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Abstract

Oxide materials are widely used in current research due to their exceptional intrinsic
properties, such as ferroelectricity, magnetism, and superconductivity. However, the
strong bonding between oxide thin films and their rigid substrates limits flexibility,
restricting their use in applications needing adaptable materials. In the last decade,
advancements in freestanding membrane techniques have enabled the detachment of
oxide thin films from their bulk substrates, providing greater flexibility and allowing for
enhanced control over their properties. This thesis aims to leverage membrane techniques
to bypass the boundaries imposed by epitaxial growth.

In this thesis, first, extensive research has been conducted on the fabrication of
membranes from various materials, showing that the success of membrane transfer de-
pends on optimizing deposition conditions, buffer layer thickness, and buffer layer ma-
terial selection, which are crucial for advancing the technique. In this work, oxide films
are grown using pulsed laser deposition (PLD), with the growth monitored in-situ us-
ing reflection high-energy electron diffraction (RHEED), and their crystalline structures
characterized by X-ray diffraction (XRD).

The study then investigates the weak bonding between SrTiO3 and LaAlO3 mem-
branes and sapphire substrates. By heating the membranes to high temperatures—below
their melting points—thermally unstable oxide membranes self-assemble into crystalline
nanostructures. Scanning transmission electron microscopy (STEM) analysis confirms
that these nanostructures exhibit a highly crystalline nature, with well-defined facets
and uniform chemical distribution. This level of quality and precision surpasses what
can be achieved through conventional lithography techniques such as e-beam and optical
lithography.

The thesis then introduces the concept of the "vector substrate," which overcomes
conventional limitations of substrate design. In typical epitaxial growth, only the surface
area of the substrate (around 10 nm thick) directly influences the growth, while the bulk
substrate provides mundane properties such as mechanical support and thermal stability.
In contrast, the vector substrate concept uses an oxide membrane as a template noted
as a "vector' for subsequent growth, expanding the possible choice of substrates. This
is achieved by transferring oxide membranes from reusable substrates onto substrates of
choice. This approach is especially useful when conventional substrates are expensive
or hard to get, for example, bicrystal substrates. The feasibility of this technique is
demonstrated in this thesis by successfully fabricating Josephson junctions on bicrystal
vector substrate, created by transferring bicrystalline Sr'TiO3 membranes on sapphire
substrates.

A major challenge in traditional epitaxy is the requirement for structural symmetry
and lattice constant matching between the film and substrate, which severely limits ma-
terial combinations. This challenge is also overcome by utilizing membrane techniques
and post-transfer treatments. This work achieves atomically clean interfaces between
threefold symmetric sapphire and fourfold symmetric SrTiOs, which is epitaxially for-
bidden, featuring a novel moiré-type reconstruction. This paves the way for the creation
of novel heterostructures. These studies overcome the limitations of traditional epitaxy
by utilizing membrane techniques, unlocking new possibilities for material growth and
expanding their practical applications. The thesis concludes with a discussion of future
directions and potential applications of these innovative approaches.



Zusammenfassung

Oxidmaterialien werden aufgrund ihrer auflergewthnlichen intrinsischen Eigenschaften,
wie Ferroelektrizitdt, Magnetismus und Supraleitfihigkeit, in der aktuellen Forschung
héufig verwendet. Allerdings schrankt die starke Bindung zwischen Oxiddunnfilmen und
starren Substraten die Flexibilitdt ein, was ihre Verwendung in Anwendungen, die an-
passungsfidhige Materialien erfordern, begrenzt. Im letzten Jahrzehnt haben Fortschritte
in der Technik der freistehenden Membranen das Ablésen von Oxiddiinnfilmen von ihren
Substraten ermoglicht, was eine gréflere Flexibilitdt und eine verbesserte Kontrolle iiber
ihre Eigenschaften bietet. Ziel dieser Arbeit ist es, Membrantechniken zu nutzen, um
die durch epitaktisches Wachstum auferlegten Grenzen zu iiberwinden.

In dieser Arbeit wurde zunéchst umfassend die Herstellung von Membranen aus
verschiedenen Materialien erforscht, wobei gezeigt wurde, dass der Erfolg des Mem-
brantransfers von der Optimierung der Abscheidungsbedingungen, der Dicke der Puffer-
schicht und der Auswahl des Pufferschichtmaterials abhéngt, die fiir die Weiterentwick-
lung der Technik entscheidend sind. In dieser Arbeit werden Oxidfilme mittels pulsed
laser deposition (PLD) hergestellt, wobei das Wachstum in-situ mittels reflection high-
energy electron diffraction (RHEED) tiberwacht und ihre kristallinen Strukturen mittels
X-ray diffraction (XRD) charakterisiert werden.

Die Studie untersucht dann die schwache Bindung zwischen SrTiOs- und LaAlOs-
Membranen und Saphirsubstraten. Durch Erhitzen der Membranen auf hohe Temper-
aturen, knapp unterhalb ihrer Schmelzpunkte, ordnen sich thermisch instabile Oxid-
membranen zu kristallinen Nanostrukturen selbst. Die Analyse mittels scanning trans-
mission electron microscopy (STEM) bestéatigt, dass diese Nanostrukturen eine hohe
Kristallinitdt mit gut definierten Facetten und einer gleichméfigen chemischen Verteilung
aufweisen. Dieses Qualitats- und Prézisionsniveau iibertrifft das, was durch herkémm-
liche Lithografietechniken wie Elektronenstrahl- und optische Lithografie erreicht werden
kann.

Anschlieflend fiihrt die Arbeit das Konzept des ,Vektorsubstrats® ein, das konven-
tionelle Beschrankungen des Substratdesigns iiberwindet. Beim typischen epitaktischen
Wachstum beeinflusst nur die Oberfliche des Substrats (etwa 10nm dick) direkt das
Wachstum, wihrend das Massesubstrat lediglich mechanische Unterstiitzung und ther-
mische Stabilitdt bietet. Im Gegensatz dazu verwendet das Konzept des Vektorsubstrats
eine Oxidmembran als Vorlage, die als ,Vektor“ fiir das anschliefende Wachstum dient
und so die mogliche Auswahl an Substraten erweitert. Dies wird durch den Transfer
von Oxidmembranen von wiederverwendbaren Substraten auf Wunschsubstrate erreicht.
Dieser Ansatz ist besonders niitzlich, wenn herkémmliche Substrate teuer oder schwer zu
beschaffen sind, beispielsweise Bikristallsubstrate. Die Machbarkeit dieser Technik wird
in dieser Arbeit durch die erfolgreiche Herstellung von Josephson-Kontakten auf einem
Bikristall-Vektorsubstrat demonstriert, das durch den Transfer bikristalliner SrTiOs-
Membranen auf Saphirsubstrate geschaffen wurde.

Eine grofle Herausforderung bei der traditionellen Epitaxie ist die Notwendigkeit
der strukturellen Symmetrie und des Gitterkonstantenabgleichs zwischen Film und Sub-
strat, was die Materialkombinationen stark einschrinkt. Diese Herausforderung wird
auch durch die Verwendung von Membrantechniken und Nachbehandlungen nach dem
Transfer iiberwunden. In dieser Arbeit werden atomar saubere Grenzflichen zwischen



dreifach symmetrischem Saphir und vierfach symmetrischem SrTiOj3 erreicht, was epi-
taktisch verboten ist und eine neuartige Moiré Rekonstruktion aufweist. Dies ebnet
den Weg fiir die Schaffung neuartiger Heterostrukturen. Diese Studien tiberwinden die
Einschrankungen der traditionellen Epitaxie durch den Einsatz von Membrantechniken,
erschliefen neue Moglichkeiten fiir das Materialwachstum und erweitern deren praktis-
che Anwendungen. Die Arbeit schlieft mit einer Diskussion {iber zukiinftige Richtungen
und moégliche Anwendungen dieser innovativen Ansétze.
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Chapter 1

Introduction

Epitaxy has enabled major breakthroughs in both research and practical applica-
tions. This progress has fueled innovations in electronics, optoelectronics, and nanotech-
nology. Despite the successes, epitaxial growth is limited by the need for lattice-matched,
high-quality substrates, which are costly and rigid, restricting material choices and ap-
plications that require flexibility. The development of membrane techniques, which allow
the separation of oxide films from their rigid bulk substrates, has opened up new possi-
bilities for innovative material design and expanded applications. In this study, complex
oxides were selected as the material class due to the intricate relationship between the
structure and properties of perovskites. This relationship makes perovskites a captivat-
ing area of research, offering promising applications in advanced electronics, spintronics,
and quantum devices.
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1.1 Epitaxy

Film growth techniques using epitaxial growth have been successfully utilized to fabricate
crystalline thin films and heterostructures, driving groundbreaking advancements across
multiple fields. For instance, it has led to the discovery of the quantum Hall effect|[1,
2], high-performance semiconductors[3], blue LEDs[4], and giant magnetoresistance[5],
to name just a few. These achievements have had profound impacts on electronics,
optoelectronics, and spintronics, driving innovations that have transformed industries
and technologies.

However, despite its successes, epitaxial growths face certain limitations. One of
the primary limitations is the requirement for lattice matching, which necessitates that
the substrate and the deposited material have closely aligned crystal structures. This
constraint often limits the choice of materials and can make the process restrictive.
Additionally, epitaxy demands high-quality substrates, which are not only expensive
but sometimes can also be difficult to acquire, particularly when dealing with large-scale
applications or rare materials. Furthermore, the strong bonding between the thin films
and the rigid bulk substrates limits the flexibility of the resulting structures, restricting
their potential applications, especially in fields that require adaptable materials.

1.2 Complex oxides

To explore the boundary of epitaxy, complex oxides were chosen for this thesis as the
material class of study. Transition-metal oxides exhibit an extraordinary range of func-
tionalities, including electrical transport, magnetism, optical response, thermal conduc-
tivity, and superconductivity[6]. These diverse properties arise from the strong interplay
between their charge, orbital, spin, and structural characteristics, enabling the creation
of functional devices with capabilities that surpass those of standard semiconductors.

Perovskite materials, a prominent class of transition-metal oxides, are particularly
noteworthy for their versatility. These materials have a general formula of ABO3 and fea-
ture a distinctive crystal structure where the B-site cation, typically a transition metal,
is surrounded by an octahedron of oxygen atoms. The A-site cation occupies the cor-
ners of the cubic unit cell (Figure 1.1). Distortion of oxygen octahedra can significantly
alter the material’s properties, offering a tunable parameter space for exploring various
physical phenomena. External perturbations, such as pressure, strain, and temperature,
can modify the relative positions of the transition metal and oxygen ions, influencing the
interactions between electrons and spins. These changes can drive the material into new
ground states, resulting in phenomena such as the Mott transition, where the material
transitions from an insulator to a metal, governed by factors like the electron hopping
rate and d-band filling|[7].

Perovskites, e.g. SrTiOs and LaAlOj, show fascinating intrinsic properties. At
room temperature, SrTiO3 exhibits a cubic perovskite structure(Pm3m) with a 3.905 A
lattice parameter, which transitions to a tetragonal phase at 105K due to a rotation
of the oxygen octahedra. It is an insulator with a 3.2eV band gap, while doping with
oxygen vacancies induces semiconducting properties and magnetic behavior, ranging
from paramagnetic to ferromagnetic depending on vacancy concentration. SrTiOs also
becomes superconducting when doped with Nb, La, or oxygen vacancies, with transition
temperatures typically below 0.4 K. Moreover, its dielectric constant is remarkably high,
varying from 300 at room temperature to ~20000 at 4 K.
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Figure 1.1: The general structure of perovskite oxides. Reproduced under terms
of the CC-BY license.[12]

At room temperature, LaAlO3 has a lattice parameter of 3.790 Aand shows a rhom-
bohedral structure, with a transition to a cubic structure above 813 K. Its high dielectric
constant of 25, and wide bandgap of 5.6 eV make it attractive as a gate dielectric[8].

Additionally, the heterointerfaces of oxides, where lattice symmetry is broken, give
rise to emergent phenomena that do not exist in the bulk materials, owing to the recon-
structions of charge, orbital and spin at the interfaces (Figure 1.2). These interfaces can
host novel electronic and magnetic states, offering exciting opportunities for discovering
and engineering new functionalities[9]. One of the most famous discoveries is the inter-
face between the insulating SrTiO3 and LaAlOj3 showing superconductivity, signature
magnetism, and formation a two-dimensional electron gas[10, 11]. These properties have
made complex oxide materials a crucial role in the development of advanced materials
and electronic technologies.

1.3 Freestanding oxide membranes

Due to the strong epitaxial bonding between oxide films and their substrates, bending
oxide films or separating them from their rigid bulk is challenging. However, the devel-
opment of freestanding oxide membranes has recently overcome this obstacle, allowing
oxide films to be separated from their substrates, thereby eliminating substrate effects
on film properties(see Figure 1.3). Once detached, these membranes can be stacked and
manipulated like 2D materials[14], offering great flexibility in material engineering. Ad-
ditionally, this technique enables strain and texture engineering on the membranes[15,
16], breaking the constraints imposed by traditional epitaxy.

Several techniques are available for obtaining oxide membranes, such as wet etch-
ing[18], mechanical exfoliation[19], and spalling[20]. A common method involves using
a water-soluble buffer layer, often SrgAlyO¢[18, 21], due to its easy dissolution in water
and structural compatibility with SrTiOs. SrgAl,Og forms a cubic unit cell with a lat-
tice constant of 15.844 A, closely matching four unit cells of SrTiOs (asTo= 3.905 A, 4x
asro =15.620 A). Sr3AloOg has distinct ring structures, unlike typical aluminates that
form long chains, making it dissolvable in water[18]. To do so, a water soluble Sr3AlyOg
buffer layer is first deposited on a SrTiOs substrate, followed by the growth of the oxide
membrane (Figure 1.4). By selectively etching the buffer layer with water, the oxide
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Figure 1.2: Schematic illustrating the symmetries and tunable degrees of freedom
of interfaces between complex oxides. Reproduced with permission.[13] Copy-
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Figure 1.3: Schematic illustrating membrane technique to enable flexibility in
material engineering. Reproduced under terms of the CC-BY license.[17]
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Figure 1.4: Schematic of the fabrication process of oxide membranes. Repro-
duced with permission.[18] Copyright 2016, Springer Nature.

membrane can be lifted off, resulting in a freestanding membrane which then can be
transferred onto a system of choice.

To grow membranes of different lattice constants, substrates and buffer layers with
matching lattice constants are needed. Fortunately, the lattice constant of Sr3AlsOg
buffer layer can be adjusted by substituting Sr with Ba or Ca, thereby enlarging or
decreasing its lattice constant as needed[22]. Other buffers, like STRuO3[23, 24] and
Lag 67Sr0.33Mn0O3[25, 26], are also available and can dissolve in chemical solvents. The
range of the buffer layer lattice constants is approaching those of single crystalline sub-
strates[27, 28], providing more options for fabricating membranes with diverse lattice
constants. (Figure 1.5).

The flexibility of the membranes enables them to be transferred onto stretchable
polymer substrates, facilitating the application of strain and texture engineering, with
strain levels reaching up to 10.1%[29], far surpassing the 0.1% typically achievable on
bulk substrates. Such strain can dramatically alter the properties of these materials.
For instance, SrTiO3 membranes under 2% uniaxial strain have been found to stabilize
ferroelectricity at room temperature[15]. Similarly, the resistivity of Lag;Cag3MnOs3
membranes is strain-tunable with applied biaxial strain up to 5% since the strain effec-
tively suppresses electron hopping between manganese sites[30].

Researchers are also investigating the elastic limits of these membranes and the mi-
crostructural arrangements that enable their remarkable elasticity[31], which is unattain-
able in traditional oxide films. This technique also facilitates the heterointegration of
devices[19] by providing the freedom to transfer membranes onto various platforms, in-
cluding flexible substrates or entirely different materials.

Starting with epitaxial growth, this method retains the advantages of epitaxy—such
as precise control over membrane thickness, uniformity, and highly crystalline struc-
tures—while simultaneously providing high flexibility.
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Figure 1.5: Buffer layer materials with varied lattice constants. Reproduced with
permission.[28] Copyright 2022, John Wiley and Sons.

1.4 Thesis outline

This thesis attempts to overcome the boundaries of epitaxy by leveraging membrane
techniques and thereby put the obtained possibilities in good use. The main work per-
formed is presented in chapter 4 to 7. In chapter 4, the study examines the fabrication of
nanocrystals through the self-assembly of oxide membranes. This approach takes advan-
tage of the weak bonding between oxide membranes and sapphire substrates, allowing the
membranes to maintain a degree of freedom. When subjected to high-temperature ther-
mal processing, these thermally unstable membranes undergo dewetting, transforming
into nanostructures while preserving the crystalline structures of the original membranes.

In chapter 5 and 6, my thesis work pushes the limits of substrate flexibility by
utilizing membranes transferred onto various carriers. These membranes act as templates
for epitaxial growth, allowing for greater versatility in carrier selection. This flexibility
in choosing different materials and shapes for the carriers, combined with the adaptable
nature of the membranes, significantly broadens the possibilities for substrate design. As
a result, it becomes feasible to create customized or costly substrates, such as bicrystal
substrate, using thin-film growth techniques.

Finally, chapter 7 addresses the challenges of creating interfaces between asym-
metrical crystal structures. By employing membrane techniques and appropriate post-
treatment processes, it is possible to achieve sharp interfaces and bonding between two
materials for which their lattice symmetries forbids interface formation by epitaxial
growth. This work demonstrates how membrane technique can redefine the possibilities
in epitaxy, enabling the creation of novel design and structures that were previously
unattainable.



Chapter 2

Standard experimental techniques
used

This chapter provides a concise overview of the standard techniques used in the
thesis. Pulsed laser deposition (PLD) is used as the method for thin film deposition.
During the deposition process, reflection high-energy electron diffraction (RHEED) is
utilized to monitor surface structure and verify layer-by-layer growth. Post-deposition,
X-ray diffraction (XRD) is conducted to assess the crystalline structure of the samples.
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Figure 2.1: Schematic of the PLD system used for thin film growth. A CO-
heats the back side of the substrate to the desired temperature. An ablation
laser vaporizes materials from the targets. The growth process is monitored in
situ using reflection high-energy electron diffraction.

2.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a physical vapor deposition technique in which material
is removed from a source target by ablating it with an intense UV laser pulse. The laser
pulses are fed through a mask which is imaged onto the target to achieve the necessary
energy density. Upon absorbing the UV light, the target material ablates, creating
a plasma from the evaporated species. This plasma expands from the target toward
the substrate, where the ablated material adsorbs and undergoes thermally activated
diffusion before forming a thin film layer.

Key parameters influencing the PLD process include substrate temperature, the
type and pressure of gas, the energy density of the laser beam on the target, and the
laser pulse repetition rate.

Figure 2.1 illustrates a PLD growth system. The substrate is mounted on a metal
holder and secured with clamps before being placed on a substrate stage in the PLD
chamber, which is maintained at ultra-high vacuum (10~ torr). The substrate is heated
to the desired temperature using a CO» laser applied to its backside. During deposition,
the target material is ablated by a KrF excimer laser with a wavelength of 248 nm, and
the target-to-substrate distance is set to 56 mm. To achieve a uniform, droplet free
deposition and to optimize the use of the target, it is laterally shifted along a predefined
path after each laser pulse. The substrate temperature is measured from the substrate
stage with a pyrometer and controlled via a feedback loop. The chamber pressure is
regulated by adjusting the gas flow and the pumping speed through a variable shutter
placed in front of the turbo pump.

2.2 Reflection high-energy electron diffraction

During deposition, the growth process is monitored in situ using reflection high-energy
electron diffraction (RHEED), enabling precise control of film thickness down to a single
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Figure 2.2: Schematic illustrating layer-by-layer growth and the correspond-
ing variation in RHEED intensity. Reproduced under terms of the CC-BY li-
cense.[32]

unit cell. RHEED is exceptionally sensitive to surface features, where electrons with a
kinetic energy of 30kV are directed at the sample surface at grazing angles, penetrating
only the top few atomic layers. The diffracted electrons arising from the interaction
of the electron beam with the atomic arrangement at the sample’s surface produce a
pattern on a fluorescent screen, revealing the surface structure.

Figure 2.2 shows a typical variation in RHEED intensity during deposition. At the
start, the RHEED intensity is at a maximum, but as material is ablated and deposited
on the substrate resulting in an increase of surface roughness, the intensity decreases.
Once the deposited material reaches a thickness corresponding to a single lattice spacing,
the RHEED intensity recovers, and this cycle repeats, corresponding to layer-by-layer
growth.

Such oscillations in RHEED intensity indicate a good layer-by-layer growth, which
usually yields a smooth surface on the sample. If the growth mode shifts to 3D, where
small crystallites form on the surface, the RHEED pattern changes from distinctive spots
or streaks to arrays of spots, indicating diffraction through the crystallites and a loss of
surface smoothness.

2.3 X-ray diffraction

For a crystalline material with a regular array of atoms, X-ray diffraction is a powerful
tool for determining its crystal structure, orientation, and lattice parameters. In this
thesis, X-ray diffraction data were obtained using a monochromatic Cu-Kal source on
a Panalytical Empyrean machine.

X-rays generated by a source illuminate the sample, and the sample diffracts the
X-rays elastically. Constructive interference occurs at specific angles, determined by the
electron density distribution based on the crystal structure. Measuring the diffracted
intensity while scanning the angles between the beam and the sample and/ or between
the sample and the detector, allowing the recording of diffraction data.
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Figure 2.3: Schematic of diffracted radiation. Bragg’s condition occurs when the
path difference between the diffracted rays (2dsin(f)) equals to integer times of
the wavelength (n)). Reproduced under terms of the CC-BY license.[33]

In symmetric X-ray scans, out-of-plane diffraction can be understood as X-rays
scattering off parallel crystal planes. Constructive interference occurs when the well-
known Bragg’s law is satisfied, which is given by the equation

2dsin(f) = n\ (2.1)

where d represents the inter-planar spacing in the lattice, 6 is the the angle of
the incident beam relative to the crystal lattice plane, n is the order of the observed
diffraction peak, and A is the wavelength of the X-ray used for diffraction (Figure 2.3).



11

Chapter 3

Fabrication of freestanding oxide
membranes

Fabrication of oxide membranes involves multiple steps—deposition, dissolution,
lift-off, and transfer—all detailed in this chapter. Due to the fragile nature of these
membranes, optimizing deposition parameters and carefully selecting materials are cru-
cial for a successful transfer.
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3.1 Deposition

Before any growth, SrTiO3 substrates were pre-annealed in-situ in an oxygen atmosphere
(P(O2) = 0.1 mbar) at 825°C for 40 minutes using a CO3 laser, resulting in a smooth,
step-terrace surface. Films were then deposited using pulsed laser deposition (PLD) with
a 248 nm wavelength excimer laser. Initially, a sacrificial layer was deposited, followed
by a top membrane. The optimized deposition parameters of different materials are
detailed in Table 3.1.

Let us consider, for instance, the commonly used SrTiO3 membranes discussed
in this chapter. The growth process of a water-soluble SroCaAlsOg buffer layer and a
SrTiOgs top layer on a Sr'TiO3 substrate was monitored by Reflection High-Energy Elec-
tron Diffraction (RHEED), as shown in Figure 3.1. The RHEED oscillations confirm the
layer-by-layer growth of both SroCaAlyOg and SrTiOg3, with the inset images displaying
2D patterns indicative of smooth surfaces post-growth. Additionally, Atomic Force Mi-
croscopy (AFM) imaging revealed that the sample’s surface has a smooth, step-terrace
morphology (see Figure 3.2).

Table 3.1: Optimized deposition parameters for the materials used in this thesis.

Material lattice laser flu- | laser spot | substrate P(02)

constant | ence size on | temepra-

target ture

unit A Jem™? mm? °C mbar
LaAlOg3 3.792 1.4 2.82 630 1x1073
YBayCuzO7_, 3.855 2.0 2.82 720 0.25
Lag ¢7S19.33MnO3 | 3.876 2.42 4.15 700 0.1
SrTiO3 3.905 1.21 2.82 825 1x107°
SrpCaAlyOg 3.907 1.76 4.15 825 1x107°
SrRuO3 3.924 2.3 2.82 700 8.6x10~2
SrgAlsOg 3.961 1.76 4.15 825 1x107°

Note: The deposition of YBasCu3O7_, was followed by post-annealing at 450°C and P(O2)=
450 mbar for 1 hr.

3.2 Dissolving, lift-off, and transfer

After film deposition, =~ 600-nm-thick PMMA layers were spin-coated onto the SrTiOs-
SroCaAly,Og-SrTiOg stacks. The stacks were then immersed in room-temperature deion-
ized water to dissolve the SroCaAlsOg sacrificial layers. After 1 to 3 days, the SroCaAl;Og
layers were selectively etched away by the water, releasing the top membranes coated
with PMMA. These released membranes, supported by the PMMA layers, were gently
lifted onto the water’s surface using tweezers, allowing them to float (Figure 3.3).

The freestanding membranes were then manually transferred onto, for example,
Al,Og3 substrates, which are the most frequently used carriers in this thesis. Any residual
water between the membrane and the substrate was removed by heating the assembly
to 80°C on a hot plate. The Al,O3 substrates had been pre-annealed at 1615°C in
a vacuum to create smooth, well-defined step-terrace surfaces. After the membranes
were transferred, the PMMA layers were dissolved with acetone, leaving the membranes
securely on the Al,O3 substrates.

Other materials of membranes were also studied. Optical images demonstrate the
successful transfer of SrTiOg, LaAlOg3, and SrRuO3 membranes onto sapphire substrates
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Figure 3.1: RHEED signal of the growth of a 10-nm-thick Sr,CaAl>,O¢ buffer
layer and a 16-nm-thick SrTiOj3 top layer on a SrTiO3 substrate. Insets: RHEED
images taken after the growth of the Sr,CaAl,Og4 and SrTiO3 layers along the
[100] axis of SrTiO3. Reproduced with permission.[34] Copyright 2023, John
Wiley and Sons.

0

Figure 3.2: AFM images taken after a 10-nm-thick SroCaAlsOg buffer layer and
a 16-nm-thick SrTiO3 top layer were deposited onto a SrTiO3 substrate. The rms
roughness of the surface is 570 pm. Reproduced with permission.[34] Copyright
2023, John Wiley and Sons.
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(Figure 3.4). AFM imaging of the transferred membranes confirmed that at a micron
scale, the membranes were effectively stacked onto the sapphire carriers, with the un-
derlying step-terrace features of the sapphire substrates remaining visible after stacking.
XRD scans indicated that the membranes retained the crystalline structures of their
bulk counterparts after lift-off. However, the StRuOs membranes exhibited an increased
lattice constant, likely due to the use of a reducing etchant during the lift-off process.

3.3 Buffer layer selection

Selecting an appropriate buffer layer was found to be crucial during membrane fabrica-
tion. A Lag ¢7Sr0.33Mn0O3/SrTiOg bilayer film with a SrgAlyOg buffer layer allowed only
for small transfer areas ( after lift-off, while films with SroCaAlyOg buffer layers showed
a significantly larger transfer area of approximately 2.5 x 5mm? (Figure 3.5). This dif-
ference is likely due to interdiffusion between the Lag ¢7Sr0.33MnQO3/SrTiO3 bilayer and
the Sr3AloOg buffer layer, attributed to the latter’s much larger lattice constant.

LaAlOg3 films grown on Lag g75rg.33MnO3 buffer layers cannot be lifted-off, while
LaAlOj3 films grown on SroCaAlyOg buffer layers yield a large-area transfer of approxi-
mately 2.5 x 5mm? (Figure 3.4).

Conversely, STRuOj3 films which grown on SroCaAlyOg buffer layers cannot be
lifted-off, whereas such films on Lag ¢75r9.33MnQOg3 buffer layers achieved a high-quality,
large-area transfer of around 2.5 x 5mm? (Figure 3.4). To selectively dissolve the
Lag ¢75109.33MnQO3 buffer layer, a reducing etchant, specifically a mixture of KI and HCI,
is necessary, completing the lift-off process in less than one day. Table 3.2 compares the
advantages and disadvantages of the three buffer layers used in this thesis.

Table 3.2: The advantages and disadvantages of using Sr3Al;0g, SroCaAl,Og and
Lag 67Srg.33MnO3 as buffer layers

buffer layer mate- | advantages disadvantages
rial
Sr3Al,Og water soluble 1.43% lattice mismatch with SrTiO3
widely used interdiffusion of top layers
SroCaAlyOg water soluble interdiffusion of top layers
0.05% lattice mismatch with SrTiO3
Lag.g7Sr0.33MnQOg3 | perovskite reducing etchant required
small lattice constant selective chemical etchant required
quick lift-off

3.4 Optimization of large-area transfer

To achieve a large-area transfer of SrTiO3 membranes, the fabrication process was sys-
tematically optimized, focusing on factors such as film thickness and buffer layer ma-
terials. Initially, a 32-nm-thick SroCaAl,Og buffer layer was deposited on a SrTiOj
substrate, followed by a 20-nm-thick SrTiOs top layer. However, the SrTiO3 mem-
branes transferred onto sapphire carriers exhibited numerous cracks, resulting in only
small intact areas (um?). This issue is likely caused by the uneven dissolution of the
thick SroCaAl;Og buffer layers. In contrast, if thinner 8-nm-thick SroCaAlsOg buffer
layers were used beneath 14-nm-thick Sr'TiO3 top layers, the transfer quality significantly
improved, yielding intact areas of approximately 1 x 1 mm? (see Figure 3.6).
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Figure 3.3: Photographs of the transfer process. The upper membrane was lifted
off and made to float on water once the buffer layer was selectively dissolved.
The membrane was then transferred onto a new carrier. The insets show zoom-in
images.
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Figure 3.4: AFM images, optical images, and XRD scans of transferred SrTiO3,
LaAlO3, and SrRuO3; membranes on sapphire substrates.

Figure 3.5: Optical images of Lag ¢7Sr¢.33MnO3/ SrTiO3 bilayer membranes trans-
ferred on sapphire substrates, with the use of Sr3Aly0¢ (left) and SroCaAlsOg
(right) buffer layers.
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Figure 3.6: (a) AFM micrograph taken after depositing a 32-nm-thick layer of
SryCaAlyOg and a 20-nm-thick layer of SrTiO3 on a SrTiO3 substrate. (b) AFM
micrograph taken following the deposition of an 8-nm-thick SroCaAl;O¢ layer
and a 14-nm-thick SrTiO3 layer on a SrTiO3 substrate (c). Optical images of the
SrTiO3 membranes from sample (a) and sample (c) transferred onto sapphire
substrates are shown in (b) and (d), respectively.

To further study the influence of the buffer layer materials on transfer quality, two
similar deposition setups were employed, which only differed in the buffer layer material.
Both samples had a 10-nm-thick buffer layer topped with a 16-nm-thick Sr'TiO3 layer.
The first sample used Sr3AloOg as a buffer layer, while the second used SroCaAlsQOg.
Here, the deposition parameters for SroCaAlyOg and Srg3AlsOg were carefully optimized,
resulting in AFM images that display smooth step-terrace features (Figure 3.7). Large-
scale optical images showed intact membranes in both cases, but zoomed-in images
revealed strip-like cracks in the Srz3AlsOg sample, attributed to strain release during lift-
off due to the high lattice mismatch (1.43%) between Sr3AlaOg and SrTiO3. Conversely,
the SroCaAl;Og sample exhibited an exceptionally intact transfer, with an area of around
2 x 2mm?, which can be attributed to the little lattice mismatch (0.05%) between
SroCaAlyOg and SrTiOs5.

Finally, fabrication of a large area sample (4.5 x 4.5 mm?) was attempted to learn
if a more extensive transfer is achievable. Using the optimized conditions—including a
SroCaAlsOg buffer layer, optimized deposition parameters, and a 10-nm buffer thick-
ness—the process successfully yielded a high-quality large-area transfer of 4.5 x 4.5 mm?
(see Figure 3.8).
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2 um

Figure 3.7: AFM images of two samples having similar designs with 10-nm-thick
buffer layers on SrTiO3 substrates, topped by a 16-nm SrTiOj; layers. Sample
(a) used Sr3Al2O¢ as buffer, while sample (c) used SraCaAl,Og. Optical images
of the SrTiO3 membranes from samples (a) and (c), after being transferred onto
sapphire substrates, are presented in (b) and (d), respectively.

3nm

2um 1 mm

Figure 3.8: AFM image taken after a 10-nm-thick SroCaAl;Og and a 16-nm-
thick SrTiO3 film on a SrTiO3 substrate (left). Optical image of the top SrTiO;
membrane transferred on a sapphire shows a large-area transfer (right).
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Chapter 4

Self-assembly of nanocrystalline
structures from oxide membranes

In this chapter, I present a novel route to fabricating nanocrystalline oxide structures of
exceptional quality utilizing freestanding oxide membranes. The thermally induced self-
assembly of nanocrystalline structures is driven by dewetting SrTiO3 and LaAlO3 mem-
branes once they are lifted off and transferred onto sapphire substrates. Upon annealing
at temperatures below the melting point of the membranes, they self-assemble system-
atically into a variety of nanostructures such as nanovoids, nanowires, and nanocrystals.
The orientation of the nanostructures is exactly provided by the crystal lattice of the
transferred membrane. The microstructures of the oxide nanocrystals exhibit excep-
tional quality, characterized by pristine crystal structure and uniform stoichiometry,
and their alignment exceeds the capabilities of lithography and ion-milling techniques.
These findings illustrate the nanofabrication opportunities created by dewetting complex
oxides. Furthermore, the physics underlying the self-assembly process in the membranes
can potentially enhance our understanding of interface diffusion, which is important to
epitaxial thin film growth.

This work presented in this chapter has been published in Ref. [35]. The text I
use in the following chapter has been taken largely from Ref. [35], with appropriate
modifications. Scientific conceptualization of the project was led by V. Harbola, J.
Mannhart, and P. van Aken. Planning of the experiment was done by V. Harbola.
Sample fabrication was conducted by V. Harbola and me. Substrate preparation was
carried out by S. Smink, V. Harbola, and me. Characterization and experiment set-up
were performed by V. Harbola and me. Scanning Transmission Electron Microscopy
measurements were implemented by H. Wang. X-ray diffraction measurements were
carried out by S. C. Parks. Analysis of the data was performed by V. Harbola and me.
Writing was conducted by V. Harbola and J. Mannhart. All authors contributed to the
scientific discussion.
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Figure 4.1: Atomic transport processes take place when a thin film is heated
on a substrate. Surface diffusion process along the surface of the film or the
substrate is relevant. During this process, a diffusing particle may encounter
barriers along the substrate surface, bonding to a site and initiating the nucle-
ation of a new crystalline island. Interdiffusion yields the exchange of materials
between the film and the substrate. Particles can also undergo evaporation and
condensation on the film surface. Capillary forces-induced edge retraction may
introduce dewetting of the substrate surface. Reproduced under terms of the
CC-BY license.[35]

4.1 Introduction

Scaling down in size is required more and more in electronic, optoelectronic, and medical
applications. When structures are scaled down, material properties such as electronic,
thermal, chemical, and optical properties differ from the bulk ones due to quantum
confinement effects[36]. The study of nanocrystals improves the innovation in the appli-
cations[37-39]. The fabrication of nanocrystals can be divided into two main methods:
top-down and bottom-up fabrication[36, 40, 41]. In the following, we will introduce
a novel route to fabricate nanocrystals combining both top-down and bottom-up ap-
proaches. This method utilizes the intrinsic ability of atom agglomeration[42, 43] which
is allowed in this case when a membrane is transferred onto a substrate so that the
bonding between the membrane and the substrate is weak. This method produces high
crystalline quality and well-faceted nanocrystals that, to our knowledge, haven’t been
reported by electron beam lithography or ion milling. During the process of annealing
the membrane transferred on the substrate, mass transport such as evaporation and con-
densation, surface diffusion, and interdiffusion take place (Figure 4.1). Surface diffusion
drives the material atoms at the edge to retract and accumulate which decreases the sur-
face coverage and surface energy[42, 44-46]. This process is called dewetting. Dewetting
was already been extensively studied in single-crystal configurations of elements[47-51]
such as palladium[52], nickel[51, 53], and silicon[46, 54] and improves our understanding
of the driving microscope process[42, 49-51, 53, 55, 56]. However, despite the wide study
of dewetting, the study in oxide dewetting is largely lacking[48, 57, 58]. We attribute
the lack of study to the high temperature required to dewet oxide materials, which is
solved here by using a CO3 laser beam at 10 um wavelength.
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4.2 Nanocrystalline structures

4.2.1 Orientation dependence of nanocrystallite formation

In the investigation of single-crystal films, we discovered that the dewetting morphology
is influenced by several factors. These include the initial film orientation, lattice symme-
try, temperature (T'), and the initial thickness () of the membrane. These findings align
with the observed behavior of Si and Ni in previous studies.[46, 49, 50] In this study,
the single-crystalline SrTiO3 oxide membranes are transferred onto a single crystalline
sapphire substrate, which allows us to study the effect of the relative angle between the
membrane and the underlying sapphire on the dewetting morphology. We found that
the relative angle is an important factor. To investigate whether the relative orientation
of the membrane and the substrate influence the morphology of dewetting, we diced one
5mm x 5mm sample into four pieces and transferred them onto a sapphire substrate
with the SrTiO3(001) axis to equal 0°, 30°, 50°, and 90° with respect to the sapphire
[1120] axis. With this procedure, we can ensure the same membrane is measured during
this orientation-dependence study. These SrTiOs-sapphire stacks were systematically
heated to 800-1200°C under 0.075 mbar oxygen pressure.

During the annealing process, the voids that first form are, with distinct exceptions,
all remarkably rectangular shapes with the edges pointing precisely along the orienta-
tion of the membranes. The edges of the membranes are along <001> directions, thus
the most significant dewetting fronts are also oriented in <001> directions. It is also
noticeable that there are retracted fronts that are oriented 45° concerning the domi-
nant rectangle voids showing that <110> is the second dominant agglomeration front
for the SrTiOs membrane. Figure 4.2 displays the temperature-dependent evolution of
dewetting for membranes as a function of the alignment angle with respect to sapphire
[1120]. These results reveal that the surface energy of the SrTiOs facets governs the
dewetting process. Strikingly, the interfacial adhesion energy between the membrane
and the sapphire interface is less crucial in commanding facet formation. Indeed, we
have consistently observed that the dewetting membranes of various orientations and
materials align with the transferred orientation in all cases.

4.2.2 Dependence of nanocrystalline structures on membrane thick-
ness and process temperatures

We now proceed to explore the dependence of nanocrystalline structures on membrane
thickness and processing temperatures. (Figure 4.3) We found that both parameters play
important roles in the morphology of dewetting. To study this, we grew four thicknesses
of SrTiO3 membranes and three thicknesses of LaAlO3 membranes. The membranes were
transferred onto sapphire and processed to various temperatures, while the evolution of
the resulting dewetting morphology was studied. In all cases, we find that the samples
self-assemble in the same three stages regardless of the membrane thickness, despite
given heating time at different temperatures (Figure 4.4).

The first stage of the agglomeration process is the appearance of voids or holes
in the membranes. According to the literature, the formation of voids requires local
defects or preexisting holes.[42] The defects can exist as point defects, dislocations in
the membrane, or irregularities on the substrate surface. These defects reduce the nu-
cleation energy of new surfaces and voids. During the second stage, the void boundaries
retract, allowing the voids to grow. The voids are mostly enclosed by well-defined facets
that continue growing until the percolation threshold is reached. Highly faceted lines



22 Chapter 4. Self-assembly of nanocrystalline structures from oxide membranes

transferred

1000°C

1100°C

1200°C

Figure 4.2: AFM scans depicts four SrTiO3 membranes with distinct orientation
on an Al;O3 substrate following thermal processing at different temperatures,
as specified. All four SrTiO3; membranes, each 8 nm in thickness, were obtained
from a single sample. The scale bar for all presented scans is 2 ym. Reproduced
under terms of the CC-BY license.[35]
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and or strands form on a ~ 500 nm length scale connecting the separating nanocrystal-
lites. As crystalline faceting stabilizes the nanocrystallites against a Rayleigh—Plateau
instability[44, 59], the aspect ratio of these strands can far exceed 1.

When further processed to higher temperatures, the connectivity of the nanos-
tructures is completely lost. In the third stage, well-faceted 3D nanocrystals oriented
vertically in the growth direction develop with well-defined lateral facets. These three
stages of agglomeration occur consistently in all thicknesses of the membranes, with the
required temperatures shifting slightly higher with the increased membrane thickness.
The step edges of the underlying sapphire, in general, do not affect the dewetting but
act as a diffusion barrier. Many nanoparticles touch the step edges but they are rarely
observed to drape over one.

The sapphire surface coverage by the membrane decreases monotonically with pro-
cessing temperature, with the coverage-temperature curve shifting to higher tempera-
tures as the thickness is increased (Figure 4.5a,b). We define the dewetting temperature
(Tyw) as the processing temperature at which voids start showing up. The temperature
T4 increases monotonically as a function of membrane thickness for both SrTiO3 and
LaAlOjs (Figure 4.5¢). Furthermore, we observe the Ty, of LaAlO3 to be consistently
higher. A potential reason is that the stability of the LaAlOs-sapphire interface is higher
than that of Sr'TiOs-sapphire. This behavior of increasing Ty, agrees with the dewet-
ting behavior observed in other materials such as gold, silver, and copper reported in
the literature.[60, 61]The mean height of the nanocrystals is another key parameter in
characterizing the self-assembly process. We found that the thickness of the nanocrystals
at the final stage increases as a function of the initial membrane thickness (Figure 4.5d).
This finding is consistent with straightforward expectations, as thicker films provide
more material to agglomerate.

4.2.3 Nanocrystalline self-assembly through material agglomeration

Above, I reported our findings on the experimental control of the self-assembly nanos-
tructures. Here, I will analyze the self-assembly process and its potential for nanofabri-
cation and device applications.

Throughout all stages of nanocrystalline restructuring, we observe self-assembly
and the formation of pristine crystalline nanostructures. Starting at low temperatures,
the voids enclosed with well-defined strands are formed. Nanowires are formed with
increasing temperature. At the highest temperature we processed, the membranes de-
percolate and form nanocrystals in the end. The instability seen in single-crystal metal
and semiconductor dewetting is largely absent here.[53, 56] The crystalline nature of
oxide defines the morphology of the dewetting.

For all Sr'TiO3 and LaAlOs membrane thicknesses we have tested, processing at
1300 and 1400°C, respectively, resulted consistently and repeatably in the formation
of well-defined, singly oriented nanocrystals. The nanocrystals show two main features.
The first is the top surface of the nanoparticle is atomically flat and shows the orientation
of the original membrane. Second, the top and the bottom surfaces are connected by
a low-index plane. For example, in the <100> direction of a 001 oriented nanocrystal,
the connected plane is the 101 plane. Similarly, the 111 plane connects the two planes
in <111> direction. The facets in LaAlO3 are not clearly expressed, which we think is
owing to the vertical face being located at the edge of the crystal.

In the second stage of the processing step, void growth takes place as the hole
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Figure 4.3: AFM images present the dewetting progression in SrTiOs-sapphire
samples(top row) and LaAlOs-sapphire samples(bottom row) at different stages.
The processing temperature, as illustrated, notably influences the dewetting pro-
cess. The grid illustrates various dewetting stages for SrTiO3 and LaAlO3 mem-
branes annealed at different temperatures. The consistent stages include the
emergence of voids, subsequent void growth leading to depercolation and loss
of connectivity in the membrane, and ultimately, the fragmented membrane co-
alescing into nanocrystals at the highest temperatures. A scale bar of 1 pum is
provided for all scans. Each membrane undergoes thermal processing at the spec-
ified temperature for 200 seconds. The full thickness dependent grid is shown in
Figure 4.4. Reproduced under terms of the CC-BY license.[35]
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Figure 4.4: AFM micrographs showing the dewetting process at different stages
for SrTiO3-sapphire samples(a) and LaAlOs-sapphire samples (b). The grid il-
lustrates the evolution of dewetting in membranes of SrTiO3 and LaAlO3; with
varying thickness, subjected to annealing at specified temperatures. The con-
sistent stages of dewetting include the initial appearance of voids, subsequent
void growth leading to depercolation, and the fragmented membrane coalescing
into nanocrystals at elevated temperatures. A scale bar of 1 um is provided for
all scans. The thermal processing at each temperature is maintained for 200
seconds. Reproduced under terms of the CC-BY license.[35]
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Figure 4.5: (a, b) Substrate coverage measurements are recorded as a function
of process temperature (T). The progression of dewetting stages illustrates a
decline in overall coverage with rising temperature. The membrane coverage
decreases uniformly with increasing temperature, and the temperature at which
film dewetting begins shifts to higher values as thickness increases. (c) A plot
of the dewetting temperature (Ty,), where initial voids are observed, against
the initial membrane thickness. T, exhibits a consistent increase with thicker
membranes, although it remains notably lower than the melting temperature of
SrTiO3 and LaAlOs.(d) The mean height of nanocrystals is plotted against the
initial thickness of membranes. The mean heights show a continuous increase,
as anticipated due to the larger amount of material available for nanocrystal
formation. This image was made by Varun Harbola. Reproduced under terms
of the CC-BY license.[35]
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fronts retract along the low-index directions of the transferred membrane. The voids are
mostly in a rectangular shape which measured 90° angles between the retraction fronts
(Figure 4.6a).

As stated above, the crystalline nature of retraction fronts can stabilize the high-
aspect-ratio nanowires since the edges of the nanowires do not go through a Rayleigh-
Plateau-like instability. For example, we show high-quality SrTiO3 and LaAlO3 nanowires
self-assembled and oriented along the <100> direction (Figure 4.6b). The highest aspect
ratio of the nanowire we found was ~ 30 for SrTiOs. (Figure 4.7).

4.3 Characterization

To gain further insight into the formation and the properties of nanostructures, we stud-
ied them microscopically. By studying an initial 6.6 nm thick SrTiO3 membrane pro-
cessed at 1000°C and 1100°C for 200 s with scanning transmission electron microscopy
(STEM) and electron-loss spectroscopy (EELS), we analyzed their crystalline quality,
chemical homogeneity, and facets. Aligning with the atomic force microscopy (AFM)
results, the STEM images show the density and the lateral size of the nanocrystallites
to decrease with higher process temperature, while the thickness increases. (Figure 4.8).
Moreover, the dewetted Sr'TiOs nanocrystallites show exceptional crystalline quality and
possess low-indexed facets. High-resolution high-angular annular dark field-scanning
(HAADF)-STEM images of SrTiOs nanocrystallites cross-sections present atomic lat-
tice without visible defects anywhere (Figure 4.9a,b and Figure 4.10). The uniformity
of the contrast in the HAADF image exhibits excellent structural homogeneity of these
dewetted structures. The retracted edges present high crystallinity and well-defined
facets right to the boundary (Figure 4.9a,b). Furthermore, the overall curvature in-
creases with higher processing temperature, which is after annealing at 1100°C. This
is owing to high indexed facets introduced. These results show that the surface energy
of the crystalline facets stabilizes the surface of the nanocrystallites. No droplet for-
mation was observed. The droplet shape provides the lowest surface energy and shows
up when cohesive capillary forces are dominant. However, the increase of the curvature
with increased temperature indicates the surface energy of a faceted structure and a
smoothly curved surface are competitive. Throughout the processing process, the out-
of-plane orientation of the crystallites remains in the [001] direction which is exactly
provided by the transferred membrane. Note that during the sample fabrication, the
transferred Sr'TiO3 membranes are not fully aligned with the AloOgs substrates, so the
high symmetry directions of the substrates and membranes are different.

The distribution of the constituent elements of a single SrTiO3 crystallite was ana-
lyzed by electron energy-loss spectroscopy (EELS). The EELS maps show the uniformity
of the element distribution across the agglomerated geometry and the interface between
the SrTiO3 membrane and the AlsO3 substrates is sharp without visible interdiffusion.
Atomically resolved STEM-EELS maps show the intensity of the Sr and Ti drop to
baseline within 1 unit cell across the boundary revealing an atomically sharp interface
between the transferred membrane and the substrate. These findings present the excep-
tional crystalline quality and elemental uniformity of the nanocrystallites that can be
achieved by the self-assembly process. To our knowledge, the nanocrystalline structures
with such high quality up to and including the edges exceed the capability that electron
beam lithography or other top-down techniques like ion milling can achieve.



28 Chapter 4. Self-assembly of nanocrystalline structures from oxide membranes

SrTiO4(001) LaAlO4(001)

. |- Along

-- Across 14 |- Along

-- Across

z (nm)
-30

0 125 250
Distance (nm)

—-20
—10
-0
SrTiO4(001) LaAlO;(001)
c
Z(nm Z(nhm Z(nm
400 nm I(110) 400 nm (130) 100 nm |(15)
| | | | |
(001) )
o (111) o (001) o
N
Q
S0 %
7,
1’70/0 Helei % (10}
11y
SrTiO4(001) SrTiOz(111) LaAlO,4(001)

Figure 4.6: (a) AFM images capturing the development of interconnected crys-
talline voids in the initial stage of dewetting, featuring retraction along the crys-
talline <100> and <010> directions, quantified by measuring right angles be-
tween the retreating edges. In the left panel, nanovoids in SrTiO3 (001) mem-
branes are depicted, while the right panel illustrates nanovoids in LaAlOz (001)
membranes. (b) 3D topography images showcase stabilized nanowires for SrTiO3
and LaAlOj; before the complete depercolation of the membrane, leading to the
formation of nanocrystals. The left and right panels display the nanowires for
SrTiO3 and LaAlOj3, respectively. Insets provide line-cuts along and across the
nanowire topography, revealing a flat top. The strands depicted have a Full
Width at Half Maximum (FWHM) of 44 and 45nm, respectively. The emer-
gence of these nanocrystalline structures highlights the stabilizing effect of crys-
talline facet energy against the structural instabilities observed in the single-
crystal dewetting of metals or semiconductors. (c) 3D topographies exhibit self-
assembled nanoparticles from (001) and (111)-oriented membranes of SrTiOs;
and (001)-oriented membranes of LaAlO3. Insets present a 2D height map of the
same particle. The crystalline facets of these nanocrystals are distinctly identifi-
able and marked on the 3D AFM topographies. Reproduced under terms of the
CC-BY license.[35]
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Figure 4.7: AFM images of (a) nanowires observed in SrTiO3; membranes with
thicknesses of 6.6 and 9.8 nm during thermal processing at temperatures of
1100°C and 1200°C, and (b) nanocrystals observed in SrTiO3 membranes with

thicknesses of 3.9, 6.6, 9.8, and 13.7nm at 1300°C. (c) AFM images illustrating
nanoparticles formed at 1300°C in transferred LaAlO3 membranes with thick-

nesses of 3.8 and 5.7 nm.
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0.2 pm

Figure 4.8: STEM imaging reveals a cross-section of a SrTiO3 membrane after
dewetting at (a) 1000°C and (b) 1100°C. The initial thickness of the SrTiOs3
membrane is 6.8 nm. Following dewetting, the thickness increases to 22nm at
1000°C and 37nm at 1100°C. Simultaneously, as anticipated, the lateral size
of the dewetted SrTiO3; nanocrystals is reduced. Micrographs were taken by
Hongguang Wang.
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Figure 4.9: (a) STEM and EELS observations capture nanocrystalline struc-
tures formed through self-assembly. Post-processing at 1000°C, a SrTiO3 mem-
brane exhibits material agglomeration and recrystallization during dewetting.
The thickness of this region increases to nearly three times the initial membrane
thickness. A transition region, marked in the image, connects the top and bot-
tom surfaces via crystalline facets. (b) Subsequent annealing at 1100°C causes
further edge retreat, resulting in thicker regions after dewetting. The boundaries
of this thicker structure display increased curvature, accommodated by the intro-
duction of additional crystalline facets between the top and bottom faces of the
crystallite. The crystal structure remains intact up to the boundary, with uni-
form contrast indicating minimal defect density. (c) An annular dark-field (ADF)
image, elemental EELS maps for Sr, Ti, Al, and O, and a color-coded overlay of
the elemental maps for Sr, Ti, and Al reveal an exceptional and uniform elemen-
tal distribution throughout the entire dewetted geometry. A sharp interface is
evident between the membrane and the substrate. (d) A high-resolution ADF
image, elemental EELS maps for Sr, Ti, Al, and O, color-coded overlay of el-
emental maps for Sr, Ti, and Al, and horizontally integrated intensity profiles
for Sr (red), Ti (green), and Al (blue) across the interface illustrate the uni-
form distribution of Sr and Ti within the membrane and the atomically sharp
interface between the membrane and the substrate. Micrographs were taken by
Hongguang Wang. Reproduced under terms of the CC-BY license.[35]
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Figure 4.10: HAADF-STEM imaging captures a cross-section of a individual
SrTiO3 nanocrystallite after dewetting at (a) 1000°C and (b) 1100°C, along with
the corresponding interfacial lattice structure. Micrographs were taken by Hong-
guang Wang.

4.4 Analytical model

To further analyze the energy relevant to the self-assembly process, we apply a model to
the dewetting of SrTiOs. This model follows the dewetting model of Ref. [48] and aims
to predict whether a hypothetical hole present initially in the membranes may dewet,
resulting in a reduction of membrane coverage. The formula compares the energy after
dewetting Fg,, with the energy of the intact membrane Ej, which is conducted for a
square membrane with initial thickness h, size a, and a square hole of size x with 101
facets (Figure 4.11). The ratio of the energy of the dewetted structure to the energy of
the initial structure can be determined using this geometry

ro11
% —1— d2 + < s ) 1 : =+ 4\/§d7' 7001 _ (4.1)
Ey 7001 1+ - 1—d? 1+ =

7001 T001

where d = x/a and r = h/a, and rg represents the surface energy density of the
substrate, rgo1 and 7911 denote the energy densities of the 001 and 011 planes, respec-
tively. As both the substrate and the membrane sides are oxides, we assume 75 /rgp1=1
for simplicity. The energy ratio is plotted for various interfacial energy densities r, reveal-
ing that, for a constant aspect ratio, the probability of dewetting increases with higher
interfacial energy (see Figure 4.11a). The ratio Eg4,/Ep = 1 serves as the dewetting
threshold. When Eg,,/Ey < 1, the membrane dewets into a new structure.

This model reveals that holding the ratio of interface energy to 001 surface energy
constant (E, = 7;/7rpo1), thinner films dewet easier. Additionally, the maximum thickness
capable of dewetting is determined for a given FE,.. Moreover, an energy barrier for
dewetting is obtained and serves as a threshold for the film to initiate dewetting and for
voids to grow. Notably, voids are observed to reach a critical size before spontaneously
growing. The energy barrier increases with thickness together with an increase in critical
void size (Figure 4.12). Figure 4.11c-f illustrates the energy landscape of agglomeration,
plotted through maps of E, and r versus d. A critical E, is established for each r
by tracing the contour of 1. Dewetting becomes possible only when E,.>E¢ (Figure
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4.11c,d). Additionally, for a fixed E,, dewetting does not occur beyond a well-defined
value of r (Figure 4.11e,f). The critical size exhibits a monotonic increase with decreasing
FE,. and increasing r, as evident in the local maximum denoted as the barrier in Figure
4.11c-f.

This simple model consistently elucidates the thickness-dependent behavior ob-
served in SrTiOz membranes. Furthermore, it functions as a tool for deducing the inter-
face energy between the membrane and substrate based on the measured nanostructures.
To achieve this, we consider the largest mean r =~ 0.1 identified in the self-assembled
SrTiOs nanocrystals, as these represent the largest nanostructures formed without a void
in the center. In Figure 4.11c,d, employing interface energy as a continuously varying
parameter, the agglomeration energy maps enable the exploration of this parameter at
the wetting-dewetting boundary for a given r. Taking the threshold value for r=0.1, as
depicted in Figure 4.11c, we calculate F, to be ~ 2.4. Using rqg1 for the TiOo-terminated
SrTiO3(001) plane,[62] we derive r;= 3.11Jm~2 for SrTiO3 on sapphire. This value is
comparable to the surface energies of binary oxides with a rock salt structure.[63] It is
~ 50 % higher than the surface energies of pure metals,[63] a factor of &~ 3 higher than
common semiconductors[64], and exceeds that of the SrTiO3(001) plane by a factor of
~ 2.4. Consequently, we anticipate that the interfaces between the membrane and sub-
strate are thermodynamically less stable than those between the material and vacuum,
making them more favorable to dewet.
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Figure 4.11: The outcomes of model calculations for the self-assembly process are
presented. The panels compare the energies between a dewetted geometry and a
structure with complete coverage during volume-conserving dewetting. (a) The
energy ratio of the dewetted structure to a fully intact membrane transferred
onto a substrate, maintaining a constant initial aspect ratio, and varying the ratio
of interface energy to the energy of the (001) plane (E,). The plot is a function of
d, the ratio of void size to the lateral size of the initial membrane. The propensity
to dewet increases with rising interface energy, resulting in larger void sizes and
a higher energy differential between the dewetted and initial geometries. (b)
Energy ratio for different initial h/a (r), with the same interface energy. The
stability of the dewetted structure increases with decreasing r, indicating that
thinner membranes are more prone to agglomeration. (c, d) Energy landscapes
for a given r as a function of various values of E,, where the dashed white curve
outlines the contour of F, = 1, demarcating the region where the dewetted
membrane is thermodynamically more stable than the initial membrane. The
phase space available for dewetting at different values of r is evident between (c)
and (d). The red curve indicates the critical size for dewetting, representing the
maximum of the energy barrier, while the black curve traces the minimum value
of E,. (e, f) Comparable maps to those in (c) and (d), but now for specified E,
values in relation to varying r values. This image was made by Varun Harbola.
Reproduced under terms of the CC-BY license.[35]
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Figure 4.12: (a) Reproduced version of Figure 4.11(b). The solid arrow highlights
the specific area that is magnified in (b) to clearly illustrate the energy barrier
that exists prior to the occurrence of spontaneous dewetting in the model. The
dashed line in (b) follows the position and height of the barrier, showing its
changes with decreasing thickness. This image was made by Varun Harbola.
Reproduced under terms of the CC-BY license.[35]
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4.5 Conclusion and outlook

A new way to fabricate nanocrystalline structures has been found. This process uti-
lizes the self-assembly of oxide membranes when processing them at high temperatures.
By using the recently developed techniques, SrTiO3 and LaAlO3 membranes are trans-
ferred on thermal-prepared sapphire substrates. Upon annealing them to a tempera-
ture of half the melting temperature, the membranes self-assemble into nanocrystalline
structures such as nanocrystals, nanowires, and nanovoids. Transmission electron mi-
croscopy evident the exceptional quality of the crystallinity of the nanostructures with
uniform element distribution devoid of visible defects and well-defined facets on the edge.
Nanocrystals with sizes down to 100 nm laterally and nanowires with aspect ratios ex-
ceeding 10 have been obtained. We have introduced an analytical model from which the
interface energy between the membrane and the substrate is obtained. The self-assembly
of a variety and high-quality nanostructures, influenced by temperature and thickness
variations, offers new prospects for crystalline nanostructuring in oxide materials. Cur-
rently, we can manipulate facet orientation and crystallite size, but not the positions
of nanovoids, nanocrystals, or the orientation of strands. Achieving control over these
aspects seems possible by pre-templating membranes or substrates before processing.[43,
65—67] These findings show the opportunities for fabricating nanocrystalline structures
through self-assembly. This unprecedentedly high quality exceeds the capability that
electron beam lithography and ion milling can achieve. These nanostructures can be
used in optics, catalysis, and nanoelectronics. The understanding of dewetting improves
our knowledge in surface diffusion which is important to epitaxial thin film growth.
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Chapter 5

Vector substrates: idea, design,
and realization

Substrates play a crucial role in thin film deposition, but they do not always align with
the specific requirements of a particular experiment or application. For instance, they
might be expensive or unavailable with the desired crystal lattice structure.

To address this, this chapter introduces a novel concept of "vector substrates." In
this approach, the template layer for growing thin films, referred to as the vector, is both
chemically and structurally independent of the bulk of the substrate. Vector substrates
are fabricated by transferring a membrane, which serves as the template layer and is
grown on a reusable parent substrate, onto a carrier substrate. The template and carrier
layers can be independently chosen and optimized, which offers unparalleled flexibility
and reduces material costs. An interesting case comes to when the conventional substrate
is expensive or hard to acquire such as bicrystal substrates. The details of bicrystal vector
substrates will be discussed in Chapter 6.

The benefits and limitations of vector substrates compared with traditional sub-
strates will be discussed in this chapter in detail. The feasibility of this technology
has been validated by fabricating sets of viable vector substrates. Although the vector
substrate concept is in its infancy, it holds significant promise to supplement conven-
tional substrates and drives future advancements in substrate technology and thin-film
deposition.

This work presented in this chapter has been published in Ref. [34]. The text I use
in the following chapter has been taken largely from Ref. [34], with only minor modifi-
cations. Scientific conceptualization of the project was led by V. Harbola, J. Mannhart,
and P. van Aken. Planning of the experiment was performed by V. Harbola. Sample
fabrication was conducted by V. Harbola and me. Characterization and experiment set-
up were performed by V. Harbola and me. Scanning Transmission Electron Microscopy
measurements were carried out by H. Wang. X-ray diffraction measurements were im-
plemented by F. V. E. Hensling. Analysis of the data was done by V. Harbola and me.
Writing was performed by V. Harbola and J. Mannhart. All authors contributed to the
scientific discussion.
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5.1 Introduction

Thin solid films are essential for numerous device applications and foundation of research
across a wide variety of fields. Substrates are trivially required for film deposition. For
example, the growth of epitaxial films requires substrates with precise crystal structures,
orientations, and minimal defects (see, for example, Ref. [27]). To achieve this, sub-
strates for epitaxy are typically produced as single crystals, which are then cut, oriented,
and polished. This process makes them costly, and finding or growing single crystals
with the exact required lattice structure may not always be feasible.

To address the challenge of producing substrates from various materials in a cost-
effective way, it is important to recognize that only the surface layer, a few unit cells
thick, is structurally critical for film deposition. However, the high cost of conventional
substrates arises primarily from the cost to provide an excellent crystal lattice throughout
the entire substrate volume. For context, a typical substrate is on the order of 1 mm
thick—roughly 10° times thicker than the top layer that is relevant for epitaxial growth,
which is on the order of 10nm (see Figure 5.1). As a result, a substantial portion of the
substrate’s mass is perfected in its structure at significant expense, even though it does
not interface with the thin film. This leads to a waste factor of about 10°. If the substrate
is made from precious elements or isotopes, the same waste factor applies to their cost, as
the number of atoms used is far greater than the number needed for achieving the desired
function. Clearly, the majority of the substrate’s volume primarily serves as mechanical
support or to provide desired thermal properties—functions that could potentially be
fulfilled by cheaper, more defect-prone materials with bulk properties desired for specific
investigations or applications.

It is important to note that, in some cases, the challenges described here can be
readily addressed by using an initial substrate which a film of the desired material has
been grown to serve as a template layer for subsequent film growth. An example is
the use of Si wafers coated with MBE-grown SrTiOgz films,[68-71] a method pioneered
over two decades ago. This approach is successful, but is limited to combinations of
substrates and template layers that satisfy the requirements for epitaxial growth of the
template film. This means the initial substrate must already have a suitable, high-quality
crystal lattice. As a result, epitaxial growth of a template layer, such as single-crystalline
DyScO3 on an arbitrary substrate like polycrystalline Cu, is typically not feasible.

With the novel substrate technology proposed in this chapter, a very large num-
ber of materials can serve as a carrier for the template layer, which is chemically and
crystallographically independent of the bulk substrate. The template layer is fabricated
using thin-film deposition techniques as a membrane, and then transferred onto a carrier
substrate (Figure 5.2).

This new type of substrates is referred to as "vector substrates" due to their re-
semblance to the traditional mathematical notation of marking vectors with an arrow
above a letter. Just as these arrows indicate direction and magnitude, the membranes
on the carrier substrates convey orientational crystallographic information necessary for
epitaxial growth.

Vector substrates will self-evidently not replace conventional substrates but can
serve as a viable alternative in certain cases. Both technologies offer distinct advantages
and disadvantages, with their relevance depending on the specific application.

In the next sections, the deeper concept of vector substrates will be discussed,
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including demonstrations of their feasibility. We will also focus on fabricating examples
of vector substrates, such as SrTiO3 (001) on c-cut sapphire or LaAlO3 on Si, where we
characterize their properties and demonstrate their suitability for epitaxial growth.

5.2 Concept of vector substrates

To meet the demands of film growth, various substrates are used depending on specific
requirements, and several key considerations come into play. A wide variety of materi-
als are employed for substrates, as highlighted in Ref. [27], and significant efforts have
been made to optimize them, resulting in a wide spectrum of available substrates. Some
substrates, such as silicon and sapphire, are of exceptionally high quality. The choice
of substrate material depends on factors such as compatibility with deposition condi-
tions, the desired structure of the thin film, further characterization needs, the intended
application of the deposited thin film, and costs.

However, these factors can sometimes conflict with one another. For instance, avail-
able substrates may not always be ideal for the desired use case. SrTiOs, commonly used
in oxide electronic research, has a large dielectric loss factor and undergoes a structural
phase transition at 105K, which affects the strain in deposited films. In contrast, sap-
phire, while offering excellent microwave properties, has a hexagonal crystal structure
that is unfavorable for growing cubic films commonly required in many applications.

To address this challenge, we developed the concept of vector substrates, which
combine different materials for the bulk part of the substrate and the surface layer.
The surface layer consists of a membrane grown using thin-film deposition techniques,
typically on a parent substrate, which is then lifted off and transferred to a carrier
substrate (Figure 5.2b). The template layer is carefully chosen and optimized to provide
a desirable surface for film growth, while the carrier substrate can be independently
optimized based on desired parameters such as mechanical, thermal, electronic, and
magnetic properties, as well as cost considerations. The carrier substrate does not need
to be a single crystal or atomically flat and can even be machined into specific 3D
geometries, for example into curved shapes. Curvatures in a single direction are preferred
for wrinkle-free membrane deposition on curved substrates. A membrane transferred in
such a way as to preserve its crystallographic surface structure and orientation will enable
epitaxial growth even on non-planar surfaces of vector substrates (Figure 5.2a).

An especially interesting case arises when a bulk single crystal of a desired material
or lattice constant is difficult or impossible to obtain, but the material can be stabilized
single crystalline in thin-film form. In such cases, vector substrates offer several inno-
vative possibilities. Membranes with bicrystalline or related structures can be used to
create specialized vector substrates. Bicrystal vector substrates are intriguing and will
be explored in greater detail in Chapter 6. Additionally, multiple membranes can be at-
tached to a single carrier substrate, potentially through stitching techniques, which have
already been shown for 2D materials.[72] This approach not only enables the production
of large-area substrates but also allows for the creation of single vector substrates with
distinct surface areas that vary in material or crystal lattice.

Removing the sacrificial layer from the parent substrate, such as by dissolving
it in water, preserves the structure of the parent substrate, and the original surface
can often be restored through cleaning or heating procedures (see, for example, Refs.
[19, 73, T74]), eliminating the need for polishing. As a result, parent substrates can
be recycled many times, unlike standard substrates, which thin out with each polishing
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Figure 5.1: a) Sketch of a cross-sectional view of a conventional substrate made of
a single crystal with thickness D, where only a thin surface layer of thickness t is
active for film growth. The magnified section highlights the decreasing influence
of atomic layers on thin-film deposition as the distance from the substrate surface
increases. b) Sketch of a cross-sectional view of a vector substrate, consisting
of a bulk carrier material coated with a membrane. The membrane material is
selected to serve as an optimal template for thin-film deposition. This image
was made by Varun Harbola. Reproduced with permission.[34] Copyright 2023,
John Wiley and Sons.
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Figure 5.2: a) The integration of membranes with carriers to form vector sub-
strates offers numerous new opportunities for film growth that are not available
with conventional substrates. Starting from the left: epitaxial growth is feasible
on vector substrates, even for curved or 3D textured surfaces, as the crystal
lattice of the transferred membrane aligns perpendicularly to the carrier sur-
face. The middle panel sketch illustrates the stitching of various template layers,
resulting in a vector substrate with locally defined templates. The right panel
shows how bicrystalline membranes can be used to produce cost-effective bicrys-
talline vector substrates. b) A workflow diagram detailing the process of fabri-
cating freestanding membranes and bonding them to carrier substrates to create
vector substrates. Left: A sacrificial layer and a thin film (which will become the
membrane) are deposited on a parent substrate. Center: The sacrificial layer is
selectively dissolved, lifting off the membrane, which is supported by a polymer
layer and transferred onto the carrier. Right: The polymer support is removed,
producing the vector substrate with a template layer ready for film deposition.
After a heating step, the parent substrate may be reused for further depositions.
Reproduced with permission.[34] Copyright 2023, John Wiley and Sons.
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step. Additionally, vector substrates can be used as parent substrates, further reinforcing
the recycling loop. All membranes grown on the same parent substrate will share the
same vicinal cut, allowing the production of numerous vector substrates with identical
surface orientations. This level of uniformity is not achievable with standard substrate
technology due to variations among crystal boules and substrate batches.

The fragility and flexibility of membranes pose challenges for the lift-off, transfer,
and positioning processes, so automation is essential for large-scale production. Although
manual fabrication of vector substrates with SrTiO3 membranes at surface areas of 2.5 x
2.5mm? and 5 x 5mm? is possible and meets certain research needs, many applications
require substrates on the scale of centimeters or even tens of centimeters, which raises
concerns about scalability. Currently, it remains uncertain whether vector substrates can
be fabricated or made competitive at these larger scales, so further research is necessary
to address these challenges and the following ones:

o Typically, after membranes undergo dissolution of their sacrificial layer, such as in
water, they are transferred onto the carrier substrate in air, leading to potential
contamination and defects at the interface.

e Vector substrate surfaces should not be polished or treated with harsh chemicals,
as these can easily remove the template layer.

¢ High-temperature annealing of the vector substrate requires careful control to pre-
vent membrane dewetting. [35]

These limitations, along with current technological challenges in vector substrate
fabrication, will be discussed further below.

5.3 Fabrication of vector substrates

The two essential components of a vector substrate, the carrier substrate and the mem-
brane, are prepared independently and then joined to form the final vector substrate.
The process begins with the growth of a template layer on a parent substrate, which
carries a sacrificial buffer layer (Figure 5.2b). Once the buffer layer is removed, the
template layer is lifted off with the help of a support layer, such as a polymer film. The
assembly is placed on a chosen carrier substrate, and after removal of the support layer
produces the vector substrate. The parent substrate can be reused multiple times.

To explore the feasibility of this technique, four types of vector substrates have
been fabricated in this thesis work: SrTiOs—sapphire, SrTiO3—-Si, LaAlOs—sapphire, and
LaAlO3-Si using the membrane—carrier substrate notation (Figure 5.3 and 5.4). Detailed
studies were conducted on vector substrates made of SrTiO3 template layers on c-plane-
oriented sapphire carrier substrates. SrTiOs was chosen due to its common use as a
substrate material and its structural phase transition at 105 K, which often introduces
artifacts in epitaxial films grown on bulk SrTiOg3 crystals. Further studies in this chapter
will explore whether vector substrates can overcome these limitations.

The exemplary vector substrate consists of a 4.5 x 4.5 mm? SrTiO3 membrane
placed on the (0001) surface of a sapphire carrier (Figure 5.3a). The sapphire was
conditioned by annealing at 1615°C in UHV for 200s, resulting in a step-and-terrace
surface morphology.[75] The SrTiO3 film was grown by pulsed laser deposition (PLD)
onto a 10-nm-thick SroCaAloOg buffer layer, which was also grown by PLD on the
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Figure 5.3: a) Optical image of the vector substrate consisting of a (001) SrTiO3
membrane on a sapphire substrate oriented along the [0001] direction. The
image shows the extensive coverage of the sapphire surface by the membrane. b)
X-ray diffraction pattern from a symmetric 26-w scan, revealing that the single-
crystalline nature of the transferred membrane and the thermal stability of the
vector substrate. The bottom trace was obtained after annealing the template at
850 °C for 200s in 0.1 mbar of Oz. Reproduced with permission.[34] Copyright
2023, John Wiley and Sons.

SrTiO3 parent substrate. PMMA 950K C5 was spin-coated onto the SrTiOj film and
used as the support polymer layer for membrane transfer.

The resulting heterostructure was immersed in deionized water, where the buffer
layer dissolved after one day, releasing the PMMA-coated SrTiOs membrane. The mem-
brane was then transferred onto the sapphire carrier, although potential wrinkles and
folds could form due to water drainage and weak adhesion. Therefore, wrinkling was
minimized by maintaining a hot plate temperature of 80 °C during transfer, resulting in
a clean and smooth interface with wrinkle spacing exceeding 1 mm.

The PMMA support layer was dissolved in acetone at 50 °C, which left behind a
smooth SrTiO3 membrane on the sapphire. Chapter 3 provides more details of membrane
fabrication. X-ray diffraction (XRD) studies confirmed excellent crystallinity of the
SrTiOs template layer and a clean interface with the sapphire. So far, the SrTiOgs
parent substrates have been reused up to three times. It is found that it is also possible
to transfer membranes onto curved carrier surfaces, as exemplarily shown in Figure 5.5.

5.4 Characterization of the vector substrates fabricated

The behavior of vector substrates with 2.5 x 2.5mm? template layers during thermal
annealing was systematically investigated (Figure 5.6) for two primary reasons. First, to
assess the stability of the membrane layers during high-temperature treatments required
for the epitaxial growth of subsequent films, and second, to explore the potential of using
thermal annealing to achieve single-terminated vector substrate surfaces. Annealing the
sample at approximately 850°C for 200s consistently restored the smoothness of the
originally deposited SrTiOg films after transfer, without introducing additional defects
(Figure 5.6¢). Lower-temperature annealing did not effectively restore the surface, while
higher temperatures further reduced surface roughness but introduced few-unit-cell-deep
pits in certain areas subjected to dewetting as discussed in the study of chapter 4.
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Figure 5.4: Symmetric 20-w scans of (a) a SrTiO3 membrane transferred onto
silicon as a carrier, (b) a LaAlO3 membrane transferred on sapphire as a carrier
revealing that the single-crystalline nature of the transferred membrane and
the stability of the vector substrate to thermal annealing, and (g) a LaAlOj;
membrane transferred onto silicon as a carrier.
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Figure 5.5: Optical images of vector substrates with non-planar surfaces, featur-
ing single-crystalline SrTiO3 membranes transferred onto 3D curved structures.
In (a) and (b), the substrates consist of 30 nm thick [001]-oriented SrTiO3 mem-
branes transferred onto convex glass lenses, using the transfer process detailed in
the chapter. The vector substrates in (c) and (d) are sapphire carriers that have
been machined to include either a 0.1 mm wide ridge (c) or trench (d) along the
length of the substrate. For clarity, the membrane edges are highlighted with a
dotted white line.
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At each stage of vector substrate preparation, surface quality was evaluated using
atomic force microscopy (AFM) (Figure 5.7). The vector substrate was annealed un-
der the optimized condition (850 °C, 200s, 0.1 mbar Og) for surface preparation. X-ray
diffraction (XRD) verified the structural stability of the vector substrates throughout
the thermal annealing process (Figure 5.3b). For material systems such as TaSs on
Ta, previous research has shown that a strong interfacial bond is critical for achieving
the desired surface properties.[76] Fine-tuning the interfacial bonding through specific
membrane-carrier combinations may be important in these cases, although no such sce-
nario has been encountered in this research yet.

Given the high structural quality of the vector substrates, the next step was to
assess their suitability for high-quality epitaxial growth. To this end, the epitaxial growth
of Lag ¢7510.33MnO3 (001) films on SrTiOs—sapphire vector substrates was investigated.
Epitaxial growth of such a perovskite film is not feasible on conventional sapphire c-plane
substrates due to their hexagonal crystal lattice. While it is standard to use SrTiOj
substrates for growing Lag ¢7519.33MnQO3 films, these substrates can introduce unwanted
artifacts below the 105K antiferrodistortive transition temperature of SrTiOg,[77-82]
which can affect the film’s properties.

In this study, 20-nm-thick Lag 7Srg.33MnO3 films were deposited using pulsed laser
deposition (PLD) on the SrTiOs-sapphire vector substrates. The growth rate on these
vector substrates was comparable to that on conventional substrates, with clear RHEED
oscillations indicating layer-by-layer growth (Figure 5.8a). The surface remained smooth
post-deposition, and XRD 26-w scans, along with cross-sectional scanning transmission
electron microscopy images, confirmed single-phase growth without any degradation of
the SrTiO3 membrane (Figure 5.8b-d). The Lagg7Srp.33MnO3 and SrTiOg films were
measured to be 20 nm and 30 nm thick, respectively, and diffraction data determined the
c-axis lattice parameter of the Lag g7Srg.33MnO3 film to be d=0.3842nm at 300 K. This
suggests that the antiferrodistortive phase transition of bulk SrTiOs and the resulting
strain effects on the Lag ¢7Srg.33MnOj3 film are likely diminished.[83-85]

To further characterize the Lag ¢7Srg.33MnOs3 films, temperature-dependent magne-
tization measurements were carried out using vibrating sample magnetometery (Figure
5.9). These results were compared with reference Lag ¢7Sr0.33MnO3 films grown under
identical conditions on conventional SrTiOs (001) substrates (Figure 5.9a). While the
transition temperatures and magnetization values were similar regardless of the sub-
strate type, a distinct kink at 105 K was observed in the magnetization curves of the
films grown on conventional Sr'TiO3 substrates, attributed to the substrate’s structural
phase transition (inset in Figure 5.9a). This kink, however, was absent in the films grown
on the vector substrate, consistent with expectations based on the behavior of bulk-like
La0,67Sr0.33Mn03 ﬁlms[86]

The vector substrate concept significantly minimizes—if not completely eliminates—bulk
substrate-induced measurement artifacts by employing an appropriate carrier. As shown
in Figure 5.9b, the zero-field cooled magnetization of the vector-substrate-grown sam-
ple decreases rapidly below 190 K and bifurcates from the field-cooled curve is likely
attributed to an increased blocking temperature in the Lag 7Sro.33MnOg film.[87, 88]
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Figure 5.6: Surface morphologies of vector substrates studied by AFM after
transfer and subsequent annealing at elevated temperatures under 0.1 mbar oxy-
gen. (a) The surface of a 40-nm-thick SrTiOj film, transferred onto a sapphire
substrate, exhibits broad step terraces originating from the thermally prepared
sapphire substrate. (b) After annealing the transferred SrTiO3 at 825 °C, the sur-
face roughness slightly decreases. (c)—(e) Following annealing at 850 °C, 870 °C,
and 900 °C, the surface reveals narrow step terraces from the SrTiO3; membrane,
along with the broader terraces from the underlying sapphire. (e) After anneal-
ing at 900 °C, small holes begin to form on the surface of the SrTiO3 membrane.
(f) At 1000 °C, these holes increase in size and depth. The sapphire substrate in
(f), which was not thermally prepared, shows no wide step terraces. Reproduced
with permission.[34] Copyright 2023, John Wiley and Sons.
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Figure 5.7: AFM images showing surface morphologies at different stages of
vector substrate fabrication. a) Surface of a film—buffer bilayer (40-nm-thick
SrTiO3; on 10-nm-thick SroCaAlzOg) deposited on a SrTiO3 parent substrate. b)
Surface morphology of the same SrTiOj3 film after being transferred onto a [0001]-
oriented sapphire carrier substrate. The 1-2 pm-wide step terraces correspond
to the sapphire substrate, and the transfer process caused a slight increase in
surface roughness. c¢) An annealing step at 850°C for 200s in 0.1 mbar of Oj
completely restores or even slightly improves the surface quality. d) The surface
of the SrTiO3 parent substrate is restored after lift-off by annealing at 1100 °C
for 480s in 0.1 mbar of O2. Reproduced with permission.[34] Copyright 2023,
John Wiley and Sons.
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Figure 5.8: Characterization of a 20-nm-thick Lag 67Srp.33MnOs3 film deposited on
a SrTiOs—sapphire vector substrate. a) RHEED intensity oscillations observed
during growth on the vector substrate indicate layer-by-layer growth, with depo-
sition rates on both the conventional and vector substrates being closely matched.
b) A wide-area cross-sectional scanning transmission electron microscopy image
of the Lag g7Srg33MnOj3 film deposited on the SrTiOs—sapphire vector substrate
shows clean interfaces at both the sapphire-SrTiO3 and SrTiO3—Lagg7Srg33MnOj3
boundaries. Since the SrTiOs3 membrane’s zone axes are misaligned with
the sapphire carrier, the sapphire lattice is not visible when the SrTiO3; and
Lag ¢7Srp.33MnO3 lattices are resolved, and vice versa. ¢) XRD 26-w scan of the
Lag 67Srg.33MnO3 film shows single-phase growth, with distinct peaks from the
SrTiO3 membrane, demonstrating the stability of the vector substrate during
epitaxial thin-film growth. d) The surface morphology of the Lag¢7Srg33MnOj3
film imaged by AFM shows a surface roughness of less than 1 nm. Reproduced
with permission.[34] Copyright 2023, John Wiley and Sons.
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Figure 5.9: a) Magnetization curves measured as a function of temperature for
a Lagg7Srp33MnOj3 film grown on a conventional SrTiOs substrate. The curves
include FCC (field-cooled cooling), FCW (field-cooled warming), and ZFC (zero-
field-cooled cooling) measurements. These data reveal that the magnetization
is influenced by the antiferrodistortive phase transition of SrTiOs at 105 K.
This structural transition in the SrTiOj3 film alters the intrinsic magnetization
behavior of Lagg7Srp.33MnO3s, producing a distinct kink in the magnetization-
temperature curve at the transition temperature (inset). b) Magnetization
curves for a Lag g7Srg.33MnQOj3 film grown on a SrTiOs—sapphire vector substrate,
showing FCC, FCW, and ZFC data. The magnetization evolves smoothly with
temperature, with no distortion or kink observed at 105 K, indicating the absence
of interference from the structural transition (inset). This image was made by
Varun Harbola. Reproduced with permission.[34] Copyright 2023, John Wiley
and Sons.
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5.5 Conclusion and outlook

In summary, the concept of vector substrates has been introduced as a novel approach
to substrate fabrication. The idea is rooted in the understanding that while only the
thin surface layer of a substrate is crucial for film growth, the bulk of the substrate
significantly influences physical properties and cost, despite serving basic functions. To
address this, substrates were fabricated by transferring a membrane-like template layer,
grown on a reusable parent substrate, onto a carrier substrate. This allows for the
independent selection and optimization of the template layer and the carrier substrate.

To test the viability of this technology, vector substrates were fabricated using sap-
phire carriers coated with single-crystalline (001)-oriented SrTiO3 membranes, with the
parent substrates reused multiple times. The vector substrates were characterized, and
high-quality epitaxial Lag g7Srg33MnQOg films were successfully grown on them. These
films did not exhibit the artifacts commonly observed in films grown on conventional
SrTiOgs substrates. Chapter 6 will discuss bicrystal vector substrates in detail, focusing
on the use of bicrystalline membrane transfer onto alternative carriers. This approach
reduces both the reliance on traditional bicrystal substrates and the cost.

Only limited time has been able to be invested in scaling up the substrates, ini-
tial studies therefore produced vector substrates of up to 4.5 x 4.5mm? in size. For
commercial applications, increasing the substrate size and automating the fabrication
process are essential future goals that have yet to be realized. However, the current
substrate sizes are sufficient for many fundamental thin-film studies, and experiments
can be tailored to fit within these smaller areas.

In conclusion, vector substrates provide a valuable alternative to conventional sub-
strates. By eliminating the need for single-crystal growth, this technology enables re-
searchers and manufacturers with thin-film deposition capabilities to create optimized
substrates for a wide range of applications.
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Chapter 6

Vector-substrate-based Josephson
junctions

A novel method for fabricating bicrystal Josephson junctions of high- 7. cuprate super-
conductors that are not grown on bulk bicrystalline substrates is introduced. Utilizing
vector substrate technology, this novel approach employs bicrystalline membranes that
are only a few nanometers thick, which are then transferred onto conventional substrates.
Josephson junctions with 24° [001]-tilt YBayCuzO7_, grain boundaries fabricated on
sapphire single crystals by utilizing 10-nm-thick bicrystalline SrTiOs3 membranes are
demonstrated.

This technique enables the fabrication of bicrystalline Josephson junctions of high-
T'. superconductors on a large variety of bulk substrate materials, offering novel degrees
of freedom in the design and optimization of junctions and their electronic properties.
Additionally, this method replaces the traditional need for bulk bicrystalline substrates
with thin-film growth methods.

This work presented in this chapter has been published in Ref. [89]. The text
I use in the following chapter has been taken largely from Ref. [89], with only minor
modifications. Scientific conceptualization of the project was led by V. Harbola, J.
Mannhart, K. Wurster, R. Kleiner, D. Koelle, and me. Planning of the experiment was
performed by V. Harbola, J. Mannhart, M. Hack, K. Wurster, S. Koch, R. Kleiner, D.
Koelle, and me. Bicrystal vector substrate fabrication was conducted by V. Harbola and
me. YBagCuszO7_, film growth was performed by V. Harbola and me. Micro patterning
was carried out by M. Hack, K. Wurster, and S. Koch. Transport measurements were
implemented by M. Hack, K. Wurster, S. Koch, V. Harbola, and me. Analysis of the
data was carried out by V. Harbola, M. Hack, K. Wurster, S. Koch, and me. Writing
was performed by V. Harbola, M. Hack, K. Wurster, J. Mannhart, and me. All authors
contributed to the scientific discussion.
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6.1 Introduction

Bicrystal Josephson junctions of high-transition-temperature (high-7.) cuprate super-
conductors[90-93] have found many uses in fundamental science and applications.[91,
94-96] For example, bicrystal and the related tricrystal junctions have been instrumen-
tal in identifying the d-wave order-parameter symmetry of high-T. cuprates.[97, 98]
Studies of their critical currents as a function of the grain boundary angle revealed
that the necessity of aligning the grains in high-T'. cables and/or utilizing large grain
boundary areas[98] to achieve high critical currents, as is now done in coated conductor
technologies (see, e.g., Refs.[99, 100]).

Bulk bicrystalline substrates are required for bicrystal Josephson junctions for the
epitaxial growth of bicrystalline high-T. superconducting thin films. However, such
substrates are costly to produce, limited in material options and may possess properties
undesirable for certain applications. Sapphire, for example, features a low dielectric loss
tangent of <10% at 10'° Hz and 300 K, high thermal conductivity of ~35 W/mK at 300 K,
and a moderate dielectric constant of ~10. It therefore appears to be a desirable material
for substrates of high-T. Josephson junctions.[101] However, because of its hexagonal
crystal lattice symmetry, its poor lattice match, and its contamination of high-T'¢ films
by Al diffusion, sapphire is not generally considered a useful material for bicrystals.

A new approach called vector substrate technology[34] has been developed in the
context of this thesis, as discussed in chapter 5, that builds on advances based on the
fabrication[17, 18, 25, 28, 30, 102, 103] and application[14, 15, 19, 29, 35, 104-106] of
freestanding oxide membranes and offers new degrees of freedom in choosing substrates
for the epitaxial growth of thin films.[34, 106] This allows for the use of low-cost or
application-specific materials as carrier.

6.2 Idea and concept

Given its many advantages, the vector substrate technology has been proposed as an
alternative to bicrystalline bulk substrates by making use of bicrystalline membranes|34],
as illustrated in Fig. 6.1a. Our work shows the successful realization of this concept
by demonstrating excellent bicrystalline YBayCusOr_, Josephson junctions fabricated
on standard c-plane sapphire single crystals. In this demonstration, the surfaces of the
sapphire substrates are coated by 10-nm-thick SrTiO3 membranes. These membranes are
produced by thin-film growth on bicrystalline substrates, referred to as parent substrates,
which can be recycled to grow numerous additional membranes.

To fabricate bicrystalline YBasCuzO7_, Josephson junctions on sapphire single
crystals, SrTiOg bicrystals[107] as parent substrates were used. On such a parent sub-
strate, a water-soluble, sacrificial SroCaAlyOg¢ layer[15, 22] and a SrTiO3 layer were
epitaxially deposited by pulsed laser deposition (PLD), such that the bicrystal structure
was transferred through the sacrificial layer to the final SrTiO3 membrane. By dis-
solving the sacrificial layer in water, the bicrystal Sr'TiO3 membrane was then lifted-off
and transferred onto a carrier substrate, in our case a sapphire single crystal, yielding
a vector substrate. In this process, illustrated in Figure 6.1b, the surface structure of
the bicrystal parent substrate remains unscathed. The parent substrates are therefore
reusable, such that numerous membranes can be derived from one parent substrate (Fig-
ure 6.2). Furthermore, vector substrates fabricated in this way may also serve as parent
substrates, reducing the overall need for bulk bicrystals completely.
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Figure 6.1: (a) Conceptual illustration of the main idea of this study. Left:
schematic of a bicrystalline Josephson junction created through epitaxial growth
on a conventional bicrystalline bulk substrate. Right: schematic of a bicrystal
arrangement using a vector substrate. The vector substrate which consists of a
bulk substrate of almost unrestricted choice, here it is a sapphire single crystal,
carries a bicrystalline thin-film membrane sintered to its surface, here a 10-
nm-thick, 24° SrTiO3 bicrystalline film. High-T. superconducting film grown on
either type of substrate yield Josephson junctions at the bicrystal grain boundary.
(b) Depiction of the vector substrates fabrication process. Note that the parent
substrates can be reused multiple times. Here o equals ~24°. Reproduced under
terms of the CC-BY license.[89]
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Figure 6.2: Evolution of the surface morphology when reusing the parent SrTiO3
bicrystal substrate. The bicrystal grain boundary remains clearly preserved upon
substrate reuse after the membrane is lifted-off. There is a slightly more pro-
nounced diffusion of material near and at the grain boundary resulting in a
sub-nanometer trench appearing even after the first reuse and evolving with
subsequent reuse (top row). Bottom row shows the surface morphology after the
deposition of the sacrificial layer and thin film on top of the parent substrate.
Notably, even after the 5th reuse, the substrate surface is still viable for epitaxial
growth. Reproduced under terms of the CC-BY license.[89]
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6.3 Microscopical studies of bicrystal vector substrate dur-
ing fabrication

The fabrication of the sample began by thermally preparing 24° [001]-tilt SrTiOg bicrys-
tals[107]. This was achieved through an in situ anneal in P(O2)= 0.1 mbar at 825°C
for 40 min, resulting in surfaces exhibited standard step-terrace patterns and well vis-
ible boundaries between the two constituent crystals (Figure 6.3). Following this, the
layer-by-layer growth of SroCaAlyOg—this material having been selected for its lattice
match to SrTiOs—by PLD, SrTiOs layers were also grown layer-by-layer by PLD (see
Chapter 3.1). Both the SroCaAlyOg layer and the SrTiOs membranes were 10 nm thick,
optimized for large-area membrane lift-off and effective disolving.

The surfaces of the parent substrates were restored through cleaning and anneal-
ing, which once again reveal the distinct step-terrace features (Figure 6.2). The parent
substrates were reused up to five times without encountering the end of their lifetime.
Note, however, that although the surfaces of the parent bicrystal substrate can be com-
pletely restored, the bicrystal grain boundaries may experience some reconstruction due
to the high temperatures used during film growth and annealing. This can lead to a
sub-nanometer trench that develops along the boundary during subsequent preparations
(Figure 6.2).

Although the fragile grain boundary sections of the membranes remained intact
after the transfer, the outer parts of the membranes always became fragmented. As
a result, the bicrystal membranes exhibit variable shapes with areas of several mm?
(Figure 6.4).

To prepare the vector substrate surface and remove contaminants still present be-
tween the sapphire substrates and the Sr'TiO3 membranes and to enhance the bonding
between the membranes and the sapphires, a 825°C, 40-min anneal in P(Oz)= 0.1 mbar
was also performed on these samples.[34, 108] The membrane surfaces smoothly bulged
upward by ~20 nm over a length perpendicular to the boundary of ~2x200 nm, which
can be attributed to relaxation of strain present between the two Sr'TiOj3 grains. Oth-
erwise the surfaces were found to be flat and smooth, suitable for subsequent epitaxial
growth. The bulging was observed each time a bicrystal membrane was transferred, and
found to persist after annealing. The amplitude of the bulging was so small that it never
interfered with subsequent epitaxial deposition. Figure 6.3 provides a series of AFM
micrographs that illustrate the evolution of the sample surface during its fabrication.

These results reveal that it is possible to grow heterostructures consisting of a
bicrystalline substrate and several layers of thin films, in which the grain boundary
is copied from the substrate into each layer. It is even possible to do so in case one
of the layers, like the SroCaAlsOg film in this study, has a non-perovskite structure.
Furthermore, the results show that bicrystalline membranes are sufficiently robust to
allow them to be lifted-off and transferred.

6.4 YBayCu30O;_, deposition and Josephson junction

In the following step, YBaoCuszOr_, films, approximately 100 nm thick, were epitaxially
grown on the bicrystalline SrTiO3 surface by PLD using standard growth parameters
(see Chapter 3.1). The bulge at the grain boundary became unnoticeable after the
YBagCu3zOr_, deposition. The film surfaces exhibited precipitates (Figure 6.3¢), which
likely arose due to a non-stoichiometric transfer of material from the PLD target to the
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Figure 6.3: (a)—(e) AFM micrographs showing the sample surfaces at various
stages of preparation. (a) Surface of a bicrystal parent substrate after being
terminated at 825°C for 40 min. (b) Surface morphology following the growth
of SraCaAlyO¢ layers with a SrTiO3 membrane on top. (c) The same bicrystal
SrTiO3 membrane after transfer onto a c-plane sapphire and subsequent anneal-
ing at 825°C for 40 min. (d) Surface morphology of the parent bicrystal substrate
after membrane lift-off, cleaning and preparation for reuse. (e¢) Grain boundary
after deposition of YBayCu3O07_, on a bicrystal vector substrate. (f) Scanning
electron microscopy image of a YBayCu3O7_, microbridge crossing the 24° [001]-
tilt bicrystal boundary of the vector substrate, which forms a Josephson junction.
Arrows indicate grain boundary positions in (a), (e) and (f). Reproduced under
terms of the CC-BY license.[89]
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Figure 6.4: Optical microscopy images of two different bicrystal SrTiO3-on-
sapphire vector substrates derived from the same parent substrate. (a) and (d)
show the full vector substrates on 5x5 mm? sapphire carriers. (b) and (e) pro-
vide closer views of the grain boundary areas of the vector substrates, where the
grain boundary is not optically visible. However, in (e), the membrane fracture
of the membrane can be seen to occur precisely at the grain boundary, indicat-
ing its location. By comparing (d) and (e), what looks like contaminations in
(d) is actually the wrinkling of the bicrystal membrane upon this transfer, as
apparent in (e). (c) and (f) show images taken after the deposition of ~100 nm
YBa;Cu30O7_, on these vector substrates, where the bicrystal boundary becomes
clearly visible. Arrows mark the grain boundary positions in all images.
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Figure 6.5: A 20-w X-ray diffraction scan of YBay;Cu30O7_, deposited on a bicrys-
tal SrTiOs-on-sapphire vector substrate. The scan reveals that a single-phase
growth of YBasCu3O7_, occurs, with peaks corresponding to YBa;Cu3zO7_, on
SrTiO3 (001) clearly identified. The SrTiOs; peaks are not visible due to the
10 nm thickness of the SrTiO3 layer, compared to the ~100 nm thickness of the
YBayCusOr7_, layer.

growing film. Despite this, X-ray diffraction confirmed that the films were predominantly
single-phase and c-axis oriented, consistent with YBasCuszO7_, films grown on standard
single-crystallline SrTiOg substrates (Figure 6.5).[109] Their intragrain superconducting
T.0 equaled ~88 K. To create ~3-4-pm-wide superconducting bridges crossing the grain
boundary as desired to fabricate the Josephson junctions, the samples were patterned
using optical lithography. The patterning involved depositing a ~20-nm-thick Au film
on the sample followed by lithography, gold etching and Ar-ion milling. The samples
remain resilient throughout each stage of the fabrication process. A scanning electron
microscopy image of a typical sample is shown in Figure 6.3f.

6.5 Josephson junctions transport properties

The patterning and the analysis of the bridges were done by the Physikalisches In-
stitut, Center for Quantum Science (CQ) and LISA+ at the University of Tiibingen.
The transport properties of the bridges were obtained using 4-point measurements con-
ducted at 4.2 K in an electrically and magnetically shielded environment with an external
magnetic field applied perpendicular to the substrate plane. Figure 6.6 provides the cur-
rent—voltage I( V) characteristics for two nominally identical bridges under the influence
of the magnetic field. Both bridges demonstrate textbook-like I( V') characteristics, as
described by the resistively and capacitively shunted junction (RCSJ) model.[110, 111]
The critical currents I, at H = 0 equal ~116 and 159pnA, corresponding to critical
current densities J. ~5x10% A /cm?, respectively. These I, values were measured after
the samples had been kept at 300 K for several months. Immediately after fabrication,
they were a factor of about 3-5 smaller (Figure 6.7). This enhancement is attributed
to relaxation of oxygen ions at the grain boundary[91], a phenomenon also observed in
Josephson junctions fabricated on bulk bicrystalline substrates.[112] The normal state
resistance R, of the junctions shunted by the 18-nm-thick Au layer were calculated to
be 7.1 and 5.4€). The calculated I.R, products for the two bridges are 820 and 850 nV,
in agreement with literature values of ~3001V for similarly shunted 24° junctions.[113,
114] The full data set of Figure 6.6 is shown in Figure 6.8. Fitting the I(V') charac-
teristics to the RCSJ model yields a Stewart—-McCumber parameter of S, ~1.7 ( see
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Figure 6.11), which aligns with the expected value of B, ~2.5 resulting from a stray
capacity of ~0.15 pF possibly caused by the huge low-temperature dielectric permittiv-
ity of SrTiO3.[115] The I.(H) characteristics (Figure 6.9) reveal a notably homogeneous
current density and high-quality junctions. The temporal evolution of I.(H) is shown
in Figure 6.10.
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Figure 6.6: Current—voltage characteristics of the 24° bicrystal Josephson junc-
tions, nominally identical and fabricated using vector substrate technology. Mea-
surements were taken at 4.2 K with a magnetic field H applied perpendicular
to the sample surfaces, as described. The observed characteristics conform to
RCSJ behavior (refer to Figure 6.11). Inset in the upper graph: Intragrain R(T)
characteristic of a nominally identical sister sample. The characterizations were
conducted by Martin Hack. Reproduced under terms of the CC-BY license.[89]
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Figure 6.7: Temporal evolution of the I( V) characteristics of the Josephson junc-
tions shown in Figure 6.6. Both junctions were measured right after fabrication
and after several months of storage in a nitrogen atmosphere. A significant im-
provement in the I, is observed, about a factor of about five in both junctions.
Additionally, a more pronounced hysteresis in the I-V sweep is evident, indica-
tive of an increased Stewart-McCumber parameter. This "healing" effect of the
Josephson junctions is likely due to the relaxation of oxygen ions at the grain
boundary over time. The characterizations were conducted by Martin Hack.
Reproduced under terms of the CC-BY license.[89]
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Figure 6.8: The complete dataset of the Josephson junction characteristics shown
in Figure 6.6. Electric-transport characteristics of YBasCu3zO7_, grain bound-
ary Josephson Junctions fabricated using the vector substrate technology. The
dataset features multiple current vs voltage measurement taken at external mag-
netic fields varying from 0 to 0.23 mT applied perpendicular to the grain bound-
ary. For clarity, only one direction of the current sweep is shown here. The
characterizations were conducted by Martin Hack.
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Figure 6.9: I.(H) characteristics of the two Josephson junctions from Figure 6.6 ,
measured at 4.2 K with the magnetic field H applied perpendicular to the sample
surface. The characterizations were conducted by Martin Hack. Reproduced
under terms of the CC-BY license.[89]
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Figure 6.10: Temporal evolution of I.(H) of the two Josephson junctions shown
in Figure 6.7. While the shape of the I, oscillations remains consistent over time,
there is an overall increase in I. by about a factor of five applies also for the small
magnetic fields under which the Josephson junctions were characterized after a
span of several months. The characterizations were conducted by Martin Hack.
Reproduced under terms of the CC-BY license.[89]
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Figure 6.11: Electric-transport characteristics of the two Josephson junctions
shown in Figure 6.6. The current (I) vs voltage (V) measurements are compared
to RCSJ fits to determine (. of the Josephson junctions. (a) and (b) show the
I-V characteristics of the junction in Figure 6.6 a at external fields of 0 and
0.26 mT, respectively. The comparison with the fit yield 3. values of 1.4 and 0.16,
respectively. (c) and (d) display the I-V characteristics of the junction shown in
Figure. 3b at external fields of 0 and 0.42 mT, respectively, with corresponding
Bc of 1.7 and 0.22. The calculations were conducted by Reinhold Kleiner.
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6.6 Conclusion and outlook

In summary, the process described in this chapter employs membranes of bicrystalline
films, which are fabricated through thin-film growth techniques and then transferred
onto chosen substrates. This technique minimizes the need for bicrystalline substrates
to grow bicrystal Josephson junctions, and it enables the growth of such junctions on
bulk substrates of choice, which are only coated with a ~10-nm-thick bicrystalline layer
suitable for epitaxial growth. Furthermore, this technology offers the potential to (i)
fabricate further vector substrates, including tricrystalline or polycrystalline substrates,
(ii) grow bicrystalline films of other, possibly non-superconducting materials, and (iii)
deposit heterostructures that comprise single-crystalline films on top of bicrystal layers.
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Chapter 7

Interface design beyond epitaxy:
Oxide heterostructures
comprising symmetry-forbidden
interfaces

Epitaxial growth of thin-film heterostructures is typically considered the most effective
method for achieving high-quality structural and electronic interfaces between three-
dimensional materials. However, this technique is limited to materials with matching
crystal symmetries and lattice constants. We introduce a new category of interfaces
created using a membrane-based fabrication method that bypasses the need for epitaxial
growth, thus overcoming these limitations. By utilizing the additional degrees of freedom
this method provides, we demonstrate atomically clean interfaces between three-fold
symmetric sapphire and four-fold symmetric Sr'TiO3. Atomic-resolution imaging reveals
structurally well-defined interfaces featuring a novel moiré-type reconstruction.

The work presented in this chapter has been published in Ref. [108]. The text I use
in the following chapter has been taken largely from Ref. [108], with appropriate mod-
ifications. Scientific conceptualization of the project was led by H. Wang, V. Harbola,
J. Mannhart, and P. A. van Aken. Planning of the experiment was conducted by V.
Harbola, H. Wang. Sample fabrication was carried out by V. Harbola and me. Scanning
Transmission Electron Microscopy measurements were conducted by H. Wang. Analysis
of the data was implemented by V. Harbola, H. Wang. Writing was performed by V.
Harbola, H. Wang, J. Mannhart, and P. A. van Aken. All authors contributed to the
scientific discussion.
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7.1 Introduction

Interfaces are essential for generating emergent electronic behaviors distinct from the
adjacent materials. Interface-engineered devices like LEDs, solar cells, and transistors
have revolutionized technology. Atomic-scale interface engineering is a vital research
area[13, 116-118], leading to discoveries such as quantum Hall effects[1, 2], giant magne-
toresistance[5], and interfacial superconductivity[119]. While epitaxial growth has been
the primary method for fabricating high-quality 3D material interfaces between three-
dimensional (3D) materials consisting of strongly bounded 3D lattices, it is limited to
materials with compatible crystal symmetries and lattice parameters[30, 120, 121].

Mechanical stacking, a non-epitaxial method, has been successful for 2D materials,
allowing for various twist angles and combinations of different materials[122]. This stack-
ing method has led to groundbreaking discoveries[123, 124],including superconductivity,
moiré excitons, interlayer magnetism, and moiré ferroelectricity.[125-131] The success of
2D material stacking suggests the potential for new processes to overcome epitaxial re-
strictions in 3D material interfaces. The roughness of 3D materials makes it challenging
to stack them for effective macro-scale bonding.[122]

Recent advances in fabricating and transferring single-crystalline 3D material mem-
branes[15, 16, 18, 19, 21, 24, 31, 132-137] have produced clean enough interfaces for
electronic applications.[138] Twisting and stacking of these membranes have successfully
formed moiré patterns|[14, 105, 139, 140]. However, current technologies face limitations
in creating atomically clean and sharp interfaces due to contamination during liquid pro-
cessing of membrane fabrication.[28] Figure 7.1a shows a typical cross-sectional micro-
graph of an interface prepared with state-of-the-art methods, revealing a ~1.5-nm-thick
contamination layer that impedes direct and uninterrupted contact between membranes
and partner layers.

By extending current technologies, this work shows atomically clean and struc-
turally sharp interfaces between 3D materials can be achieved, demonstrated with the
SrTiOs-sapphire interface that are epitaxially disallowed due to the crystal lattice sym-
metries (cubic and hexagonal).
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7.2 Sharp heterointerface between SrTiOs;—sapphire het-
erojunctions

To form sharp and high-quality epitaxial interfaces, it is essential to use singly termi-
nated substrates as the foundation for heterostructures. This principle also applies to
membrane stacking, where a three-step process is designed to achieve atomically clean
interfaces. The first step is to create a well-terminated substrate. The second step in-
volves weakly binding the membrane to the substrate by transferring it to a substrate
maintained at a stable elevated temperature. The third step is a high-temperature
post-annealing in Oy. Similar heating methods have been used previously to enhance
interfaces during membrane stacking [14]. In our process, we use annealing to induce
bonding at the interface.

To fabricate the desired interfaces, Al-terminated step-and-terrace surfaces of (0001)
sapphire crystals were prepared by thermally annealing the crystals at 1615°C in an
ultrahigh vacuum (UHV) environment (<2x10~®mbar). This was achieved using a
COq laser emitting light at a wavelength of approximately 10 um. Subsequently, [001]-
oriented, 30-nm-thick SrTiO3 membranes were fabricated from a [001]-oriented SrTiO3
substrate. Following this, the membranes were then manually transferred to the freshly
prepared sapphire surface, which was maintained at 80 °C. The samples were then ther-
mally annealed at 1000 °C for 200 seconds in 0.1 mbar Os, using CO» laser irradiation
in a UHV chamber with precisely controlled temperature ramps. Chapter 3 provides
additional fabrication details and images. The optimal annealing temperature was de-
termined to be 90% of the highest recorded SrTiOs—sapphire dewetting temperature [34,
35]. The chosen annealing process aimed to minimize interface energy through cation in-
termixing or bonding, leading to an incommensurate structural interface reconstruction.
This reconstruction would be compatible with an atomically clean interface structure.
The manual transfer of the membranes introduces some level of uncertainty into control-
ling the twist angle during the manufacturing process. However, following fabrication,
the twist angle can be accurately measured using the electron microscope by noting the
difference in tilt required to align with the [100] zone axis of SrTiO3 and the [1-100] zone
axis of AlyO3. All samples were found to be electrically insulating.

The chemical compositions and microstructures of the interfaces were analyzed
using cross-sectional views obtained by high-annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging, coupled with electron energy loss spec-
troscopy (EELS) done by the StEM group of MPI-FKF. Large-area STEM imaging
reveals a pristine, straight, and sharp interface between Sr'TiO3 and sapphire. Through-
out the sample, which spans several micrometers, the interface is free of impurities or
holes, as shown in Figures 7.1. The uniformity on both sides of the interface, along with
the stark chemical contrast displayed in the EELS maps (Figure 7.2), demonstrates a
nominally perfect attachment of Sr'TiO3 to sapphire. This attachment is devoid of voids,
interlayer contamination, or buckling.

7.3 Atomic structure and chemistry at the interface

The inherent disparities in the crystal structures of Sr'TiO3 and sapphire present chal-
lenges in simultaneously imaging both structures in a single projection at the atomic
level. Consequently, atomic-resolution annular bright field (ABF) and HAADF-STEM
imaging were performed along SrTiOs [100] and AlyO3 [1-100] directions to capture all
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Figure 7.1: Cross-sectional large-area HAADF-STEM images of SrTiOs—sapphire
heterojunctions. Sample a, prepared using the standard method, exhibits an ap-
proximately 1.5-nm-thick contamination layer (blue) at the interface. In contrast,
Sample b, prepared with the newly introduced method here, displays a clean in-
terface between the SrTiO3 and the sapphire. The images present raw data with
a color scale indicating brightness directly. Arrows indicate the nominal interface
between the sapphire and the SrTiO3. Micrographs were taken by Hongguang
Wang. Reproduced under terms of the CC-BY license.[108]
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Figure 7.2: STEM-EELS maps of the constituent elements O, Al, Ti, and Sr,
measured at the interface of the sample in Figures 7.1b. Micrographs were taken
by Hongguang Wang.

constituent elements simultaneously, as illustrated in Figures 7.3 and 7.4. These im-
ages unveil a ~3.5° twist angle between the two primary axes of SrTiO3 and sapphire.
They show surprisingly well-ordered atomic lattices at the heterojunction and reveal an
exceptionally clean interface.

The ABF images, especially those in the [100] orientation of SrTiOs, unveil an
intriguing aspect—an apparent 2-A-wide intensity dip between SrTiOs and sapphire,
depicted in Figures 7.4a and b. This dark band, reminiscent of a gap, introduces an
additional level of complexity to our comprehension of the interface, as elaborated below.

EELS maps of the heterojunction, taken along both orientations, reveal a composi-
tionally sharp interface between SrTiO3 and sapphire within the experimental resolution,
as shown in Figures 7.4c, 7.5, and 7.6. These maps confirm that the first cation layer
of Sr'Ti0O3 at the interface is composed of Sr, while the uppermost cation layer of the
sapphire surface consists of Al. Notably, there is no evidence of cation intermixing on
either side of the interface.

The electronic structure modulations across the interface were studied by the StEM
group using high-resolution STEM-EELS. Atomically resolved spectra with 0.6 eV reso-
lution were used to probe the electronic states (Figure 7.7). The EELS spectra of the
Ti-Lo 3 and O-K edges at each atomic layer revealed changes in the fine structure near
the interface. Specifically, upon approaching the interface from the SrTiOg3 side, Ti-Lo 3
peaks shifted to lower energy and there was enhanced filling between the e, and to,
peaks, especially at the first Sr'TiO3 layer adjacent to the interface (Figure 7.7b). In
contrast, the intensity of the O-K edge pre-peak, which represents the filling of Ti 3d
orbitals,[141] declined at the interface (Figure 7.7c). These findings indicate a reduc-
tion from Ti*t to Ti*T and significant changes in the orbital bonding environment at
the first SrTiOs layer adjacent to the interface.[142] The Ti valence state in the first
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Figure 7.3: HAADF-STEM cross-sectional images of SrTiOs—sapphire hetero-
junctions are shown, viewed along (a) SrTiOs; [100] and (b) sapphire [1-100].
The arrows indicate the nominal interface between the sapphire and the SrTiOj;.
Micrographs were taken by Hongguang Wang. Reproduced under terms of the
CC-BY license.[108]

SrTiO3 layer was quantified to be 3.60 + 0.15. As a result, electronic charge accumu-
lates, potentially due to oxygen defects. Weak Ti-Lo 3 signals across the interface were
due to beam broadening. In addition, the disappearance of peak (d) in the O 1s to O
2p which is hybridized with Ti 4sp transition suggest a deviation of the Ti-O coordi-
nate environment from TiO octahedral coordination.[143] Al-Lg 3 edges, corresponding
to the electron excitation from the Al-2p to Al-3s orbitals,[144] showed that the thresh-
old energy decreased by approximately 1.0 eV and the reduced L3 /Lo ratio (Figure 7.7d),
indicating an altered Al coordination symmetry and a reduced band gap,[145] potentially
explaining the electronic charge accumulation at the interface.

7.4 Reconstruction of the atomic and electronic structures
at the interface

An intricate lattice distortion is observed at the SrTiOs—sapphire interface, revealing
something quite remarkable. All ionic planes align with their expected positions except
for the first two monolayers of SrTiOs, which deviate from this pattern. Viewed in
a STEM cross-section along the sapphire [1-100] direction (Figure 7.4b), the bilayer
exhibits a remarkable alignment. The Sr columns in the SrTiOgz layer align parallel to
the Al columns in the sapphire in the region of the intensity minimum. This alignment
persists despite a ~3.5° twist angle between the SrTiO3 [100] direction and the sapphire
[1-100] direction. The pole figures in Figures 7.8 and 7.9, taken from a sister sample
with a 4° twist, clearly capture this twist.

In the SrO layer that bonds to the top Al layer of the sapphire, the Sr ions shift
toward the nearest Al ion to minimize the Coulomb energy. This relaxation causes a
slight wiggling within the Sr columns (Figure 7.10). This distinct atomic reconstruction
of the SrTiOj3 lattice at the interface provides evidence of ionic bonding between SrTiO3
and sapphire. In contrast, the Al columns in the sapphire exhibit much less distortion,
as depicted in Figure 7.4b, confirming the strong bonding within the sapphire crystals.
Consequently, the ionic rearrangement primarily occurs within the first SrO plane of the
SrTiO3, with the second SrO plane already nominally aligned along the [001] axis of the
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Figure 7.4: Atomic-resolution STEM images of the SrTiOs—sapphire interface,
viewed along the (a) SrTiO3 [100] and (b) sapphire [1-100] directions. The left
and right panels display HAADF and inverted ABF images, respectively. Arrows
on the far left indicate the interface. The right panel in (a) reveals a dark
band, suggesting a gap of approximately 2 Abetween the top Al layer of the
sapphire and the bottom Sr layer of the SrTiOj, as discussed in the text. In
(b), the yellow arrow marks a Sr column in the bottom layer of the SrTiOs3,
which aligns parallel to the Al column at the top of the sapphire (green arrow).
(c) presents atomic-resolution STEM-EELS maps of the constituent elements O,
Al, Sr, and Ti, along with their composite maps for an interfacial cross section.
Micrographs were taken by Hongguang Wang. Reproduced under terms of the
CC-BY license.[108]
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Figure 7.5: Atomic-resolution STEM-EELS maps of the cross-section of the sam-
ple discussed in this chapter, showing the constituent elements O, Al, Sr, and Ti
along the Al;O3 [1-100] direction. Micrographs were taken by Hongguang Wang.
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Figure 7.6: EELS signal profiles from a sample cross section covering the inter-
face. The colored curves represent the EELS signals of O (red), Al (green), Sr

(yellow), and Ti (blue). The interface is indicated by the black horizontal arrow.
Profiles were made by Hongguang Wang.
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Figure 7.7: Atomic-scale analysis of the electronic structure at a SrTiO3/sapphire
heterojunction interface. (a) The HAADF-STEM image shows the SrTiOs3-
sapphire interface, with a schematic of the sample structure on the right. The
black arrow points to the interface, and the colored lines denote the atomic layers
where EELS spectra were obtained. (b) EELS spectra of the Ti-Ls 3 edges at var-
ious atomic planes across the interface reveal a clear red-shift of the Ti-Lo 3 peaks
and the filling between the e; and ty; peaks at the first SrTiO3 layer adjacent to
the interface, as indicated by the horizontal and vertical arrows, compared with
the bulk SrTiO3 Ti-Lj 3 spectrum (black dotted lines) (c) EELS spectra of the O-
K edge, compared with the bulk SrTiO3; O-K edge spectrum (black dotted lines),
show a gradual decrease in the intensity of peak a approaching the interface and
the disappearance of peak d at the first SrTiO3 layer next to the interface. (d)
EELS spectra of the Al-Ly 3 edges in bulk Al;O3 and near the interface, indicat-
ing altered local Al-O configurations and electronic structure near the interface,
indicated by the reduced threshold energy of the L; edge and the L3 /L2 ratio.
This image was made by Hongguang Wang. Image source: Ref. [108]
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Figure 7.8: An X-ray pole figure of a SrTiOs—sapphire sample with an ~4° twist
between the main crystal lattices is shown. The figure distinctly displays reflec-
tion peaks from both the hexagonal lattice of the sapphire and the square lattice

of the SrTiO3. Additional details can be found in Figure 7.9. Reproduced under
terms of the CC-BY license.[108]

SrTiOs bulk. The spatial arrangement of Sr and oxygen ions at the interface is governed
by the non-commensurate moiré pattern created by the overlapping crystal lattices of
SrTiO3 and sapphire, which have different lattice constants and symmetries, as shown in
Figure 7.11. This, coupled with the absence of mirror symmetry at the interface plane,
results in a twist within the first unit cell of Sr'TiO3 around the interface normal, leading
to a chiral crystal structure in the first SrTiOg layer.

Moreover, HAADF and low-angle annular dark-field (LAADF) images show an
enhanced LAADF signal in the first two Sr'TiO3 unit cells, suggesting local structural
disorder or strain-induced electron beam dechanneling[146-148] (Figure 7.12a, b, c). 2D
maps of the IP and OOP lattice parameters in a 7-uc x 7-uc region (the square region
of Figure 7.12a) reveal an evidently elevated OOP lattice parameter in the SrTiO3 layer
adjacent to the first Sr'TiO3 layer near the interface and unchanged IP lattice (Figure
7.12d). This layer shows a 2.8% OOP tensile strain and enhanced tetragonality of 1.03,
resulting in a polar SrTiOg structure with a 20 + 4 pm Ti atomic displacement[149] (Fig-
ure 7.12d bottom panel, ). This polarization, which calculated to be 50 & 10 uC cm™—2,
leads to a local screening charge density of 0.47 + 0.09e™ /uc in the first SrTiOg layer
adjacent to the interface, matching the electronic charge observed in the EELS analysis
(Figure 7.7b and c).

Consistent with the clean and sharply defined microstructure of the interface, the
X-ray diffraction (XRD) pole figures are remarkable. They display both the three-fold
symmetry of the sapphire substrate and the four-fold symmetry of the SrTiOgz layer
within a single diffraction pattern, as illustrated in Figure 7.8 and Figure 7.9. Such
heterostructures with these pole figures are not possible through epitaxial growth, as
epitaxial growth must preserve the inherent in-plane symmetry across the interface.
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Figure 7.9: (a) A fully annotated pole figure of the data shown in Figure 7.8,
identifying and marking the complete family of SrTiO3 {112} planes. The 12
peaks from the {112} family are clearly visible, highlighting the 4-fold symmetry
of the SrTiO3. (b) This data is identical to that in Figure 7.8 but the color scale
has been chosen to make the background more prominent. This image was made
by Varun Harbola. Reproduced under terms of the CC-BY license.[108]
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Figure 7.10: The moiré pattern arising from positioning the (001) Sr-O lattice of
SrTiO3 atop a singly terminated sapphire lattice with an in-plane twist angle of
3.5° and 11° between the SrTiO3 [100] and the Al;O3 [1-100] axes. The arrows
in the magnified view on the right illustrate the local shifts required for Sr ions
to approach their neighboring Al ions. At this local scale, these shifts appear
spatially disordered, giving an impression of randomness. However, on the larger
scale of the moiré pattern formed by the superposition of SrTiOs and Al;Oj3,
the shifts exhibit the quasi-periodicity characteristic of the moiré pattern. This

image was made by Varun Harbola.
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Honeycomb-Honeycomb Square-Hexagon

11°

Figure 7.11: Moiré patterns resulting from the overlay of two identical hexagonal
lattices (left) and a hexagonal lattice with a square lattice (right). The twist
angles between the main axes of the lattices are 3° (top) and 11° (bottom) in both
scenarios. Yellow shading has been added to emphasize the moiré structures.
While the hexagonal-hexagonal moiré lattices exhibit the well-known repetitive
six-fold pattern, the superposition of hexagonal and square lattices creates quasi-
periodic stripe-like patterns. Reproduced under terms of the CC-BY license.[108]
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Figure 7.12: Local structural distortion and polarity at the interface. (a)-(c) Rep-
resentative atomic-resolution images of the interface are observed in HAADF (a)
and LAADF (b) modes along the SrTiO3 [100] direction, revealing a notable en-
hancement of the LAADF signal intensity (c). The black arrow indicates the
out-of-plane direction. The vertical dark arrow specifies the out-of-plane (OOP)
direction, while the orange arrow highlights the second SrTiO3; layer adjacent
to the interface. (d) Maps of the measured lattice constant are shown along
the in-plane (IP) direction (d, top-left panel) and the OOP direction (d, top-
right panel), along with an atomic displacement map (d, bottom panel) of the
yellow-marked square regions in (a). (e) Laterally averaged profiles of lattice pa-
rameters and displacements measured along the out-of-plane direction illustrate
an evident lattice expansion and polarization in the second SrTiO3 layer next to
the interface. This image was made by Hongguang Wang.
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7.5 Conclusion and outlook

This study demonstrates a method to fabricate atomically sharp interfaces between
materials with different lattice symmetries, overcoming the constraints of conventional
epitaxial growth techniques. The process involves three key steps: (a) epitaxial growth
and lift-off technique to obtain freestanding oxide membranes, (b) high-quality single-
terminated surfaces achieved through meticulous substrate preparation, and (c) high-
temperature post-deposition annealing. SrTiOs—sapphire heterojunctions have been
used as a case study to explore interfaces between materials with cubic and hexago-
nal symmetries. Atomic-resolution STEM and EELS analyses revealed these interfaces
possess exceptional structural homogeneity, cleanness, and atomic sharpness. Surpris-
ingly, they exhibit a unique structural configuration. The Sr ions in the Sr-O plane near
the interface shift towards the closest Al neighbors, causing local deformation of the
moiré lattice created by the square and hexagonal crystal lattices. This shift introduces
chirality into the SrTiO3 layer at the interface. The quasi-crystalline reconstruction of
interfacial cations allows for incoherent lattice distortion on the bulk lattice scale, thus
enabling the observed lattice relaxation within a single monolayer.

The preparation process described here eliminates the stringent requirement for
epitaxial growth, which typically necessitates matching crystal lattice symmetries for
high-quality interfaces between 3D materials. Additionally, the constraint of fitting
lattice constants is rendered obsolete. However, not all potential material combinations
are suitable for these interfaces, as other constraints related to epitaxial growth—such
as chemical compatibility, matching thermal expansion, and preventing interdiffusion at
fabrication temperatures—still apply.

The moiré-type structural rearrangement of ionic positions at interfaces between
ionic crystals, as reported here, has been achieved by combining crystal lattices with
three-fold and four-fold symmetries. It’s anticipated that similar phenomena will also
occur when crystals with other symmetries are joined, provided that strong bonding is
established across the interfaces. Due to mismatched symmetries, interfaces formed in
this manner will produce relaxed thin films with saturated bonds on well-defined sur-
faces, instead of extended defects like edge dislocations. The ability to connect lattices
with different symmetries and lattice constants opens up a highly promising new phase
space for creating innovative electron systems with exceptional properties at the inter-
faces between 3D materials. Looking ahead, the unequal symmetries of the materials at
these interfaces promise novel electronic and magnetic behaviors, including new forms
of 2D electron systems, multiferroicity, topological phenomena, and symmetry-induced
frustration that could affect their properties. Furthermore, the ability to select mem-
brane-substrate twists introduces a new realm of potential moiré patterns and related
phenomena, as illustrated in Figure 7.11. Additionally, novel transport phenomena,
such as current flow across Josephson junctions and distinct electronic behaviors within
superlattices formed by stacking these bilayers, are anticipated to emerge as exciting
avenues for future exploration.
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Chapter 8

Summary, conclusion, and
outlook

Thin solid films play a vital role in numerous device applications and are essential for
research across various fields. Significant advancements have been made over time in
the production of these high-quality films, yet challenges remain. A key limitation in
thin film deposition is the need to match the crystalline structure and lattice constants
of the films with those of the substrates. Furthermore, the rigid attachment of solid
films to their bulk substrates restricts their flexibility, limiting their application in more
adaptable technologies.

The membrane technique has been recently developed, allowing oxide films to be
separated from their bulk substrates. This method enables the film fabrication to be
more flexible and adaptable to various applications. The core aim of this thesis is
to utilize this membrane technique to overcome the restrictions of conventional thin
film epitaxy, opening up new possibilities for film design and functionality. The initial
focus of my research was the fabrication of oxide membranes of different materials.
Given the fragile nature of these membranes, considerable attention has been paid to
optimizing deposition conditions, selecting appropriate buffer layers, and tuning buffer
layer thickness. These efforts have made it possible to transfer large (4.5 x 4.5mm?)
and intact membrane areas, an important step forward in advancing the technique.

The primary work carried out is presented in chapters 4 to 7. In chapter 4, a
breakthrough method for fabricating nanocrystalline structures is presented, leveraging
the relatively week bonding of oxide membranes to their substrates. When SrTiOj3 or
LaAlO3 membranes are transferred onto thermally prepared sapphire substrates and
annealed at about half their melting temperatures, they self-assemble into nanocrystals,
nanowires, and nanovoids. Transmission electron microscopy reveals these nanostruc-
tures’ high crystallinity, uniform element distribution, and defect-free structures with
well-defined facets. Nanocrystals with size down to 100nm laterally and nanowires
with aspect ratios over 10 have been achieved. This method surpasses traditional tech-
niques like electron beam lithography and ion milling to fabricate nanoparticles, offering
enhanced quality and greater opportunities for applications in optics, catalysis, and na-
noelectronics. An analytical model developed during this research provides insight into
the interface energy between the membrane and substrate, offering predictive control
over nanostructure formation. Further research is proposed to explore pre-templating
techniques on membranes or substrates before processing to gain greater control over
the self-assembly process. This enhanced control could lead to the fabrication of more
complex and functional nanostructures with numerous potential applications.
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Another advancement achieved is the development of the vector substrates concept,
a novel approach to substrates. This approach recognizes that only a thin surface layer
is essential for film growth. The vector-substrate technique aims at utilizing this surface
layer while minimizing the bulk’s impact on cost and physical properties. By transferring
a membrane-like template layer from a reusable parent substrate onto a separate carrier,
this method allows independent optimization of both components. Testing this concept,
vector substrates with sapphire carriers and SrTiOz membranes were fabricated and
successfully used for the growth of high-quality epitaxial Lag g75r9.33MnQOs3 films, which
avoided common artifacts generated by the use of conventional SrTiOs substrates. While
initial studies produced substrates up to 4.5 x 4.5mm?, scaling this method to larger
surface areas and automating the process is predicted to make it commercially viable.
Despite this, the currently available sizes already meet many research needs. Vector
substrates provide a promising alternative to conventional methods, enabling optimized
substrate fabrication without single-crystal growth.

One of the interesting cases for the use of vector substrate is when the substrate
is costly or difficult to acquire, as is the case e.g. for bicrystal substrates. Based on
the development of vector substrate, chapter 6 tackles the challenge by using bicrys-
talline membranes. This method eliminates the need for bicrystalline substrates to grow
bicrystal Josephson junctions, allowing them to be grown on bulk substrates of choice
which are coated with just 10-nm-thick bicrystalline membranes. The viability of this
technique is demonstrated by fabricating high-quality, 24° YBasCusOr_, bicrystalline
Josephson junctions on bulk single crystalline sapphire substrates coated with bicrys-
talline SrTiO3 membrane. Additionally, this novel concept opens the door for creating
tricrystalline or polycrystalline substrates, for the growth of bicrystalline films from var-
ious materials, and for depositing heterostructures that comprise single-crystalline films
on top of bicrystal layers.

A surprising result achieved in the context of this thesis is the realization of a
novel method for creating atomically sharp interfaces between materials with different
lattice symmetries, overcoming one of the primary limitations of conventional epitaxy.
The process involves three steps: (a) epitaxial growth and lift-off to obtain freestanding
oxide membranes, (b) precise substrate preparation for single-terminated surfaces, and
(c) high-temperature post-annealing. Using SrTiOs—sapphire heterojunctions as a case
study, atomic-resolution STEM and EELS analyses reveal exceptional interface quality
with a unique structural configuration. Sr ions near the interface shift towards Al neigh-
bors, introducing chirality and enabling lattice relaxation within a single monolayer.
This method bypasses the need for matching lattice symmetries or constants in epitaxial
growth, though chemical compatibility, thermal expansion, and interdiffusion constraints
remain. The ability to join materials with different symmetries opens up opportunities
for creating innovative 2D electron systems, multiferroics, and topological phenomena.
Future possibilities include investigating moiré patterns, novel transport properties, and
unique behaviors in Josephson junctions and superlattices created by stacking bilayers.

Over the past decade, the field of oxide membranes has taken remarkable steps
forward, enabling the fabrication of a diverse range of oxide materials (Figure 8.1)
and contributing to important breakthroughs. These successes underline the promis-
ing character of the development in this area. Through control of strain, texture, and
composition, oxide membranes can be engineered, unlocking a remarkable range of tun-
able properties.[15, 17, 29, 30] This approach has also led to the investigating of elastic
limits of oxide films[29, 31] and facilitated the heterointegration of devices,[19] paving
the way for novel applications. With these expanded degrees of freedom, the field now
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Figure 8.1: Fabricated membranes made from diverse materials with different
properties highlight the potential of membrane technology and offer a wide range
of options for different applications. The figure is partially based on the Figure
1 of Ref. [13], with permission from Springer Nature.

holds possibilities that were previously unimaginable, yet numerous areas remain un-
explored. This research presents new pathways that were once out of reach, including
innovative techniques for fabricating nanocrystals of unprecedented quality and creating
custom substrates. The ability to combine distinct materials with atomically clean in-
terfaces provides a valuable framework for further experimentation, allowing researchers
to customize and expand material combinations. These findings highlight the extensive
potential that oxide membranes bring to the table and suggest promising directions for
future innovations in materials science.

Commercial application of oxide membranes is likely not feasible in a short term
due to the need for further optimization in fabrication, release, and transfer processes.
This study on membranes initially started with small-area transfers, and required con-
siderable optimization to achieve a transfer area of 4.5 x 4.5 mm?—a meaningful mile-
stone. However, further scaling up remains crucial and will likely progress gradually.
For further commercial applications and large-area transfers, accelerating the dissolving
process is essential. Additionally, automating the process will be key to ensuring con-
sistent, high-quality results. Freestanding oxide membranes exhibit unique properties,
offering significant potential for new discoveries. This makes them both a compelling
and challenging subject for ongoing research.
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Freestanding oxide membranes are anticipated to significantly impact both funda-
mental materials science and practical applications, opening a vast array of new possibil-
ities. It is expected that techniques developed for oxide membranes can be extended to
further material systems, such as nitrides, carbides, and potentially many more, unlock-
ing new functionalities and uses. A particularly exciting avenue in fundamental studies
is the potential for heterointegration, where different materials, including combinations
of 2D and 3D materials, are integrated in innovative ways. This approach may give rise
to emergent phenomena in materials science, potentially overcoming the limitations of
Moore’s law as it nears saturation. Additionally, the high-quality nanostructures with
well-defined facets discovered in this study hold promising potential for research in catal-
ysis, optics, and quantum computing, among other fields. Using templated membranes
or substrates could enable more precise control over their quality and size.

Looking further into the future, freestanding oxide membranes offer exceptional
adaptability to meet the growing demand for versatile materials essential for next-
generation technologies. For example, flexible electronics, such as displays, sensors, and
wearable devices, require adaptable materials that support more user-friendly, human-
centered designs. This flexibility opens new ways to rethink our everyday interactions
with technology. Additionally, as oxide membranes are scaled down in both size and
weight compare to their bulk, these membranes could power a new wave of advance-
ments in lightweight aerospace components. The nanocrystals with superb quality also
holds transformative potential across fields like efficient solar cells, advanced sensors,
and sustainable energy solutions.

The research presented in this thesis offers a glimpse into a transformative future
for materials science, where oxides play a crucial role. As research advances, these
techniques hold the potential to make a profound impact across various technological
fields, opening doors to the next generation of innovations in electronics, energy, and
more.
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