by approximately
200 nm, much larger than the total thickness of the BBO and Y-Bi-O layers.

To prevent degradation, BBO/YBO heterostructures were capped with
amorphous AlOx. The capping layer was deposited by PLD with an oxygen
background pressure of 0.150 mbar and a laser fluency and frequency of
1.5 J/cm2 and 2 Hz, respectively. The distance between the target and
sample was 50 mm and the deposition was performed at room temperature.
These deposition conditions are based on earlier work [292]. A total of
200 laser pulses was used, resulting in a thickness of 13 ± 1 nm.

For subsequent device fabrication, the thickness of the heterostructure
was reduced significantly to 30 and 10 unit cells (u.c.) for BBO and YBO,
respectively. After fabrication, a Hall bar geometry was created by photo-
lithography. The unnecessary parts of the heterostructure were etched away
in an argon ion etcher with Vacceleration = 70 V. Subsequently, the Ti/Au
contacts were deposited by sputter deposition with similar thicknesses as
stated before.

With a optical microscope, see Fig. 8.2(a), signs of degradation were
already observed on the edges of the Hall bar structure before transport
measurements were performed. To study the evolvement of the degra-
dation, the heterostructure was put away in a nitrogen-filled desiccator for
four days. Afterwards, the structure was wire bonded and images were,
again, taken with the optical microscope, presented in Fig. 8.2(b). Additional
degradation features were clearly visible and an increase compared to
Fig. 8.2(a) was observed.

With a Keithley 2450 SourceMeter, a current of 1 nA was send through
two neighboring contacts in a two-point fashion. Resistances of ⇠100 MW
were observed. Directly after the transport measurements, an image was
captured with the microscope as depicted in Fig. 8.2(c). A massive increase
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FIGURE 8.2: Evolvement of degradation effects in a Hall bar geometry
of an AlOx-capped BBO/YBO heterostructure, with thicknesses of 30 u.c.
and 10 u.c., respectively, for BBO and Y-Bi-O. The images are taken with
an optical microscope. The depicted Hall bar has a length of 400 µm
and width of 50 µm. The images are taken (a) directly after fabrication,
optical lithography and argon ion etching, (b) after four additional days
in a nitrogen-filled desiccator, (c) after two-point transport measurements,
(d) after an additional day in the desiccator, (e) after four-point transport
measurements and cooldown measurement and (f) plus an additional four
weeks in the desiccator.

of the degradation was visible. When the heterostructure was put into the
desiccator for an additional day, no further increase of degradation was
observed, see Fig. 8.2(d). Subsequently, attempts for a four-point transport
measurement and a cooldown meaurement were made – resulting in
unreliable results. The optical image taken afterwards, presented in
Fig. 8.2(e), showed a massive increase of the degradation. Nevertheless,
after an additional four weeks that the BBO/YBO heterostructure was put
into the desiccator, no further degradation was observed, presented in
Fig. 8.2(f). Note that measurements took place at room temperature (T =
293 K) and under atmospheric conditions.

Surprisingly, when studying the degradation in another Hall bar –
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FIGURE 8.3: Degradation effects observed during device fabrication of an
AlOx-capped BBO/YBO heterostructure. The bottom row is a zoom in of the
top row. The depicted Hall bar has a length of 400 µm and width of 40 µm.
(a, e) After argon ion etching, (b, f) plus 1.5 hours, (c, g) after annealing
for 1 hour in vacuum conditions at 200 �C and depositing an additional
13-nm-thick AlOx capping layer, (d, h) plus 1.5 weeks.

present on the same AlOx-capped BBO/YBO heterostructure – that was not
used for transport measurements, similar evolvement of the degradation
was observed. Minor degradation features were observed before transport
measurements were performed. Afterwards, a large increase in the degra-
dation was seen, even though no electric field was applied over this specific
Hall bar geometry.

For an identically fabricated BBO/YBO heterostructure capped with
AlOx, degradation occurred after etching away the unnecessary parts. To
study the evolvement of degradation without sending a current through the
structure, images were taken with the optical miscroscope 1.5 hours apart,
see Fig. 8.3(a, e) and (b, f), respectively. As for the previously discussed
heterostructure, degradation effects occurred from the edges of the Hall bar
geometry.

To prevent further degradation, the edges of the Hall bar were also
capped with amorphous AlOx. The BBO/YBO heterostructure was intro-
duced back into the PLD vacuum system (average pressure of 3 · 10�7 mbar)
and annealed for 1 hour at 200 �C. Subsequently, an AlOx capping layer
was deposited with the same growth parameters and thickness. The optical
microscope images showed additional degradation features, presented in
Fig. 8.3(c, g). However, after 1.5 additional weeks, no further degradation
was observed as shown in Fig. 8.3(d, h).

For the structured BBO/YBO heterostructures, it is clear that degra-
dation starts from the edges of the structures where BBO and Y-Bi-O are
exposed to atmospheric conditions. For BBO, it is known that the material
system is sensitive for degradation effects [139]. To, nevertheless, study the
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potentially nontrivial topology of perovskite Y-Bi-O, in situ structuring or
direct capping of the complete structures – including the edges, could be a
way towards reliable transport measurements.

8.4 In situ SCANNING TUNNELING SPECTROSCOPY

A logical route to prevent degradation effects in BBO/YBO heterostructures
is the usage of in situ characterization techniques. In this section, the possi-
bility of using STM to verify the topological insulating character is examined.
As in chapter 5, STS experiments were performed to study the electrical
properties of thin films.

Two identical BBO/YBO heterostructures with relative thicknesses of
30 u.c. and 9 u.c. were fabricated with PLD using TiO2-terminated, 0.5 wt%
Nb-doped SrTiO3(001) (Nb:STO) substrates. The topography of the perov-
skite Y-Bi-O was studied with AFM and STM, presented in Fig. 8.4. The
substrate vicinal angles were, respectively, 0.113� and 0.02� for the hetero-
structures studied by AFM and STM. The ex situ AFM image was obtained
directly after removing the structure from vacuum conditions. Subsequently,
a STM image was measured after an in situ transfer to an Omicron nanoprobe
STM, with a base pressure of 1 · 10�10 mbar. Chemically etched tungsten
tips were used for all measurements and stabilized by scanning an Au(111)
sample, as presented in Appendix 5.B. The measurements were acquired
at room temperature. All voltages stated refer to the tip bias voltage with
respect to the sample and the terraces are still visible.

The root-mean-square (RMS) roughness extracted from the AFM image
is 0.353 nm. The height profiles corresponding to the green lines are presen-
ted in Fig. 8.4(c) and (d) for the AFM and STM image, respectively. Both
perovskite Y-Bi-O surfaces show similar height variations.

Subsequently, the electronic properties are examined with in situ STS.
For this, BBO/YBO heterostructure with thicknesses of, respectively, 30 u.c.
and 9 u.c. are used. Barely any spatial-dependent influence was found on
the electronic profile of the perovskite Y-Bi-O surface. A representative I(V)
curve is displayed in Fig. 8.5(a). Differential conductance curves ( dI

dV (V))
represent the local density of states (LDOS) of a material system [293] and
are, therefore, used to study the electronic band structure. The differential
conductance curves obtained from the I(V) curves and recorded with a
lock-in amplifier ( f = 1763 Hz, VAC = 30 mV) are presented in Fig. 8.5(b)
and (c), respectively. The rounding for dI

dV (V = 0 V) = 0 nA/V is caused by
thermal broadening.

A band gap, like observed for BBO thin films in chapter 5, is no longer
present in the dI

dV (V) curves obtained on the perovskite Y-Bi-O surface.
The LDOS of has a V-like shape, hinting to the linearly dispersing surface
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FIGURE 8.4: Topography study of BBO/YBO heterostructures with
thicknesses of 30 u.c. and 9 u.c., respectively. (a) Depicts an ex situ
AFM image (500 ⇥ 500 nm, scale bar 100 nm), with in (c) the height
profile corresponding to the green line. (b) A topography image of an in
situ transferred heterostructure obtained by STM (300 ⇥ 300 nm, scale bar
100 nm), the height profile in (d) corresponds to the green line in (b). The
tunneling parameters are 500 pA and -0.5 V.

states of a TI [294]. This is explained as follows [295]: The one-dimensional
(1D) conducting channels of a 2D TI, result in a linear band structure. The
corresponding 1D density of states must, therefore, be constant. The 2D
conducting surfaces of a 3D TI have a Dirac-like band structure, and thus
result in a V-shaped density of states – as observed for the BBO/YBO hetero-
structure. A regular insulator has no bands that connect the valence and
conduction band, resulting in the absence of states within the energy band
gap and therefore a U-shaped differential conductance curve.

Linear fits were taken through the differential conductance curves at
both sides of the Fermi energy (V = 0 V), shown by the green dashed lines
in Fig. 8.5(b) and (c). At higher bias voltages, the linear fits show less overlap
with the experimental curves, due to band bending effects caused by bulk
contributions. Nevertheless, the LDOS shows linear dispersion behavoir
over a range of ± 1.0 V – much larger than observed on Bi2Te3 [296, 297],
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FIGURE 8.5: Spectroscopy study of perovskite Y-Bi-O. (a) I(V) curve, (b)
numerical dI

dV (V) curve, (c) the dI
dV (V) curve recorded using a lock-in

amplifier ( f = 1763 Hz, VAC = 30 mV) and (d) a voltage map representing
the position of the center of the Dirac cone as a function of voltage and
position (50 ⇥ 45 nm, scale bar 10 nm). The green dashed lines in (b) and
(c) depict the linear fits taken to extract the Dirac point. The tunneling
parameters are 700 pA and -1.0 V. The BBO/YBO heterostructure has
relative thicknesses of 30 u.c. and 9 u.c. and is fabricated using Nb:STO.

Bi2Te2Se [298, 299] and BiSbTeSe2 [300].
The position of the Dirac point with respect to the Fermi energy is

extracted from the crossing point of the two linear fits and found to be at
34 meV. The STS measurements are repeated on a 50 ⇥ 45 nm area of the
surface and the extracted voltage positions of the Dirac point with respect
to the Fermi energy are plotted as a function of position in Fig. 8.5(d). Shifts
of ± 200 meV are present within this region, possibly caused by charge
inhomogeneities or puddles – although previously [300, 301] smaller varia-
tions of 10 – 40 meV were observed.

Similar dI
dV (V) curves are found on in situ cleaved Na2IrO3 single

crystals [294], with linear dispersing behavior over a comparable voltage
range as observed for the BBO/YBO heterostructure. The honeycomb iri-
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date Na2IrO3 is theoretically predicted as 2D [302, 303] and 3D [304] oxide
TI. However, experimental proof is still lacking. With STS, a closing of the
band gap was observed via 2D linear dispersion [294], pointing towards
the presence of a Dirac cone. The linear dispersion was found to be robust
against defects like step edges on the sample. In combination with low sheet
resistances of freshly cleaved ex situ Na2IrO3 crystals [294], the first Mott
insulating oxide TI was potentially verified.

The observation of the V-shape LDOS on perovskite Y-Bi-O indicates
that there is no overlap with the bulk conduction or valence band over a
range of ± 1.0 V. When the surface states of a 3D TI overlap with bulk
bands, the Dirac cone becomes invisible in STS – as is the case on Bi2Te3(111)
thin films [296]. Also for in situ cleaved Bi2Te3 single crystals, the linearly
dispersion band is only partly visible in the differential conductance
curves [297].

The results of the STS study are reproduced on BBO/YBO heterostruc-
tures with various thicknesses: 1) 10 u.c. and 9 u.c. and 2) 30 u.c. and 30 u.c.
for BBO and Y-Bi-O, respectively. The observed linear LDOS on perovskite
Y-Bi-O hints towards the presence of a topological surface state. However,
no conclusions can be drawn since additional verification is still necessary.

8.5 FOUR-PROBE DISTANCE-DEPENDENT TRANSPORT

The V-shape LDOS in combination with the theoretical predictions indicate
the presence of a nontrivial topology in perovskite Y-Bi-O. Our nanoprobe
STM features four independently operating tips, enabling in situ local trans-
port measurements. In this section, additional verification of the topological
phase with four-probe transport measurements is explored.

Four-probe transport measurements have been used to extract the 2D
and 3D contributions to the total conductivity. The main advantage of using
four probes over two is the minimization of the contact resistance [305].
In the most simple model, the surface and the bulk are considered as two
parallel resistors with R2D and R3D [306]. When the four probes are placed
in a collinear configuration with equal spacing, the surface conductivity is
independent of the probe spacing while the bulk conductivity is inversely
proportional to the probe spacing [306, 307, 308].

However, this approximation is considered to be incomplete, since it
does not allow for transitions between charge transport channels [307] –
which is the realistic situation because 2D and 3D conduction channels are
usually coupled [298]. A more accurate model of the transport through
various channels is a three-layer model [307], in which an additional layer
with a certain thickness and conductivity is introduced between the bulk
and surface. This model is further improved by dividing the so-called
spacing layer into N layers [309].
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FIGURE 8.6: (a) Collinear configuration for local four-probe transport
measurement, performed in a nanoprobe STM. The coupling between various
conduction channels is schematically depicted. Adapted with permission
from [298]. Copyright (2021) American Chemical Society. (b) Resistances
measured for a BBO/YBO heterostructure as a function of voltage probe
distance (s23) for constant source current probe distance (s14 = 60 µm). The
BBO and Y-Bi-O thickness are 10 u.c. and 9 u.c., respectively. The inset
shows a SEM image of the four probes in a collinear configuration.

The method proposed by Durand et al. [298] accounts for the coupling
of 2D and 3D conduction channels by simultaneously solving the current
continuity equations. The model is verified on graphene on an insulating
SiC substrate and cleaved Bi2Se3 and Bi2Te2Se single crystals, respectively
material systems with only 2D conduction, 3D bulk metallicity and coexis-
ting surface and bulk states. The latter system shows that this method
properly extracts 2D and 3D conductivity values for TIs. The four-probe
distant-dependent measurements were repeated on cleaved Bi2Te2Se single
crystals with a much smaller tip spacing between the source current probes
(the two outermost tips) [299], resulting in a larger contribution from the 2D
channel.

To study the contribution of surface and bulk conductance to the total
resistance of perovskite Y-Bi-O, the method of Durand et al. [298] is applied.
To perform this method, the four chemically etched tungsten tips of the
nanoprobe STM are placed in a collinear configuration, schematically
depicted in Fig. 8.6(a). The outermost tips, labelled as 1 and 4, are at fixed
positions with a spacing of s14 and function as source current probes. Simul-
taneously, the voltage drop is measured over the voltage probes, with labels
2 and 3, while their spacing (s23) is varied.
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The ratio between surface (r2D) and bulk (r3D) contributions is given by
the dimensionless parameter [298]

g =
r2D
r3D

· s14. (8.1)

Subsequently, the measured resistance is given by [298]
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where Xg is defined to enable a correct determination of g.
By now plotting R as a function of Xg, the linearity is tuned by varying

g [298]. The most linear result gives the correct value for g, with its slope
equal to r2D. The resistivity of the bulk is extracted from Eq. 8.1.

A BBO/YBO heterostructure with relative thicknesses of 10 u.c. and
9 u.c. is fabricated using Nb:STO and transferred in situ into the nanoprobe
STM. The four tips are placed in a collinear configuration with a spacing of
60 µm between the two outermost tips, see the SEM image in the inset of
Fig. 8.6(b). A current of -20 to 20 µA was send through the current probes.
The voltage drop was measured for various spacings of the voltage probes,
resulting in a resistance as a function of s23, presented in Fig. 8.6(b).

By fitting a linear curve through the data for various values of g, when
plotting R as a function of Xg, the most linear result was obtained for g = 5
– implying that 20% of the conductance originates from the 2D channels.
The slope gives r2D = 3.0 W and r3D = 3.6 mW·cm is extracted using Eq. 8.1.
This result indicates the presence of both 2D and bulk conduction channels,
as is the case for a TI. Nevertheless, the 3D resistivity is comparable to the
resistivity observed for Nb:STO [310, 311] – hinting that the bulk contri-
bution is originating from the conducting substrate. Reported values for the
2D sheet resistance of classical TIs vary for Bi2Te3 from 19.7 W/⇤ for thin
films [312] to ⇠100 – 400 W/⇤ for single crystals [313] and for Bi2Se3 from
100 W/⇤ for thin films [314] to 330 W/⇤ for micro flakes [315] – order(s) of
magnitude larger than observed for perovskite Y-Bi-O.

It is important to note that the method of Durand et al. [298] removes
the separation between the surface and bulk states as is the case for the
parallel resistor model, but it only takes into account two layers. Therefore,
additional contributions originating from, for example, surface band ben-
ding effects are neglected. The z-dependence of the spacing layer is, in more
extensive models, accounted for by including multiple spacing layers [308,
309, 316]. Nevertheless, these so-called N-layer models have only been
applied to trivial material systems.
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Better understanding of the separation between the surface and bulk
conduction channels in TIs is required to disentangle their contributions to
the total resistance. Up to this point, it is unclear if additional spacing layers
need to be taken into account to obtain more insights from the four-probe
distance-dependent measurements. Recently, gate-dependent four-probe
transport measurement are performed on a 10-nm-thick (Bi0.53Sb0.47)2Te3
film [317]. Three parallel conduction channels were considered for the top
surface states, the bulk conduction and bottom surface states. Without
including additional spacing layers, it was possible to disentangle the total
conductivity into the contributions these three conduction channels.

Moreover, the distance between the probes determines how surface-
sensitivity the measurement is [298, 307]. When the probe spacing is much
larger than the thickness of the sample, 3D characteristics appear as an
infinite 2D sheet [305]. For microscopic probe spacing, the current penetra-
tion into the surface is similar to the probe spacing [318]. For the perovskite
Y-Bi-O system, the thickness of the top layer is 9 u.c. (⇠4 nm), much smaller
than the minimum voltage probe spacing (s23 = 15 µm). A possible scenario
is that the observed 2D and 3D contributions originate from the BBO/YBO
heterostructure and conducting Nb:STO substrate, respectively, where the
2D contribution could also still include a Y-Bi-O bulk part.

8.6 CONCLUSIONS

The challenges for verification of the topological insulating phase in perov-
skite Y-Bi-O are addressed. Major degradation effects are observed when
devices were fabricated. Transport measurements are only reliable when
the degradation issues are overcome, which might be possible by in situ
structuring or additional capping of the devices after structuring.

The use of in situ characterization techniques offers a solution to the
occurring degradation. The pronounced signature of the spin-momentum
locked electrons in the surface states of 3D TI is linear dispersion, which was
observed by STS experiments on BBO/YBO heterostructures. The differen-
tial conductance curves show a V-shaped LDOS – indicating linear disper-
sion. Currently, the STS experiments are performed at room temperature.
Better resolutions might be reached by lowering the temperature of the
system. Nevertheless, the linear LDOS provides the first hint towards the
presence of a topological insulating state in perovskite Y-Bi-O.

Additional verification is acquired by four-probe distance-dependent
transport measurement, performed in the nanoprobe STM – allowing for in
situ transfer. The following resistivities were determined to be r2D = 3.0 W
and r3D = 3.6 mW·cm. The same method is previously used for the verifi-
cation for 3D TIs. However, a better understanding of the conduction
channels, their interactions and possible transitions and the current distri-
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bution within the BBO/YBO heterostructure is necessary. The currently
studied heterostructures have relatively small layer thicknesses and are
fabricated on top of a conducting substrate. The influence of the latter is
still unknown, but the determined 3D resistivity is similar as previously
observed for Nb-doped STO. Additional experiments are required on perov-
skite Y-Bi-O thin films fabricated using an insulating substrate. Subse-
quently, influences of for example temperature, electrical gating and the use
of ferromagnetic tips could be explored.





Chapter 9

CONCLUSIONS AND
PERSPECTIVES

BaBiO3 and perovksite Y-Bi-O thin films have successfully
been fabricated. Theoretical predictions show the presence
of a Dirac cone in BaBiO3 and a nontrivial metallic state in
perovskite YBiO3. However, as the Dirac cone in BaBiO3 is
situated 2 eV above the Fermi energy, accessing the desired
surface states is challenging. When studying the perovskite
Y-Bi-O surface with scanning tunneling spectroscopy, a
linear voltage dependence of the local density of states was
observed, hinting to the spin-momentum locked Dirac cone
surface state of a three-dimensional topological insulator.
Two-dimensional conduction channels were, furthermore,
observed by in situ four-probe transport measurements.
Nevertheless, understanding the current flow within the
BaBiO3/Y-Bi-O heterostructure requires more research.
In this chapter, alternative approaches for the potential
realization of oxide topological insulators are examined by
studying two design principles: layer coupling and geometry.
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9.1 INTRODUCTION

The research presented in this dissertation focusses on the realization of a
oxide topological insulator, preferably with a bulk band gap that is large
enough to sustain application at room temperature. The design principles,
introduced in chapter 1, indicate which tunable parameters – together with
spin-orbit coupling – can be used to invoke a band inversion in a material
system.

BaBiO3 (BBO) [50, 51] and perovskite YBiO3 [82] are theoretically
predicted to host a topological insulating phase. A band inversion and
re-opening of the band gap are due to strong hybridization effects and a
strong spin-orbit coupling. Even though the fluorite phase is energetically
favorable for the material system Y-Bi-O [47], the perovskite phase is stabi-
lized using advanced atomic growth techniques [27].

In this chapter, the advancements when fabricating BBO and perovskite
Y-Bi-O thin films are briefly summarized. Subsequently, the attempts to
verify the possible topological insulating phase and suggestions for future
research are discussed. In section 9.4, alternative routes for exploration are
proposed and two design principles, layer coupling and geometry, are further
examined for the realization of an oxide topological insulator. Lastly, a short
conclusion is given.

9.2 PEROVSKITE BABIO3 AND Y-BI-O THIN FILMS

After the realization of BBO thin films, the accommodation of the large
lattice mismatch with the SrTiO3(001) (STO) substrate, the electronic band
structure and the thickness-dependent band gap variation were studied.
Furthermore, x-ray photoelectron diffraction and corresponding
multiple-scattering simulations were performed in order to observe the
presence and variations in strength of the oxygen breathing mode as a
function of film thickness.

High-quality BBO thin films were obtained, despite the presence of
anti-phase boundaries. By a high-resolution transmission electron micros-
copy study, it was found that a dislocation every ninth unit cell (u.c.) accom-
modates for the 12% lattice mismatch with the STO substrate. Similar results
were simultaneously observed by Zapf et al. [76] and Jin et al. [152]. Both
studies also show the presence of anti-phase boundaries, which do not
disturb the quality of the crystal structure. By resolving the oxygen atom
positions at the BBO/STO interface, a fluorite structure was observed [152].

The energetically unfavorable perovskite phase is stabilized in Y-Bi-O by
using the BBO film as buffer layer and is characterized by x-ray diffraction
experiments. The comparable lattice constant and desired crystal phase
of BBO made it possible for the Y-Bi-O system to continue its growth in
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the perovskite phase. Nevertheless, it remained unresolved if the atomic
configuration was BiYO3 or YBiO3. The topological insulating phase is
theoretically predicted in the latter with an incorrect lattice constant of
a = 5.428 Å [82]. However, the correct lattice constant for the topological
perovskite is similar to that of BBO, namely a = 4.4 Å [47, 266] – close to the
observed out-of-plane lattice constant of a = 4.34 Å for perovskite Y-Bi-O in
chapter 7.

9.3 VERIFICATION OF THE NONTRIVIAL PHASE

After structural characterization of the BBO and perovskite Y-Bi-O films, an
attempt is made to observe the topological insulating behavior as further
discussed in this section.

The material system BBO is theoretically predicted to be a topological
insulator with a bulk band gap of 0.7 eV [50, 51]. A band inversion is
intrinsically present, but situated 2 eV above the Fermi energy. To access the
desired surface states, a doping level of about one electron per unit cell is
required, which is above the carrier densities provided by traditional gating
methods [157, 158].

The thickness-dependent modification of the energy band gap of BBO
suggests that the Dirac cone can be reached in ultra-thin films, possibly,
by lower carrier densities than required when the band gap is as large as
for the bulk component. Ionic liquid gating provides the highest carrier
densities [158]. However, since the ultra-thin BBO films need to be struc-
tured in order to perform these gating experiments, degradation issues [139]
hinder the observation of the topologically protected surface states.

Alternatively, chemical doping is theoretically proposed [84, 127] to
access the desired surface states. Nevertheless, stability analyses were not
always performed, resulting in proposals for unstable compounds [55, 88,
89]. Recently, electron doping was experimentally realized by the fabrication
of a La-doped BBO superlattice [94], but the required doping level was not
reached. Another suggestion to shift the Fermi energy is by using polar
substrates [164, 165].

Major degradation effects in both BBO and perovskite Y-Bi-O hinder
the observation of the topological insulating phase along traditional routes,
such as by angle-resolved photoemission spectroscopy (ARPES) [33, 36, 48,
62, 166] and transport measurements [279, 280, 281, 283, 284, 285]. Optio-
nally, a high-vacuum suitcase transfer opens up the possibility of accessing
the electronic band structure of sensitive functional oxides, as discussed in
chapter 4. Since the predicted Dirac cone lies above the Fermi energy in
BBO, ARPES is an unsuitable technique to observe the topological insulating
phase in this compound as only the occupied states are probed.



146 Chapter 9. Conclusions and perspectives

For perovskite YBiO3 with a lattice constant of a = 4.4 Å, a topological
metallic ground state is theoretically predicted with a band inversion at
the R point in the Brillouin zone [47]. A single band crossing the Fermi
energy causes the expected metallic behavoir. Excluding this band, the
Fermi energy does not overlap with the valence band. ARPES is, therefore,
a suitable technique to study the electronic band structure and observe the
potential surface states. Nevertheless, the usage of a vacuum suitcase is
essential to prevent degradation effects to occur.

An alternative route to observe topological insulating behavior, using
transport measurements, is by performing the device fabrication steps in
situ. The use of an AlOx hard mask, as previously described in [59, 292],
eliminates the first photolithography step. A substrate with a beforehand
structured AlOx layer, i.e. the hard mask, could be used for deposition
of BBO and Y-Bi-O. By afterwards depositing an AlOx capping layer, the
materials are protected from exposure to atmospheric conditions. Subse-
quently, in situ argon etching and deposition of Ti/Au contacts, which is
possible in some combined systems, could prevent degradation effects to
occur in BBO/YBO heterostructures.

In chapter 8, two in situ techniques were used to study the potential
topological insulating behavior in perovskite Y-Bi-O: scanning tunneling
spectroscopy (STS) and four-probe transport measurements. A linear
dispersing local density of states (LDOS) was observed in the differential
conductance curves on various thicknesses of the BBO/YBO heterostructure,
hinting towards the spin-momentum locked surface states of a three-
dimensional topological insulator. On Na2IrO3 single crystals, a similar
V-shape LDOS was observed [294].

Additional in situ distance-dependent transport measurements were
performed according to the model of Durand et al. [298]. The two- and
three-dimensional (2D and 3D) contributions to the total conductivity were
distinguished by assuming the surface and bulk as two parallel, but
coupled, resistors – which allows for transitions between the conduction
channels. A 2D sheet resistance of 3 W/⇤ and 3D resistivity of 3.6 mW·cm
were extracted from the distance-dependent transport measurement that
were performed with four independently operating probes.

The 2D resistance cannot be conclusively be addressed to the top and
bottom surface states of the possible topological insulating phase of perov-
skite Y-Bi-O. The current flow through the BBO/YBO heterostructure
needs to be better understood and the contribution of the conducting
substrate should be diminished by either fabricating thicker perovskite
Y-Bi-O layers to reduce the substrate contribution or by replacing the con-
ducting substrate for an insulating one. Moreover, by decreasing the probe
spacing, the bulk contribution can be minimized [298, 305, 307, 318].

The results on perovskite Y-Bi-O hint towards the presence of a topo-



9.4. Perspectives 147

logical insulating phase, but no strong claims can be made and additional
experiments are a necessity. The development of additional in situ charac-
terization tools would not only be beneficial for the verification of the first
oxide topological insulator, but also for classical topological insulators that
suffer from aging effects [166, 287, 298].

9.4 PERSPECTIVES1

Up to this point, the verification of the topological insulating phase in BBO
and perovskite Y-Bi-O have been discussed. Nevertheless, many other oxide
material systems have been theoretically predicted as topological
insulators [50, 51, 82, 83, 84, 85, 86, 87]. In the two subsections below,
the design principles layer coupling and geometry are further examined to
achieve the realization of an oxide topological insulator.

9.4.1 COMPLEX OXIDES AS BUILDING BLOCK FOR A THREE-
DIMENSIONAL TOPOLOGICAL INSULATOR

In recent years, much interest has been generated in topological crystalline
insulators (TCIs) [320]. These are materials which exhibit topological
features, but the topology is not protected by one of the three non-
spatial general symmetries: chiral, particle-hole or time-reversal symmetry.
Instead, the crystalline symmetry in combination with the aforementioned
non-spatial symmetries introduces the topology and associated surface
states. One would naively expect the surface states of these crystalline
topological insulators to be immediately disturbed in the presence of a
defect, since every crystallographic defect breaks the crystalline symmetry
locally. Numerical simulations have, however, shown that the surface states
of these TCIs are quite persistent [321]. It turns out that if one averages over
all disorders, the crystalline symmetry is restored, which allows for robust
surface states [322].

It is thus possible to design a topological insulator with a completely
new toolbox, having a wide choice of materials and crystal structures. The
first example of such a crystalline topological insulator was SnTe, where
only interfaces symmetric with respect to the {110} mirror plane have protec-
ted gapless states [323]. There has been extensive work in designing
topological insulators using these crystalline symmetries, for example by
extending the Altland-Zirnbauer tenfold symmetry classes [324] with
various crystalline symmetries [325].

1This section is published as part of: P. M. Gunnik, R. L. Bouwmeester and
A. Brinkman, Artificial oxide heterostructures with non-trivial topology, Journal of
Condensed Matter Physics 33, 085601 (2020) [319].
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The starting point for the design of a topological crystalline insulator by
using multilayers is as the model introduced by Das and Balatsky [83]. The
goal of this model is to design a 3D topological insulator in a heterostructure,
with the following characteristics: an insulating bulk, conducting surfaces
and a Dirac-like dispersion with spin–momentum locking at the surface.

The basic building block for the heterostructure is a layer with a two-
dimensional electron gas (2DEG) with Rashba-type spin–orbit splitting at
both its interfaces. We choose the interfaces such that the Rashba splitting
has an opposite sign for the top and bottom interface, which can be achieved
by switching the electronic polarization of the two interfaces [326]. Perov-
skite oxides are particularly suited for this, since it is possible to
control the termination layer atomically. By switching the termination, we
can reverse Rashba splitting. As an example, we consider a LaAlO3/SrTiO3/
LaAlO3 (LAO/STO/LAO) heterostructure, as depicted in Fig. 9.1.

The LAO/STO system is well known to have a 2DEG with Rashba
splitting at its interface [327]. The reason for the formation of a 2DEG in STO
when interfaced with LAO is the polar catastrophe: half an electron moves
from the LAO to the STO, which dopes the STO system and applies a strong
electric field over the interface. This doping combined with the inversion
symmetry breaking of the electric field induces a 2DEG with Rashba
splitting [327]. Two 2DEGs can hypothetically form within the same STO
layer, one at the top interface with LAO and one at the bottom interface
with LAO.

During the fabrication of the heterostructure, an interface layer of
LaTiO3 (LTO) can be grown in order to switch the termination. Effectively, it
is as if one grows half a unit cell in between one of the STO/LAO interfaces.
In this structure, the Rashba splitting of the top interface is opposite to
that of the bottom interface, which is denoted in Fig. 9.1 by ±a, because
inversion symmetry is reversed for one of the interfaces. This is seen most
easily by determining the electric field over the interface, which switches
depending on the interface termination – as indicated in Fig. 9.1(b).

The study results in the following finding: 2D and 3D topological states
can be realized when stacking the basic building block in which a 2DEG is
present on the top and bottom interface, having opposite Rashba splitting.
The two 2DEGs are assumed to be coupled via a quadratic coupling term.
When considering a single building block, the system is a 2D topological
insulator when the intralayer coupling, D(k = 0), is negative.

When stacking more than one building block, the interlayer coupling, tz,
also plays an important role. When the intralayer coupling is smaller than
the interlayer coupling, the system is a 3D topological insulator. When it is
the other way around, the system is alternately a trivial and 2D topological
insulator, depending on the number of building blocks. Without the qua-
dratic coupling term between the 2DEGs with opposite Rashba splitting,
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FIGURE 9.1: A schematic of an artificial topological insulator created
by stacking oxides. (a) Shows the larger structure, where �a (purple)
and +a (red) indicate 2DEGs with opposite Rashba splitting, D(k) the
intralayer coupling and tz the interlayer coupling. In the example of the
LAO/STO/LAO building block, the light gray represents the STO and
the dark gray the LAO. (b) The termination switch is illustrated for the
LAO/STO/LAO heterostructure. The inversion symmetry is broken in the
opposite way for the top and the bottom interface, which gives an opposite
Rashba splitting. On the right the direction of the electric field is shown. The
red dashed lines represent the 2DEGs. Taken with permission from [319].

this system is no longer a topological (crystalline) insulator, neither in two
or three dimensions.

To enable observation of the surface states, isolating them from the bulk
states in artificial heterostructures is desired. Therefore, it is beneficial to
have shallower bands and higher Rashba splitting. Also, the quadratic
coupling term between the 2DEGs creates a band separation. Experimen-
tally, a similar coupling can be achieved by making use of the geometry of
the system as in a buckled honeycomb lattice, for example, a [111]-oriented
bilayer in a perovskite structure, as introduced in the following subsection.

9.4.2 THE [111]-BILAYER EXAMINED

In [111]-bilayers, topological phases are established by making smart use of
new design principles. Most of the theoretical modelling where electron-
electron correlations and topology are combined have been performed for
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FIGURE 9.2: Schematic illustration how a buckled honeycomb forms in a
[111]-oriented ABO3 perovskite structure. The green, blue and red dots
represent the A, B and O atoms, respectively. The sizes are not realistic atom
radii. (a) Shows the {111} planes intersecting with the A- and B-cations,
respectively for the orange and yellow plane in a perovskite structure with the
[001] direction along the vertical axis. (b) Shows how the buckled honeycomb
structure forms when two [111]-oriented layers are stacked on top of each
other. In the top image, the B atoms are shown with the [111] direction along
the vertical axis. In the bottom image, the [111] direction is pointing in the
plane, away from the viewer. Here, the rotation of the two layers with respect
to each other is visible. A clear buckled hexagonal structure is observed. In
(c) a possible implementation of the quadratic coupling is shown. The second
neighbour coupling picks up an additional phase. For simplicity we assume
that the strength of the coupling for the nearest neighbour and second nearest
neighbour is the same. Taken with permission from [319].

honeycomb lattices. The original Haldane model [328], created to realize a
Chern insulator, was also developed for a honeycomb lattice. It turned out
that the spin-orbit coupling is too small to open a gap of substantial size
in graphene. The use of heavier transition metal or rare earth metal ions is
interesting in this respect.

A two-unit cell thick perovskite film with the structural formula ABO3,
stacked along the [111] direction, forms a buckled honeycomb structure.
This is schematically depicted in Fig. 9.2. The orange and yellow planes in
Fig. 9.2(a) show the A- and B-cations that lie in the {111} plane, respectively,
with respect to the unit cell with the [001] direction along the vertical axis.
Both A- and B-site cations form a triangular lattice in a single {111} plane.
However, as illustrated, the orange plane also intersects with the oxygen
atoms, where the yellow plane solely contains B-site cation atoms.

When two perovskite unit cells are stacked in the [111] direction, the
B-site cations form a buckled honeycomb structure as schematically shown
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in Fig. 9.2(b). Where the nearest neighbour B-cations are now connected by
a blue line. In the upper image, the [111] direction is along the vertical axis,
so that the structure is depicted as a side view. It is clear that the structure is
buckled, implying a spacial separation between two nearest B-site cations.
The lower image shows the B-sites from the top, where the rotation with
respect to each other becomes visible. Experimentally, a [111]-oriented
bilayer can be realized by sandwiching two unit cells between another
perovskite structure. By using the same atom as in the bilayer for the A-site,
the two B-site {111} planes in the bilayer are isolated from the rest of the
structure, creating the buckled honeycomb.

The [111]-bilayer perovskites form a rich playground for investigating
theoretical predictions [329]. From theoretical calculations based on tight
binding [85] and density functional theory models [87, 330, 331] (i.e.
explicitly taking correlations into account), topological phases have been
predicted for heterostructures where a bilayer of LaBO3 is embedded in
LaB’O3, where B and B’ are transition metals. Ion B’ (such as Al or Ni)
determines the lattice constant by epitaxial strain, and ion B determines the
topology. Most promising combinations with B’ = Al are B = Mn, Os and
Ru [87, 330, 331].

For B’ = Mn, LaMnO3 has the disadvantage that a possible Jahn-Teller
distortion would break the symmetry of the lattice so that the topological
phase is lost. Experiments with different levels of strain, to possibly over-
come the Jahn-Teller distortion, will have to tell if the topological insulating
phase can still be established. The heavier 4d and 5d transition metals will
not show this symmetry breaking so strongly. The choice for the 5d ion
B = Os will perhaps be difficult to stabilize, but B = Ru might be realistic.
Given the challenges outlined in the previous sections, we deem the experi-
mental realization of [111]-oriented bilayers very promising.

As a speculative outlook, one could also consider two buckled 2DEGs
that are coupled in such a way that an atom not only couples to the ones
directly above it, but also to the atom adjacent to it, as indicated in Fig. 9.2(c).
The coupling has the form exp[ik · d], where d is the vector connecting two
unit cells. This does, however, require a switch in the sign between nearest
and next nearest neighbor coupling. One possibility to achieve this, is if one
coupling is formed by a s bond and the other coupling by a p bond. For
certain materials it is known that these bonds have couplings with opposite
sign [332]. By assuming next nearest neighbor coupling, the coupling in
the [111]-oriented bilayer is of the form D(k) = Db

⇣
eik � 1

⌘
[333]. From a

Taylor expansion, it is easy to see that this kind of coupling goes as D(k) µ
ik � k2/2 +O(k3) and is still quadratic as deemed necessary for the Rashba
heterostructure. This coupling form has been predicted to exist in multiple
systems, most notably in coupled buckled honeycomb lattices [85, 334, 335].
These systems include the buckled honeycomb formed by the [111]-bilayer,
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which has been shown to exhibit the required Rashba-type splitting [156].

9.5 CONCLUSIONS

Thin films of BBO and perovskite Y-Bi-O have been successfully fabricated
and characterized. By in situ STS and four-probe distance-dependent
transport measurements, the first hints pointing towards the presence of
a topological insulating phase in perovskite Y-Bi-O have been observed.
Nevertheless, better understanding of the current flow and contribution to
the total conductivity have to be established before a topologically protected
surface state can be claimed. In situ device fabrication could possibly lead
to the observation of topological behavior.

By studying the design principles layer coupling and geometry in more
details, two new routes towards the first oxide topological insulator are
examined: 1) stacking oxide Rashba layers and 2) using [111]-bilayer perov-
skite oxides. Although no experimental results of topological nature have
been achieved in either of the two research directions, we believe that all
technological ingredients are in place to verify the theoretical predictions in
the near future. An important asset in the field of oxide heterostructures
is the sub-unit cell level of control over the required materials. Finally, the
class of oxide materials provides a large variety of available parameters,
such as buckling, strain and different orbitals to tune the electronic bands of
a heterostructure into the topological regime.
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SAMENVATTING

De noodzaak voor energiezuinige elektronica wordt alsmaar groter. Topolo-
gische isolatoren, een relatief nieuwe klasse van materialen, kunnen
mogelijk functioneren als de benodigde bouwsteen voor een nieuwe type
elektronica waarin minder warmteverliezen optreden. Wanneer een topo-
logische isolator in verbinding wordt gebracht met een triviale isolator
ontstaan geleidende oppervlaktetoestanden aan het grensvlak, ondanks dat
beide materialen zich in de bulk als een isolator blijven gedragen. Deze
oppervlaktetoestanden worden beschermd doordat de spin van het elektron
is gekoppeld aan de bewegingsrichting, hetgeen voorkomt dat terug-
verstrooiing optreedt.

Momenteel experimenteel geverifieerde topologische isolatoren
beschikken over relatief kleine elektronische bandkloven. Hierdoor zijn
kamertemperatuur toepassingen moeilijker te realiseren, omdat bulk elek-
tronen ook bijdragen aan de geleiding. Door gebruik te maken van com-
plexe oxides, als bouwsteen voor een artificieel ontworpen topologische
isolator, wordt de grootte van de bandkloof mogelijk vergroot en ontstaat de
mogelijkheid om materiaaleigenschappen te beïnvloeden via verschillende
ontwerpprincipes. Toepassingen op kamertemperatuur worden dan wel-
licht wel realiseerbaar.

Twee materiaalsystemen zijn in dit proefschrift uitgebreid onderzocht,
namelijk BaBiO3 en perovskiet Y-Bi-O. Theoretische berekeningen van
de elektronische bandenstructuren laten zien dat bij beide een bandinversie
aanwezig is. Dit is een indicatie voor een niet-triviale topologie. Echter,
moeten een aantal obstakels overwonnen worden in beide materiaal-
systemen voordat de topologisch isolerende fase experimenteel aangetoond
kan worden.

De roosterconstante van het materiaal BaBiO3 is relatief groot in verhou-
ding met andere perovskietstructuren, hetgeen resulteert in een groot
verschil met de roosterconstante van commercieel beschikbare substraten.
Ondanks dat de roosterconstante van BaBiO3 behoorlijk verschilt van die
van het gebruikte substraat SrTiO3, is het mogelijk om dunne lagen met een
hoge kwaliteit te fabriceren met behulp van gepulseerde laserdepositie. Het
verschil tussen beide roosterconstanten is 12% en wordt opgevangen door
de formatie van een alternatieve steenzoutstructuur die de twee naburige
perovskiet structuren met elkaar verbindt.
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De elektronische bandenstructuur van BaBiO3 is nog niet volledig begre-
pen. Wanneer het materiaal wordt beschouwd vanuit een simplistisch en
ionisch perspectief, wordt een metallisch karakter verwacht. Experimenten
onthullen echter de karakteristieken van een isolator. Een ladingsverdeling
van het bismut ion in 3+ en 5+ valenties of een sterke bandenhybridisatie
worden overwogen als mogelijke mechanismen die het isolerende karakter
veroorzaken. In beide gevallen is een verstoring van de zuurstofposities
aanwezig in de kristalstructuur van BaBiO3. De door zuurstofatomen
gevormde octaëders worden alternerend groter en kleiner en hebben niet
langer allemaal dezelfde afmeting.

De elektronische bandenstructuur van een materiaal kan bestudeerd
worden met hoekafhankelijke foto-electronspectroscopie. Het uitvoeren van
deze techniek op BaBiO3 is echter niet makkelijk, omdat dit materiaal leidt
onder degradatieeffecten wanneer het is blootgesteld aan atmosferische
omstandigheden. Dit probleem kan overwonnen worden door gebruik te
maken van een vacuümkoffer. Het succesvol gebruik van een vacuümkoffer
is aangetoond door eerder gepubliceerd onderzoek, dat was verkregen op
in situ gefabriceerde dunne lagen, te reproduceren.

Voor dunne BaBiO3 lagen is de dikte gebruikt als nieuwe vrijheidsgraad
om de grootte van de verstoring in de zuurstofposities te onderzoeken. In
de ultradunne limiet is het de verwachting dat de verstoring wordt onder-
drukt, wat mogelijk resulteert in metallische karakteristieken. De elektro-
nische eigenschappen van een serie dunne BaBiO3 lagen met verschillende
diktes is bestudeerd met een in situ rastertunnelmicroscoop. De geobser-
veerde c(4 ⇥ 2) oppervlaktereconstructie bevestigt de aanwezigheid van
de onderliggende perovskietstructuur, zelfs voor ultradunne lagen. Een
transitie van een halfgeleider met een grote bandkloof naar een halfgeleider
met een kleine bandkloof is waargenomen voor een afnemende laagdikte.
De modificatie van de grootte van de bandkloof komt overeen met de
intensiteit van de Ramanspectroscopiepiek, veroorzaakt door de grootte van
afwijking in de zuurstofposities, als een functie van de BaBiO3 laagdikte.
Dit bevestigt dat de afwijking in zuurstofatomen wordt onderdrukt naar
mate de laagdikte dunner wordt.

De kristalstructuur van BaBiO3 is tevens bestudeerd met in situ röntgen
foto-elektrondiffractie, een oppervlaktegevoelige en elementspecifieke
techniek. Een poging is ondernomen tot het observeren van de zuurstof-
afwijking en haar grootte afhankelijk van de BaBiO3 laagdikte. Om extra
inzicht in de verworven experimentele resultaten te genereren zijn meer-
voudige verstrooiingssimulaties uitgevoerd. Indicaties voor de aanwezig-
heid van de zuurstofverstoring zijn gevonden in de experimentele resul-
taten. Desondanks blijft het een uitdaging om de eerder waargenomen
onderdrukking van de afwijking in zuurstofatomen te kwantificeren als een
functie van de laagdikte van BaBiO3.
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Ondanks de hoge kwaliteit en nieuwe inzichten in dunne BaBiO3 lagen,
blijft het bereiken van de topologisch isolerende toestanden moeilijk –
volgens theoretische berekeningen is de Dirac kegel 2 eV boven de Fermi
energie gelegen. Om toegang tot de gewenste oppervlaktetoestanden te
verkrijgen is een dotering van één elektron per eenheidscel noodzakelijk.
Met behulp van theoretische berekeningen is voorspeld dat de benodigde
elektrondotering te bereiken is door middel van chemische substitutie. De
barium-, bismut- of zuurstofposities worden dan (gedeeltelijk) vervangen
door, respectievelijk, lanthaan, jodium of fluor. Echter, leidt chemische
doping tot de bezetting van, voorheen onbezette, antibindende toestanden.
Een stabiliteitsanalyse van de nieuw voorgestelde materialen is daarom een
vereiste.

YBiO3 is theoretisch voorspeld als oxidische, topologische isolator.
Tijdens de berekeningen was een perovskietstructuur met een rooster-
constante van 5.428 Å aangenomen. Deze roosterconstante correspondeert
echter met de energetisch meest gunstige fluorietfase, die waargenomen
is wanneer YBiO3 rechtstreeks op een SrTiO3 substraat wordt gedeponeerd.
De fluorietstructuur is 45� geroteerd ten opzichte van de perovskiet-
structuur van het substraat, zodat de posities van de zuurstofatomen
overeenkomen.

Wanneer een dunne BaBiO3 laag gebruikt wordt als bufferlaag kan de
energetisch ongunstige perovskietfase gestabiliseerd worden in Y-Bi-O met
een roosterconstante van 4.35 Å. Het blijft een open vraag of het materiaal
zich stabiliseert als BiYO3 of YBiO3. Theoretische berekeningen laten zien
dat de eerstgenoemde een triviale isolator is, maar de laatstgenoemde een
metaal waarbij de bandinversie nog steeds aanwezig is. Wanneer een dunne
laag van perovskiet Y-Bi-O gestructureerd wordt in een Hall bar structuur,
zodat elektronische transportexperimenten uitgevoerd kunnen worden,
treden degradatieeffecten op die waarneming van de mogelijke topo-
logische toestand verhinderen.

Het gebruik van in situ karakteriseringstechnieken biedt een uitweg
waarbij de degradatieeffecten niet optreden. Op BaBiO3/Y-Bi-O hetero-
structuren zijn in situ rastertunnelmicroscopie experimenten uitgevoerd. De
elektronische bandenstructuur van een materiaal kan worden bestudeerd,
omdat de differentiële geleidingskrommen de lokale dichtheid van energie-
niveaus vertegenwoordigen. Een lineaire afhankelijkheid van de toestands-
dichtheid met de aangelegde spanning is waargenomen op het perovskiet
Y-Bi-O syteem, hetgeen duidt op de aanwezigheid van een Dirac kegel en
dus een niet-triviale topologie.

Additionele verificatie is verkregen door middel van afstandsafhanke-
lijke elektronische transportmetingen, uitgevoerd in situ met vier
onafhankelijk werkende sondes. Wanneer een model met twee parallelle
weerstanden, waarin transitie van elektronen tussen verschillende type
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geleidingskanalen is toegestaan, wordt toegepast, kan onderscheid gemaakt
worden tussen de contributie van het substraat en van het Y-Bi-O aan de
totale geleidbaarheid. De bepaalde contributies zijn, respectievelijk,
r2D = 3.0 W and r3D = 3.6 mW·cm. De tweedimensionale weerstand kan
nog niet eenduidig worden toegewijd aan de oppervlaktetoestanden van de
potentiele topologische isolerende fase in het perovskiet Y-Bi-O. De
geleidingskanalen, de onderlinge interactie en de contributie tot de totale
geleidbaarheid vereisen een beter begrip voordat de aanwezigheid van
oppervlaktetoestanden definitief geconcludeerd kan worden.

De perovskietstructuren BaBiO3 en Y-Bi-O zijn niet de enige oxidische
materialen en mogelijkheden om tot de experimentele realisatie van de eerste
oxidische topologische isolator te komen. Met behulp van verschillende
ontwerpprincipes kunnen meerdere routes onderscheiden worden. Twee
mogelijkheden zijn in dit proefschrift kort besproken. Het eerste systeem
is een multilaagssysteem bestaande uit een zich herhalende bouwsteen met
een tweedimensionaal elektronengas, met tegenovergestelde Rashba-
achtige spinbaankoppeling aan beide grensvlakken. Door deze bouwsteen
meerdere malen te stapelen kunnen twee- en driedimensionale topologische
isolatoren artificieel worden ontworpen. Een vereiste is dat de elektronen-
gassen aan beide grensvlakken van de bouwsteen gekoppeld zijn met een
kwadratische afhankelijkheid van k. Het bijbehorende ontwerpprincipe is
onderlinge
lagenkoppeling.

Het tweede systeem dat bestudeerd is, aan de hand van het ontwerp-
principe geometrie. In een [111]-georiënteerde bilaag voorziet de geometrie
het systeem van de gewenste kwadratische koppeling. Wanneer twee
eenheidscellen van een perovskietstructuur gestapeld worden in de [111]
richting ontstaat een geknikte honingraatstructuur. Zo’n [111]-georiën-
teerde bilaag kan experimenteel gefabriceerd worden door twee eenheids-
cellen te verpakken in een ander materiaal dat ook stabiel is in de
perovskietstructuur en een vergelijkbare roosterconstante heeft. Voor het
materiaal BaBiO3 is dit principe theoretisch toegepast, wat leidde tot de
voorspelling van een topologisch isolerende fase wanneer een [111]-
georiënteerde bilaag van BaBiO3 verpakt is in BaTiO3.

Concluderend, een topologisch isolerende fase is nog niet aangetoond
in BaBiO3 en perovskiet Y-Bi-O. Echter, in het laatste systeem zinspelen
de experimentele resultaten op de aanwezigheid van een topologisch iso-
lerende toestand. In oxidische systemen zorgt de grote verscheidenheid
aan materiaaleigenschappen en de gecontroleerde aanpasbaarheid daarvan
ervoor dat vele routes mogelijk zijn om de eerste oxidische topologische
isolator te realiseren.



SUMMARY

The need for more energy efficient consumer electronics is growing. Topolo-
gical insulators, a relatively new class of materials, could possibly function
as a new building block for dissipationless electronics. When a topological
insulator is physically connected to a trivial insulator, conducting surface
states form at the interface while the bulk of both materials remains insu-
lating. These surface states are protected by time-reversal symmetry and
their electron spin is locked to the momentum, which prohibits back-
scattering.

Current experimentally verified topological insulators possess relatively
small bulk band gaps that do not exceed the thermal excitation energy at
room temperature. Therefore, applications of the desired surface state
properties are hindered by the contribution from bulk carriers. Using oxide
materials for artificially designed topological insulators potentially enlarges
the size of the band gap and provides the possibility of tuning of the material
properties by various design principles. Application at room temperature
could become feasible and would open a route towards dissipationless
electronics.

In this dissertation, the material systems BaBiO3 and perovskite Y-Bi-O
are extensively studied. Theoretical calculations of the electronic band
structures show the presence of a band inversion, indicating a nontrivial
topology. However, before the topological insulating phase can be experi-
mentally verified, several challenges need to be overcome for both systems
as summarized below.

The lattice constant of BaBiO3 is relatively large, resulting in a large
lattice mismatch with commercially available substrates. Nevertheless,
when using SrTiO3(001) substrates, high-quality thin films are fabricated
by pulsed laser deposition. The lattice mismatch of 12% is accommodated
by the formation of a rocksalt structure in between the two perovskite struc-
tures. As the large strain is resolved locally by a dislocation every ninth unit
cell, relaxed growth of BaBiO3 is enabled.

Furthermore, the electronic structure of BaBiO3 is still not fully under-
stood. From a simple ionic picture metallic behavior is expected, but experi-
ments reveal differently. Charge disproportionation and bond disproportio-
nation are considered as possible mechanisms responsible for the insulating
behavoir, both are accompanied by an oxygen octahedra breathing mode.
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The most direct technique to resolve the momentum-resolved electronic
band structure is angle-resolved photoemission spectroscopy. However,
performing these experiments on BaBiO3 thin films is challenging, because
the compound suffers from degradation effects. This issue is overcome by
the use of a vacuum suitcase, which is proven to be a successful alternative
as results from earlier work, obtained on in situ fabricated thin films, are
reproduced.

For BaBiO3 thin films, the thickness is used as a new degree of freedom.
In the ultra-thin limit, a suppression of the breathing mode is expected
which would result in the appearance of metallic behaviour. The electronic
properties of a BaBiO3 thickness series are studied with in situ scanning
tunneling microscopy. The presence of a c(4 ⇥ 2) surface reconstruction
confirms the perovskite structure, even for the ultra-thin limit. A wide-gap
to small-gap semiconductor transition is observed as a function of decrea-
sing thickness. However, even for a 3-unit-cell-thick BaBiO3 film, no metallic
state is present. The modification of the band gap size is found to be coin-
ciding with the variation in the intensity of the Raman response of the
breathing phonon as a function of thickness and is caused by the suppres-
sion of the oxygen breathing mode.

With in situ x-ray photoelectron diffraction, a surface sensitive and
element specific technique to probe a crystal structure, an effort is made to
observe the oxygen breathing mode and its variation in strength for BaBiO3
thin films with various thicknesses. Multiple-scattering simulations are a
useful tool to support the interpretation of the obtained experimental results.
Indications for the presence of the breathing mode in BaBiO3 films are found.
Nevertheless, it remains challenging to quantitatively observe the suppres-
sion of the oxygen breathing mode as a function of thickness.

Although, BaBiO3 thin films are fabricated with a high quality and more
insight in the material behavior is provided, accessing the topological
insulating state remains difficult as – according to theoretical calculations
– the Dirac cone is situated 2 eV above the Fermi energy. To access the
desired surface states, a doping level of one electron per unit cell is required.
Theoretically, chemical doping of the BaBiO3 with lanthanum, iodine or
fluorine on the A-, B- or O-site of the perovskite structure, respectively, are
proposed. As doping leads to the occupation of, previously unoccupied,
anti-bonding states, stability analysis of these newly proposed compounds
is necessary.

YBiO3 is theoretically predicted to be an oxide topological insulator. A
perovskite crystal structure with a lattice constant of 5.428 Å is adopted in
the calculations. However, this lattice constant corresponds to the energe-
tically favorable fluorite phase, which is observed when YBiO3 is deposited
directly on a SrTiO3 substrate. The fluorite structure is rotated 45� in-plane
with respect to the perovskite structure of the substrate in order to match



Summary 183

the oxygen positions.
By using the BaBiO3 thin film as a buffer layer, the energetically unfavo-

rable perovskite phase is stabilized in Y-Bi-O with an out-of-plane lattice
constant of 4.35 Å. It remains unresolved if the system stabilizes as BiYO3
or YBiO3. Theoretical calculations shows that the aforementioned is a trivial
insulator, but the latter is a metal, where the band inversion is still present.
When the perovskite Y-Bi-O film is structured into a Hall bar geometry, in
order to perform transport measurements to verify the potential topological
insulating phase, major degradation effects are observed.

The use of in situ characterization techniques offers a solution to the
degradation issue. On BaBiO3/Y-Bi-O heterostructures, in situ scanning
tunneling spectroscopy experiments are performed. As the differential
conductance curves represent the local density of states, the electronic band
structure of a material is accessed. Linear dispersing states are observed on
perovskite Y-Bi-O, hinting to presence of a Dirac cone and thus a topological
insulating state.

Additional verification is acquired by four-probe distance-dependent
transport measurements, performed in situ. By applying a two-parallel-
resistor model and allowing for transitions between the charge transport
channels, the Y-Bi-O and substrate contributions to the total conductivity
are determined to be r2D = 3.0 W and r3D = 3.6 mW·cm. However, the
two-dimensional resistance cannot conclusively be addressed to the top and
bottom surface states of the potential topological insulating phase in perov-
skite Y-Bi-O. Better understanding of the conduction channels, their inter-
action and the current distribution within the BaBiO3/Y-Bi-O hetero-
structure is necessary.

The perovskites structures BaBiO3 and Y-Bi-O are not the only oxide
material systems that offer a route towards the experimental realization of
the first oxide topological insulator. By various design principles, different
routes are paved and two examples are briefly discussed. The first system
that is considered is a multilayer system consisting of a repeating building
block that has a two-dimensional electron gas with Rashba-type spin-orbit
splitting at both its interfaces. By stacking several building blocks, two- and
three-dimensional oxide topological insulators are artificially designed. A
requirement is the quadratic coupling term between the two-dimensional
electron gasses within a basic building block.

The second system is a [111]-oriented bilayer, in which the geometry
provides the desired quadratic coupling. When two unit cells of a perovskite
structure are stacked along the [111] direction, a buckled honeycomb struc-
ture is formed. Experimentally, the [111]-oriented bilayer can be realized
by sandwiching two unit cells of the material of interest between another
perovskite structure with a similar lattice constant. For BaBiO3 the same
principle was theoretically applied and a topological insulating phase was
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predicted to be present when a two-unit-cell-thick BaBiO3 layer was sand-
wiched between BaTiO3.

In conclusion, a topological insulating phase has not yet been unequivo-
cally verified in BaBiO3 or perovskite Y-Bi-O, but hints that point to its
presence are obtained on the latter system. The large tunability of complex
oxides opens up many routes towards the realization of the first oxide topo-
logical insulator.
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