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Chapter 1

Reconstructions at Complex
Oxide Interfaces

1.1 Introduction

“The ages of civilization are designated by reference to a prominent material that
could be fashioned by the prevailing state of technology. For example the Stone
Age, the Bronze Age and the Iron Age. Now we are at the threshold of an age in
which materials can be fashioned atom by atom.” Eddie Bernice Johnson, member
of US House of Representatives, was referring to the evolution of nanoscience and
nanotechnology.[1] The idea of nanotechnology goes back to 1959, when Feynman
gave a talk during a meeting of the American Physical Society, entitled There’s
plenty of room at the bottom.[2] During his talk, he described how direct mani-
pulation of individual atoms may be accomplished. However, it took thirty years
before his vision was realized. Scientists of IBM spelled out the name of their
company by using single xenon atoms on a nickel surface.[3]

In nanotechnology, matter is manipulated at the atomic or molecular level. As
a result, materials with fundamental new atomic arrangements and functionalities
can be fabricated. Nature already shows that the arrangement of atoms is crucial
for the properties of the material. To give an example, diamond and graphite,
both natural materials, consist solely of carbon atoms, but have different physical
properties. Diamond has a three dimensional C-C network and is optically trans-
parent, hard and electronically insulating, while graphite has a two dimensional
C-C network and is black, brittle and an electrical conductor.

Nanotechnology is a very diverse field of research, ranging from device physics
to molecular biology. In this thesis, the focus is on the manipulation of condensed
matter at an atomic level. With the high interest in epitaxial heterostructures,
development of thin film deposition techniques, such as pulsed laser deposition,
reached the fabrication of materials with atomic precision. Epitaxial heterostruc-
tures consist of a crystalline substrate with at least one structurally ordered film
of another material on top. The perfect control of the creation of new crystalline
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1.1. Introduction

materials resulted in the discovery of new, sometimes unexpected, properties.

An interesting example is the behavior of LaFeOs-LaCrOg superlattices. Both
materials are G-type antiferromagnets, but ferromagnetic order was predicted in
the combined material as a result of superexchange interaction between Fe3T-O-
Cr37*.[4] Experimentally, random positioning of Fe3* and Cr®* ions had frustrated
the observation of ferromagnetic properties. To achieve an ordered Cr-Fe mix-
ture, Ueda et al. fabricated [1x1] LaFeO3-LaCrOj3 superlattices along the [111]
direction.[5] As a result, Fe and Cr were alternately ordered along the [001] and
[100] directions at an atomic level. Due to this precise arrangement of Cr and Fe
atoms, ferromagnetic order in these superlattices was achieved, as predicted.

LaFeO3 and LaCrOgs are both perovskite-type oxides. This class of materials
is very suitable for the study of epitaxial heterostructures.[6] The wide variety of
cations results in a rich spectrum of physical properties, among others, ferromag-
netism, superconductivity and ferroelectricity. On the other hand, their similar
oxygen backbone structure and lattice parameters allow stacking of crystalline
perovskite-type oxides with atomic precision.

In perovskite-type oxide heterostructures, the properties of the materials can be
manipulated in several ways. First of all, the thin film has a lower dimensionality
than the bulk material. Therefore, surface and interface effects may have a clear
influence on the behavior of the material. To give an example, bulk SrRuQOj is
a ferromagnetic bad metal, but a three unit cell thin SrRuOg3 film on SrTiOj3 is
insulating.[7] Secondly, the unit cell structure of a perovskite-type oxide can be
deformed by epitaxial growth. For instance, SrTiOj3 is paraelectric in bulk, but
a SrTiOj film can become ferroelectric by inducing biaxial strain, even at room
temperature.[8] Furthermore, interplay between different materials can enhance
their properties or induce new functionalities. For example, the dielectric constant
of PbTiO3 is enhanced in short period SrTiO3-PbTiOg3 superlattices as a result of
structural reconstructions near the interface.[9]

In this thesis, the interplay between materials at the interface is explored.
With the current thin film deposition techniques, it is possible to achieve atomi-
cally sharp interfaces, leading to abrupt transitions in composition and structure
at the interface. As a result of these transitions, structural, electronic or ionic re-
constructions are likely to occur at the interface and new functionalities can arise
near the interface. However, the origin of the new properties are not always well
understood, yet.

Here, the interface behavior of complex oxide heterostructures is studied in a
variety of cases. In each chapter, an important aspect for the understanding of the
interfaces is highlighted. Ionic, electronic and structural reconstructions are taken
into account. For specific material systems, the presence of several reconstructions
are suggested to be diminished, while other reconstructions are still expected to be
able to occur. As a consequence, the origin of the existing reconstructions can be
studied in more detail, which also gives rise to a better understanding of complex
oxide interfaces in general.

The thesis is constructed the following: Chapter 2 concerns the interface be-
tween crystal surface and vacuum. Therefore, no interplay between different crys-



Chapter 1: Reconstructions at Complex Oxide Interfaces

talline materials can occur. Chapter 3 involves the interface between a crystalline
and an amorphous oxide. As a result, electronic and structural reconstructions are
expected to be negligible. In chapter 4, crystalline heterostructures with a polar
discontinuity at the interface are presented. To overcome a potential build-up,
electronic reconstruction has been proposed to occur at the interface, but has not
been observed experimentally.[10, 11] Structural and ionic reconstructions have
been observed at this interface.[12, 13] In chapter 5, electronic reconstruction in
an iso-polar material system is discussed. As a result of the structural compati-
bility, alignment of oxygen bands is suggested to occur. The band alignment is
proposed to induce charge transfer near the interface.

1.2 Outline

Below, each chapter is shortly described in more detail.

Well-defined, singly terminated surfaces are essential for thin film growth and
interface studies of complex oxide heterostructures. In chapter 2, the study on
rare earth scandate (REScOg3) (110) surfaces is described. A selective wet etching
surface treatment is presented resulting in ScOs terminated surfaces. Further-
more, a powerful method is presented, which combines the determination of the
predominant surface termination and verification of complete single termination.
In the [110] direction, the bulk REScO3 atomic planes are polar which results in a
polar discontinuity at the surface. This is energetically unfavorable and therefore
surface reconstructions are likely to occur. In this chapter, the surface structure
of Sc terminated DyScO3 has been investigated.

Chapter 3 gives insight in the chemical driving forces at oxide interfaces during
fabrication. The chemical driving forces have been explored for heterostructures
of crystalline Sr'TiOg and various amorphous oxide films. Their interfaces can be
tuned from insulating to metallic by varying the growth pressure, film material and
film thickness. X-ray photoelectron spectroscopy measurements indicate oxygen
vacancy formation in SrTiOs near the interface during deposition. Here, it has
been proposed that redox reactions between the SrTiOj3 substrate surface and the
amorphous film play an important role in the formation of oxygen vacancies and,
as a result, in the interfacial behavior.

Chapter 4 discusses the interface between a polar and a non-polar wide band
gap insulator. Depending on the exact atomic stacking, the interface between
LaAlO3 (polar) and SrTiOs (non-polar) can become metallic.[10] At the atomic
level, a polar discontinuity is present at the interface. To avoid a potential build-
up, electronic, ionic or structural reconstructions have to occur at the interface.
Here, the influence of the SrTiOj3 template on the electronic properties of the
interface is investigated. Using several deposition techniques, the defect state of
SrTiO3 was varied. Furthermore, the unit cell structure of SrTiO3 was tuned by
applying biaxial strain. It is suggested that the interface behavior depends on
crystal structure as well as on the defect state of SrTiOs.

Chapter 5 describes the interface between two iso-polar insulators, LaTiOg
and LaFeOgs. LaFeOs is a charge transfer (CT) insulator and LaTiOs is a Mott-
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Hubbard (MH) insulator. Here, it is proposed that their oxygen p bands align
near the interface of a MH-CT heterostructure. As a result, the empty upper
Hubbard band of the CT insulator is pulled below the energy level of the par-
tially filled lower Hubbard band of the MH insulator. Subsequently, in LaFeO3-
LaTiO3 heterostructures, electron transfer from Ti%*t to Fe3T is expected to occur.
The LaTiOs-LaFeOs heterostructures were studied by X-ray photoelectron spec-
troscopy. Reduction of Fe was clearly observed and depended strongly on the
[LaTiOs]/[LaFeOs] ratio.



Chapter 2

Atomically defined rare
earth scandate crystal
surfaces

Abstract

In this chapter, the fabrication of well-defined, atomically smooth substrate surfaces over
a wide range of lattice parameters is reported, which is crucial for atomically controlled
epitaxial growth of complex oxide heterostructures. Here, the large chemical sensitivity
of basic solutions on rare earth scandates (REScQ3) is exploited, resulting in singly termi-
nated (110) surfaces. By introducing an etching step that increases the step edge density
at the surface, the influence of the surface morphology after annealing is reduced. Angle
resolved mass spectroscopy of recoiled ions (AR-MSRI) measurements show that the sur-
faces are predominantly ScO2 terminated after selective wet etching. The morphology
study of SrRuOs3 thin film growth gives no evidence for mixed termination. Therefore,
it is concluded that the REScOj3 surfaces are complete ScO2 terminated.

The structure of polar DyScOgs (110) surfaces was studied by reflection high energy
electron diffraction, surface X-ray diffraction (SXRD) and AR-MSRI. It is shown that
the DyScO3s (110) surfaces are (1 x 1) reconstructed, which points to the absence of
ordered cation vacancies at the surface. Moreover, the SXRD data indicate that cation
displacements in relation to the bulk plane are unlikely to be present. Here, it is sug-
gested that the polarity difference between the bulk crystal and vacuum is most likely
overcome by the presence of oxygen vacancies in the topmost Sc layer, while preserving
the orthorhomic unit cell.!

2.1 Introduction

Perovskite-type oxides, ABOjs, are an interesting class of materials as they exhibit
diverse properties, such as superconductivity, magnetism and ferroelectricity.[15—

IParts of this chapter are reproduced with permission from ref. [14].
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2.1. Introduction

17] Their similar oxygen backbone structure allows the formation of strained he-
teroepitaxial structures of high complexity, resulting in advanced materials with
enhanced functionality.[5, 6, 10, 18, 19] The formation of conducting interfaces
between SrTiO3 and LaAlOjz, both wide bandgap insulators, is an example where
the functionality is determined at an atomic level.[10] For well controlled growth
of epitaxial heterostructures, it is essential to start with defined, crystalline sub-
strates with a singly terminated atomic plane.[20, 21] However, two important
aspects limit the availability of singly terminated surfaces: 1) Established tech-
niques to obtain single termination are currently limited to one material, SrTiOg,
and 2) Proof of complete single termination has been difficult.

The (pseudo)cubic unit cell of a perovskite-type oxide can be seen as a stack
of alternating layers of AO and BO; in the [001] direction (Fig. 2.1a). After cre-
ating a surface by, for instance, cleaving a single crystal, both layers are expected
at the surface in equal proportion, resulting in mixed terminated surfaces with
steps of half or one unit cell height (0.2 and 0.4 nm respectively) (Fig. 2.1b).
However, single termination, only 0.4 nm high steps (Fig. 2.1c), is desirable for
controlled growth at an atomic level.? Therefore, it is crucial to treat the sur-
face before growing complex heterostructures. The typical surface treatment of
perovskite-type oxides is high temperature annealing which results in ordered, well-
defined, crystalline surfaces. Nonetheless, it is inadequate to obtain single termi-
nation, i.e., half a unit cell steps are still present. Kawasaki et al. introduced wet
etching of SrTiO3 (001), which was the first serious step towards singly terminated
perovskite-type surfaces.[20] By etching the surface with an acidic NH4F buffered
HF solution (BHF), they obtained a TiO terminated surface, as confirmed by ion
scattering spectroscopy. To obtain single termination, the pH of the etchant is
claimed to be crucial to achieve selectivity. However, since the treatment severely
depends on the SrTiO3 surface quality® prior to etching, this method often leads
to uncontrolled wet etching. To etch SrTiOgs in a controlled manner, Koster et al.
introduced the formation of an intermediate Sr-hydroxide complex at the topmost
surface by immersion in water.[21] By subsequent short BHF etching, reproducible
TiO, terminated surfaces were obtained. Currently, this method is expanded to
SrTiOs (111) by removing SrOg_, giving a Ti terminated surface.[22, 23] Un-
fortunately, the success of this technique to create singly terminated surfaces is
limited to SrTiO3 and is not suitable for other perovskite-type oxides. Note that
Ngai et al. obtained predominant A-site terminated Lag.18Srg.s2Alg.590Tag.4103
(LSAT) surfaces by tuning the vapor pressure of La near the LSAT surface during
annealing.[24] This is an important step towards controlling the surface termina-
tion of LSAT.

To study the effects of strain and symmetry variations on the physical behavior
of complex heterostructures, it is essential that controllable single termination can
be achieved on different perovskite-type oxide surfaces with a wide range of lattice
parameters, as it is currently limited to SrTiOs.[8, 25-28] Moreover, an increase

2Surfaces with terraces seperated by steps of atomic height result from the small miscut angle
between the crystal axis and the cleaving axis. These surfaces are also called vicinal surfaces.

3The quality of the SrTiOs surface is mainly determined by surface roughness and point
defects.
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(a)

Figure 2.1: (a) The ABO3 unit cell, where A is typically a rare earth, alkaline earth or
alkali metal ion, and B is often a transition metal ion. (b) A schematic representation of a
mixed terminated surface with steps of 0.2, 0.4 and 0.6 nm high. (c) A singly terminated
BOs surface with steps of 0.4 nm high. The blue blocks correspond to the AO layer and
the yellow blocks to the BO2 layer with blue, yellow and white circles corresponding to
A, B and O ions, respectively.

of singly terminated perovskite-type oxides expands the research possibilities on
interface effects in oxide heterostructures, which is useful for the research studies
presented in this thesis. An overview of substrates which are often used for complex
oxide heterostructures, is shown in Figure 2.2. The substrates are ordered by their
pseudocubic lattice parameter.

High quality perovskite-type scandates are frequently used to create strained
heterostructures, as they have a relatively large lattice parameter (0.394 - 0.404 nm)
and can be grown without twinning.[8, 28-30] However, surface treatments for
perovskite-type scandates have hardly been addressed in literature.[31-33] Re-
cently, Dirsyte et al. showed that annealing of DyScOgs at high temperatures in

Substrate Lattice (A)

3.70 3.80 3.90 4.00 4.10

| | | | |

I[ 1 [I P ! ‘ It I
LaSrAIO, AT pysco, | Ndsco,

YAIO, LlaAlO, |NdGao, Gdsco,

LaSrGaO, SrTiO,

Figure 2.2: An overview of commercially available and often used perovskite-type oxide
substrates ordered by their pseudocubic lattice parameter.
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an Oy flow leads initially to an increase of Dy at the surface.[33] By prolongat-
ing the annealing time to more than 100 minutes, they observed a change of the
predominant cation at the topmost surface layer. Annealing DyScOg3 substrates
in an Ar flow resulted in surfaces with mainly Sc termination, independent of the
annealing time. In spite of the possibility to control the predominant cation at
the topmost layer by choosing the right annealing parameters, no complete single
termination of rare-earth scandate (REScO3) surfaces is achieved yet.

In this chapter, a framework for controlled selective wet etching of perovskite-
type oxides is introduced and applied on the REScO3. DyScO3z (110) crystals
were taken as a model system. The influence of the etchant as well as morpho-
logy of the crystal surface were taken into account to achieve a proper selective
etching method. Subsequently, angle resolved mass spectroscopy of recoiled ions
(AR-MSRI) was used to determine the dominant termination of the surfaces. Des-
pite the capability of chemical probe techniques, like AR-MSRI, to establish the
dominant termination, these techniques are not capable of proving complete sin-
gle termination of perovskite-type surfaces. To overcome this difficulty, the high
sensitivity of SrRuOjs nucleation on the atomic composition of the surface was
introduced to prove complete single termination. Finally, the surface structure
of DyScOj3 (110) has been studied by reflection high energy electron diffraction
(RHEED), AR-MSRI and surface X-ray diffraction (SXRD). The DyScO3 (110)
bulk surface planes are polar (DyO™ and ScO3 ) and, therefore, reconstructions
are likely to occur.

2.1.1 Properties of bulk REScO;

The REScO3 have an orthorhombic unit cell, isostructural with GdFeOs (Pbnm).
This means that the ideal cubic perovskite structure is distorted. The scandium
cation is centered in the oxygen octahedron, where the typical Sc-O bond length
is in the range of 0.2090 - 0.2116 nm.[34] This points to a rather small distortion
on the B-site, giving Sc a six-fold coordination. On the other hand, the RE-O
bond length is in the range of 0.2233 - 0.3722 nm. This indicates a high distortion
and makes the assignment of the coordination number (CN) of the rare-earth
cation difficult. By Velickov et al., it is mentioned that a CN of 8 can be assumed
for the A-site cations.[34] The orthorhombic as well as the pseudocubic lattice
parameters of commercially available REScOj3 crystals are given in Table 2.1. The
single crystals are grown by the conventional Czochralski technique, as reported
by Uecker et al..[30]

The Czochralski growth technique does not tend to produce crystals with high
internal strain, in contrast to the Verneuil growth technique which is used to obtain
SrTiOg3 single crystals. In general, this results in less defects for Czochralski grown
crystals. The increased crystal quality has been shown by XRD rocking curves of
SrTiO3 and DyScO3. The FWHM of the XRD rocking curve along the (002) of
SrTiOg is five times larger than that of DyScOj3, implying more defects in the
SrTiO3.[35]

The lattice parameters shown in Table 2.1 are the ones at room temperature.
Biegalski et al. have studied the thermal expansion of DyScO3 and GdScO3.[36] No
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Table 2.1: Lattice constants of REScOs. Data are taken from [30, 34].

Crystal a (nm) b (am) ¢ (nm) 0.5va2+b2 (nm) 0.5¢ (nm)

DyScOs  0.5440  0.5717  0.7903 0.3946 0.3952
TbScO3  0.5466  0.5731  0.7917 0.3960 0.3959
GdScO3  0.5480  0.5746  0.7932 0.3970 0.3966
SmScOs  0.5527  0.5758  0.7965 0.3991 0.3983
NdScOs  0.5575  0.5776  0.8003 0.4014 0.4002

structural phase transitions were observed between room temperature and 1000 °C,
though the orthorhombicity decreased with increasing temperature. The thermal
expansion (8.4 ppmK~! for DyScO3 and 10.9 ppmK~! for GdScO3)* were found
to be anisotropic, which was attributed to the rotation of the ScOg octahedra. As
the thermal expansion coefficients are comparable to other oxide perovskites, like
SrTiO3z and BaTiOjs, these crystals are promising for studies on heteroepitaxial
films.[37]

Besides the structural properties of the substrate, the physical properties of the
substrate may influence the behavior of the heterostructure. REScOgs are highly
insulating, with an optical bandgap > 5.5 €V.[38] The scandates are paramagnetic
at room temperature and have a magnetic phase transition to antiferromagnetic
long range order at low temperatures; for DyScOs at 3.1 K.[38, 39] A strong
magnetic anisotropy was observed with an easy axis along the [100] direction and
a hard axis along the [001] direction.[39] It is also suggested that REScO3 have
high dielectric constants, but this is only reported for REScOj thin films.[40]

2.1.2 Selective wet etching framework

To develop a selective wet etching framework for perovskite-type oxides, wet
etching was considered as a combination of two steps, as also shown in Figure
2.3:

1) Forming a hydroxide
2) Dissolving the hydroxide

Perovskite-type oxides can be viewed as a combination of two simple oxides along
the [001] direction: AO and BO,. To establish single termination, selectivity has
to be achieved by controlling both etching steps, for AO as well as for BOy. This
control can be achieved by selecting the right etching solution(s), temperature and
duration. When the difference in overall etching rates of AO, K4, and BOs, Kp,
is significant, both steps can be performed simultaneously. Another approach is to
separate the steps in time, exploiting the differences between the two etching pro-
cesses. The latter approach was introduced by Koster et al. for SrTiO3 (001).[21]
Immersing SrTiO3 in water, forming Sr(OH)s, increased the solubility of the Sr
layer. By this, the difference between ks, and kr;, was increased significantly,

4The given values are the average thermal expansion coefficients.
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KA

~ T

AO (s) —25 A(OH), (s) —2— A(OH), (aq)
BO, (s) —=— B(OH),, (s) —%— B(OH),, (aq)

N
| {

Forming F;ydroxide Dissolvin, g_ Hydroxide

Figure 2.3: Framework for controlled selective wet etching of perovskite-type oxides,
where ka,, ka,, kB, and kp, are the etching rate constants of the separate steps and
ka and kg are the overall etching rate constants of the AO and BO; layer, respectively.
n and m depend on the valence of the cation.

resulting in reproducible TiO5 terminated SrTiOg surfaces. Creating singly ter-
minated surfaces on other perovskite-type oxides can be achieved by controlling
the rates of the two etching steps.

2.1.3 Chemistry of Dy and Sc

To obtain a suitable chemical method resulting in singly terminated DyScQOg, the
chemistry of the elements, Dy and Sc, and their stable oxides, Dy203 and ScyOs,
is discussed. Dysprosium (atomic number (Z) = 66, [Xe] 4f196s? ) is part of the
lanthanoids. Scandium (Z = 21, [Ar] 3d'4s?), a 3d element, is often considered
as a lanthanoid, since its chemical behavior is similar to them. Both elements
react vigorously with air, forming a sesquioxide (A2QO3). The reaction with acids,
like HNO3 and HCI, is mild, forming Sc(NO3)s (Dy(NOs)s) and ScCls (DyCls)
respectively. On the other hand, no reaction with alkaline solvents, like NaOH (aq),
is observed. The stable oxidation state of both cations is 3+. Other oxidation
states are rarely observed and, therefore, are not taken into account.

The sesquioxides, the stable oxides of Dy and Sc, are readily soluble in acidic
solutions. As a consequence, it is expected that selectivity for one of the DyScOg
atomic planes is minimal in acidic solutions.[41] In basic solutions, like NaOH (aq),
both sesquioxides are insoluble.[42] However, small modifications, e.g. in the crys-
tal structure, may be sufficient to induce significant solubility of Sc and/or Dy
in basic solutions. Selectivity for one of the cations may be induced through the
difference in electrostatic bond strength (e.b.s.) of Sc and Dy towards the oxygen
ions.[42] The e.b.s. of the cations is defined as

e.b.s.=n/CN (2.1)

where n is the valence state of the cation.[42] Applying equation 2.1 on the
sesquioxides, Dy as well as Sc have an e.b.s. of % (n=3+4, CN=6). In the dis-
torted perovskite structure, Dy and Sc have different coordination numbers: the
eb.s. of Dy is 2 (n=3+, CN=8) while the e.b.s. of Sc is 1 (n=3+, CN=6). This
could induce an increased reactivity of Dy versus Sc in basic solutions. Therefore,
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it is expected that the following reaction with DyScOg in basic solutions dominates
the etching process:

6 OH™

Dya0s (s) + 3 H0 (1) 222 9 Dy(OH)s (ag) (2.2)

where OH™ acts as a catalyst. This should result in ScO5 terminated surfaces.
Moreover, this methodology can be extrapolated to other REScOg since the lan-
thanoids behave chemically similar.

2.2 Experimental Setup

Selective wet etching: DyScOs (110) substrates (CrysTec GmbH, Germany) of
5x5x0.5 mm? were annealed at 1000 °C for 30 minutes to 12 hours under flowing
O3. After cleaning with ethanol, the annealed substrates were successively im-
mersed in 12 M NaOH (aq) solution® (etching) and in 1 M NaOH (aq) solution
(preventing precipitation®). Both immersion steps were carried out in an ultrasonic
bath for 10 minutes to 1 hour. Finally, the samples were rinsed with water (three
times) and ethanol. NdScOgs (110) and GdScOg (110) (CrysTec GmbH, Germany)
of 5x5x0.5 mm? were annealed at 1000 °C for 4 hours under flowing Oy. The
annealed substrates were successively immersed for 1 hour in 12 M NaOH (aq)
solution and 30 minutes in 1 M NaOH (aq) solution. Both immersion steps were
carried out in an ultrasonic bath. Finally, the samples were rinsed with water
(three times) and ethanol. SrTiOg (001) substrates (CrysTec GmbH, Germany)
of 5x5x0.5 mm?> were treated in accordance with the method described by Koster
et al. and Ohnishi et al..[21, 43]

Surface morphology analysis: The surface morphology was characterized ez
situ using tapping mode atomic force microscopy (AFM) (Veeco’s Dimension Icon,
United Kingdom). Scanning tunneling microscopy (STM) was performed in situ
on a variable-temperature scanning probe microscope (VT-SPM; Omicron Nano-
Technology GmbH, Germany).

Angle resolved mass spectroscopy of recoiled ions: Before the AR-MSRI mea-
surements, the substrates were cleaned in trichloroethene, acetone and isopropanol
in turn. All cleaning steps were carried out in an ultrasonic bath. Inside the high
vacuum AR-MSRI chamber (below 107% mbar), the substrates were heated to
500-600 °C with 0.07-0.13 mbar Oy to remove hydrocarbons on the substrates.
AR-MSRI measurements (Ionwerks’ time-of-flight mass spectrometer, USA) were
performed using potassium ions 3K accelerated to 10 keV. The incoming angle,
«, was fixed at 15°, while the azimuthal angle, §, was varied. Ion collection was
done in shadowing mode, i.e. ions were collected at 60°, an angle much larger
than the incident angle. Tons with masses up to 200 amu could be detected. The
measurements were performed at room temperature to 150 °C. Note that DyScOs3
has no structural phase transition in this temperature range, as mentioned in

5Deionized water was always used to make the NaOH (aq) solutions
6Precipitation may occur due to the large difference in pH between 12 M NaOH (aq) (pH >
14) and water (pH ~ 7).
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section 2.1.1.

SrRuQOs3 growth: Using specific growth conditions, the nucleation and growth of
SrRuOj is very sensitive to the atomic composition of the surface.[14, 44] StRuOg3
was grown using pulsed laser deposition (PLD) at a pressure of 0.3 mbar, 50%-
50% Og-Ar. The substrate temperature was approximately 600-640 °C. SrRuOs3
was deposited with a repetition rate of 1 Hz and a fluence of 2.1 J cm~2, using a
KrF laser (A = 248 nm). The growth was studied in situ using RHEED. It has to
be mentioned that the sensitivity to selective nucleation depends on the growth
conditions.

Enhancement of selective etching rate: The morphology of the DyScOs (110)
surface prior to selective etching influences the selective etching rate.[45] To control
the etching rate, the number of step edges was increased at the atomic level. The
substrates were immersed in water for 30 minutes, and, subsequently, in a BHF
solution (NH4F:HF = 87.5:12.5, pH=5.5) for 30-60 seconds. Both steps were
performed in an ultrasonic bath. To rinse the samples, they were immersed in
water (three times) and ethanol. Subsequently, the selective wet etching was
performed, as described above.

Surface X-ray diffraction: The SXRD measurements were done using the (243)
axis diffractometer on BM26 (DUBBLE) beamline at the ESRF (Grenoble, France)
at an energy of 16 keV.[46] The substrates were heated up to 250 °C under a
constant flow of dry nitrogen in order to eliminate the influence of adsorbed water
at the surface. The recorded data were processed and analyzed with the ANA-
ROD package using x? as goodness-of-fit criterion for the models presented.[47]
For each sample, a minimum of six crystal truncation rods (CTR) plus the specular
rod are measured.

2.3 Achievement of Single Termination

2.3.1 Selective wet etching

To study the effect of the surface treatment, AFM was used to determine the sur-
face morphology after various steps of the treatment (see Figure 2.4). As received
DyScOg substrates have a mixed terminated surface as they show disordered step
edges and islands on terraces with typical height differences of 0.2 and 0.4 nm
(inset of Fig. 2.4a). High temperature annealing at 1000 °C resulted in recrystal-
lization of the surface, leading to regularly spaced steps with a height of 0.4 nm
(Fig. 2.4a), appearing to be single termination. However, this is not a sufficient
observation to conclude the existence of a complete singly terminated surface, as
will be demonstrated below. The minimum duration of high temperature annea-
ling depends on the miscut. For substrates with a miscut of approximately 0.1°,
4 hours annealing at 1000 °C resulted in well-defined, ordered steps after etching.
DyScO3 (110) with a lower miscut required longer annealing time.”

To obtain singly terminated DyScOs (110) surfaces, controlled selective wet
etching was applied using 12 M NaOH (aq) solution. An annealed DyScOgs sub-

"Note that longer annealing may influence the minimum required etching time.
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Figure 2.4: (a) AFM height images of DyScOs (110) substrate after 4 hours annealing
at 1000 °C with steps of one unit cell high. AFM height images of DyScOs after annealing
(b) after 30 minutes annealing at 1000 °C with clear mixed termination having steps of
0.2, 0.4 and 0.6 nm high, marked by the dashed line and also shown in its corresponding
line profile (c), and subsequently after (d) 20 minutes immersion in 12 M NaOH (aq)
and after (e) 1 hour immersion in 12 M NaOH (aq) with its corresponding line profile
showing only 0.4 nm steps (f). The labels A and E denote substrates after Annealing
and after wet Etching respectively. The inset of (a) shows an AFM height image of an
as received DyScOgs (110). The sketches give a schematic representation of the surface
layer. All AFM images are 1 x 1 pm?.

strate with a clear mixed terminated surface was etched for different lengths of
time to examine the required etching duration (Fig. 2.4b and its corresponding
line profile, Fig. 2.4¢). Figure 2.4d and 2.4e show the results after 20 minutes and
1 hour immersion in 12 M NaOH (aq), respectively. After 20 minutes, the top
layer is partly removed, as schematically depicted in Figure 2.4d. Elongating the
etching time to one hour for the same sample, steps of only one unit cell high (0.4
nm) were observed (Fig. 2.4f). The lack of half unit cell steps after immersing in 12
M NaOH (aq) suggests that one of the atomic planes (DyO or ScO3) is selectively
removed, pointing to single termination. Further exposure to 12 M NaOH (aq)
appeared not to damage the surface since no etch pits were observed. The DyScOj3
surface remained stable after etching.

In addition to obtaining single termination, the treatment has to result in
ordered, well-defined surfaces. To achieve well-defined surfaces with straight steps,
it is common to anneal the surface after etching, allowing recrystallization.[20, 21]
However, the order of treatments is the opposite for DyScOg, which consists of
first annealing and then etching. This order is important; when annealing at 1000
°C is performed after wet etching, the DyScOgs surface termination became mixed
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due to major bulk diffusion. This is consistent with the observations of Dirsyte et
al..[33] Note that the temperature during thin film growth is typically below the
temperature where major bulk diffusion occurs and, therefore, should not result in
unintended mixed termination of the surface. Since only one of the atomic layers
seemed to be removed by 12 M NaOH (aq) (illustrated in Fig. 2.4), the overall
vicinal morphology is preserved after selective etching.

2.3.2 Determination of surface termination

The changes in surface morphology at different time steps during etching pointed
to the selective removal of one of the atomic planes. Taking the chemistry of
Dy and Sc into account, it was suggested that Dy can be removed by immersing
in NaOH (aq) (see eq. 2.2). As a result, ScOgz terminated surfaces are expected
after the chemical treatment. The predominant surface termination has been
determined by AR-MSRI measurements (Fig. 2.5a). AR-MSRI measurements were
performed on three differently treated DyScOj3 surfaces: as received, annealed and
selectively wet etched (Fig. 2.5b).[48]

Full range mass spectra of the three samples were collected at different azimu-
thal angles and normalized with respect to the integrated intensity of the Sc peak.
Figure 2.5b shows the Sc/Dy intensity ratio as function of the azimuthal angle
for the three different samples. No clear maxima were observed in the spectra
of the as received and annealed DyScOj surfaces, which indicates mixed termi-
nation. On the other hand, the wet etched sample shows clear maxima at 45°
and 135°. This is due to blocking of Dy by the topmost Sc atoms and can only
be observed when the surface is predominantly ScO2 terminated (Fig. 2.5¢). As
SC(OH)g_ is soluble in alkaline solutions as well, it is most likely that the diffe-
rence in etching rate is gained during hydroxide formation: kp,, > ks.,, which
is crucial for achieving selectivity towards ScOs terminated DyScOgz (110). This
explains why the NaOH (aq) solution does not etch beyond the top layer and no
etch pits are created.

The AR-MSRI analysis on treated GdScO3z and NdScOj3 substrates (Fig. 2.5d
and e) show clear maxima for the wet etched surfaces at 45° and 135°, indicating
Sc terminated surfaces. This implies that the surface treatment is effective for
all REScO3. Since ScO; is polar, a combination of oxygen vacancies, structural
reconstruction and adsorbates is likely to occur at the surface. However, this
should not affect the predominant type of cation at the topmost layer. The surface
structure of DyScOj3 is discussed in more detail in section 2.4.

2.3.3 Confirmation of complete single termination

Despite the suitability of AR-MSRI and other chemical probing techniques to
determine the dominant terminating layer, their ability to prove complete single
termination of perovskite-type oxide surfaces is compromised since the elements
present at the surface are also present in the bulk. Therefore, a simple method to
determine complete single termination of DyScQOg is introduced: thin film growth

of StTRuOs.



Chapter 2: Atomically defined rare earth scandate crystal surfaces

15

@) o] B) = As received ' ]
—o— Annealed
2 —a— Wet etched
9 64 A E
E1 ) 3
8 41 £ l 1
2 s
- &, Y
3 2 ]
o Dy cO3 =3.9 A
(d) foAnneaIed
@ 69 —a— Wet etched 1
Ke] A &
©
i, [}
g | & ] ,
(8]
e &
he)
o | A |
3" l %\L@w Jf’ bt |
o
0 GdScO3 (a -397 A)
5l ® As received |
g —a— Wet etched 2
- A
3 £ al
2 64 /5B A R
O Sc (13t layer) 3 & X
g | o
1 _ ,
* O (1% layer) 2 J & P ‘\ A »
b ) 4 ,A.A‘A A\A/ /A/L/\ AZ
@ RE (2| 7 ¥ = =
(27 layer) NdScO, (2, = 4.01 A)

T T
180 150 120 90 60 30 0 -30

Azimuthal angle (°)

Figure 2.5: (a) Schematic picture of the AR-MSRI setup, where § denotes the azimuthal
angle. The yellow, blue and gray circles correspond to Sc, RE and O ions, respectively. (b)
Azimuthal maps of three different treated DyScOs (110) surfaces are shown: as received,
4 hours annealed and 4 hours annealed and 1 hour wet etched. Maximum blocking of
Dy was observed on the wet etched surface at 45° and 135°. (¢) A top down view of
the atomic arrangement on an unreconstructed ScO2 terminated REScO3 (110) surface,
where the arrow indicates the direction of 0° azimuthal angle. (d) Azimuthal maps of
a 4 hours annealed and a 4 hours annealed and 1 hour wet etched GdScO3 (110) with
maximum blocking of Gd at 45° and 135° after wet etching. (e) Azimuthal maps of an
as received and a 4 hours annealed and 1 hour wet etched NdScOs3 (110) with maximum
blocking of Nd at 45° and 135°. The measurements were performed in CONCEPT lab
at the University of California in Berkeley (CA).

The nucleation of SrRuQOgs is very sensitive to differences in surface diffusivity,
which amplifies the presence of small areas of mixed termination (see section 2.2 for
specific growth conditions). As a result, the mixed or single termination can easily
be observed in the morphology of the STRuOj3 layer by AFM and STM.[44, 49-51]
From SrRuOj3 on SrTiO3z (001) studies, it is known that initial two dimensional
SrRuOj3 growth occurs when the substrate is singly terminated. An example is
given in Figure 2.6a with its corresponding line profile in Figure 2.6b.[49] However,
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Figure 2.6: In situ STM height images of (a) 2 nm SrRuOs film on TiO2 terminated
SrTiO3 (001) showing steps of one unit cell high with its corresponding height profile (b)
and of (¢) 3 nm SrRuOs on mixed terminated SrTiOs (001) with trenches of approxi-
mately 3 nm deep. (d) In situ STM height image of 8 nm film of SrRuO3 on annealed
and subsequently 1 hour wet etched DyScOgs (110) showing steps of one unit cell high
with its corresponding height profile (e). (f) AFM height image of 4 to 8 nm high lines
of SrRuO3 on annealed DyScOs (110). The insets show AFM height images of the cor-
responding substrates, where E and A denote substrates after wet Etching and after
Annealing respectively. Images (a), (¢) and (f) and both insets are 1 x 1 um?, image (d)
is 500 x 500 nm®.

deep trenches in grown SrRuOg films are typically observed when the SrTiOg
surface is slightly mixed terminated (Fig. 2.6¢).[50, 51] On DyScOgs, the same
phenomena is observed.

Figure 2.6d shows a flat film of SrRuOj3 with terraces of one unit cell high
and without deep trenches (see Fig. 2.6e for its corresponding line profile). This
film was grown on an annealed and subsequently wet etched DyScOs substrate.
This indicates 100% single termination of DyScOj3 after wet etching. Based on
the lateral resolution being better than 10 nm and the fact that no domains with
step heights different from 0.4 nm were observed on a micron-size scan, complete
single termination with a better than 1% uncertainty was concluded. On annealed
DyScOs, random line growth was observed (Fig. 2.6f), indicating mixed terminated
DyScOj surface after annealing.[44] These results are in agreement with the AR-
MSRI measurements and confirm complete single termination after wet etching.

To verify the quality of the STRuO3 growth on SrTiO3 and on DyScOs, the film
structure and surface morphology were monitored by RHEED (Fig. 2.7). The in-
tensity versus time of the specular spot (00) of the two dimensional grown SrRuQOj3
films Sr'Ti0O3 as well as on DyScO3 showed both one clear oscillation and two weak
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Figure 2.7: In situ reflection high energy electron diffraction analysis of STRuOs growth.
The intensity versus time of the specular spot during the initial STRuOs growth on SrTiO3
(a) and on DyScOg3 (b). The RHEED patterns before and after growth on SrTiOs (¢ and
d respectively) and on DyScOs (e and f respectively) show the crystalline quality of the
surfaces.

oscillations (Fig. 2.7a and b, respectively). During StRuOj3 growth on TiOs termi-
nated Sr'TiOj3, the surface termination switches from B to A-site termination, since
RuOs is volatile.[49] As a result, the first RHEED oscillation lasts longer than the
following oscillations, which is clearly visible in Figure 2.7a. The first oscillation
on DyScOg3 was also elongated, implying that the DyScOj3 surface was ScOq ter-
minated, which is in agreement with the AR-MSRI measurements. After the first
clear oscillation, a mixture of layer-by-layer and step-flow growth occurred, i.e.
one unit cell high island nucleation, but constant overall morphology and constant
RHEED intensity. This resulted in films with meandering step edges (Fig. 2.6a and
d).[49, 52, 53] The RHEED patterns before and after StRuOgs growth (Fig. 2.7c-f)
confirmed the crystallinity of the surface layer.
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(b) (c) (d)
Figure 2.8: Schematic cross-sections of the DyScOs (110) top layers, where black repre-
sents the DyO planes and white the ScO2 planes. (a) after annealing, (b) after surface

roughening and subsequently selective alkaline etching (c), (d) after selective alkaline
etching without surface roughening step.

Figure 2.9: (a-d) AFM height images of DyScOg3 after annealing for 4 hours at 1000 °C,
where (a) and (c) are 1 x 1 um?, and (b) and (d) are 2 x 2 um?. The arrows in (a) and
(b) are a guide to the eye, pointing to a mixed terminated region.

2.3.4 Enhancement of etching rate

It has been shown that singly terminated DyScOs (110) surfaces can be obtained
after selective etching, using 12 M NaOH (aq). This has been achieved by exploi-
ting the difference in coordination of Dy and Sc in the DyScO3 crystal. Sc seemed
not to dissolve in NaOH (aq), while the etching rate of Dy was significant but slow.
In follow-up studies, it appeared that the number of etching sites at the surface
influences the selective etching rate. At the step edges, Dy has a lower coordina-
tion than on the surface terraces. Taking the chemistry of Dy into account, the
lower coordination is expected to enhance the etching rate. This mechanism would
be comparable to the chemical etching of Si (111), where the highest etching rate
is observed for the isolated adatom defects and the lowest etching rate for ideally
H-terminated (111) planes.[54] Also for SrTiOsg, it has been suggested that etching
occurs at the step edges.[55] Etching at the step edges is schematically depicted
in Figure 2.8a by the arrows.

The number of step edges is correlated with the surface morphology. Therefore,
the surface morphology prior to selective etching has to be regulated to control
the selective etching rate. Prior to selective etching, DyScOgs is annealed, which
straighten out the step edges, though a wide variety of surface morphologies of
annealed DyScOj3 has been observed by AFM. Some examples of annealed DyScOs3
surface morphologies of are shown in Figure 2.9.

Another route to control the surface morphology and, with it, the number of
step edges should be achieved. This can be achieved by exchanging the order of
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Figure 2.10: AFM height images of two DyScOs substrates. One substrate was an-
nealed for 2 hours at 1000 °C (a), followed by the surface roughening step (b) and
subsequent selective etching (c). Substrate two was annealed for 2 hours at 1000 °C,
followed by selective etching (d). A, R, E and RE denote substrates after Annealing,
surface Roughening, selective wet Etching and both surface Roughening and selective
wet Etching respectively. All images are 1 x 1 pm?.

selective etching and annealing since the as received substrate surfaces are less
ordered, suggesting a higher step edge density. As mentioned before, exchanging
this order gives another difficulty: Dy diffusion to the surface during high tempe-
rature annealing, resulting in mixed termination.[14, 33] Therefore, an additional
etching step after annealing is introduced, which roughens the topmost layer at
the nanometer scale (see Fig. 2.8b). As a result, the number of step edges is
increased. Here, an acidic solvent is used to roughen the surface since both Sc
and Dy easily dissolve in acidic solutions.[41, 42] This etching step will be further
called the surface roughening step and discussed in the next section.

Surface roughening step

In Figure 2.10, AFM height images of DyScOg after each treatment step are shown.
Figure 2.10a shows a DyScOgs surface after annealing for 2 hours. Subsequently,
this substrate was immersed in BHF to increase the number of step edges. Its
corresponding surface morphology is shown in Figure 2.10b. Finally, selective
etching was performed on the same sample (see Fig. 2.10c). As a reference, a
DyScOj3 substrate, which was only alkaline etched for 1 hour, was prepared (see
Fig. 2.10d).

As discussed previously (see section 2.3.3), StrRuOj3 nucleation and growth is
very sensitive for differences in atomic composition of the surface. Therefore,
SrRuOg3 was grown on DyScOg3 by PLD to verify single or mixed termination of
the DyScOs3 surface.[14] Figure 2.11 shows the surface morphology after SrRuOs3
growth on DyScOgs, with and without the additional surface roughening step,
measured n situ by non-contact AFM. The samples treated with the additional
surface roughening step show the typical morphology of a flat STRuO3 film grown
in a mixed step-flow and layer-by-layer growth mode, as shown in Figure 2.11a.
The density of single unit cell high islands is increased in comparison to the one
shown in Figure 2.6d. This is probably due to the increased number of nucleation
sites after surface roughening. The presence of 0.8 nm high steps (two unit cells)
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Figure 2.11: Non-contact AFM height images and their corresponding line profile of
(a) 12 monolayers SrRuO3 grown on a DyScOs substrate etched with BHF and 12 M
NaOH (aq) and (b) 3 nm high SrRuO3 islands grown on a DyScOs substrate etched with
12 M NaOH (aq). Note that the STRuOs deposition time of (b) would be equal to a 5 nm
flat StRuO3 film. (a) is 2.5 x 2.5 um? and (b) is 1 x 1 pm?.

in the line profile of Figure 2.11a is due to irregular nucleation near the step edges,
though three dimensional island growth was absent. The flat StRuOg3 thin film
confirms single termination of the DyScOg surface.[49, 52, 53] Flat SrRuQOj3 films
were achieved independent of the surface morphology after annealing, as long as
the surface roughening step was performed prior to selective wet etching. On the
other hand, some samples without surface roughening showed three dimensional
SrRuOj island growth (Fig. 2.11b), which is due to the mixed termination of
the DyScOg3 surface prior to growth.[14, 44] One hour selective etching was not
sufficient to remove all Dy ions of the surface. Note that the minimum required
selective etching time varied from sample to sample and, therefore, the surface
roughening step is introduced.

Using the surface roughening step, the influence of the surface morphology
after annealing is reduced. This enables the increase of annealing time while
preserving singly terminated DyScOs surfaces after selective etching. Increase of
the annealing time may be desirable as annealing straighten out the step edges.

2.4 Structure Analysis

Having achieved complete Sc-terminated DyScOg surfaces, the exact surface struc-
ture of DyScOj3 has to be resolved. DyScOjs (110) consists of charged atomic
planes: DyO™" and ScO; . As a result, a perfect, bulk-like ScO; terminated sur-
face (see Fig. 2.12) is energetically unfavorable due to its polar nature and surface
reconstructions are likely to occur.

Here, possible surface reconstructions are discussed on the basis of RHEED,
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Figure 2.12: A top view of the crystal structure of the unit cell structure of bulk (110)
DyScOs, showing two atomic planes: ScO2 on top and DyO underneath.

AR-MSRI and SXRD measurements. In each section, four samples at different
stages of the surface treatment are discussed: after annealing (A), after annealing
and surface roughening (R), after annealing and selective wet etching (E) and after
annealing, surface roughening and selective wet etching (RE). According to the
surface treatment, the first two samples, A and R, should be mixed terminated.
On the other hand, the samples E and RE are mainly Sc terminated.

2.4.1 Reflection high-energy electron diffraction

RHEED is a well known technique to determine the primary in-plane surface struc-
ture periodicity of crystalline materials.[56] The electrons arrive at the surface un-
der a grazing angle (< 5°). At these angles, the escape depth is only a few atomic
layers. As a result, RHEED is a surface sensitive diffraction technique. Insulating
DyScOg easily charges in an electron beam at room temperature and high va-
cuum due to its large bandgap (5.9 eV), complicating RHEED measurements.[38]
Therefore, the measurements were done in 10~3 mbar oxygen to reduce surface
charging; the Oy background gas acts as a charge neutralizer.

Figure 2.13 shows the diffraction patterns along the different DyScOs (110)
surface directions using 30 keV electrons. The directions are indicated using two-
dimensional direct lattice vectors, where the [01] and [10] directions correspond
the orthorhombic [001] and [110] directions, respectively. No clear difference be-
tween the patterns along the [01] and [10] directions were observed, which implies
an in-plane four-fold symmetry.®? By determining the size of the surface unit-
cell by the spacing of the diffraction spots, it was established that all diffraction
patterns correspond to the bulk in-plane orthorhombic DyScO3 unit cell. No su-

8For the measurement along the [01] direction, the direct beam was blocked by the sample
holder and, therefore, not visible.

9Note that small differences between the [10] and [01] directions are expected to be present
since they are dissimilar in the bulk lattice. However, these differences appeared to be too small
to determine accurately by RHEED.
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Figure 2.13: RHEED patterns of Sc terminated DyScOs3 along different surface direc-
tions: (a) along [10], (b) along [11], (c) along [21], (d) along [31] and (e) along [01]. (f)
shows schematically the pseudocubic lattice structure, indicating the different directions.

perstructure has been observed by RHEED. This suggests that, if the surface is
reconstructed, the possible reconstructions are most likely within the unit cell. No
clear differences were observed between chemically treated, thermally treated and
as received substrates. This is probably due to the large contribution of Dy ions
to the RHEED pattern, since Dy has a large atomic form factor.

2.4.2 Angle resolved mass spectroscopy of recoiled ions

As mentioned in section 2.3.2, AR-MSRI is highly sensitive to surface composition
with isotope resolution. Systematic investigations on the dependence of the mass
spectroscopy of recoiled ions counts versus azimuthal angle can reveal in-plane
crystalline structures.[23, 48]

Full range mass spectra were collected for the four different samples at different
azimuthal angles and normalized with respect to the integrated intensity of the K
peak. The Sc¢/Dy intensity ratio as function of the azimuthal angle for the four
different samples is shown in Figure 2.14. For the singly terminated samples (RE
and E), maxima at -45° and 45° were well pronounced. This is due to the blocking
of Dy by the topmost Sc and O atoms and can only be observed when the surface
is mainly Sc terminated. The as received substrate showed small maxima at -45°
and 45°. This suggests a Sc dominant surface. Note that Dy blocking by O atoms
may induce an increased Sc/Dy ratio as well. After annealing and after the surface
roughening step, no maxima were visible; the DyScOg surfaces were clearly mixed
terminated.

Between the E samples and the RE sample, only small differences were ob-



Chapter 2: Atomically defined rare earth scandate crystal surfaces

23

10 T T T T T T T T T T T

{ —m—as received 2 £

9 annealed * , A 1
| R \ e - “w e
i A

81 —a—E1 1

7] —a—E2
1 —v—RE

Sc/Dy Ratio
(6] (o]

" PR |

> —<

T T T T T T T T T T T
-135 -90 -45 0 45 90 135
Azimuthal angle 5 (°)

Figure 2.14: Azimuthal maps of different treated DyScOs (110) substrates: as-received,
after surface roughening (R), after selective etching (E), and after surface roughening
plus selective etching (RE). The data of annealed DyScOs, indicated by *, was shown
in Figure 2.5 as well. Maximum blocking of Dy was observed at -45° and 45°. The
inset shows the topview shown in Fig. 2.12. The arrow indicates 0 azimuthal angle.
The measurements were performed in CONCEPT lab at the University of California in
Berkeley (CA).

served. This may be due to difference in surface roughness, which would be in
agreement with the AFM morphology analysis. It has to be mentioned that,
though E1 and E2 were treated equally, E1 has a slightly lower surface roughness
than E2. Increase of the surface roughness smears out the structure in the re-
coiled features.[57] However, the angular resolution of the setup is not sufficient
to measure this broadening. Despite the suitability of AR-MSRI to determine the
dominant termination layer, the ability to prove single termination can be com-
prised by surface roughness. The possible presence of a low Dy fraction at the
surface is hard to establish.

The AR-MSRI data show a four-fold rotation symmetry. Every 90°, Sc blocks
Dy. Small variations may be present due to the orthorhombic crystal structure.
The measurements are not accurate enough to determine slight deviations between
the orthorhombic [111] and [111] directions. The weak features at other angles may
be due to the contribution of oxygen.

2.4.3 Surface X-ray diffraction

SXRD is a well established technique to obtain structural information on crystal
surfaces. It is based on the accurate determination of the intensity of CTRs. CTRs
arise due to the abrupt truncation of the crystal by its surface. The CTRs are
lines, in reciprocal space, perpendicular to the surface plane and interconnecting
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Table 2.2: Fractional coordinates of bulk DyScOs (Pbnm(62) space group) at room
temperature, as given by ICSD-99545.[61]

Atoms X y V]
Dy 0.0172 0.9393 0.2500
Sc 0.0000 0.5000 0.0000
01 0.8804 0.5550 0.2500
02 0.6926  0.3040 0.9392

bulk Bragg peaks.[58-60]

As the CTR profile depends sensitively on the precise atomic structure arrange-
ment at the surface, it is a very useful tool to provide structural information. The
crystallographic directions are chosen such that h and & lay in the surface plane,
while [ is in the direction perpendicular to the surface. The scattering amplitude
is given by the coherent sum of the scattering arising from the bulk and the surface
layer.

Using the bulk atomic positions of DyScOs (Table 2.2), and transforming them
to the (110) surface setting, the alternating layered structure, ScO; and DyO™
planes, is obtained and used as a starting point for the models presented. For
simplicity, the atomic positions were fixed and remained at their bulk position in
all the presented models. The data are fitted by varying the occupancy of each
atomic plane, creating different models like singly or mixed terminated surfaces.
It is worth mentioning that in the model a perfect ScOs terminated surface results
in the same CTRs as a perfect DyO terminated surface. Only when deviations
from a singly terminated surface are modeled by, e.g., taking holes or mixed termi-
nation into account, the difference between the two terminations can be observed.
Both cations and oxygen are contributing to each CTR owing to the symmetry
of the DyScOg3 unit cell. By scanning reciprocal space with radial scans, no frac-
tional order reflections were observed. This indicates that the surface is (1 x 1)
reconstructed, which is in full agreement with the RHEED measurements.

A selection of CTRs for all four samples is shown in Figure 2.15. Comparing
A and R samples with E and RE samples, clear differences were observed. For
surfaces after A and R treatment, the data (A open circles, R filled circles) do
not match the perfect singly terminated model (dashed curve), while the data of
RE and E samples (E open circles, RE filled circles) are close to the perfect singly
terminated model.

The data of the chemically roughened surface were fitted with a simple surface
model, optimizing the occupancy of the top four atomic planes (2x ScOg, 2x
DyO), yielding a reasonable fit (black solid line). Adding more layers to the
model does not improve the fit significantly. A schematic representation of the fit
is shown in Figure 2.8b and the optimized occupancies are listed in Table 2.3. The
same model was used to fit the data of A sample, resulting in slightly different
occupancies of the four layers. Taking the simplicity of the model into account,
the model results in reasonable fits. Using a more sophisticated model, taking into
account possible atomic displacements and thermal vibrations other than bulk
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Figure 2.15: The (-2 2) and (0 0) crystal truncation rods of DyScOs after annealing (A,
open circles) and surface roughening (R, filled circles) in (a) and (c) and after selective
etching (E, open circles) and both surface roughening and selective etching (RE, filled
circles) in (b) and (d). The dashed curves show the fits of a perfect ScO2 terminated
surface. The solid curves are fits to the data of R (a and c) and RE (b and d) treated
DyScOs. On the horizontal axis, the diffraction index [ and on the vertical axis the
structure factor amplitude are given.

values within the top layers, is expected to yield a better fit.[62]

On the other hand, the rods of E and RE (Fig. 2.15b and d) could be well
fitted with a perfect ScOs terminated surface (dashed line, x?=2.9). The fit can be
improved by reducing the occupancy of the two topmost planes by 10% (solid black
line, xy2=2.3 for RE). This was in full agreement with their corresponding AFM
images showing similar amount of 0.4 nm holes on the step terraces. A schematic
representation of this model fit is shown in Figure 2.8c and 2.8d. Increasing the
percentage of holes to 20% does not improve the fit (x?=2.7) as well as a DyO
terminated surface with a 10% reduced occupancy of the two topmost planes
(x?=2.9). Also modelling a ScO, terminated surface with a partially occupied
layer of DyO on top, does not yield a better fit (e.g. 5% DyO, x?=2.6). The
results are listed in Table 2.3.

Using SXRD, it is shown that unreconstructed ScOs terminated surfaces were
achieved for the E and RE treated samples. There is no indication for a deficiency
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Table 2.3: The normalized x? of several models on the different treated DyScOj3 sur-
faces. The occupancies of the top four atomic surface planes are given, where DyO (2)
is the most bulk like atomic plane and ScO2 (1) is the topmost atomic plane. The fits
are done by P. Tinnemans, Radboud University in Nijmegen, The Netherlands.

Occupancy X2
Best model DyO (2) ScO2 (2) DyO (1) ScO2 (1)
R 0.74 0.60 0.28 0.12 3.6
A 0.91 0.63 0.42 0.36 3.8
E 1.00 1.00 0.90 0.90 2.5
RE 1.00 1.00 0.90 0.90 2.3
Alternative models

RE 1.00 1.00 1.00 1.00 2.9
RE 1.00 1.00 0.80 0.80 2.7
RE 1.00 1.00 0.05 0.00 2.6
RE 1.00 0.90 0.90 0.00 2.9

of cations at the surface. Due to the relatively low atomic number of oxygen,
SXRD is not sufficient to detect possible oxygen vacancies. Moreover, SXRD
showed that the surfaces after A and R treatment resulted in mixed terminated
and rough surfaces. This is in full agreement with the etching model.

2.4.4 Discussion

SXRD as well as AR-MSRI measurements showed that Sc is the dominant cation
at the surface of both E and RE samples. Due to the BHF etching, the RE samples
appear to have an increased number of step edges in comparison to E samples.
The increased roughness is in agreement with their corresponding AFM height
images where unit cell holes were observed.

The RHEED data show (1 x 1) diffraction patterns for DyScO3 (110), which
suggests that surface reconstructions are within the unit cell. The observed four-
fold symmetry is also confirmed by AR-MSRI, as it shows clear maxima every
90°. Moreover, the used model to fit the CTRs suggests that cation displacements
are negligible. This implies that the cation surface structure is unreconstructed.
However, the precise stoichiometry of the surface layer has not yet been deter-
mined. The structure is such that vacancies in the surface layer are compatible
with (1 x 1) diffraction patterns. Therefore, ordered cation vacancies are unlikely
to occur.

Considering oxygen vacancies at the Sc terminated DyScOg surface, the total
charge reduces. Inserting one oxygen vacancy per orthorhombic unit cell in the top-
most atomic plane, the charge of the scandium oxide plane is reduced to —%. This
would be sufficient to overcome the polar discontinuity between bulk DyScO3 and
vacuum and may result in (1 x 1) reconstructed surfaces. Adsorbates are present
when DyScOg is exposed to air and may also play a role in avoiding the polar
discontinuity. It has to be mentioned that the used techniques are not suitable to
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determine the presence and role of oxygen vacancies and adsorbates at the DyScOs
(110) surface.

2.5 Conclusion

In conclusion, a reliable method is developed for obtaining complete ScO5 termi-
nated REScOj3 by following the framework for controlled selective wet etching of
perovskite-type oxides. The pronounced difference in etching rates of REO and
ScOs in an alkaline solution is used to achieve singly terminated REScOj3 surfaces.
The influence of the surface morphology on selective wet etching rate is reduced
by controlling the morphology by acidic etching. Furthermore, it is shown that
the combination of AR-MSRI analysis and SrRuQOg3 nucleation and growth is a
powerful method to determine the termination of perovskite-type surfaces and to
verify their complete single termination. This enables studies on new, atomically
controlled, heteroepitaxial systems.

RHEED showed an (1 x 1) diffraction pattern for ScOs terminated DyScOs
(110) surfaces. This points to the absence of ordered cation vacancies at the
surface. In addition, the SXRD data indicate that cation displacements in relation
to the bulk plane are unlikely to be present. Therefore, since surface reconstruction
are likely to occur, it is suggested that the polarity difference between bulk and
vacuum is overcome by introducing oxygen vacancies in the topmost Sc layer.

In follow-up studies, the wet etching framework can be applied to other complex
oxides. In the case of perovskite-type aluminates, e.g., LaAlO3z and YAlOj3, the
high solubility of Al in acidic as well as in basic solutions can be utilized, resulting
in A-site terminated surfaces.
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Chapter 3

Amorphous oxide-SrTiO;3
heterostructures

Abstract

Conductance confined at the interface of complex oxide heterostructures provides new
opportunities to explore nanoelectronic as well as nanoionic devices. Here, it is suggested
that redox reactions at the SrTiOs substrate surface plays an important role on the in-
terfacial properties. Metallic interfaces can be realized in SrTiOz-based heterostructures
with various insulating overlayers of amorphous LaAlOs, SrTiO3 and yttria-stabilized zir-
conia films, while heterostructures with amorphous Laz,sSr; /sMnOs3 overlayer remained
insulating. The film thickness had a clear influence on the electronic properties of the
interface; an abrupt insulator to metal transition was observed when increasing the film
thickness above a few nanometer. The exact critical thickness is determined by the over-
layer material and the growth pressure. The interfacial conductivity results from the
formation of oxygen vacancies near the interface in the SrTiOs substrate and can be
eliminated by performing a post anneal step.?

3.1 Introduction

Strontium titanate is a prototype wide band gap insulator with a perovskite struc-
ture. Due to the structural compatibility, SrTiO3 has been widely used as a sub-
strate material for the growth of, among others, high temperature superconduc-
ting cuprates, colossal magnetoresistive manganites, and multiferroics. Recently, a
broad spectrum of interesting properties, such as a quasi-two dimensional electron
gas, magnetism, charge writing, resistance switching, giant thermoelectric effect,
and colossal ionic conductivity have been observed in various oxide heterostruc-
tures based on SrTiO3 substrates.[10, 64-71] These conductance related interfacial
properties offer potential applications in oxide electronics, thermoelectric mate-

IParts of this chapter are reprinted with permission from ref. [63], 2011 American Chemical
Society.
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rials, and solid oxide fuel cells.[72] The origins and the intrinsic mechanisms for
these properties have been studied intensively.[73] Many of these properties are
observed in heterostructures at the interface between materials with polar atomic
planes and neutral atomic planes. For these heterostructures, electronic recon-
struction near the interface is suggested to play an important role in determining
the interfacial properties.[10, 64] Furthermore, mechanisms such as ion transfer
across the interface and formation of defects have been identified as important
factors for the transport properties.[65-67, 72, 74-77]

The above mentioned interfacial properties were achieved in crystalline hete-
rostructures. By accident, it was found that interfaces between crystalline SrTiOg
and amorphous oxides can become metallic as well.[63] Interestingly, they showed
similar electronic behavior as some crystalline heterostructures. However, elec-
tronic reconstruction as well as cation transfer were not expected to occur in these
heterostructures, since no polar discontinuity is present at the interface and the
fabrication was at room temperature. This makes these heterostructures very suit-
able for studies on possible other mechanisms that may occur at oxide interfaces.
In this chapter, the origin of metallic interfaces between amorphous oxides and
crystalline SrTiO3 are discussed in more detail. The focus is mainly on chemical
driving forces, leading to compositional changes across the interface.

The first part of the chapter presents the electronic properties of the hetero-
structures. Clear dependence of oxygen growth pressure, overlayer composition
and film thickness were observed. The interface could be tuned from metallic to
highly insulating. Secondly, the heterostructures were studied by X-ray photoelec-
tron spectroscopy (XPS). A gradual increase of Ti** with increase of film thickness
was observed, indicating the formation of oxygen vacancies in the SrTiO3z. Con-
sidering the results shown in this chapter, the chemical reactivity of the plasma
species near the SrTiO3z substrate surface appeared to be an important source
for the creation of mobile charge carriers in SrTiOs-based oxide heterostructures.
Comparable chemical driving forces may also influence the interface behavior of
crystalline heterostructures.

3.2 Experimental and Results

3.2.1 Sample growth

LaAlOgz, SrTiOs, yttria-stabilized zirconia (Y-ZrOz) and Laz/gSri;sMnOjz films
were deposited by PLD at room temperature on (001)-oriented TiOs terminated
SrTiO3, as received LaAlOs and as received LSAT substrates.[21] To achieve
SrO terminated SrTiOs, a monolayer of SrO was deposited by interval (650 °C, 1.3
Jem =2, 50 Hz, 1x10~! mbar O3).[78] The amorphous films were grown under an
oxygen pressure (Pps) of 1x107° to 1 mbar by PLD using a KrF laser (A=248 nm)
with a repetition rate of 1 Hz and laser fluence of 1.0-2.0 Jem~? in both Risg? and
Twente laboratories. The target to substrate distance was fixed at 4.5 - 5 cm.
Commercial LaAlOgz, SrTiO3 and Y-ZrOy (with 9 mol.% nominal yttria content)

2Risg National Laboratory for sustainable energy, Technical University of Denmark.
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Figure 3.1: (a) RHEED pattern of 5 nm amorphous SrTiO3 grown on SrTiOs at 10~
mbar and its corresponding AFM height image (b). The height difference between the
terraces is approximately 0.4 nm, which corresponds to the height of a single SrTiOgs unit
cell. The size of the image is 1 x 1 pm?.

single crystals and sintered Laz/gSr;/sMnQO3 ceramics were used as targets. The
used growth conditions are similar to the ones commonly used in the literature
except for the ambient deposition temperature and the variable oxygen pressure.
At room temperature, the deposited films are expected to be amorphous and any
oxygen exchange between the substrate and the background gas is significantly
suppressed. Using RHEED and X-ray diffraction (XRD), no crystalline structure
could be determined (see Fig. 3.1a). In this chapter, the structure of these films
will be further named amorphous.? The morphology of the films was a copy of the
substrate surface morphology, resulting in smooth film surfaces (see Figure 3.1b).
The film thickness was determined by AFM through patterning the samples prior
to deposition or by X-ray reflectivity measurements (XRR).

3.2.2 Scanning transmission electron microscopy

To study intermixing effects at the interface, amorphous LaAlO3 and SrTiOg films
on SrTiOz were studied by scanning transmission electron microscopy (STEM).
With STEM, an image was obtained from the high angle annular dark field
(HAADF) intensity measurements, while the spectrum of the low angle electrons
can be measured for additional chemical information (electron energy loss spec-
troscopy, EELS). The STEM data were measured with a FEI Titan microscope in
Antwerp, Belgium.

Clear lattice fringes have been observed in the SrTiOj3 substrate, while they
were absent in the amorphous LaAlOgz layer. This is shown in Figure 3.2a. The
lack of fringes confirms the amorphous state of the film, which was suggested
by diffraction measurements. The HAADF-STEM image shows clear contrast at
the LaAlO3-SrTiO3 interface. Using STEM-EELS, the interface appeared to be
atomically sharp without significant intermixing (see Figure 3.2b). This is different

3 An amorphous material may have a high degree of short range order, but long range ordering
is absent. As a result, the amorphous structure does not have an essential discrete diffraction
pattern.
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Figure 3.2: (a) HAADF-STEM image of amorphous LaAlOs on SrTiOs. (b) STEM-
EELS image, where La is green and Ti is purple.

from with crystalline LaAlO3-SrTiOg interfaces, for which significant intermixing
near the interface has been observed.[13, 79, 80]

During the exposure of LaAlO3-SrTiO3 to the high energetic e-beam, a bright
crystalline layer of one unit cell thick was formed at the LaAlO3-SrTiOg3 inter-
face. It appeared that the composition of this monolayer was LaTiOg like and
epitaxial. This suggests that the high energetic beam induced crystallization of
the amorphous film. Note that a much higher dose was needed to form a second
layer. For SrTiO3-SrTiO3 heterostructures, however, e-beam irradiation induced
out-of-plane film crystallization over a larger area, even up to ~ 20 nm.

3.2.3 Electronic properties

The sheet resistance and carrier density of the buried interfaces were measured
using a 4-probe Van der Pauw method with ultrasonically wire-bonded aluminum
wires as electrodes. The temperature dependent electrical transport and Hall-
effect measurements were performed in a Quantum Design physical properties
measurement system (PPMS) in the temperature range from 300 K down to 2 K
with magnetic fields up to 14 T.

The LaAlO3-SrTiO3, SrTiO3-SrTiO3, and Y-ZrO»-SrTiOg3 heterostructures ex-
hibit conducting metallic behavior (see Fig. 3.3a). In contrast to several crystalline
interfaces, the conductivity appeared to be independent of the SrTiO3 surface ter-
mination, as shown in Figure 3.4.[10] In this chapter, further results achieved
for heterostructures on SrTiO3 are based on TiOs terminated SrTiOj3 substrate
surfaces.

The heterostructures grown on both LaAlO3 and LSAT substrates were highly
insulating. These results indicate that the deposited films are insulating and that
the metallic behavior is closely related to the SrTiOjz substrate. For the con-
ducting samples, Hall-effect measurements showed that the charge carriers at the
interface were electron type, i.e. n-type (see Fig. 3.5). The obtained sheet carrier
density, ng, of Risg grown samples was nearly constant in the temperature range
of 100-300 K with a value of (0.8-1.2)x10'* cm~2 (Fig. 3.3b) and decreased gra-
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Figure 3.3: The sheet resistance (a), sheet carrier density (b) and the electron mobility
(c) versus temperature of 8 nm amorphous films of LaAlOs, SrTiOs, and Y-ZrO2 grown
on SrTiO3 substrates at 1x107% mbar of Os. These heterostructures were grown in Risg.
The dotted line in (b) is a guide to the eye.

dually with decreasing temperature below 100 K. At temperatures below 30 K,
the Hall resistance became nonlinear with respect to magnetic fields (see Fig. 3.5).
At 2 K, n, reached a value around 5x10'® cm~2. Note that the constant n,
above 100 K was not observed for the heterostructures fabricated in Twente (see
Fig. 3.4). These samples showed a typical thermally activated behavior of the
carrier density.[78] It is interesting to mention that SrTiOs has a structural phase
transition around 100 K.[81]

The electron mobility, js, increased upon cooling to 200 cm?V~!s~! at 2 K for
Risg samples (Fig. 3.3c). The observed electron mobility for the heterostructures
grown in Twente was slightly higher at low temperatures, between 200 and 800
cm?V~1s~!. The observed variation in mobility between samples could not be
clearly linked to the film thickness and film composition.

The interfacial conductivity of the amorphous oxide-SrTiO3 heterostructures
exhibited strong dependence on the Pp, during film growth. All heterointerfaces
grown at Pp, > 1x1072 mbar were insulating (Rs > 10° /0, measurement limit)
(see Figs. 3.6a and b). Upon decreasing the pressure below 1x10~2 mbar, the
heterointerfaces of LaAlO3-SrTiO3, SrTiO3-SrTiO3, and Y-ZrOs-SrTiO3 turned
conductive, whereas Lay/gSr; ;sMnO3-SrTiO3 remained insulating. In Figure 3.6,
the electronic properties at room temperature are shown. It is also important
to mention that the temperature behavior of the sheet resistance varies between
the different heterostructures. A simple metallic behavior was observed in the
SrTiO3-SrTiO3 and Y-ZrO9-SrTiOs heterostructures grown at 1x 1072 mbar. The
LaAlO3-SrTiO3 heterostructures, grown between 10~ and 10~% mbar, showed
a more semiconducting behavior. Decreasing the Pp, further, LaAlO3-SrTiO3
showed a simple metallic behavior as well.[63]

More remarkable, an interfacial metal-insulator transition that depends on the
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Figure 3.4: Sheet carrier density (a) and electron mobility (b) versus temperature of
2.4 nm amorphous LaAlOg films on TiO2 and SrO terminated SrTiO3 grown in Twente
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Figure 3.5: The measured Hall resistance at different temperatures of a typical LaAlO3-
SrTiO3 sample deposited at Po, of 1x107° mbar in Risg laboratory. The thickness of
the film is approximately 26 nm.
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Figure 3.6: The sheet resistance (a) and carrier density (b) versus oxygen pressure
for LaAlOs, SrTiOs, Y-ZrO2 and La7/8Sr1/8Mn03 films grown on SrTiOs. The film
thickness is around 30 nm. The sheet resistance (c¢) and carrier density (d) versus film
thickness for amorphous heterostructures grown at Po, of 1x107% mbar. All measure-
ments were done at room temperature. The dotted lines are a guide to the eye.

thickness of the amorphous film was observed in these heterostructures. Similar
metal-insulator transitions have been observed for crystalline heterostructures with
a polar discontinuity at the interface.[64, 71, 82] As shown in Figures 3.6¢ and d,
the amorphous oxide-SrTiO3 heterointerfaces, fabricated at Pp, of 1x10~% mbar,
were insulating at a thickness (¢) < 1.8 nm for LaAlO3-SrTiOs, ¢ < 2.2 nm for
Y-ZrO2-SrTiOg3, and ¢ < 2.8 nm for SrTiO3-SrTiOg, respectively. Astonishingly,
the heterointerfaces abruptly became metallic above these film thickness. No semi-
conducting state was observed for intermediate film thicknesses. The electronic
properties of the interface remained constant with further increase of the film thick-
ness. The critical thickness for the occurrence of conductivity may also increase
upon increasing Pp,, as observed for LaAlO3-SrTiOs. The critical thickness is
increased to ~ 5.4 nm, when growing LaAlO3z at 10~* mbar O,. In contrast to
the heterostructures described above, the heterostructures with Layz/gSr;/sMnO3
remained insulating, independent of film thickness and growth pressure.

The oxygen pressure had a clear influence on the electronic properties of the
interface. Therefore, a series of LaAlOg films on SrTiO3 was also grown at different
argon pressures and compared with LaAlOg films grown in oxygen. The results
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Figure 3.7: The sheet resistance of LaAlO3-SrTiO3 heterostructures grown at different
pressures with oxygen or argon as the background gas. The data were measured at room
temperature.

are shown in Figure 3.7. A clear difference between the 10~2 mbar grown samples
was observed. At this pressure, all films grown in oxygen were insulating, where
the film grown in argon was still clearly conducting. Increasing the Ar pressure to
10~! mbar resulted in insulating heterostructures.

3.2.4 X-ray photoelectron spectroscopy

To determine the origin of the interfacial conductivity, in situ angular resolved
XPS measurements were performed. A series of samples were transferred after
growth to an XPS chamber while keeping them under high vacuum (below 1x10~?
mbar). The XPS chamber (Omicron Nanotechnology GmbH) had a base pressure
below 1x1071% mbar. The measurements were done using a monochromatic Al
Ka (XM 1000) X-ray source and an EA 125 electron energy analyzer. All spectra
were acquired in the Constant Analyzer Energy (CAE) mode. The escape angle of
the electrons was varied by rotation of the sample between 15 to 80 degrees with
respect to the analyzer normal. The analyzer was calibrated with the use of an in
situ sputter cleaned Au sample. A CN 10 charge neutralizer system was used to
overcome the charging effect in the Laz /St /sMnO3-SrTiO3 heterostructures. For
each measurement the filament current, emission current and beam energy were
optimized to minimize the full width at half maximum (FWHM) of the peaks.
For analyzing the Ti 2ps/, peaks, a Shirley background was subtracted and the
spectra were normalized on the total area below the Ti peaks ([Ti] = [Ti**] +
[Ti3F] = 100%). The Ti 2p3/2 spectra were fitted by two Voigt functions. The
peak shape and peak seperation were fixed and the area was optimized for each
sample. All spectra were calibrated to O 1s at 530.1 eV.

Figures 3.8a and b show the Ti 2p3, spectra for different film thicknesses
of LaAlO3-SrTiO3 and Y-ZrO,-SrTiO3 samples, respectively. All samples were
grown at Po, ~1x10~% mbar. For SrTiO3-SrTiO3, the broad Ti core-level spectra
of the amorphous SrTiOj3 film obscured the details of the SrTiO3 substrate. As
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Figure 3.8: (a) and (b) The Ti 2p3/» XPS spectra for different film thicknesses of
amorphous LaAlO3-SrTiOs and Y-ZrO2-SrTiOs, respectively. The insets show a close-
up of the Ti®T peak. All films were grown at Po, 1x10~% mbar. The spectra were
measured at an emission angle of 80°. (c) The film thickness versus percentage of Ti+
for LaAlO3-SrTiO3, Y-ZrO»-SrTiOs and Laz,sSry sMnOs-SrTiO3 samples, where [Ti%"]
+ [Ti*T] = 100%.
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Figure 3.9: (a) and (b) Angle resolved XPS spectra of Ti 2p3/5 for 2.4 nm and 0.8 nm
Y-ZrO> films on SrTiO3, respectively, grown at 1x107° mbar. The inset of (a) shows
how the emission angle, 6, is defined. The inset of (b) shows the differences in spectra
of the 0.8 nm Y-ZrO: film over time of one week. (c) The Ti 2p3,, peak for two 2.4 nm
films of Y-ZrO2 on SrTiOs, grown at different oxygen pressures.
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shown in Figures 3.8a and b, no clear Ti** signal in the 2p; /2 core-level spectra
could be detected in the bare SrTiOs substrate, as expected. However, finite
amount of Ti?t is already present in the insulating samples, even at a film thickness
of ~0.4 nm. This suggests the formation of defects in Sr'TiOj3, either by intermixing
or by oxygen vacancies.[83] The amount of Ti*T increased with increasing film
thickness, as shown in Figure 3.8c. This result, which is difficult to explain by
intermixing, may indicate the evolution of oxygen vacancies in SrTiO3 substrates
upon film deposition. Note that the amount of Ti3t is stable over time after film
deposition (inset Fig. 3.9b), which strongly indicates that the formation of oxygen
vacancies only occured during film deposition. Additionally, in contrast to the
negligible difference in the measured conductivity at room temperature, a distinct
higher concentration of Ti**t is present in Y-ZrO,-SrTiO3 compared to LaAlOs-
SrTiO3 (Figure 3.8c). Moreover, the critical thickness of LaAlO3-SrTiOj is lower
than that of Y-ZrO,-SrTiOs. This indicates that the concentration of Ti3t is not
directly proportional to the conductivity.

For Ti3* depth profiling, angular resolved XPS measurements were performed.
No clear angle dependence of the Ti3" signal was observed, independent of the
film thickness (Fig. 3.9a and b). This indicates that Ti*T extend at least several
nanometers deep into the SrTiOz substrate. These results are different from the
results of crystalline LaAlO3-SrTiOg3, for which a clear angle dependence of the
Ti3* signal has been reported.[84] Additionally, the effect of Pp, on the concen-
tration of Ti** was investigated in Y-ZrO,-SrTiO3. Only small differences in the
Ti3* signal were observed between heterostructures grown at 1x10~% mbar < Po,
< 1x107% mbar (Fig. 3.9¢). This is consistent with the transport measurements
as shown in Figures 3.6a and b.

To verify whether the presence of Ti®* is caused by oxygen vacancies, a LaAlO3
film of 2 nm was post annealed at 0.6 bar oxygen and 150 °C for 90 minutes. In
Figure 3.10, the Ti 2p spectra before and after post annealing are shown. Before
post annealing, a clear Ti** signal is present (11£1 %). On the other hand, the
Ti3* signal became negligible after post annealing (241 %). This suggests oxygen
from the background gas diffused into the substrate. After post annealing, all
samples became insulating. The required time to refill the Sr'TiO3 with oxygen
depended on the thickness of the film and the annealing temperature. A thick
LaAlOg film was measured by X-ray diffraction after post annealing at 300 °C. In
the 0-26 scan, no film peaks were observed, which suggests that the LaAlO3 film
remained amorphous after post annealing.

In short, the XPS results suggest that the interfacial conductivity in amorphous
oxide-SrTiO3 heterostructures should be mainly ascribed to oxygen vacancies on
the SrTiO3 substrate side. This is also consistent with the clearly reduced amount
of Ti?* in the Laz/gSr1/sMnO3-5rTiO3 heterostructure compared to LaAlOz and
Y-ZrO2 on SrTiO; (Figure 3.8c¢).



Chapter 3: Amorphous oxide-SrTiO3; heterostructures

39

— After growth

Ti2
—— After post anneal Pa

Ti 2p

12

Intensity (arb. units)

T T T T T T T
468 466 464 462 460 458 456 454
Binding Energy (eV)

Figure 3.10: XPS Ti 2p spectra of a 2 nm LaAlOg3 film grown on SrTiOs, directly after
growth and after post annealing. The arrows point to the Ti** signal. The increased
spectral weight around 460-461 eV of the sample after post annealing originate from the
Ti3T satellite.

3.3 Discussion

Based on aforementioned results, the oxygen pressure during film growth turned
out to be the main factor that controls the interfacial conduction. In a PLD
process, the pressure determines the expansion dynamics of the plume and the
composition of the plasma.[85] In the pressure range of Pp,<1x10~2 mbar, the
PLD plasma expands freely and consists of a large fraction of energetic atomic
neutrals and a small fraction (in the range of 1% - 5%) of ions, with energies
between tens and hundreds of eV.[85, 86] This is also the pressure range in which
interfacial conduction is mainly observed. Increasing the pressure to Po,>1x1072
mbar generally results in collisions between the plasma plume and the background
gas, leading to a much lower energy for the plasma species.[85] The plasma species
are thermalized and oxidized before arriving at the substrate.[85, 86] In this high
oxygen pressure regime, the interfacial conductivity became negligible. This sug-
gests the Pp, dependence of the plasma properties and the interfacial conduction
exhibit close correspondence. Consequently, two scenarios should be considered
for the interfacial conductivity: first, the impinging of the high energetic plasma
species into the substrate, and second, the chemical reactivity of the plasma species
with respect to the SrTiOg substrate.

The first scenario, defect creation by exposure of the SrTiOgz surface to the high
energy of the impinging plasma species is similar to the Art irradiation induced
conductivity in SrTiO3.[76, 77, 87, 88] When ions impinge on the substrate surface,
the energy loss is typically of several hundreds of eV per nm. As a consequence,
the penetration length of the PLD plasma should be much lower than 1 nm, com-
parable to Ar" irradiation at 100 eV.[88] When the thickness of the grown film
is larger than 1 nm, the bombarding effect on SrTiOg substrates should become
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Figure 3.11: Schematic representation for the oxygen ions outward diffusion induced
interfacial conduction in SrTiOs-based heterostructures during growth of the oxide films
at room temperature.

negligible. Therefore, the sputtering effect with possible cation intermixing in-
volved is especially a concern during deposition of the first (mono)layer of the
film. Since interfacial conductivity was observed for larger film thicknesses, it is
expected that the sputtering effect has a much smaller contribution to the conduc-
tivity than the chemical effect described below. Moreover, the sputtering scenario
is not compatible with the gradual increase of the density of oxygen vacancies in
SrTiO3 substrate upon increasing film thickness as shown in Figure 3.8c. Additio-
nally, with the assumption of a similar kinetic distribution of plasma species when
ablating different oxides, a sputtering scenario is not consistent with the insula-
ting interfaces between SrTiO3z substrates and amorphous Laz,gSr1,sMnO3 films.
Finally, the STEM-EELS data of amorphous LaAlO3 on SrTiO3 showed nearly
no La intermixing in the SrTiOs (see section 3.2.2). This indicates that cation
intermixing due to sputtering is not the main origin of the conducting interface.

In the second scenario, taking the chemical reactivity of the plasma into ac-
count, the deposited species may react with the oxygen anions (O?~) present in the
SrTiOg3 substrate lattice. In this case, besides the oxygen source from the target
and the background oxygen gas, the oxygen ions in SrTiO3 substrates most likely
diffuse outward to oxidize the reactive plasma species adsorbed on the SrTiOj
substrate surface. This is schematically depicted in Figure 3.11. Similar to this,
outward diffusion of oxygen ions from the SrTiOjs substrate has been observed
during the growth of reactive metals of Ti and Y films by molecular beam epitaxy
under ultrahigh vacuum.[89] Here, it is suggested that the oxygen vacancies and
the resulting interfacial conductivity may be induced from redox reactions at the
interface: reducing the SrTiOs substrate surface to oxidize the oxygen-deficient
overlayer.

The chemical interactions at the interface between a metal and the TiOy or
SrTiOgz substrate surface are controlled not only by the thermodynamic stability
of the metal oxide, but also by the space charges at the metal-oxide interface.
The space charges are determined by the electronic configuration at the interface,
i.e. the relative Fermi level of the metal and that of the TiOy or SrTiOj3 before
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contact.[90, 91] An interfacial redox reaction? with TiOy can occur at room tem-
perature when the heat of metal oxide formation per mole of oxygen, AH fo’ is
lower than -250 kJ/(mol O) and the work function of the metals, ¢, is in the range
of 3.75 eV < ¢ < 5.0 eV.[90] The heat of metal oxide formation and the work
function of several metals are shown in Figure 3.12.

Interestingly, for the conducting heterostructures, one of the main neutral
species in each freely expanding plume (Al, Ti, and Zr) follows the above cri-
terion, with a highly negative AH;“. Moreover, conducting interfaces between
amorphous CaHfO3 and SrTiOg substrates have been reported.[87, 92] According
to Figure 3.12, Hf fits the criteria for occurrence of the redox reaction with TiO, as
well. Mn is one of the main atomic species of the corresponding Laz/gSr; /sMnO3
plasma and fits the criterea for a redox reaction with TiOy as well, but results in
insulating heterostructures on SrTi03.[93, 94] However, for redox reactions with
SrTiOs, it has been shown that temperature is an important parameter for the
occurrance/non-occurance of redox reactions. For example, Cr reacts with SrTiO3
above 640 °C, while Al oxidizes already at room temperature.[91] For metals with
an relatively high ¢ or less negative AH fo, the temperature has to be increased
above room temperature to result in an interfacial redox reaction between metal
and SrTi0O3.[91, 93] So far, the focus was on the B-site atoms. However, the in-
fluence of, e.g., La is expected to be minimal as LaBO3-SrTiOg3 interfaces could
become conducting or remained insulating. Furthermore, it has been observed
that La ions in the plasma are already partially oxidized during ablation at 1073
mbar oxygen.[95] The partial oxidation may suppress redox reactions between La
and SrTiO3. The redox reactions at the interface between complex oxides are more
complicated than those at simple oxide interfaces. Nevertheless, the lack of redox
reactions at the interface of the Laz/sSr;/sMnO3-SrTiO3 samples, as a result of a
less negative AH fo, can explain their insulating states.

The scenario that takes the chemical reactivity of the plasma into account
is also supported by the data of the LaAlOj films grown in argon (see Fig. 3.7).
During deposition in argon, the reactive species in the plasma can only be oxidized
by the oxygen in the plasma before arriving on the substrate. Apparently, the
collisions between the species and the oxygen in the plasma is still sufficiently low
at 1072 mbar. Therefore, most species are expected to be metallic when arriving at
the SrTiO3 substrate. As a result, redox reactions between the plasma species and
the SrTiO3 surface can occur and, consequently, oxygen diffuses from the SrTiOg
to the amorphous film. The interface may become conducting. The increase of
collisions in the plasma at 10~! mbar results in an increase of oxidized plasma
species. The heterostructures remain insulating. Growing films in oxygen, the
interaction between plasma species and oxygen background gas is expected to be
sufficient to oxidize the plasma species already at 10~2 mbar. In addition, oxygen
exchange between film and background gas may occur. This results in insulating
heterostructures grown at 10~2 mbar oxygen.

It is important to note that the chemical reactivity scenario also clarifies the
observed differences in electronic behavior between the heterostructures described

4Interfacial redox reaction: Me! || MelTO, — MelOy || Me!TO,_y
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Figure 3.12: The dependence of the heat of metal oxides formation versus the work

function of metals. The area where interfacial redox reaction may occur is yellow colored.

Interfacial conductivity is experimentally shown for amorphous films with the elements

that are marked green. The elements that experimentally resulted in insulating interfaces
are marked red. This Figure has been reproduced with permission from ref. [90].

here and the ones described by Schneider et al..[96] Schneider et al. achieved
insulating heterostructures by depositing amorphous LaAlO3 on SrTiOj3 capped
with two monolayers of crystalline LaAlO3. As a result, possible redox reactions
between the SrTiOj3 surface and the amorphous LaAlO3 were suppressed by the
crystalline LaAlOj layer.

It should be mentioned that a possible sputtering effect, which is especially a
concern during the deposition of the first (mono)layer, cannot enable conducti-
vity directly at larger film thicknesses, but could facilitate or enhance the oxygen
outward diffusion leading to interfacial conductivity.

3.4 Conclusion and Outlook

It has been shown that the chemical composition of the PLD plasma affects the
electronic properties of amorphous oxide-SrTiO3 heterostructures by introducing
oxygen vacancies near the SrTiOs substrate surface. The results indicate that,
besides electronic interactions, chemical reactions at the interface play an impor-
tant role in determining interfacial conductivity. Moreover, the results show that
a film thickness dependent transport behavior in oxide heterostructures does not
have to be solely induced by intrinsic electronic reconstruction.

Similar chemical reactions are expected to occur during low pressure growth
of oxide heterostructures at high temperatures. However, no solid conclusions on
interfacial reconstructions of crystalline heterostructures can be made, as, e.g.,
oxygen vacancies are mobile at high temperatures. At high temperatures, the
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interaction between background gas and substrate are significant. As a result, the
interfacial behavior of crystalline heterostructures depends also on the cool-down
procedure.

The easy room temperature fabrication of highly conductive interfaces of com-
plex oxide heterostructures is promising for the application in both oxide electro-
nics and thermoelectric oxides. Furthermore, the chemical reactivity of SrTiOg
can be exploited to determine the oxygen affinity of the film material at room
temperature. Variations in Ti®t formation between different elements appeared
to give a distinct indication for the oxygen affinity.

For further understanding of these amorphous oxide-Sr'TiOj3 interfaces, several
follow-up studies are proposed. First of all, amorphous films, containing Na or
Ni, on SrTiO3 should be studied. Insulating behavior of these heterostructures
would verify the redox reaction mechanism. Secondly, the two dimensionality of
the conducting layer and its thickness have to be determined. This is possible by
performing Hall measurements both parallel and perpendicular to the magnetic
field. Moreover, it would be interesting to study the suggested oxygen transfer in
more detail and to resolve the thickness of oxygen depleted SrTiO3. It has been
shown that dynamic secondary ion mass spectroscopy (SIMS) depth profiling may
give information on the oxygen transfer and the oxygen balance.[97] Therefore,
samples consisting 80 exchanged SrTiOs substrates with an amorphous film de-
posited in 190 can be studied. Distinct differences in the oxygen depth profile are
expected between insulating and conducting heterostructures. Furthermore, an
oxygen depth profile of an in 'O post annealed sample may give information on
the oxygen indiffusion during post annealing. Note that the accuracy of dynamic
SIMS depth profiling is approximately 5 nm.
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Chapter 4

LaAlO3 - SrTiO;3
heterostructures

Abstract

The conducting interface between two wide band gap insulators, LaAlOs and SrTiOs,
has attracted a lot of interest. However, no unified picture can be drawn to clarify the
experimental results. Up to now, many studies have been focused on the LaAlOgs layer
and its surface, but the conducting layer is in the Sr'TiOs. Therefore, in this chapter, the
influence of the SrTiOs template on the electronic behavior has been investigated. Vary-
ing strain, octahedral rotations and SrTiO3 defect density, the interface was tuned from
metallic to insulating. On SrTiOs and (La,Sr)(Al,Ta)Os, the LaAlO3-SrTiOs interface
could become metallic, while the interface remained insulating on DyScO3 and NdGaOs.
Furthermore, the electronic behavior strongly depended on the oxygen growth pressure.
The metallic interface on SrTiO3 was canceled out by introducing a grown SrTiOgs layer
with a lower oxygen vacancy concentration than a SrTiOs single crystal. The shown
results suggest that both oxygen vacancies and specific octahedral rotations have to be
present in the SrTiOs near the interface to achieve conductivity.

4.1 Introduction

Chemical driving forces at oxide interfaces can result in interesting properties near
the interface, as discussed in the previous chapter.[63] At crystalline oxide heteroin-
terfaces, the influence of chemical reactions is expected to be even more complex.
Moreover, electronic, ionic and structural reconstructions have to be taken into
account for the understanding of these heterointerfaces. For some crystalline he-
terostructures, also the precise atomic stacking of the interface appeared to be
crucial to control the physical behavior near the interface.[10] Such crystalline he-
terostructures are discussed in this chapter and electronic, ionic and structural
reconstructions are considered.

Recently, Ohtomo and Hwang have shown that the electronic behavior of the
interface between two wide band gap insulating perovskite-type oxides, SrTiOs

45
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(3.2 eV) and LaAlOs3 (5.6 eV), strongly depends on the atomic stacking of the
interface: TiO2-SrO-AlO5-LaO (p-type) remains insulating, while SrO-TiO5-LaO-
AlO2 (n-type) shows metallic behavior near the interface.[10] The initial explana-
tion to describe this phenomenon was focused on intrinsic electronic reconstruction
at the interface. SrTiO3 consists of alternating SrO and TiOs planes along the [001]
direction. Both atomic planes are charge neutral. On the other hand, LaAlO3 con-
sists of positively (LaO™) and negatively (AlO3 ) charged planes. When LaAlO3
is grown on top of SrTiO3, a polar discontinuity exhibits at the interface.[10] With
increase of LaAlOs thickness, a potential build-up is created due to the electric
fields between the oppositely charged layers in LaAlOs. This has to be compen-
sated when the energy can not longer be accommodated by internal deformations:
when the potential build-up becomes larger in energy than the band gap of SrTiOg.
As a result, the valence band of LaAlO3 crosses the Fermi level and electrons from
the LaAlOg3 surface can be transfered to the SrTiO3 conduction band.

In a purely ionic model, the divergence can be removed by transferring half an
electron (hole) per unit cell area across the LaO-TiOz (AlO2-SrO) interface from
LaAlOj3 to SrTiOs. For the n-type interface (TiO9-LaO%), an electron can easily
be transferred to the Ti 3d conduction band, resulting in Ti**. The interface is
electronically reconstructed and the extra electron would result in conductivity
at the n-type interface. Hall measurements have shown that the conductivity is
indeed electron like.[10] At the p-type interface (SrO%-AlO; ), both cations have a
closed shell, thus intrinsic hole doping is unexpected. To avoid the divergence of the
electrostatic potential, oxygen vacancies are suggested to form in the SrO layer.[13]
As a result, intrinsic hole doping is suppressed and, therefore, no conductivity is
observed at the p-type interface.

Below, the main experimental observations for LaAlO3-SrTiO3 heterostruc-
tures are pointed out.

e The electronic behavior depends on the atomic stacking; SrO-AlOs is insu-
lating, TiO2-LaO is conducting.[10]

e A minimum of four monolayers of LaAlOg3 is necessary to achieve metallic
interfaces.[82]

e The electronic behavior strongly depends on the PLD growth parameters:
oxygen pressure and cool-down procedure. The electronic properties of films
grown at < 107° mbar without post-annealing are dominated by oxygen
vacancies in the SrTiOs. Conductivity confined at the interface is observed
in samples after post annealing or grown at 10~4-1072 mbar. Growing at
10~! mbar results in insulating heterostructures, independent of the atomic
stacking at the interface.[66, 77]

o In well oxidized samples, the sheet carrier density is ~2x10'® cm™2 at 2 K
(=0.03 electron per two dimensional interface unit cell) and is thermally
activated.[76-78, 82, 98] Furthermore, the sheet carrier density is indepen-
dent of the LaAlOg thickness (> 4 unit cells).[82]

e The conducting layer is in Sr'TiO3 near the interface and is confined within
a few nanometers of the interface.[84, 98-101]
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According to the intrinsic electronic reconstruction model, crossing of the po-
tential build-up and the band gap is expected to occur at four monolayers of
LaAlOs. This value is in agreement with the observed critical thickness.[82] To
compensate the potential build-up, half an electron per two-dimensional interface
unit cell was suggested to cancel the internal electric field through the LaAlOg
layer completely for the n-type interface. This would be equivalent to a sheet
carrier density of 3.3x10'% cm™2 if all electrons became mobile. However, this
value is far above the measured carrier density at low temperatures.[76-78, 82, 98]
This suggests that a part of the transferred electrons are immobile.

The suggested divergence in LaAlO3 should be able to measure by XPS. The
divergence of the LaAlO3 bands towards the Fermi level would result in asymmetric
broadening of the La and Al peaks in the XPS spectra. Experimentally, broadening
appeared to be absent independent of the LaAlOj thickness.[11, 102] In addition,
the Ti*t concentration, measured by XPS, was much lower than the predicted
0.5 e~ per two dimensional interface unit cell.[84, 103]

The absence of the potential build-up suggests that additional mechanisms
play a role on the interfacial behavior. First of all, oxygen vacancies in SrTiOg3 are
suggested to be created during film growth by sputtering of high energy La ions.|76,
77, 100] This would result in a conducting SrTiO3 layer near the interface. In spite
of the fact that it may clarify conductivity near the interface, this mechanism does
not explain the termination dependence and critical thickness.

Secondly, cation intermixing, La with Sr or Al with Ti, has been suggested
to avoid the polar catastrophe.[104] Considering the simple ionic model, half
an Al ion substituted in the first SrTiO3 layer would avoid the polar disconti-
nuity at the n-type interface. La-Sr intermixing could remove the polar disconti-
nuity at the p-type interface. During deposition at relatively low oxygen pressure
(< 1072 mbar), the plasma species were expected to implement in the SrTiOs
due to their high kinetic energy. Using STEM-HAADF and STEM-EELS, atomic
interdiffusion has been observed at both n- and p-type interfaces, La in SrTiOj
as well as Ti in LaAlO3.[13] Furthermore, the interdiffusion appeared to be more
pronounced for n-type interfaces. Using SXRD, atomic positions and displace-
ments across an n-type interface were deduced by fitting the experimental data to
simulations.[104, 105] It was concluded that mainly La-Sr intermixing occurs over
a longer length scale, resulting in a few monolayers of predominately LaTiOg stoi-
chiometry and a region of La,Sr;_,TiO3 near the interface. Since La,Sr;_,TiO3
becomes conducting with 0.05 < x < 0.95, metallic behavior at the LaAlO3-SrTiO3
interface could be observed. This implies that the La doping of the underlying
SrTiO3 may be at least partially responsible for electron conduction at the n-type
interface. Nevertheless, it is not clear why the threshold for conductivity should
be four unit cells, unless this thickness of LaAlOg3 is required to drive enough
La into the SrTiOs to form a continuous, conductive doped layer. Additionally,
interdiffusion does not explain the difference between n- and p-type interfaces.

Recently, a model based on a polarization discontinuity at the interface has
been proposed.[102, 106] In this model, it is suggested that structural recon-
structions occur near the interface to avoid the potential build-up. It has been
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shown that the unit cell of Sr'TiO3 is elongated near the LaAlO3-SrTiOj3 inter-
face, while the oxygen octahedra are contracted.[12, 107, 108] Moreover, SrTiO3
is polarized near the interface, as measured by optical second harmonic genera-
tion (SHG) measurements.[109] The SHG signal increases significantly when the
thickness of the LaAlOjs layer reaches four monolayers. It is suggested that the
observed polarization in SrTiOg is related to strain of the oxygen octahedral rota-
tion discontinuity between SrTiOz and LaAlOjz and would develop with LaAlOg
thickness.[102, 106] At certain growth conditions, the structural reconstructions
result in charge transfer to the SrTiO3, where the charge resides in impurity states
within the band gap. The energy of the impurity states within the band gap in-
creases with induced polarization. Subsequently, conductivity occurs when the
electrons are activated and move into the SrTiO3 conduction band deeper in the
SrTiO3z. However, this model does not clarify the absence of a LaAlOj critical
thickness when the LaAlOj3 surface is capped with SrTiO3.[78, 110] According to
the model, oxygen octahedra rotations would be absent in the SrTiO3 substrate
for very thin LaAlOs films.

Despite many studies focused on LaAlO3-SrTiO3 heterostructures, no unified
picture can be drawn to clarify the experimental results.

4.1.1 Variations of LaAlO3-SrTiO3

Besides resolving the mechanism behind the interfacial conductivity, improvement
of the electronic behavior, e.g. higher mobility, has been widely studied. Improve-
ments have been achieved by, e.g., modifying the standard LaAlO3-SrTiO3 stack-
ing. For example, capping the LaAlOg surface by SrTiOgz increased the stability
and reproducability of the interfacial behavior.[78, 110] Furthermore, the critical
thickness of LaAlOs is absent in these heterostructures. Note that these samples
consist of an n-type interface between the SrTiOg substrate and the LaAlOg3 film
and a p-type interface between LaAlOgz and the SrTiO3 capping layer. Another
LaAlOj surface capping, SrCuQO,-SrTiOs, resulted in an increase of the mobil-
ity, up to 5500 cm?V~'s™!, and the absence of thermally activated carriers. In
addition, the LaAlOg critical thickness is increased to six monolayers.[111] The
variations between the different heterostructures suggest that the LaAlO3 surface
state plays an important role on the electronic behavior.

While LaAlO3 surface states seem to influence the electronic behavior of the
interface strongly, it has to be mentioned that the conducting layer is in the SrTiO3
substrate near the interface.[98] Therefore, modifications of the SrTiO3 template
are expected to affect the electronic behavior as well. Exploring the influence of
the SrTiO3 template will be helpful revealing the mechanism behind the interfacial
conductivity. Up to now, the influence of the SrTiO3 template has not been
investigated yet.

In this chapter, LaAlO3-SrTiOg3 heterostructures with modified SrTiO3 tem-
plates are explored to achieve a better understanding of the interface behavior.
Two different methods are applied to modify the SrTiO3 layer near the interface.
First of all, a Sr'TiOg layer has been deposited on SrTiOs by two different opti-
mized growth methods: PLD and hybrid molecular beam epitaxy (H-MBE). For
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Table 4.1: Pseudocubic lattice parameters of commercial available perovskite-type oxi-
des which are used in this chapter. The lattice parameters are at room temperature.
Furthermore, their misfit with SrTiO3 and LaAlOg3 are given as well as their bulk oxygen
octahedra tilt system. Data are taken from [30, 112-115].

Material lattice con- crystal structure tilt system  misfit misfit
stants (nm) SrTiO3 LaAlOs

SrTiO3 0.3905 cubic a®a®a’ - 3.0%

LaAlOs 0.379 rhombohedral a a a -2.9% -

LSAT 0.387 cubic a®ad® -0.9% 2.1%

NdGaOs3; 0.386 orthorhombic atb b -1.2% 1.8%

DyScOs;  0.395 orthorhombic athT b 1.2% 4.2%

the differently grown SrTiOg layers, a slight variation in defect concentration and
kind of defects may be expected. According to the suggested models described
above, defects are crucial to achieve conductivity. Note that not all defects have
to result in mobile charge carriers. The second method is based on inducing biaxial
strain on the SrTiO3. Biaxial strain has been achieved by SrTiOs deposition on
other perovskite-type oxide substrates: LSAT, NdGaOs and DyScOs. As a result,
the crystal structure of LaAlOg varied as well. Inducing biaxial strain is expected
to result in an alteration of the oxygen octahedra rotations as well. In Table 4.1,
an overview of lattice parameters and octahedra rotations of used substrates are
given. The influence of biaxial strain and oxygen octahedral rotations on the film
are schematically depicted in Figure 4.1. Figure 4.1a and b illustrate the change
in in-plane lattice parameters, accommodated entirely by a change in the in-plane
metal-oxygen bond lengths. Figure 4.1c and d show that the lattice mismatch
can be accommodated by a change in magnitude or type of tilt patterns through
rigid rotations of the oxygen octahedra. In this case, the B-O bond lengths remain
unchanged, but the B-O-B bond angle varies.

4.2 Sample Fabrication

4.2.1 Substrates

Before growth, DyScO3 (110), SrTiO3 (001) and NdGaOgs (110) substrates were
chemically and thermally treated to achieve B-site termination. DyScOgs was chem-
ically treated with NaOH (aq) solution after annealing, as described in chapter 2.
SrTiOs was chemically treated with HoO and buffered HF before annealing.[21]
NdGaOg was chemically treated with HoO and a modified HF solution before
annealing.[117] LSAT (001) was treated thermally, resulting in mainly B-site termi-
nation.[118, 119]
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Figure 4.1: Coherently strained perovskite films. The BOg octahedra deformation
under compressive and tensile strain are shown in (a) and (b) respectively, where d is
the equatorial B-O bond length. (c) and (d) show the octahedral rotations perpendicular
and parallel to the substrate, respectively. The Figure is reproduced with permission
from ref. [116].

4.2.2 Growth

SrTiOg (001) films were grown by PLD and H-MBE. Five to twenty monolayers
thick SrTiOz films were grown by PLD on SrTiO3, LSAT, DyScO3 and NdGaOsj.
SrTiO3 was ablated from a single crystal target using a fluence of 1.3 Jem~2 and
a laser frequency of 1 Hz. The films were grown at 1x10~! mbar oxygen and
a substrate temperature of ~750 °C. Subsequently, the growth was either conti-
nued with LaAlOg deposition or the sample was cooled down in 100 mbar oxygen
by turning off the heater (taking 1.5-2 hours). The PLD chamber was pumped
down when the heater temperature was below 90 °C. For H-MBE, 20 monola-
yers of SrTiO3 were grown on SrTiOs and LSAT substrates.! Jalan et al. have
achieved high quality SrTiOj3 films by using H-MBE.[120, 121] Instead of using an
effusion cell for Ti as well as for Sr (like MBE), a Ti-organic complex was used
as Ti source: titanium tetraisopropoxide [Ti(OC3Hz)4 or TTIP]. This enlarged
the growth window of stoichiometric SrTiOg in comparison to conventional MBE.
More experimental details can be found in refs. [120-122].

Here, LaAlO3 was always grown by PLD. It was ablated from a single crystal
target using a fluence of 1.3 Jem™2 and a laser frequency of 1 Hz. The oxy-
gen background pressure was varied from 1x107° to 1x10~! mbar. The substrate
temperature was kept at ~750 °C. Samples with a thick LaAlO3 layer (>10 mono-
layers) were capped by 2 monolayers of Sr'TiOs, as capping enhances the stability
and reproducability of the electronic properties.[78, 110] The SrTiO3 capping layer

1The H-MBE SrTiO3 films were grown by B. Jalan, University of California, Santa Barbara.
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Figure 4.2: RHEED oscillations of (a) SrTiOs and (b) LaAlOs grown on SrTiOs.
SrTiOs3 was grown at 10~ mbar and cooled down afterwards. Subsequently, the LaAlO3
layer was grown at 1073 mbar. The RHEED patterns of a SrTiOs substrate (a), after
SrTiOs growth (b) and after LaAlO3 growth (c).

was grown under the same conditions as the underlying LaAlOg layer.

Growth was in situ studied by RHEED. Clear RHEED oscillations were ob-
served for both SrTiOz and LaAlOs as shown in Figure 4.2. The amplitude of
the Sr'TiO3 RHEED oscillations decreased over time, but the RHEED pattern re-
mained two dimensional. This is in agreement with previous studies on homoepi-
taxial SrTiO3 growth at 10~! mbar and implies an increased surface roughening
at the atomic scale.[123] The intensity decrease of the specular spot during the
initial LaAlO3 growth is typical for LaAlOg on SrTiOs. This is probably due to
the differences in structure factor. After the first few monolayers, the amplitude of
the oscillations remained constant, which suggests a constant surface roughness.

4.2.3 Surface morphology

The low surface roughness was confirmed by AFM, as shown in Figure 4.3. Re-
presentative AFM height images of LaAlO3-SrTiO3 on NdGaO3 and LSAT can
be found in ref. [124] and ref. [118], respectively. The substrate terrace morpho-
logy was clearly visible. This points to layer-by-layer growth with preserved B-site
termination, which is in agreement with the RHEED data.

4.3 Results SrTiO3-SrTiO;

To study the effect of the SrTiOs template on the interfacial behavior, SrTiO3
substrates were replaced by SrTiOs thin films. In this section, the properties of
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Figure 4.3: AFM height images of (a) SrTiOs(PLD)-SrTiOs, (b) SrTiOs(H-MBE)-
SrTiOs, (¢) LaAlO3-SrTiO3(PLD)-SrTiOs and (d) LaAlOs-SrTiO3(PLD)-DyScOs. The
images are respectively 2x2, 1.5x1.5, 1x1 and 5x5 um?. The height difference between
the terrace steps correspond to a single unit cell (~0.4nm).

the SrTiOj3 films are studied in more detail. Besides the surface morphology of
SrTiOgz, which influences the interface roughness, the SrTiOg stoichiometry has to
be considered. Off-stoichiometry changes the cubic crystal structure of SrTiO3 at
room temperature, but may also change the physical properties. In this chapter,
SrTiO3-SrTiOg3 structures were studied by XRD, XRR and XPS. Furthermore,
the electronic properties of the SrTiOj3 films were determined. In combination
with RHEED and AFM, a good estimation of the film quality could be given.
Nevertheless, these techniques do not give information on the physical behavior of
the SrTiOg film.

In a previous study, the thermal conductivity of SrTiO3 films is determined by
Oh et al..[125] Thermal conductivity is sensitive for defects and, therefore, a useful
technique to define the film quality. In Figure 4.4a and b, the thermal conductivity
(A) versus temperature has been shown for several SrTiO3 templates grown by
PLD and MBE. It has to be mentioned that the MBE-1 samples were grown
under identical circumstances as the H-MBE samples discussed in this chapter.
The PLD-2 samples are comparable with the PLD grown samples in this chapter.

The thermal conductivity of MBE-1, PLD-2 are similar to the thermal con-
ductivity of the single crystal at room temperature (solid line). Small deviations
are observed at lower temperatures. Figure 4.4b shows clear differences in thermal
conductivity between several PLD grown films. This variance is caused by the
used target during growth. The use of a single crystal target resulted in films with
a significant higher thermal conductivity than the use of a ceramic target. Oh et
al. mentioned that for the homoepitaxial layers, the decrease in thermal conduc-
tivity correlated well with the expansion of the lattice parameter in the direction
normal to the surface.[125] They reported that the out-of-plane lattice parameter
of MBE-1 and PLD-2 were similar to bulk SrTiO3.[125] This implies a low defect
concentration in these SrTiO3 templates.

4.3.1 Electronic properties

SrTiOg3 is a wide band gap insulator, but SrTiO3 can become conducting by intro-
ducing oxygen vacancies or cation doping.[126] The electronic transport proper-
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Figure 4.4: Thermal conductivity versus temperature of several SrTiOs templates
and compared with a SrTiOs single crystal (solid line). (a) Molecular beam epitaxy
(MBE) samples, grown at the University of California Santa Barbara (MBE-1) and at
Cornell University (MBE-2). MBE-2-A was deposited under under identical conditions
as MBE-2, but was subsequently post annealed. (b) PLD samples, grown at University
of California Berkeley, (PLD-1), University of Twente (PLD-2) and University of Illinois
(PLD-3). CER indicates samples using ceramic SrTiOs targets instead of single crystal
targets during PLD. If not else mentioned, the SrTiO3 layer was grown on SrTiOz. The
Figure was reproduced with permission from ref. [125].

ties of SrTi03-SrTiO3 homostructures grown by PLD and H-MBE were measured
using a 4-probe Van der Pauw method with ultrasonically wire-bonded aluminum
wires as electrodes. The measurements were performed in a Quantum Design
PPMS. No resistivity could be determined at room temperature, indicating insu-
lating SrTiO3. This is in agreement with the electronic behavior of bulk stoichio-
metric SrTiOs3.

4.3.2 X-ray diffraction and X-ray reflectivity

XRD and XRR measurements give information on the crystal structure, density,
film thickness and roughness of the surface and interfaces. For perfect SrTiOg
films on SrTiOg3, only strong substrate peaks can be observed by XRD. However,
small variation in, e.g., density results in the appearance of a film peak and/or
thickness interference fringes.

Figure 4.5a shows reciprocal space maps of twenty monolayers thick SrTiOj
films on SrTiOs (001) grown by PLD and H-MBE, measured with a Bruker D8
Discover. By measuring 20 versus w around the substrate peak, the 6-20 scan
is not obscured by diffuse scattering. As a result, small discrepancy between
substrate and film can be observed. For the H-MBE sample, thickness fringes are
weakly present, marked by the arrow in Figure 4.5a, but no film peak could be
distinguished. The thickness fringes are in line with in-plane lattice parameters
of SrTiOs, which implied coherently grown SrTiOs with identical in-plane lattice
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Figure 4.5: (a) (204) reciprocal space maps of 20 monolayers of SrTiOs on SrTiO-
grown by PLD (left) and H-MBE (right). The arrow points to a thickness fringe of the
H-MBE grown SrTiOs layer. (b) X-ray reflectivity scans of a SrTiO3 substrate and 20
monolayers of H-MBE and PLD grown SrTiO3 on SrTiOg.

parameters to the substrate. The presence of fringes and the absence of a film
peak indicate slight off-stoichiometry in the film. For PLD grown SrTiOjs, no film
peak and no thickness fringes were observed. This indicates that the stoichiometry
of the PLD grown SrTiOg is similar to the substrate.

The differences in unit cell density of SrTiO3 on SrTiO3 were confirmed by
XRR, as shown in Figure 4.5b. No interference fringes were observed for PLD
grown films. This points to similar unit cell density for both SrTiOg layers and
an atomically sharp interface. On the other hand, clear fringes were observed for
H-MBE grown SrTiO3 on SrTiO3. The separation of the minima corresponds to
an 8 nm thick layer, which is similar to the 20 unit cell thick SrTiOj film. By
fitting the H-MBE data, using Diffrac?’** LEPTOS software, the density difference
between film and substrate was estimated to be approximately 3%.

It is important to mention that SrTiOj films grown on NdGaOgs, LSAT and
DyScO3 were coherently strained with identical in-plane lattice parameters to the
substrates. The out-of-plane lattice parameters were approximately 0.395 nm on
NdGaOs, 0.393 nm on LSAT and 0.383 nm on DyScOs.

4.3.3 X-ray photoelectron spectroscopy

XPS is a quantitative spectroscopic technique which can be used to determine the
empirical formula. Here, a rough estimation of the cation ratio of the top SrTiOg3
layers was achieved by comparing XPS spectra of grown Sr'TiOj3 films with SrTiOg
substrates. A detailed setup description is given in section 3.2.4. Bulk survey
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Figure 4.6: XPS survey scans of a Sr'TiOs substrate, and 20 monolayers thick SrTiO3
films grown by PLD and H-MBE. The measurements were done at an emission angle of
80°.

scans are shown in Figure 4.6. The main features include the O KLL edge around
975 eV, the O 1s at 530.1 eV, Ti 2p around 460 eV, Sr 3p around 270 eV and
Sr 3d around 135 eV. Carbon contamination at the surface was observed on ex situ
measured H-MBE grown SrTiO3 and SrTiOg substrates at approximately 286 eV.
No indication for other impurity atoms was found. Detailed scans around the
Ti 2p and Sr 3p show similar FWHM for the various samples. The FWHM of Ti
2p3/5 is 1.0£0.1 eV and the FWHM of Sr 3ps,, is 2.040.1 eV. The Sr/Ti area
ratios were determined from the survey scans and are given in Table 4.2.

The Sr/Ti ratios of PLD grown SrTiOs and SrTiOg3 substrate are comparable,
indicating similar Sr-Ti stoichiometry. For the more surface sensitive measure-
ments (30°), the Sr/Ti ratio increased significantly for the PLD grown film. This

Table 4.2: Integrated XPS Sr/Ti ratios of different Sr'TiOs samples for several emission
angles. The total area was set to [Sr]4+[Ti]=100%. The error margins were estimated on
the quality of the background substraction routines. The 20 monolayers thick SrTiOgz
films were grown on SrTiOs (001).

Sample angle(®)  Sr 3psse (%) Ti2psse (%) Sr/Ti
SrTiO3 substrate 1 80 50.44+1 49.6+1 1.02+0.05
SrTiOg3 substrate 2 80 48.5+1 51.5+1 0.9440.05
SrTiO3 substrate 2 30 49.9+1 50.1+1 1.0£0.05
SrTiOs by PLD 1 80 48.6%1 51.4+1 0.95£0.05
SrTiOs by PLD 1 30 54.4+1 45.6+1 1.1940.05
SrTiOs by PLD 2 80 49.8+1 50.2+1 0.9940.05

SrTiOs by H-MBE 1 80 47241 52.8+1 0.89+0.05
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could point to an increase of Ti vacancies in the top surface layer. Other possibili-
ties are a gradual shift from TiO5 to SrO termination during growth or Sr outward
diffusion. It has to be mentioned that Sr outward diffusion towards the top unit
cells occurs at high temperature, independent of oxygen pressure.[127] Additio-
naly, it is shown that high pressure growth of SrTiO3 does not tend to result in Sr
rich SrTiOs films.[128] Note that off-stoichiometry is hard to determine by XRD
and XRR measurements if only the top-most unit cell is off-stoichiometric. The
H-MBE grown SrTiOj film showed a relatively low Sr/Ti ratio. The decreased
Sr/Ti ratio could be due to an increase of Sr vacancies, which may clarify the
fringes in the XRD and XRR data.

4.4 Results LaAlO3-SrTiO;

4.4.1 Electronic properties

The electronic behavior of the LaAlO3-SrTiOs heterostructures was measured
using a 4-probe Van der Pauw method with ultrasonically wire-bonded aluminum
wires as electrodes. The electrical transport and Hall-effect measurements were
performed in a Quantum Design PPMS in the temperature range from 300 K down
to 2 K with magnetic fields up to 9 T.

LaAlO;3-SrTiO3; under induced strain

The electronic behavior of several LaAlO3-SrTiO3 heterostructures under induced
strain was studied. The thickness of the SrTiO3 was varied from 5 to 20 mo-
nolayers; the thickness of the LaAlOgs layer was varied from 2 to 15 monolayers.
Furthermore, the oxygen growth pressure during LaAlO3 growth was varied from
107% to 10! mbar.

LaAlO3-SrTiOs on NdGaO3z and DyScOs appeared to be insulating, indepen-
dent of the LaAlOj3 film thicknesses. Heterostructures on LSAT became conduc-
ting, independent of the SrTiO3 growth technique. However, the LaAlO3 growth
pressure had to be reduced to 1075-107° mbar to achieve conducting interfaces.
The conducting heterostructures showed a slight upturn in sheet resistance at low
temperatures. Moreover, the electron mobility was significantly lower than the
mobility of standard LaAlOs-SrTiOgz, while the carrier density increased by one
order of magnitude.[118] The conducting behavior of LaAlO3-SrTiO3-LSAT could
be destroyed by the introduction of a single SrO layer, i.e. creating a p-type
interface.

LaAlO3-SrTiO;3; on SrTiOg3

Previous studies have shown that the interface of LaAlOs on SrTiO3 substrates
is metallic as long as the LaAlOj3 layer is grown < 1072 mbar.[66] In this section,
twenty monolayers of Sr'TiO3 are introduced between the SrTiO3 substrate and the
LaAlOj3 film. Here, the LaAlO3 was grown at 10~2 mbar. The heterostructures
with PLD grown SrTiO3 appeared to be insulating, which is in agreement with the
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Figure 4.7: The sheet resistance versus temperature of several LaAlO3-SrTiO3-SrTiO3
heterostructures, where LaAlO3 was grown at several oxygen pressures.

observations of Fix et al.. They observed a decrease in conductivity for increased
SrTiOs3 film thickness.[99] For H-MBE grown SrTiOg, the sheet resistance could be
determined at room temperature, which is shown in Figure 4.7. During cool-down,
the sheet resistance increased significantly; below 200 K, the resistance was above
the detection limit. This behavior indicates that the LaAlO3-SrTiO3;(H-MBE)
interface is insulating.

For LaAlO3-SrTiO3 on LSAT, the growth pressure of LaAlO3 had to be reduced
to achieve conducting interface.[118] To distinguish a similar trend for LaAlOgz-
SrTiO3(PLD)-SrTiOs, the growth pressure of the LaAlOs layer was reduced sys-
tematically. When LaAlO3; was grown at < 1x107° mbar, the sheet resistance
could be determined. However, no electron mobility and carrier density could be
determined due to low excitation current. Reducing the LaAlO3 growth pressure
further, the conducting behavior of the heterostructure was dominated by the
conductivity of bulk SrTiO3. This does not preclude that the LaAlO3-SrTiOj3 is
conducting as well.

4.4.2 X-ray photoelectron spectroscopy

XPS was used to achieve information on the interface chemistry and the possible
origin of the interface conductivity. As discussed in section 4.1, one of the possible
mechanisms to overcome the polar discontinuity between LaAlOs and SrTiOsg, is
electron doping from the LaAlOg surface to the TiOq layer at the interface. This
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results in the formation of Ti**, which could be observed by XPS in the core level
spectra. Moreover, band bending of the LaAlOg, due to the potential build-up,
should be visible with XPS, since it would result in broadening of the La and Al
peaks. Finally, the influence of the La/Al ratio in LaAlOjz is under high debate.
Here, XPS is used to give information on the chemical composition of LaAlOs.
The same setup as described in section 3.2.4 was used.

Potential build-up

The potential build-up in LaAlOj is expected to be gradual over thickness. For
n-type interfaces, this results in a gradual shift of the core levels and valence
band spectra towards lower binding energy. As a result, the La as well as the
Al peaks should be broadened to lower binding energy and become asymmetric;
the exact shape would depend on the LaAlOgs thickness. The potential build-up
across the LaAlO3; was expected to grow with increased thickness, until electron
crossover from the LaAlOgz valence band to the SrTiO3 conduction band occurs.
The predicted asymmetric broadening versus thickness is schematically depicted
by Segal et al..[11]

In this section, in situ measured La and Al spectra of LaAlO3 are presented.
La 3ds/ spectra of LaAlO3 on several templates are shown in Figure 4.8a and
compared with the spectrum of a LaAlO3 single crystal. The La 3d5/, spectra
were symmetric and no significant broadening was observed, which is comparable
to the results of Segal et al..[11] It is interesting to note that no difference has been
observed between conducting and insulating heterostructures. This implies that
the potential build-up is absent, which suggests that the electronic reconstruction
model is not applicable to clarify the conductivity at the n-type interface.

The Al 2p spectra were broadened and asymmetric, as shown in Figure 4.8b.
The asymmetric broadening was to higher binding energy and independent of
the LaAlOjz film thickness. This is in conflict with the electronic reconstruction
model. The broadening was canceled by introducing a capping layer, like polar
LaTiOgs. Therefore, it is suggested that the observed broadening is due to chemical
distortion of the top-most AlO, layer, which is the terminating atomic plane in
standard LaAlO3-SrTiO3 heterostructures.

Presence of Ti**

The electronic reconstruction model includes electron transfer from the LaAlOg3
surface to the n-type interface, ideally half an electron charge per two dimensional
interface unit cell. These electrons are suggested to locate at the Ti 3d band near
the interface, resulting in Ti**. The presence of Ti** at the LaAlO3-SrTiO3 in-
terface can be distinguished by XPS as shown by Sing et al..[84] They observed
a lower Ti?>* signal than predicted by the electronic reconstruction model. More-
over, a strong influence of the LaAlOs growth pressure and background gas on
the Ti* signal was observed.[129] Miiller et al. showed that the Ti3T signal be-
came neglegible for insulating heterostructures grown at high oxygen pressures
(10~ mbar). It is worth mentioning that the formation of oxygen vacancies and
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Figure 4.8: (a) XPS La 3ds,, spectra of several LaAlO3 films. All LaAlO3 films were
five monolayers thick, the SrTiO3 was grown by PLD. (b) XPS Al 2p spectra of uncapped
LaAlO3 and LaAlO3 capped by thin LaTiOs. The LaAlO3 layer was 30 monolayers thick.
The La spectra were taken at 80° with respect to the analyzer normal, the Al spectra at
39°.

intermixing may result in Ti*t as well.

Here, the Ti3T signal has been determined for several modified LaAlO3-SrTiO3
heterostructures. For these heterostructures, twenty monolayers of SrTiOz were
deposited at 10~ mbar oxygen and cooled down at 100 mbar oxygen after growth.
The LaAlO3 layer was 5 unit cells thick and grown at 10~° mbar on SrTiOs3-
NdGaOs3 and at 10~2 mbar on the other SrTiO3 templates. Their Ti 2p3/2 spectra
are shown in Figure 4.9.

In both SrTiOj3 single crystal and bare SrTiOs films, no Ti** signal was ob-
served, while a small, but distinct Ti**t signal was present in the LaAlO3-SrTiO3
heterostructures. The Ti®*t signal appeared to depend on the SrTiOs template.
The Ti3* signal was most pronounced in the standard LaAlO3-SrTiOs hetero-
structure. For the heterostructure on NdGaOs, a comparable Ti3* signal was
observed, but this is expected to be due to the reduced LaAlOs growth pressure.
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Figure 4.9: Ti 2p3/, XPS spectra of 5 monolayers LaAlO3 on SrTiOz. The grown
SrTiOs was 20 unit cells thick and grown by PLD. As a reference, the spectrum of a
TiO2 terminated SrTiOj3 substrate is shown. The inset shows a zoom-in around the Ti*"
peak. The spectra were taken at 80° with respect to the analyzer normal. The peaks
were normalized on their total area.

The decreased Ti3t signal for modified LaAlO3-SrTiO3 heterostructures can be
explained by a reduction of oxygen vacancies or less La interdiffusion. The broa-
dening of the Ti peak of LaAlO3-SrTiO3-DyScOj3 is probably due to charging, as
the sample was highly insulating.

LaAlOj3 stoichiometry

Currently, the LaAlOj3 cation stoichiometry and its influence on the electronic be-
havior is under high debate. PLD grown films can be off-stoichiometric, as shown
by XPS and Rutherford back scattering (RBS) measurements.[130] Most samples
were La deficient. However, Al deficiency has also been reported.[130] Schlom et
al. suggested that there is a relation between the La/Al ratio and the interfacial
conductivity.[131] They observed conducting interfaces when the La/Al ratio was
< 0.9740.03.2 It has been proposed that more oxygen diffuses outward the SrTiO3
when being in contact with a La deficient LaAlOg film compared to being in con-
tact with an Al deficient film.[132, 133] As a result, La deficient LaAlO3-SrTiO3
heterostructures become metallic, while Al deficient LaAlO3-SrTiO3 heterostruc-
tures would remain insulating.

Up to now, La-Al stoichiometry has been determined for samples grown at
low oxygen pressures, < 1072 mbar. In this pressure regime, the interfaces can
become conducting. Here, also high pressure grown LaAlO3 films (at 10~! mbar)
were taken into account. The plasma kinetics are completely different at 107!
mbar. The plasma species are oxidized and have a low kinetic energy, as discussed
in chapter 3. Furthermore, the plasma plume is confined, while it expands freely
at low background pressures.

2Tt has to be mentioned that the study of Schlom et al. was mainly focused on MBE grown
LaAlO3 films on SrTiOs.[131]
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Figure 4.10: La 4d and Al 25 XPS spectra of a LaAlO3 single crystal and of 5 monola-
yers thick LaAlO3 films grown at 10~ and 10™% mbar O2. The spectra were acquired in
situ after growth at 80° with respect to the analyzer normal. The data were normalized
on the total [La]+[Al] area.

In Figure 4.10, La 4d and Al 2s XPS spectra of heterostructures grown at va-
rious oxygen pressures are shown.? LaAlO3z grown at low oxygen pressure showed
La deficiency, which is consistent with literature.[130] The deficiency was indepen-
dent of the Oy growth pressure <1073 mbar. A clear increase of the La/Al ratio
was observed for LaAlOs grown at high oxygen pressures. This trend was inde-
pendent of the SrTiO3 template. The La/Al ratio became similar to the La/Al
ratio of the single crystal. Note that the La sattelite feature is slightly different for
grown LaAlOg3 layer. This might be induced by structural changes in the LaAlOg
film.

4.4.3 Scanning transmission electron microscopy

STEM was used to achieve information on the crystal structure and stoichiometry.
Figure 4.11 shows the results of 5 monolayers LaAlO3 on PLD grown SrTiOgz-
SrTiOs, where LaAlO3; was grown at 1072 mbar. The STEM-HAADF image
shows 5 monolayers of La and 20 monolayers of grown Sr, which is in agreement
with the RHEED analysis. Moreover, the image shows that the films were fully
epitaxial grown on SrTiOsz. In the HAADF-STEM image, lattice fringes were
observed for SrTiO3 as well as LaAlO3. The La and Sr columns are clearly visible,
which is due to their relatively high atomic weight in contrast to the Al and Ti
columns. The interface between LaAlO3 and SrTiO3 could easily be distinguished
due to the high contrast between Sr and La. A slight contrast between substrate
and SrTiOg film was also visible, which may originate from differences in, e.g.
strain, impurities and off-stoichiometry.

3Note that the Al 2s is obscured by satellites of the La 4d.
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Figure 4.11: (a) HAADF-STEM image of a 5 ML LaAlOs grown on SrTiOs(PLD)-
SrTi03(001) at 1073 mbar O; and its corresponding STEM-EELS image after PCA
treatment (b). La is shown in red and Ti in green. The arrows point to the LaAlOs-
SrTiO3 and SrTiO3-SrTiOs interfaces. The measurements were performed at the EMAT
centre in Antwerp, Belgium.

From STEM-EELS spectra, it appeared that the oxygen signal was slightly
higher in PLD grown SrTiOgs in comparison to the SrTiO3 substrate. EELS quan-
tification indicated an increase of the Ti/O ratio of approximately 3.8% in PLD
grown SrTiO3. The increased Ti/O ratio may originate from O enrichment or Ti
deficiency. However, from angle resolved XPS, Ti deficiency was suggested to be
only present in the top-most atomic plane. The deviation in the Ti/O ratio may
clarify the contrast at the Sr'TiO3-Sr'TiO3 interface. The fine structures of Ti and
O were similar along PLD SrTiO3 and bulk SrTiOs3. This suggests that the Ti
ions have on average a similar oxidation state and coordination in both SrTiOg
layers.

The STEM-HAADF image does not show any Ruddlesden-Popper phase, which
has been observed for Sr-rich SrTiOs by Brooks et al..[134] For Sr-poor SrTiOs,
they observed a disordered structure. Here, no clear structural disordering has
been observed in PLD grown SrTiOs, indicating a Sr concentration close to 1.

STEM-EELS elemental scan profiles of La, Ti and O show intermixing between
the SrTiO3z and LaAlOgz layers. La and Ti diffusion nicely dropped to zero at
approximately 3 unit cells deep inside the Sr'TiO3 and LaAlOjs, respectively. This
points to a broad interface between LaAlO3 and SrTiOg, which is comparable with
standard LaAlO3-SrTiO3 interfaces.[13, 79, 135)

4.4.4 High temperature conductance characteristics

High temperature oxygen equilibrium conductance (HTEC) behavior of LaAlOs-
SrTiOg3 interfaces on SrTiO3 was investigated as function of ambient oxygen partial
pressure and temperature. At the measurement temperatures (850-1100 K), the
samples are in equilibrium with the surrounding oxygen atmosphere. As a re-
sult, the effect of mobile oxygen vacancies on the interface conductivity can be
ruled out.[135-137] Therefore, HTEC measurements give more insight on the de-
fect chemistry of the heterostructures, other than oxygen vacancies. To examine
the influence of grown SrTiOj3, the H-MBE and PLD grown heterostructures are



Chapter 4: LaAlOj3 - SrTiO;3; heterostructures

63

compared with a SrTiO3 substrate and a standard LaAlO3-SrTiOj3 heterostruc-
ture.

The HTEC measurements were carried out in an yttria-stabilized zirconia
oxygen-pump system, where the oxygen partial pressure could continuously be
adjusted between 1 and 10722 bar. The temperature was varied from 850 K to
1100 K. The H-MBE as well as the PLD grown SrTiOgs films were 20 monola-
yers thick. The LaAlOgj layer was kept at 10 monolayers and capped with two
monolayers of SrTiOs;. LaAlOz was grown at 10~3 mbar and the samples were
subsequently cooled down at growth pressure. Further experimental details of the
HTEC measurements are given in [135].

Comparing the electronic properties of the heterostructures at low tempera-
tures (see Fig. 4.7), clear differences were present. Heating the heterostructures
to 850-1100 K, all samples became conducting, since SrTiO3 becomes conducting
in oxygen deficient atmospheres at elevated temperatures.[138] Figure 4.12a shows
the HTEC characteristic of a single crystalline SrTiO3 substrate. As a result of
oxygen exchange, the typical V-shaped curve is present with enhanced n-type and
p-type conductance in reduced and oxidized atmospheres, respectively.[139] The
n-type conductivity is a result of oxygen loss, which gives rise to the generation
of free electrons. In oxygen rich atmospheres, p-type conductivity is observed
due to the creation of free holes when incorporating oxygen into the crystal. The
underlying oxygen exchange reactions are given by the Kroger-Vink notation:

Reduction: Of «» 2¢/ + V$® + 50,
Oxidation: V3® + 302 <+ 2h® 4+ O

where mobile oxygen vacancies are given by V,3® and * denotes zero charge, ' single
negative charge and ® single positive charge. From the Kroger—Vink notation, the
characteristic slopes observed in the Po,-dependence of the conductivity (—% and
+i) can be deduced for SrTiOs with inherent acceptor-type impurity content.
The plateau at low temperatures and intermediate pressures is attributed to the
ionic conductivity contribution resulting from oxygen vacancy diffusion.[135]

Comparing the SrTiO3 substrate with the standard LaAlO3-SrTiO3 hetero-
structure (see Fig. 4.12b), the conductance deviates significantly at intermediate
Po,, revealing an additional conduction path generated by the metallic LaAlOg-
SrTiOgs interface. Note that at higher temperatures (1100 K) as well as in highly
reduced and oxidized regimes, the conductance of LaAlO3-SrTiO3 is dominated
by the contribution of the SrTiO3 substrate.

Figure 4.12¢ and d, show the HTEC characteristics of LaAlO3-SrTiO3 hete-
rostructures with H-MBE and PLD grown SrTiOj3 respectively. It is remarkable
that the H-MBE heterostructure shows a similar behavior as the standard LaAlO3-
SrTiO3 heterostructure, while the PLD heterostructure has an analogous behavior
to the SrTiOg3 single crystal. Also for these heterostructures, the conductivity is
dominated by the bulk SrTiO3 conductivity at high and low oxygen partial pres-
sures. The HTEC measurements of all samples are similar at these conditions.

At intermediate pressures, standard LaAlO3-SrTiO3 and the H-MBE hetero-
structure show a plateau. The conductance decreased only slightly from low Po,
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Figure 4.12: HTEC characteristics of (a) SrTiOs single crystal, (b) standard LaAlO3-
SrTiOs, (c¢) LaAlO3-SrTiOs(H-MBE)-SrTiO3 and (d) LaAlO3-SrTiO3(PLD)-SrTiOs for

various temperatures.

The dotted line in (a) shows the border between n-type (-1)

4

and p-type (+i) behavior. The measurements were performed by F. Gunkel at the
Forschungszentrum in Jiilich, Germany.
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to high Pp,. The plateau originates from the presence of mobile extrinsic car-
riers. It has been suggested that the mobile extrinsic carriers are a result from
either lattice distortions or A-site cation intermixing.[135] For the PLD-SrTiO3
heterostructure, the plateau is nearly absent above 950 K. This implies a mo-
bile extrinsic donor dopant band is not created in LaAlO3-SrTiO3(PLD)-SrTiOs.
Whether extrinsic donors are absent or trapped is hard to resolve: the influence
of the grown SrTiO3 on the conductance is vanished by the bulk SrTiO3. Below
950 K, the plateau of PLD grown SrTiOg3 heterostructure is attributed to the ionic
conductivity contribution resulting from oxygen vacancy diffusion, similar to the
SrTiOg3 single crystal.

Similar high temperature conductance analysis were carried out on LaAlOs-
SrTi03-LSAT heterostructures.[140] It appeared that the sheet electron density
was Pop, and temperature independent for reducing conditions. This supports
the idea of a donor-type conduction mechanism at the LaAlO3-SrTiO3 interface,
which could be provided by cation intermixing. Furthermore, the sheet carrier
density decreased under oxidizing conditions. This indicates a complex charge
compensation mechanism in the vicinity of the interface, involving the forma-
tion of Sr-vacancies at high oxygen partial pressures.[140] The alteration of the
sheet carrier density was reversible, indicating reversibility of the formation of Sr-
vacancies. Since the formation and annihilation of strontium vacancies appeared
to take place at typical growth temperatures, they have to be considered in the
discussion of the LaAlO3-SrTiO3 interface.

4.5 Discussion

To summarize: the main results, presented in sections 4.3 and 4.4, are:

e H-MBE grown SrTiOj3 film is slightly off-stoichiometric. The top-most plane
of PLD SrTiOj is off-stoichiometric.

e An increase of the Ti/O ratio is observed for PLD grown SrTiOg in compa-
rison to SrTiOj3 single crystal.

e Conducting interfaces are achieved in LaAlO3-SrTiO3 and LaAlO3-SrTiOs-
LSAT heterostructures. The LaAlO3-SrTiO3 interfaces remained insulating
on SrTiO3, NdGaO3 and DyScOs.

e No potential build-up has been observed in LaAlO3-SrTiO3 heterostructures
by XPS.

e The Ti%* signal is reduced in modified LaAlO3-SrTiO3 heterostructures.
e LaAlO3 grown by PLD in low oxygen pressure is La deficient.

e Mobile extrinsic carriers have been observed in LaAlO3-SrTiO3 and LaAlOs-
SrTiO3(H-MBE)-SrTiO3 at ~900 K and 1071°-103 mbar oxygen. The
mobile extrinsic carriers were absent in SrTiO3 and LaAlO3-SrTiO3(PLD)-
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Table 4.3: Symmetry consequences of SrTiOs and LaAlO3 due to two-dimensional thin
film epitaxy.[116]

Substrate SrTiOj structure LaAlOs structure

SrTiOg3 cubic monoclinic
DyScOs orthorhombic triclinic
NdGaOs3 orthorhombic triclinic

LSAT tetragonal monoclinic

4.5.1 LaAlO;-SrTiO; under induced strain

In this chapter, it has been shown that the SrTiOs template influences the elec-
tronic properties of the LaAlOs-SrTiOg3 interface significantly. The interface on
LSAT and SrTiO3 may become conducting, while the interface remained insula-
ting on NdGaOg3 and DyScOj3. This suggests that the crystal structure of SrTiOg
and LaAlO3 may play an important role on the interfacial behavior. The theo-
retically predicted lattice type of SrTiO3 and LaAlOgz on the different substrates
are given in Table 4.3. Reciprocal space maps showed that LaAlOs and SrTiOs
were coherently grown and copied the in-plane lattice parameters. Therefore, the
theoretically predicted crystal structures for LaAlOg and SrTiOgs are expected to
be present. Due to deformations in the LaAlO3 and SrTiOj3 crystal structure,
oxygen octahedra deformations are likely to be induced. Furthermore, LaAlOg
induces octahedral rotations in the SrTiO3 near the interface, as investigated by
Jia et al., but this may vary on the different SrTiO3 templates.[12]

The oxygen octahedra of bulk LaAlOj are rotated: ¢~ a™ a™ according to Glazer
notation. By inducing strain, the octahedra rotation can be tuned. On cubic
substrates under tensile strain, an a”a” ¢’ tilt system is predicted, i.e. rotations
around the [110],. axes.[141] These rotations were observed experimentally by
STEM on standard LaAlO3-SrTiO3 heterostructures.[12] Similar LaAlO3 induced
rotations are expected to occur in LaAlO3-SrTiO3-LSAT near the LaAlO3-SrTiOg
interface as both in-plane lattice parameters are equivalent in the heterostructures
on LSAT. On NdGaOj3 and DyScOs, the crystal structure of LaAlO3 is expected
to be triclinic, which could result in different octahedral rotations in LaAlOs.

The LaAlOg induced oxygen octahedra rotations in SrTiOs are predicted to
cause spontaneous polarization in the SrTiOz near the interface.[102, 106] As a
result of polarization in the SrTiOgz, band bending is suggested to occur near
the interface, which moves the impurity states into the SrTiO3 conduction band
deeper in the SrTiO3. For the LaAlO3-SrTiO3 heterostructures under induced
strain, the oxygen octahedra are expected to be deformed. Furthermore, deforma-
tion of the LaAlOj3 oxygen octahedra may change the induced deformation of the
SrTiO3 oxygen octahedra near the interface. This may change or even suppress
the polarization in the SrTiOjz, which could clarify the differences in electronic
transport between the heterostructures. The suggested variation of induced po-
larization may be established by optical second harmonic generation. Alteration
in the oxygen octahedra rotations could be determined by, e.g., STEM-EELS.[12]
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Additionally, X-ray photoelectron diffraction may be suitable to resolve octahedra
rotations in the top 2 nm.

It has to be mentioned that, in contrast to the results shown here, Bark
et al. achieved conducting LaAlO3-SrTiOs3 interfaces on LSAT, Si as well as
NdGaOs3.[142] In addition, they observed insulating LaAlO3-SrTiO3 interfaces on
both DyScOs and GdScOs. This implies that they only gained conducting in-
terfaces when SrTiO3z was grown under compressive strain. They observed an
increase of the LaAlOj critical thickness for compressively strained heterostruc-
tures. A minimum of 5 monolayers SrTiO3 was necessary to achieve conducting
interfaces, independent of the substrate.

To understand the difference in electronic behavior between both studies, the
differences in fabrication process were explored. In this chapter, the substrates
were treated chemically and/or thermally before SrTiO3 growth to achieve B-site
termination. The surface of the subsequently grown SrTiO3; was expected to re-
main mainly B-site terminated.* Bark et al. treated the SrTiO3 surface chemically
and thermally before LaAlO3 growth.[142, 144] The surface treatment was essen-
tial to achieve conducting interfaces. Note that no chemical or thermal surface
treatment of SrTiO3-LSAT was necessary to achieve conducting LaAlO3-SrTiOg
interfaces in the study presented here. In addition, differences in SrTiOg fabrica-
tion process may have influenced the defect concentration and, consequently, the
electronic properties of the interface.

4.5.2 LaAlO;3;-SrTiOs; on SrTiO;

Above, deformations of the oxygen octahedra rotations were suggested to be res-
ponsible for the differences in electronic behavior between the strain induced
LaAlO3-SrTiOs heterostructures. However, this can not explain the insulating
behavior of LaAlO3-SrTiO3-SrTiO3 heterostructures. For these heterostructures,
the SrTiO3 and LaAlOg3 layers are expected to have similar crystal structure and
oxygen octahedra rotations as in standard LaAlO3-SrTiO3 heterostructures. This
implies that the SrTiOj3 crystal quality is also important to achieve conducting
interfaces. In the SrTiOjs films, the quality near the interface could have been
improved or deteriorated in comparison to the SrTiO3 substrate.

The suggested models which could clarify the interfacial conductivity are con-
sidered. First of all, intrinsic electronic reconstruction would occur due to the polar
discontinuity between SrTiO3 and LaAlO3. However, this is not expected to be
different for LaAlO3-SrTiO3-SrTiOg, since polar LaAlOs is still grown on neutral,
cubic SrTiOs. Moreover, the lack of the potential build-up in the XPS measure-
ments of any of the heterostructures implies that other reconstructions have to
occur at the LaAlO3-SrTiOs3 interface. Other models include the formation of
defects, e.g. oxygen vacancies and La-Sr intermixing, to induce conductivity.

From STEM-EELS measurements, no clear difference in intermixing has been
observed for PLD grown SrTiO3-LaAlOgz interfaces and standard SrTiO3-LaAlOg

4Note that it has been shown that the SrO coverage has to be close to one for achieving
insulating interfaces.[143]
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interfaces. This implies that defects gained by intermixing are not the sole origin
for interfacial conductivity. Nevertheless, these defects may participate in the
conducting behavior. HTEC measurements point to the creation of mobile carriers
by A-site intermixing in standard LaAlO3-SrTiO3 and LaAlO3-SrTiO3(H-MBE).
These mobile carriers were absent in LaAlO3-SrTiO3(PLD)-SrTiO3. These defect
induced carriers appeared to be mobile at high temperatures, meanwhile the role of
oxygen vacancies could be neglected during the HTEC measurements. Therefore,
the HTEC measurements do not directly prove that the interfacial conductivity
at low temperatures is dominated by intermixing.

Beside intermixing, oxygen vacancies were suggested to be necessary to achieve
conducting interfaces. In this chapter, the electronic properties versus growth pres-
sure were determined for PLD grown LaAlO3-SrTiO3z on SrTiO3 and LSAT sub-
strates. The LaAlO3-SrTiOg3 interfaces on LSAT became conducting when grown
< 107% mbar. On SrTiOs, the interface remained insulating up to > 1x 107> mbar.
Decreasing the pressure even further, the results point to conducting LaAlOg3-
SrTiOg interfaces. The pressure dependent transport behavior suggests that oxy-
gen vacancies participate in the conducting behavior of modified SrTiOs-LaAlOg
interfaces. A lower oxygen growth pressure was necessary to achieve conductivity
in the modified heterostructures. This implies that it is harder to form oxygen va-
cancies in grown SrTiOs3. This is in agreement with the lower Ti** signal observed
by XPS and the increased O signal measured by STEM-EELS.

4.6 Conclusion

In this chapter, a clear influence of SrTiO3 template on the LaAlO3-SrTiOg3 inter-
facial behavior has been shown. Variations in crystal structure as well as defect
concentration can turn the interface from metallic into insulating. Specific oc-
tahedra rotations in SrTiOj3 as well as in LaAlOg are suggested to be essential
to mobilize the defect induced carriers. This fits with the polarization discon-
tinuity model. Moreover, the formation of oxygen vacancies near the interface
are proposed to be essential for achieving conducting interfaces. From XPS and
STEM-EELS measurements, it is suggested that the number of oxygen vacancies
is reduced in PLD grown SrTiOs.



Chapter 5

Electron transfer from
LaTiO35 to LaFeOg

Abstract

LaFeOs and LaTiOs are both insulators. The charge gap of LaFeOs is determined by
the filled oxygen p band and the empty upper Fe d band. For LaTiOs, the charge gap
is determined by the partially filled lower Ti d band and the empty upper Ti d band.
In LaFeOs-LaTiO3s heterostructures, alignment of their oxygen p-bands is proposed to
occur near the interface due to continuation of the oxygen octahedra sublattice. As a
result, the empty upper d band of LaFeOs3 is pulled below the energy level of the partially
filled lower d band of LaTiOs. Consequently, electron transfer from LaTiOs to LaFeOgs
is expected to occur, resulting in mixed valent Fe and Ti. A change in the occupation of
the Fe d band in LaFeOs is suggested to modify the magnetic behavior. Here, LaFeO3s-
LaTiOg3 heterostructures were fabricated by pulsed laser deposition. The proposed charge
transfer was studied by X-ray photoelectron spectroscopy. Partly reduced Fe has been
observed if LaFeOs was stacked adjacent to LaTiOs and the Fe*t concentration strongly
depended on the [Ti]/[Fe] ratio. In addition, the spectral weight of the partially filled
Ti d band in the valence band spectra decreased as function of LaFeO3s thickness. Both
observations confirm the electron transfer from LaTiO3 to LaFeOs. So far, no clear va-
riations in magnetic and electronic behavior have been observed, but may be realized in
follow-up studies.

5.1 Introduction

The interface between LaAlO3 and SrTiO3 was discussed in the previous chapter.
In those heterostructures, a polar discontinuity is present at the interface, which
would result in a potential build-up. To avoid the potential build-up between
SrTiO3 and LaAlQOs, electronic reconstruction has been proposed to occur.[10]
Experimentally, no clear indication for sole intrinsic electronic reconstruction has
been observed, yet.[11] To investigate other intrinsic mechanisms which could re-
sult in electronic reconstruction at complex oxide interfaces, an iso-polar material
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system, LaFeO3-LaTiOg, is presented in this chapter. For this specific heterostruc-
ture, charge transfer is proposed to occur as a result of oxygen p band alignment
near the interface; no polar discontinuity has to be present.

The perovskite series LaM O3z (M = 3d transition metal ion, Ti-Cu) is of
high interest since it has a wide variety of magnetic, electrical and structural
properties.[145-148] In this chapter, the focus lies on LaM Og, with M = Ti-Co.
These materials are insulators due to strong electron-electron correlation. They
have a partially filled d band which is split into Hubbard subbands, which are
stacked between 4s and 2p bands.[148-150] The arrangement of these bands deter-
mines their insulating behavior. Zaanen, Sawatzky and Allen (ZSA) have pointed
out that insulating 3d-electron systems can be classified in two categories: Mott-
Hubbard (MH) insulators and charge-transfer (CT) insulators.[149] The early tran-
sition metal oxides (M = Ti, V) fall into the MH class of compounds. Their charge
gap is determined by the Hubbard splitting (U) of the d bands (d-d gap). The late
transition metal oxides (M = Cr-Co) are CT insulators. Their charge transfer gap
(A) is determined by the filled p band of the oxygen ligands and the unoccupied
upper Hubbard 3d band (p-d gap). To summarize, the insulators are classified as
MH for U < A and CT for U > A.

As discussed in the previous two chapters, the combination of different mate-
rials can result in new material functionalities near the interface. In this chapter,
heterostructures consisting of a MH and a CT insulator are discussed in more de-
tail. The d-d band gaps of LaTiO3 and LaVOg are rather small compared to the
p-d band gaps of LaFeO3 and LaCrOs. On the other hand, the p-d band gaps of
LaTiO3 and LaVOg are much larger than those of the CT insulators, as shown in
Table 5.1.

From a structural point of view, the MH insulator and the CT insulator share
their oxygen octahedra at the interface in a MH-CT heterostructure.[151] There-
fore, it is proposed that the p bands of the oxygen ligand in the MH insulator and
the CT insulator align at the MH-CT interface. Due to alignment of the oxygen
p bands, the empty upper d band of the CT insulator is expected to be pulled
below the energy level of the partially filled lower d band of the MH insulator.
Consequently, electron transfer from LaTiOgs to LaFeOs5 is expected to occur. This
is schematically depicted in Figure 5.1.

In LaMOg, the 3d transition metal has an ionization state of M3*. However,
its ionization state can be tuned by controlled doping of the LaM O3. In MH-CT
heterostructures, the MH 3d element is suggested to be partially oxidized and
the CT 3d element would be partially reduced as a result of the predicted charge
transfer. The presence of mixed valent cations is expected to influence the physical
properties. Controlled modification of the physical properties may be achieved by
regulating the suggested charge transfer process.

To understand possible variations in the physical properties, the magnetic be-
havior of LaFeOs is taken as an example and discussed in more detail. LaFeO3
is an antiferromagnetic insulator with a Néel temperature (Ty) of 740 K.[156] In
LaFeOs, Fe has a d® electron configuration, i.e. Fe?*. As a result of sole Fe3t,
superexchange interaction between the Fe 3d orbitals through the oxygen 2p or-
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Table 5.1: Physical properties of LaM O3 at low temperatures. The charge gaps were
determined by optical reflectivity. Data are taken from [148, 152-155].

LaMOs 3d® electronic behavior U (eV) A (eV) magnetic behavior

LaTiOz  3d' MH 0.1 4.5 antiferromagnetic
LaVOs 3d? MH 1.1 4.0 antiferromagnetic
LaCrOs 3d3 CcT - 3.4 antiferromagnetic
LaMnOs; 3d* cT - 1.1 antiferromagnetic
LaFeOs  3d° CT - 2.2 antiferromagnetic
LaCoOs;  3d° CT - 0.6 paramagnetic
LaNiO3  3d” metallic - 0 paramagnetic
LaCuOz  3d® metallic - 0 paramagnetic

(a) (b) (c)

T, .
LHB A e - >

MH CT
Figure 5.1: Band diagram of (a) a Mott-Hubbard insulator, (b) a charge-transfer insu-

MH & CT
lator and (c) the combination of a Mott-Hubbard and a charge-transfer insulator. LHB
denotes the (partially) filled lower Hubbard band, UHB denotes the empty upper Hub-
bard band.

bitals has to be considered. The electron spins interact through the oxygen anion,
giving one ¢ and two 7 interactions. Due to the antiparallel alignment of the elec-
tron spins between the neighboring bands and the Pauli exclusion principle within
the bands, the electrons show an antiparallel spin alignment. Moreover, Hund’s
coupling aligns all spins of a single cation into one direction (high spin), resulting
in antiferromagnetic spin alignment. The magnetic structure of bulk LaFeOj is
G-type; inter- and intralayer spin coupling are antiparallel.[154, 157]

In electron doped LaFeQOs, Fe3t is partially reduced to Fe?T, which results in
unequally filled neighboring cations. Having unequally filled neighboring cations,
double exchange interaction may be considered. Within each atom, all unpaired
electrons strive to attain the configuration with the lowest energy. Therefore, all
spins align parallel to each other conform Hund’s rules. Subsequently, double ex-
change predicts that the mobile electrons hop from one cation to another without
changing spin direction in order to reduce the kinetic energy. This indirect coup-
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Figure 5.2: Fe 2p XPS spectra of Fe, FeO, FeoO3 and FezO4. The Figure was repro-
duced with permission of ref. [159].

ling between the neighboring cations via the mobile electrons results in parallel
alignment of spins of neighboring Fe ions and lowers the energy. The material
becomes ferromagnetic and conducting. The magnetic behavior of electron doped
LaFeOs in a MH-CT heterostructure is expected to depend on the doping con-
centration and the electron-electron interaction. To compare it with chemically
doped LaFeQOgs, Sr doping of LaFeO3 results in an decreased Tpy. Nevertheless,
the material remained antiferromagnetic.[158]

The 3d elements are often studied by photoelectron spectroscopy. For example,
the valence state of the elements can easily be determined, since their spectra differ
in shape and energy. Additionally, satellite structures appear in the core level
and valence band spectra. They reflect many-body effects arising from electron-
electron interaction and hybridization of M 3d-ligand p orbitals. A clear example
of both the variation in valence state and satellite structure is given in Figure 5.2,
where the iron spectra of metallic Fe, FeO (Fe?"), FepO3 (Fe?*) and FegOy (5 Fe™
and % Fe3t) are shown. Differences in peak position, peak shape as well as satellite
structure are clearly visible for the different valence states.

In this chapter, results of MH-CT heterostructures are presented; LaTiOgz-
LaFeO3 was used as a model system. The heterostructures were studied by pho-
toelectron spectroscopy and physical property measurements to investigate the
suggested charge transfer in MH-CT heterostructures.
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LaTiO,

Figure 5.3: Schematic stacking of a LaFeO3-LaTiO3 heterostructure described in this
chapter.

5.2 Fabrication

5.2.1 Substrates

LaTiO3-LaFeOg3 heterostructures were grown by PLD on SrTiO3 (001) and LSAT (001)

single crystals. SrTiOg substrates were chemically and thermally treated result-
ing in well defined TiO3 terminated surfaces.[21] LSAT substrates were annealed
at 1050 °C for 10 hours under oxygen flow and are expected to be mainly B-
site terminated (TaO3-Al05).[118, 119] Singly terminated substrates are preferred
for controlled growth and an atomically precise interface stacking. Note that
in LaTiOz-LaFeOgs heterostructures, charge transfer is expected due to oxygen
p band alignment, which should be independent of the atomic stacking at the in-
terface. Moreover, the stacking of all LaTiOs-LaFeOg interfaces can be given by
TiO3-LaO-FeO4 as both materials have La at the A-site.

5.2.2 Growth

The heterostructures discussed in this chapter were grown by PLD in the COMAT
system in Twente as well as the EMANUELA system in Wiirzburg (both designed
by TSST, Enschede). The base pressure of the PLD chambers was below 5x1078
mbar before growth. To allow comparison, the optical path, growth pressure, sub-
strate temperature and substrate-to-target distance were kept constant for both
setups. However, slight differences in the setup were present, since the construc-
tions of the systems are not equal.

A buffer layer of LaAlOgs, 15 to 30 monolayers thick, was grown on the sub-
strate to exclude contributions of the SrTiO3 substrate in the XPS measurements.
SrTiO3 consists of Ti**T and may obscure the Ti XPS spectra of LaTiOs. Due to
the large band gap of LaAlOg3 (5.4 ¢V), LaAlOj is expected to have no influence on
the electron transfer from LaTiO3 to LaFeOs. A schematic view of the complete
heterostructure is given in Figure 5.3. This stacking is used as a basis to study
the charge transfer in LaTiOs-LaFeOgs heterostructures, unless explicitly stated
otherwise. The LaTiOg layers were both kept at a thickness of two monolayers,
while the thickness of the LaFeO3 layer was varied.

LaAlOj, LaFeOs and LaTiOs were grown at 700-750 °C by PLD and in
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situ. monitored by RHEED.! The LaAlO3 layer was grown at 10~2 mbar oxy-
gen with a fluence of 1.3 Jem™2. The LaFeO3 and LaTiOs layers were grown at
2x107% to 1x1072 mbar oxygen, with a fluence of 1.9 Jem~2. All layers were
deposited with a repetition rate of 1 Hz. For LaAlOs, a LaAlOj single crys-
tal target was used. For LaFeOs; and LaTiOjz, LaFeO3z and LasTizO7 sintered
targets (Praxair electronics) were used. The extremely low growth pressure for
LaTiO3 and LaFeO3 was chosen to ensure the fabrication of the perovskite phase
of LaTiO3.[160] At higher growth pressures and for thick films, the LayTizO7
phase is expected to dominate. However, very thin LaTiOg films (<5 monolayers)
can also be grown in the perovskite phase at higher oxygen pressures.[160]

In Figure 5.4a-d, clear RHEED oscillations of the different layers are shown.
The RHEED patterns after growth were two-dimensional and comparable with
the SrTiO3 substrate pattern before growth (see Fig. 5.4e and f). The growth
rate was similar in both PLD systems and constant in the 2x1076-1x10~2 mbar
pressure regime; 0.023 nm/pulse for LaAlOz, 0.029 nm/pulse for LaTiO3 and
0.014 nm/pulse for LaFeOs, using a spot size of 2.3 mm? on the target.

5.2.3 Surface morphology

The surface morphology was studied by AFM after growth. Smooth surfaces with
a defined terrace structure, comparable with the substrate surface, were observed
(see Fig. 5.4g). The terraces were separated by 0.4 nm high steps. This indicated
layer-by-layer growth of each material, which is in agreement with the RHEED
analysis.

5.2.4 Crystal structure

Both bulk LaFeOg and bulk LaTiOg are orthorhombic at room temperature, with a
pseudocubic lattice parameter of ~0.393 nm.[152, 161] On SrTiO3, both materials
are grown under compressive strain. For a single LaTiOs-LaFeOs lattice, it is
hard to distinguish the crystal structure by XRD. Therefore, XRD was done on
a [2 LaTiO3x2 LaFeOs]15 superlattice grown on top of SrTiO3-15 LaAlO3.2 The
measurements were performed on a Bruker D8 Discover.

The 6-20 XRD scan of the superlattice is shown in Figure 5.5a and b. The
superlattice peaks, indicated by SL, are weakly visible in Figure 5.5a. These peaks
appear because the scattering density of both materials is different. In this hete-
rostructure, this difference only originates from Fe versus Ti, which have electron
densities close to each other. The low intensity of the superlattice peaks indicate
that the interfaces are slightly roughened. For a [2x2] superlattice, each perovskite
unit cell is adjacent to an interface. As a result, superlattice peaks vanish already

IThe heater set temperature was kept constant for all samples. Nevertheless, small variations
in the substrate surface temperature was observed by measuring with an optical Pyrometer.

2For the superlattice, RHEED oscillations were observed and the pattern remained two di-
mensional. This was in agreement with its AFM height image where the terrace structure was
still visible. The well defined growth of the superlattice is necessary for comparison with single
lattices.
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Figure 5.4: (a-d) RHEED oscillations of a 30 LaAlO3-2 LaTiO3-2 LaFeO3-2 LaTiO3
heterostructure grown on SrTiOs at 1073 mbar, where (c) is of the bottom LaTiOgs layer
and (d) of the top LaTiOs layer. (e) and (f) RHEED patterns before and after growth,
respectively. (g) AFM height image of a complete heterostructure grown on SrTiOs.

by minor interface roughening. According to the RHEED data, it is expected that
the roughness of the interface increases with the number of periods. In this chap-
ter, the study is mainly focused on single LaFeO3-LaTiO3 heterostructures. For
the single heterostructures, the interface roughness is expected to be negligible,
which would be in agreement with their RHEED and AFM data.

Thickness interference fringes, corresponding to the (008) superlattice peak,
were clearly visible (see Fig. 5.5b). Their period is in agreement with the total
thickness of the superlattice. Reciprocal space maps verified that the superlat-
tice was fully coherent with the underlaying LaAlO3-SrTiO3 template and showed
an approximately tetragonal structure. From this, it is assumed that the single
LaFeOg3-LaTiOg heterostructures are fully coherent as well. Due to biaxial com-
pressive strain on the LaTiOg-LaFeOg layers, both out-of-plane lattice parameters
increased to 0.395 nm. The volume remained similar to the bulk value.
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Figure 5.5: (a) shows a 6-26 scan of [(LaTiO3)2-(LaFeOs)2]15-15 LaAlO3-SrTiOs. (b) is
a close-up of (a) along SrTiO3 (002). SL denotes superlattice peak. The heterostructure
was grown at 10~° mbar.

5.3 Photoelectron Spectroscopy

To distinguish the presence of mixed valent transition metal oxides, the hetero-
structures were analyzed by XPS. In situ UPS and XPS measurements were done
in Wiirzburg as well as in Twente. Both systems were designed by Omicron Nano-
technology GmbH, equipped with an EA 125 electron energy analyzer. For XPS, a
monochromized Al Ko source (XM1000) was used as well as a non-monochromized
Al Ka source. For UPS, a He plasma lamp (HIS13) operated at the He I (21.2
eV) excitation edge was used. The base pressure of both XPS chambers was be-
low 107 '° mbar. The analyzers were calibrated with the use of an in situ sputter
cleaned Au sample.

Hard X-ray photoelectron spectroscopy was performed at Desy in Hamburg
(BW2 beamline). A monochromatic source with an excitation energy of 3500 eV
was used. The analyzer (Scienta SES 200) was calibrated with a Au sample to the
Au 4f; /5 line at 84.0 eV.
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To overcome the charging effect of the insulating samples, a flood gun was
used: a Flood Gun 15/40 (SPECS) in Wiirzburg and a CN 10 charge neutralizer
system (Omicron Nanotechnology GmbH) in Twente. For each measurement the
filament current, emission current and beam energy were optimized to minimize
the FWHM of the peaks.

All spectra were aligned to the O 1s at 530.1 eV of Sr'TiOg single crystal. For
charging samples, the scan time was reduced to avoid broadening of the spectra
(max. 0.1 eV). For data analysis, a Shirley background was subtracted and the
spectra were normalized to the total area. Note that normalization of the Fe 2p
spectra are complicated due to different satellite structures of Fe?T and Fe3*.
Moreover, the La MNN (at ~740-800 eV) obscures the Fe 2p satellite structure
when measuring with an Al Ka source.

5.3.1 Single films
LaTiO;

The Ti 2p spectra of thin LaTiO3 were studied. A thin LaTiO3 film was chosen to
ensure the perovskite phase.[160] The low oxygen growth pressure is expected to
suppress the formation of the LasTioO7 phase. Two monolayers of LaTiO3 were
grown on LaAlO3-SrTiO3 and studied by XPS. A LaAlOgs buffer layer was used
to reduce the Ti**t signal of the SrTiOs.

The Ti 2p spectrum of LaTiO3 is shown in Figure 5.6a, where A-D mark the
Ti 2p3,, positions of several titanium oxides. The Ti 2p3,, peak of LaTiOz has
a relatively high binding energy for Ti*T, ~458.9 eV (B). For comparison, the
Ti 2p3/2 of SrTiOs (Ti*T) is at ~459.9 eV (A). For LayTi;O7 (Ti*") the Ti
2p3/o peak was observed at 458.4 ¢V (C), with O 1s at 529.9 eV.[162] At lower
binding energy of the Ti 2p of LaTiO3 (~457 eV, D), spectral weight was observed.
Modeling the Ti 2p with four Voight functions did not gave reasonable fits. This
indicated that the spectral weight at lower binding energy does not originate from
a lower Ti valence state, but that the Ti 2p peaks are asymmetric. Asymmetry
may originate from, e.g., band bending or surface states. However, the absence of
asymmetric La in the XPS spectra precludes band bending of LaTiOg.

The corresponding valence band spectrum is shown in Figure 5.6b. No lower
Hubbard band, originating from the Ti 3d?!, is observed.® Lack of the lower Hub-
bard band points to an empty d shell, i.e. Ti**. This suggests that the LayTizO7
phase was stabilized instead of the LaTiO3 phase. From growth, the LaTiO3 phase
was expected to be stabilized as the film is very thin and grown at low oxygen
pressure. Moreover, the XRD data of the superlattice do not indicate the presence
of LagTigO7.

It is remarkable that no clear Ti3* features were observed in the Ti 2p as well
as valence band spectra. The lack of Ti*t features is similar to previous studies
on LaTiOs-LaAlOs, where also no Ti3t signal was observed for thin LaTiOs; on
LaAlOs3 in the core level XPS spectra®.[163, 164] For these heterostructures, Has-

3Lack of the lower Hubbard band was independent of X-ray source.
4There is no information on the valence band XPS spectra for these samples.
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Figure 5.6: Bulk sensitive hard XPS spectra of thin LaTiO3 on LaAlO3-SrTiO3z where
(a) shows the Ti 2p and (b) the valence band spectrum. In (a), A marks the position of
Ti 2p3/2 in SrTiO3, B marks the Ti position observed in this LaTiO3 film, C marks the
Ti position in LazTi2O7 and D marks the asymmetry of the Ti 2p3/2 of LaTiOs3.

sink observed clear Ti** fingerprints by STEM-EELS measurements.[163]. Addi-
tionally, Ti** fingerprints were absent in those samples. STEM-EELS and growth
analysis indicate that the Ti valence state of LaTiO3 is hard to distinguish cor-
rectly by XPS.

LaFeOj;

A 30 monolayers thick LaFeOs film on SrTiO3 was taken as a LaFeQOgs reference
sample. Its Fe 2p spectrum is shown in Figure 5.7a. The binding energy of
the Fe 2p3 /5 is comparable to Fe; Oz, implying Fe?t. The typical satellite struc-
ture for Fe?* with octahedral symmetry at ~720 eV confirms the Fe?* ionization
state.[165] In the Fe 2ps/5 peak, fine structure was observed due to multiplet
splitting.[166] From fitting, the separation between the fine structure peaks has
been determined to be ~1 eV (see section 5.3.4). Furthermore, the FWHM of the
Fe peaks of LaFeO3; were small in comparison to those of simple Fe oxides. The
reduced FWHM is probably due to a change in electrostatic interactions, crystal
field splitting or spin-orbit coupling between the 2p core hole and unpaired 3d
electrons of the photoionized Fe cation.[166]

In the valence band spectrum (Fig. 5.7b), the LaFeOs charge transfer band,
marked by the arrow, was observed. No spectral weight was observed close to the
Fermi level (0 eV), which is consistent with the insulating behavior of LaFeOs.

5.3.2 LaTiO;s;-LaFeO; on LaAlO3-SrTiO;

In this section, XPS spectra of various LaTiOs-LaFeO3s heterostructures are pre-
sented. Figure 5.8a shows the Fe 2p spectrum of a LaFeO3-LaTiO3 heterostruc-
ture. In comparison to thick LaFeOs, an extra peak at ~708 eV is observed, which
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Figure 5.7: Bulk sensitive hard XPS spectra of thick LaFeOs on SrTiOs, where (a)
shows the Fe 2p and (b) the valence band spectrum. The arrow in (a) points to Fe*
satellites, in (b) to the charge transfer band. The inset of (a) shows a close-up of the
Fe 2p3/o spectrum.

is marked by the circle in Figure 5.8a. The extra peak points to the presence of
Fe?*. To distinguish whether the Fe?* signal originated from the proposed charge
transfer, a LaFeO3-LaAlO3 heterostructure has been fabricated for comparison.
LaAlQOj3 is a wide band gap insulator with only single valent cations. Therefore,
no charge transfer to Fe is expected to occur in this heterostructure. The lack of
charge transfer was confirmed by XPS, since only Fe3* was observed in LaAlO3-
LaFeO3 (see Fig. 5.8a).

To study the LaTiOs-LaFeO3 heterostructures in more detail, the thickness of
the LaFeOg layer has been varied while the thickness of the LaTiOj3 layers was kept
at two unit cells. As shown in Figure 5.8b marked by the arrow, the Fe?* signal
reduced with increase of the LaFeOgs thickness. The reduction may be clarified
by two different scenarios. The first possibility is that doping only occurs at the
interface. As a result, the Fe?* signal reduces in comparison to the Fe3* signal for
thicker LaFeO3 films, but the total Fe?T concentration remains constant. In the
second scenario, the electron doping of Fe depends on the [LaTiOs]/[LaFeOs] ratio.
The number of electrons that is transferred to the LaFeO3 layer remains constant,
but is homogeneously spread in the LaFeOs film. As a result, the [Fe?*]/[Fe3*]
ratio reduces by increase of the LaFeO3 thickness.

Angular resolved XPS was performed to obtain information on the distribu-
tion of the Fe?" ions in the LaFeOs film. Figure 5.9 shows angular resolved Fe
spectra of a LaTiO3-4 LaFeO3-LaTiO3 heterostructure. A slight increase of Fet
was observed in the surface sensitive measurement. This could point to a higher
Fe?* concentration in the top LaFeO3 monolayer in comparison to the underlying
LaFeOg layers. As the LaFeOg film was only four monolayers thick, each LaFeO3
monolayer was close to a LaTiOs-LaFeOs interface. If doping only occurs at the
interface, the observed angle dependence should be more pronounced for thicker
LaFeOg films. Nevertheless, the minor difference between bulk and surface sensi-
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Figure 5.8: (a) Fe 2p hard XPS spectra of thick LaFeOgs, LaAlO3-2 LaFeO3-LaAlO3
and LaTiO3-2 LaFeOs-LaTiOs. The circle marks the Fe?t signal of LaTiO3-2 LaFeOs-
LaTiOs. (b) Fe 2p XPS spectra of LaTiOs-LaFeOs with LaFeOs thicknesses of 2, 4
and 8 monolayers. The LaTiOgz layers were kept at two unit cells. The arrow indicates
the decrease of Fe?t with increase of LaFeOs thickness. All measurements were done at
normal emission.

tive measurement can not explain the pronounced reduction in electron doped Fe
for increased LaFeOg thicknesses. The influence of the [LaTiO3]/[LaFeOs] ratio,
is expected to give significant differences in [Fe?*]/[Fe3*] ratio. The negligible an-
gle dependence in XPS suggests a nearly homogeneous Fe?* distribution over the
LaFeOs film. Therefore, it is proposed that the variation in the [LaTiOs]/[LaFeOs]
ratio is the most likely explanation for the trend shown in Figure 5.8b.

The above mentioned results were on heterostructures where LaFeO3 was sand-
wiched between two LaTiOg layers. To investigate whether only one of the LaTiOg
layers is crucial for Fe reduction, heterostructures without top or bottom LaTiOg
were fabricated. In both heterostructures, Fe?T was present, but the Fe?t con-
centration was reduced compared to sandwiched LaFeOj3 of equal thickness. This
suggests that charge transfer occurs at both interfaces.

According to the proposed charge transfer mechanism, besides mixed valent
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Figure 5.9: Fe 2p XPS spectra of LaTiO3-4 LaFeOs-LaTiO3 at different angles. The
inset shows a close-up of the Fe?T signal at 709 eV.

Fe, also mixed valent Ti should be present in MH-CT heterostructures. In Fig-
ure 5.10, the Ti 2p spectrum of a LaTiO3-LaFeOgs heterostructure is compared to
thin LaTiO3. For the LaTiO3-LaFeO3 heterostructures, no asymmetry at lower
binding energy was observed in the Ti 2p3/, spectra. The Ti 2p spectra of the
heterostructures could be well fitted by two Voight functions, independent of the
LaFeO3 thickness; one for 2p3 /5 and one for 2p; /5. A single, symmetric Ti 2p3 /o
peak suggests the absence of mixed valent Ti, which does not agree with the pro-
posed charge transfer and the corresponding Fe 2p spectra. In the valence band
spectra, no lower Hubbard band of LaTiO3 was observed, which is similar to the
valence band spectra of thin LaTiO3z on LaAlO3-SrTiO3 (see section 5.3.1). As
mentioned before, the valence state of Ti in LaTiO3-LaAlO3 was hard to distin-
guish by XPS (see section 5.3.1). A similar effect may occur for LaTiOs-LaFeOs
on LaAlO3-SrTiOs3.

The Ti 2p and valence band spectra point to the presence of Ti*t and the
lack of Ti3*. However, their corresponding Fe spectra suggest that not each Ti
3d! electron is transferred to the empty Fe upper Hubbard band, as Fe?* is still
clearly present in, e.g., LaTiO3-2 LaFeO3. Oxygen vacancies or oxygen intersti-
tials, resulting in LaTiO3_4 or LasTisO7, would also change the Ti valence state.
To study their presence, the oxygen growth pressure (1076-1072 mbar) and cool-
down procedure (with and without post anneal) were varied. The Ti 2p spectra
appeared to be independent of growth pressure and cool-down procedure, suggest-
ing that oxygen vacancies as well as interstitials are unlikely to be the origin of
the single Ti 2p3 /o spectrum.

Fe reduction

During the exposure of LaTiO3-LaFeO3 heterostructures to X-rays, reduction of
Fe3™ to Fe?T was observed, which stabilized to a certain [Fe?"]/[Fe3*] equilibrium.
It is important to mention that all shown Fe spectra so far were taken after stabi-
lizing. In this section, the Fe reduction during X-ray exposure is discussed to verify
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Figure 5.10: The Ti 2p XPS spectra of a thin LaTiOg layer and a LaTiO3-2 LaFeOgs-
LaTiO3 heterostructure.

whether the observed Fe reduction originates from the proposed charge transfer
or is a result of beam damage.

The Fe reduction was slow (in the order of hours, even using a synchrotron
source) and occurred locally; only where the X-rays bombarded the surface. Du-
ring the measurements, Fe saturated to a certain [Fe?T]/[Fe®*] equilibrium. As
shown in Figure 5.8b, the [Fe?]/[Fe3*] equilibrium depended on the [Ti]/[Fe] ratio
of the heterostructure. Unlike the reduction in LaTiO3z-LaFeO3 heterostructures,
Fe reduction was absent in the reference samples. Thick LaFeO3; and LaAlOgz-
LaFeOs were stable during X-ray exposure. This suggests that the reduction of
Fe is not solely due to X-ray damage.

The reduction of Fe over time is clearly visible in Figure 5.11a. It shows the
Fe 2p spectrum at the beginning of the XPS measurement and after reaching the
[Fe?t]/[Fe*] equilibrium. The reduced Fe state remained stable for at least 60
hours after switching off the X-rays and storing the samples in ultra high vacuum.
Exposing LaTiO3-LaFeOs heterostructures to air, Fe?* reoxidized to Fe3t. With
these observations, the question raised whether the reduction is an ionic or an
electronic process.

Oxygen transfer from LaFeO3 towards LaTiO3 would result in Fe?*. Oxidation
of LaTiOgs could occur, since the LasTisO7 phase is energetically favorable, and
results in oxidation of Ti** to Ti**.[160] However, no variation in the Ti 2p spectra
was observed during X-ray exposure. The La and Al spectra were stable during
X-ray exposure as well. Moreover, the Fe reduction was independent of growth
pressure and post annealing.

To understand the Fe reduction in more detail, the source energy was var-
ied. Instead of using an X-ray source (1486.8 eV for a lab source, 3500 eV for a
synchrotron source), a He I source (21.2 eV) has been used. Exposing the hetero-
structures to this energy, ionic migration is expected to be negligible in comparison
to electronic transfer. To distinguish the variation of the Fe state by He I expo-
sure, the Fe 2p spectrum was shortly measured by XPS before and after He I
exposure. After He I exposure, the Fe was partially reduced to Fe?*t, as shown in
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Figure 5.11: (a) Fe 2p XPS spectra of a LaTiO3-2 LaFeO3-LaTiOs heterostructure
after different exposure times, measured in Wiirzburg at an emission angle of 39°. After
24 hours, the reduction was saturated. (b) Fe 2p XPS spectra of LaTiO3-8 LaFeOgs-
LaTiO3 before and after exposure to He I. The exposure duration was approximately
three hours.

Figure 5.11b. This observation suggests strongly that the Fe reduction is a result
of electron transfer.

Reduction of cations in oxide crystals by X-ray exposure has been observed
in previous studies.[167-170] An extensively studied example is the reduction of
Cu in oxides.[167-169] Cu can completely reduce from Cu?* to metallic Cu when
adsorbates are present at the surface. This is also consistent with observations
on thin SrCuO; films.> Measuring the Cu spectra in situ by XPS directly after
growth, clear Cu?* features were present and remained stable during the mea-
surements. After storing the sample for at least one week in vacuum (max. 10~
mbar), Cu reduced slowly to Cut during X-ray exposure. Moreover, additional
O and C peaks were observed by XPS, indicating surface contamination. For ex
situ, measured SrCuO, samples, the reduction speed was increased. Exposing the
reduced copper oxides to air, the Cu remained Cu™, i.e. it did not reoxidize to
Cu?*.[167] Comparing the reduced Cu oxides with LaTiOs-LaFeO3 heterostruc-
tures, clear differences in reduction process were observed. No differences between
in situ and ex situ measurements were observed for LaTiO3-LaFeO3 heterostruc-
tures and Fe?* reoxidized to Fe3t after exposure to air. Furthermore, in contrast
to Cu, Fe did not reduce completely to Fe?", but reached a certain [Fe?*]/[Fe3t]
equilibrium. Therefore, it is suggested that the reduction of Cu and Fe are based
on different mechanisms.

For MoO3 and WQ3, a reduction of the cations was observed as well during X-
ray exposure.[170] After exposing the crystal surfaces to air, W and Mo reoxidized,
which is analogous to Fe. Fleisch et al. realized stabilization of the reduced Mo and

5 SrCuO2 was grown on SrTiOz (001) with and without LaAlO3z buffer layer (in Twente).
Capping SrCuO2 with two monolayers of crystalline SrTiO3 did not change the Cu reduction
process.
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W states by exposing to Hy. With this result, they suggested that the reduction
by X-rays was caused by internal electron transfer from oxygen to metal orbitals,
creating isolated +5 states and O~. By exposing the reduced state to Hy, HoO was
created, destroying the reversibility of the photochromism. However, the proposed
charge transfer from O to Mo or W was not supported by the O 1s XPS spectra,
since the O 1s did not changed during X-ray exposure. To clarify their results,
they suggested that the created holes at the O site are either distributed over the
oxygen lattice or diffused into the bulk of the oxide. A similar mechanism may
occur in the LaFeO3-LaTiOg heterostructures. Nevertheless, in comparison to
MoO3 and WOg3, the reduction mechanism of LaFeO3-LaTiOgz is probably more
complex as cation interactions and band alignment may also participate in the
reduction process.

As mentioned above, no changes in Ti, Al and La spectra were observed during
the XPS measurements. This suggests that La, Al and Ti have steady valence
states during XPS measurements. Moreover, no clear change in the O 1s spectra
has been observed. If the proposed mechanism for WO3z and MOs is applicable
for the LaTiOs-LaFeOgs heterostructures, homogeneous hole distribution over the
thin LaFeOg3 layer is expected to give a distinct variation in O 1s XPS signal.
Therefore, changes in O valence state are expected to be diffused into the sample.
Note that no information on the chemical state of the SrTiOs substrate could
be obtained by the XPS measurements as SrTiO3 was deeply buried from the
surface. To distinguish the influence of the SrTiOg substrate on the reduction
process, comparable heterostructures were fabricated on other templates. These
results are presented in the next section.

5.3.3 LaTiO3-LaFeO; on LaAlO3;-LSAT and SrTiO;3

To study the effect of the template on the charge transfer in LaTiO3-LaFeOs
heterostructures, the heterostructures were fabricated on SrTiO3 and LaAlOgz-
LSAT. Growing the heterostructure directly on SrTiOs, effect of the LaAlOs-
SrTiOg3 interface can be excluded. Another approach, SrTiO3 replacing by LSAT,
was also used. LSAT has lattice parameters close to SrTiO3 (see Table 4.1) and
both crystals are cubic. As a consequence, no big changes in the crystal structure
of the heterostructure are expected. In contrast to SrTiOs, LSAT is insulating
even at high temperatures, which is expected to suppress accumulation of charge
into the LSAT substrate during growth.[24] The heterostructures on LSAT were
charging during X-ray exposure. A flood gun was used to avoid peak broadening.

In Figure 5.12a, the Fe 2p spectra of LaFeO3-LaTiO3 heterostructures on
LaAlO3-SrTiO3 and LaAlO3-LSAT are compared. A clear increase of Fe?* signal
is observed for the heterostructure on LSAT and the Fe 2p spectrum of this sam-
ple was stable during X-ray exposure. Decreasing the [LaTiOs]/[LaFeOs] ratio for
heterostructures on LaAlO3-LSAT, partial Fe reduction was present during X-ray
exposure .

Figure 5.12b compares LaTiO3-2 LaFeO3 heterostructures grown on SrTiOj
and LaAlO3-SrTiO3. On SrTiOs, the iron valence state was predominantly Fe?+.
In addition, the Fe?T signal was stable during the measurement, i.e. no Fe reduc-
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Figure 5.12: Fe 2p spectra of LaTiO3-2 LaFeO3-LaTiO3s grown on (a) LaAlO3-SrTiO3
and LaAlO3-LSAT, and on (b) LaAlO3-SrTiOs and SrTiOs. The measurements were
performed in situ at an emission angle of 39°.

tion by X-ray exposure has been observed. Also LaTiO3-4 LaFeOgs on SrTiO3 was
already reduced before X-ray exposure. The reduced Fe states were instable in
air for both heterostructures. Increasing the LaFeOgs thickness to 8 monolayers,
Fe reduction by X-ray exposure was observed in situ and similar to the behavior
discussed in section 5.3.2.

Comparing the Fe spectra of the heterostructures on different templates, clear
variations are observed. The stability during X-ray exposure and the [Fe?*] con-
centration varied clearly form template to template. This indicates that the tem-
plate has a distinct influence of reduction process.

Besides a variation in the Fe spectra, a variation in the Ti spectra may be
present for the heterostructures on different templates. Studying the Ti and va-
lence band spectra of LaFeO3-LaTiO3 on SrTiOs, clear differences have been ob-
served in comparison to similar heterostructures on LaAlO3-SrTiO3z. The Ti 2p3 /o
peak was asymmetric to lower binding energy and the lower Hubbard band was
present in the valence band spectra (see Fig. 5.13a and b). The presence of the
lower Hubbard band implies that Ti in LaTiOg is at least partially 3+, though the
Ti valence state is not evident from the Ti 2p spectra. Increasing the LaFeOg thick-
ness, the asymmetry of the Ti peak and the spectral weight of the lower Hubbard
band decreased. Since the spectral weight of the lower Hubbard band is a result of
the total number of Ti d! electrons, a decrease in signal for thicker LaFeO3 films
support the electron transfer from LaTiO3z to LaFeOs. For the heterostructures
on LaAlO3-LSAT, no lower Hubbard band was observed.

5.3.4 Fits of Fe 2p spectra

To quantify the [Fe?*]/[Fe**] ratio, the Fe 2p3/5 spectra were fitted, as shown in
Figure 5.14. To fit the spectra, a Shirley-type background was subtracted. Six
Voight functions were used to fit the Fe 2p3 /5 peak and the Fe2t satellite. Three
Voight functions (1-3) were used for Fe3t 2ps /2 and two Voight functions (5 and
6) for the Fe?t 2ps s2 peak. As a result, the observed multiplet splitting could
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Figure 5.13: In situ XPS spectra of LaTiOs-LaFeO3 heterostructures grown on SrTiOs.
(a) Ti 2p and (b) valence band spectra. In the valence band spectra, CT points to the
oxygen p band of LaFeOsz, MH points to the lower Hubbard band of LaTiOsz. The
measurements were performed at an emission angle of 39°.

be taken into account.[166] One Voight function (4) was used to fit the remained
area at higher binding energy. This area has been suggested to originate from Fe
ions located near the surface or interface due to decreased crystal field energy.[171]
Moreover, this Voight function included the spectral weight of the Fe?* satellite.
After optimizing, the separation between the multiplet peaks was fixed at 1 eV
for all samples as well as the separation between Fe?t and Fe3t at 2.1 eV. The
Lorentzian and Gaussian fit parameters were optimized for the heterostructures
on LaAlO3-SrTiO3 and applied to all heterostructures. As a result, only the area
below each Voight function could be varied. Note that function (4) was allowed to
vary in peak position, as the position was expected to vary with Fe?" concentration
and LaFeOg3 thickness.

Figure 5.14 shows the Fe fits of thick LaFeO3 and LaTiO3-2 LaFeO3 on LaAlOg3-
SrTiOs. Only four Voight functions (1-4) were used in the optimized fit for
LaFeO3s, pointing to the absence of Fe?*. In LaTiO3-2 LaFeOs, the saturated
[Fe?T] was approximately 26%. An overview of [Fe?*]/[Fe3T] ratios, obtained
from the optimized fits, are shown in Table 5.2.

It has to be mentioned that the given fit parameters were not well applicable for
highly electron doped heterostructures on SrTiO3. According to Gupta et al., the
Fe?t 2p, /2 should be split in three peaks.[166] The fit parameters were optimized
for relatively low Fe?T concentrations. Having a relatively low [Fe**], it was hard
to determine the multiplet splitting of Fe?t properly and, therefore, it was chosen
to use only two Voight functions for Fe?T. For high Fe?T concentrations, three
Voight functions should be used to obtain proper fits. However, the multiplet
splitting was hard to determine properly due to low statistics. Furthermore, no
pure Fe?T-perovskite-type oxide is known, to my knowledge, which could be used
as reference. The given [Fe?T]/[Fe3*] ratios for highly reduced Fe in the LaTiO3-
LaFeOj3 heterostructures are most likely below the actual value.

In Table 5.2, a small, but distinct Fe?t concentration is given for the LaAlO3-
LaFeO3 heterostructure, while no Fe?* was expected. It has to be mentioned
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Figure 5.14: Experimental Fe 2p3/; XPS spectra and their corresponding fits. (a)
LaFeOs and (b) LaTiOs-2 LaFeO3-LaTiOs on LaAlO3-SrTiOs. The dotted lines show
the results of individual Voight functions. The labels 1-6 correspond to the numbers
given in the text.

that Fe ions with a reduced oxidation state could be formed by the production
of defects in neighboring sites, which would result in spectral weight at lower
binding energy.[171] It has been suggested that this can be fitted by a single
Voight function.[171] For the optimized fit of LaAlO3-2 LaFeOs, only one Voight
function (6) was necessary to fit the spectral weight at lower binding energy; the
area below (5) was negligible. In LaAlOs-2 LaFeQOg, each Fe ion was adjacent
to a LaAlO3 layer. As a consequence, symmetry changes are expected to have a
significant influence on the Fe spectrum. Therefore, the spectral weight at lower
binding energy is proposed not to originate from electron transfer of LaAlOjz to
LaFeOs3. In LaFeO3-LaTiOg heterostructures, the spectral weight at lower binding
energy could not be fitted by a single Voight function. For these heterostructures,
it is suggested that the effect of symmetry breaking is negligible in comparison
to the proposed electron transfer. For thick LaFeOjs, the influence of symmetry
breaking at the surface is expected to have a negligible influence, as the LaFeOg
film was 30 monolayers thick and measured by hard XPS.

The [Fe?*]/[Fe?*] ratios, given in Table 5.2, are shown in Figure 5.15 as func-
tion of the [Ti]/[Fe] ratio. The clear differences indicate that the template as
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Table 5.2: An overview of the fitted [Fe®"]/[Fe®t] ratios of LaTiO3-LaFeO3 hetero-
structures on different templates. All results are of saturated Fe 2p3,, spectra. The
[Ti]/[Fe] ratios were determined by growth analysis.

[Ti]/[Fe]  [Fe*]/[Fe’]
Reference samples

Thick LaFeOgs - 0
LaAlO3-2 LaFeOs - 0.05
On LaAlO3-SrTiOs
LaTiO3-2 LaFeOg3 2 0.35
LaTiO3-4 LaFeOg3 1 0.15
LaTiO3-8 LaFeOgs 0.5 0.10

On SrTi0s
LaTiOs-2 LaFeOgs 2 1.7
LaTiO3-4 LaFeOs 1 0.96
LaTiO3-8 LaFeOs 0.5 0.11
On LaAlOs-LSAT
LaTiO3-2 LaFeOs3 2 0.54

well as the [Ti]/[Fe] ratio determine the observed [Fe?*] concentration. The he-
terostructures on LaAlOs-substrate showed a significant lower [Fe?"] than the
heterostructures on SrTiO3. This suggests that LaAlO3 suppressed the formation
of Fe?T. Also the influence of the substrate can not be neglected. The [Fe?"] on
LaAlO3-LSAT is significantly higher than on LaAlO3-SrTiO3. The difference may
be caused by the electrical behavior of the substrate.

If each Ti** ion would donate one electron to an Fe3T ion, the [Fe?t]/[Fe?t]
ratio should be equal to 1 for 2 LaTiO3-8 LaFeO3-2 LaTiOg3 heterostructures. This
is clearly not in agreement with the experimental results. This implies that not
each Ti** ion donated an electron to Fe3T, which also clarifies the spectral weight
in the valence band spectra originating from the Ti d! (see Fig. 5.13b).

5.4 Physical Properties

5.4.1 Magnetic properties

The magnetic properties of several heterostructures on LaAlO3-LSAT and SrTiO3
were measured with a vibrating sample magnetometer (VSM) option of a Quantum
Design PPMS. The temperature dependent magnetization was measured at a fixed
field of 2500-5000 Oe. Moreover, the magnetization versus field (up to 10,000 Oe)
was measured at different temperatures. According to Hund’s coupling, all spins
within a single Fe cation are aligned parallel. As a result, the number of unpaired
spins for Fe3t is 5 and for Fe?t 4.

On LaAlO3-LSAT, the heterostructure showed diamagnetic or ferromagnetic
behavior at room temperature. Cooling down to 5 K, the magnetic moment of
the heterostructures increased gradually. Comparing the heterostructures with a
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Figure 5.15: The [Fe®"]/[Fe®'] as function of the [Ti]/[Fe] for LaTiOs-LaFeOs hete-
rostructures on different templates.

bare LSAT substrate, similar magnetic behavior was observed for both kind of
samples (see also ref. [172]). In addition, Khalid et al. reported that LSAT crys-
tals can show ferromagnetic, diamagnetic or paramagnetic behavior, depending
on the impurities.[172] As the observed saturated magnetic signal was too high to
originate only from the heterostructure, it is expected that the observed magnetic
moment originated mainly from the LSAT substrate; signal from LaFeOg is ex-
pected to be negligible. On SrTiOgz, the samples showed paramagnetic behavior
with a magnetic moment which was too high to originate only from LaFeOgs. In
addition, the signal was comparable with a damaged sample holder.5

From the VSM measurements, no magnetic signal could be clearly pointed to
the LaTiO3-LaFeOg3 heterostructures. The total magnetic moment of the hetero-
structures was very small or LaFeO3 and LaTiO3 remained antiferromagnetic. A
decrease in T y of LaFeO3 may occur in the heterostructures. However, this is hard
to measure in the current setup. The paramagnetic to antiferromagnetic transition
of bulk LaFeOj is at 740 K, which is outside the range of the used PPMS.[156]

The lack of clear changes in magnetic behavior may be explained by several
scenarios. First of all, the LaFeOs films were very thin, <8 unit cells. For many
ferromagnetic materials, a minimum film thickness is necessary before turning
ferromagnetic.[7, 173] Secondly, it has been shown that the Ty of LaFeOs changes
by doping, for example by Sr. In La;_,Sr,FeOs, Ty decreases gradually with
increase of doping, but remains antiferromagnetic.[158] A similar effect may be
present in electron depod LaFeOs. In the current setup, however, it hard to
detect a possible change of T since the system is limited to temperatures up to
350 K. Finally, the reduced Fe appeared to be instable in air. Fe was completely
reoxidized to Fe3T after exposure to air. As a result, possible changes in the
magnetic behavior are also eliminated.

6Bended or cut plastic colorless drinking straws, used as sample holder, gave a paramagnetic
signal.
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5.4.2 Electronic properties

LaTiO3 and LaFeOgs are both insulators, but LaTiO3 can become metallic as a
result of off-stoichiometry.[174] By charge transfer from LaTiOs to LaFeOs, the
filling of the LaTiOs and LaFeOs Hubbard bands is changed. The change in
band filling could induce variations in the electronic behavior. The electronic
transport properties were measured using a 4-probe Van der Pauw method with
ultrasonically wire-bonded aluminum wires as electrodes. The electrical transport
and Hall-effect measurements were performed in a Quantum Design PPMS in the
temperature range from 300 K down to 2 K with magnetic fields up to 9 T.

Growing the heterostructures at 10~% mbar on SrTiOs and LaAlOs5-SrTiOs,
the samples showed metallic behavior which was dominated by SrTiO3_s. Increa-
sing the growth pressure of the heterostructures on LaAlO3-SrTiO3 to 10~3 mbar
oxygen, the electronic behavior was comparable to the electronic behavior of a
thick LaAlO3-SrTiO3 interface.[66] To cancel the influence of the template on the
electronic behavior, the heterostructures on LaAlO3-LSAT were studied. Here,
the influence of the template is expected to be negligible since LaAlO3z and LSAT
are highly insulating. It appeared that theLaFeOs-LaTiOs heterostructures were
insulating as well. The resistance at room temperature was above the detection
limit, even when LaFeOs and LaTiO3 were grown at 10~% mbar oxygen. This sug-
gests that both LaFeOs and LaTiOgs films were insulating, which is comparable
to their bulk behavior. This indicates that the oxygen stoichiometry of LaTiOj is
close to 1.

5.5 Conclusions and Outlook

In this chapter, electron transfer from the lower Hubbard band of LaTiOg3 to the
upper Hubbard band of LaFeOs5 is suggested to occur in LaFeO3-LaTiOg hetero-
structures as a result of oxygen p band alignment. XPS measurements have shown
that iron is indeed reduced to Fe?t when being adjacent to LaTiOs, while Fe ions
remained oxidized (Fe3T) in bulk LaFeO3 and LaFeO3-LaAlO3 heterostructures.
In addition, the valence band spectra indicated that the extra electrons on the
Fe-site originated from the partially filled Ti d band. The electron transfer hy-
pothesis was strengthened by the dependence of the [Fe?*]/[Fe3*] ratio on the
[Ti]/[Fe] ratio.

It appeared that Fe reduced during X-ray exposure to Fe?T up to a certain
[Fe?t]/[Fe**] equilibrium and Fe? was unstable in air. The reduction process
could be tuned by changing the template and [Ti]/[Fe] ratio. Since the reduc-
tion was also observed in situ directly after growth, the influence of adsorbates
is expected to be negligible. No changes in the Al, Ti and La spectra were ob-
served. This indicated that oxygen migration or electron transfer occurred. As
the reduction was independent of growth pressure and cool-down procedure, elec-
tron transfer is most likely. The heterostructures were insulating and no clear
magnetic signal was observed. The absence of variations in the magnetic and
electronic behavior could be clarified by the instability of Fe?T in air.
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Below, several suggestions for follow-up studies are given. First of all, the
reduced LaFeOj3 state should be stabilized, i.e. reoxidation of Fe in air has to
be avoided. This might be achieved by capping the heterostructure with, e.g.,
Al;O3. It has been shown that AloO3 capping can prevent reactions between air
and film.[175] Having a stabilized heterostructure, changes in the magnetic and
electronic properties are expected to be present and can be explored in more detail.

The [Fe?T]/[Fe3*] equilibrium depended on both the [Ti]/[Fe] ratio and the
template. The dependence on the [Ti]/[Fe] ratio can be explained by the proposed
charge transfer. The influence of the template is less understood, so far. Prelimi-
nary results indicated a decrease of [Fe?"] when a LaAlOjz buffer layer was adjacent
to the heterostructure. Moreover, the use of SrTiO3z or LSAT resulted in different
doping concentrations of LaFeQOg. It is expected that the influence of the template
can be controlled by variations of substrate and buffer layer material, buffer layer
thickness and substrate crystal orientation. Their exact influence has to be in-
vestigated. Here, heterostructures were fabricated in the [001],.. Variation of the
growth direction, e.g. [110],, and [111],., may increase the charge transfer and,
as a consequence, influence the physical properties of the heterostructure. The
ferromagnetic ordering may occur in a specific crystal direction. Note that bulk
LaFeOg3 does not show any direction preference as it is G-type antiferromagnetic;
each ion has six antiparallel nearest neighbors.[154]

Up to now, the valence band spectra are not well understood. Due to the
alignment of the oxygen p bands, a change in the valence band spectra should be
observed, like variations in spectral weight, shifts or broadening of the bands. XPS
measurements on a larger diversity of LaTiO3 and LaFeOg3 thickness combinations
may show a clear trend in these possible variations.

According to the proposed charge transfer from MH to CT insulator, the system
can be expanded to LaVO3 and LaCrOgs, a MH insulator and CT insulator respec-
tively. The advantage of LaVOj; is its extensively studied V 2p XPS spectra.[64]
Therefore, LaVO3 is expected to give more insight in the behavior of the MH
insulator in the MH-CT heterostructures. Replacing LaFeO3 by LaCrOg is ex-
pected to be helpful for investigation of the physical properties. In comparison
to LaFeOs, LaCrOs has a much lower Ty (~300 K).[156, 176] Consequently, a
decrease of Ty, as a result of electron doping, can easily be investigated by VSM
measurements. Furthermore, ferromagnetic behavior has been observed in chemi-
cally doped LaCrOs, which is not the case for chemically doped LaFeOs3.[176]

Finally, beside experimental studies, density functional theory (DFT) calcula-
tions can give more insight in the charge transfer model. For example, calculations
on exact band alignment at the interface versus thickness of the MH and CT in-
sulator are useful. The outcome can be used to optimize the [MH]/[CT] ratio to
increase the total charge transfer.
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Summary

Perovskite-type oxides, ABOs, are of high interest since they exhibit a wide va-
riety of properties. Having comparable oxygen backbone structures, perovskite-
type oxides can easily be stacked on top of each other with atomic precision. This
may result in advanced materials with new or enhanced functionalities. Moreover,
near the interface, interplay between the different materials occurs, which may
lead to interesting functionalities confined at the interface. For the devolpment of
device applications, it is important to understand the origin of the functionalities
near the interface of oxide heterostructures. In this thesis, the interface beha-
vior of perovskite-type oxide heterostructures was studied for four different cases.
Electronic, structural and chemical reconstructions were taken into account.

The first topic concerned the interface between a perovskite-type oxide crys-
tal surface and vacuum. A chemical surface treatment for REScO3 (110) single
crystals is developed to achieve single terminated crystal surfaces, which are im-
portant for studies on heteroepitaxial interfaces. Here, ScO5 terminated surfaces
were achieved after selective wet etching, as shown by angle resolved mass spec-
troscopy of recoiled ions (AR-MSRI). Furthermore, a study on SrRuQOjs growth
and nucleation was introduced to determine whether the REScO3 surface was
perfect singly terminated, since StTRuQOg is sensitive to differences in surface dif-
fusivity. Complete single termination has been proven for DyScOjz (110). The
REScO3 (110) atomic planes (REOT and ScO;) are polar. Therefore, perfect
singly terminated REScO3 surfaces were expected to be energetically unfavorable
and surface reconstructions were suggested to occur. Surface reconstructions of
ScO4 terminated DyScOs (110) were determined by reflection high energy elec-
tron diffraction (RHEED), surface X-ray diffraction (SXRD) and AR-MSRI. No
indications for ordered cation displacements as well as ordered cation vacancies
were observed. Therefore, it was suggested that oxygen vacancies were most likely
to occur to overcome the polarity difference between bulk DyScOs and vacuum.

The next part focused on the chemical driving forces between complex oxides.
Heterostructures of an amorphous oxide on crystalline SrTiO3 substrates have
been taken as a model system. It has been shown that redox reactions may oc-
cur at the interface during growth, resulting in oxygen diffusion from the SrTiO3
single crystal to the amorphous film. As a result, oxygen vacancies are created in
the SrTiOs near the interface and the interface may become conducting. A mini-
mum film thickness was necessary to achieve conductivity. The critical thickness
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depended on the film material and oxygen growth pressure.

The third case is based on the interface between two crystalline wide band gap
insulators, LaAlO3 and SrTiOs. An important difference between the two mate-
rials is the total charge of the atomic planes. SrTiOs consists of charge neutral
atomic planes (SrO and TiOs), while LaAlO3 consists of alternating positively
and negatively charged planes (LaO™ and AlO; ). As a result, a polar disconti-
nuity is present at a perfect LaAlO3-SrTiOg3 interface. Depending on the atomic
interface stacking, the interface can become metallic. In previous studies, several
models were proposed to clarify the properties of the LaAlO3-SrTiOg3 interface.
These models were based on intrinsic electronic reconstruction, intermixing, oxy-
gen vacancies or polarization discontinuity, but none of these models are conclu-
sive. Up to now, studies on LaAlO3-SrTiO3 interfaces were mainly focused on
the LaAlOg layer and the LaAlOg surface. Since the conducting layer is in the
SrTiOg3 near the interface, the SrTiO3 template is expected to have a significant
influence on the interface behavior. Understanding of this influence is expected
to give information on the origin of the metallic behavior near the interface. In
chapter 4, the influence of the SrTiO3 template on LaAlO3-SrTiO3 interfaces has
been investigated. The SrTiOs template has been modified by applying strain
and octahedral rotations using various oxide substrates and by varying the de-
fect density using various deposition techniques. The LaAlO3-SrTiOgz interfaces
remained insulating on NdGaOgs and DyScOj; substrates, while the interface be-
came conducting on (LaSr)(AlTa)Ogz. Moreover, the introduction of a SrTiOg
film grown by pulsed laser deposition (PLD) or hybrid molecular beam epitaxy
(H-MBE) between LaAlOj film and SrTiO3 (001) substrate resulted in insulating
heterostructures. Scanning transmission electron microscopy (STEM) and X-ray
photoelectron spectroscopy (XPS) measurements implied that the oxygen content
in SrTiOg3 films is increased compared to SrTiOs substates. On the other hand,
similar cation intermixing was observed by STEM at the interface of artificially
grown and standard LaAlO3-SrTiO3. Based on the results shown in this chapter,
it has been suggested that both octahedral rotations and oxygen vacancies are
important for achieving conducting interfaces.

The final topic focusses on the interface between two iso-polar insulating ma-
terials, LaFeO3 and LaTiOs. Both materials are insulators, but their charge gaps
are defined differently. LaTiOj3 is a Mott-Hubbard insulator; its charge gap is
determined by the splitting of its Hubbard subbands (d-d gap). LaFeOj is a
charge-transfer insulator; its charge gap is determined by the oxygen p band and
the empty upper Hubbard band. In LaFeO3-LaTiO3 heterostructures, it is pro-
posed that their oxygen p bands align near the interface since they share their
oxygen octahedra at the interface. As a result, the empty upper Hubbard band
of LaFeQj3 is pulled below the energy level of the partially filled lower Hubbard
band of LaTiO3. This would result in electron transfer from LaTiOs to LaFeOs.
Electron doped LaFeO3 has been observed by XPS in LaFeO3-LaTiOg3 heterostruc-
tures, while it was absent in LaFeOs and LaFeO3-LaAlO3. Moreover, the valence
band spectra of LaFeO3-LaTiOg3 indicate that the extra electrons on the Fe site
originated from the lower Hubbard Ti 3d band. This is consistent with the charge
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transfer hypothesis. Charge modulation of LaTiO3z and LaFeO3 was expected to
result in variations of the magnetic and electronic properties. However, no clear
changes have been observed so far.

The four different topics discussed the manipulation of perovskite-type oxide
interfaces at an atomic scale using different methods, chemically as well as physi-
cally. As a result, variations in composition, structure and charge were achieved
near the interface leading to differences in the interfacial behavior. It has been
shown that the behavior of perovskite-type oxide interfaces is very sensitive to
small variations near the interface. For follow-up studies, it is valuable to focus
on the oxygen in oxide heterostructures. The structure of the oxygen octahedra
and the oxygen stoichiometry influence the behavior of the oxide materials signifi-
cantly. Moreover, oxygen band alignment near the oxide interface may be utilized
in other material systems than described in this thesis to induce variations in their
physical behavior.
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Samenvatting

Vanwege de grote variéteit aan eigenschappen is er veel interesse in perovskiet-type
oxides (ABOs3). Deze oxiden hebben allemaal een vergelijkbare zuurstofstructuur
en kunnen daarom gestapeld worden met atomaire precisie. Hierdoor zijn deze ma-
terialen zeer geschikt voor het bestuderen van oxidische heterostructuren. In deze
kunstmatige heterostructuren is het mogelijk om nieuwe of verbeterde functiona-
liteiten te verkrijgen. Daarnaast is het mogelijk om functionaliteiten specifiek aan
het grensvlak te creéeren door gebruik te maken van de interactie tussen de ver-
schillende materialen. Om de kunstmatige heterostructuren te kunnen toepassen
is het van belang om de oorsprong van deze nieuwe functionaliteiten te begrijpen.
In dit proefschrift worden de eigenschappen van het grensvlak voor vier verschil-
lende perovskiet-type oxidische heterostructuren bestudeerd. Zowel elektronsiche,
structurele als chemische reconstructies zijn in acht genomen.

Allereerst wordt het grensvlak tussen een perovskiet-type oxide oppervlak en
vacuum besproken. Oppervlaktes met slechts één type kation aan het opper-
vlak, oftewel enkel getermineerde oppervlaktes, zijn essentieel voor het bestude-
ren van heteroepitaxiale structuren. In hoofdstuk 2 wordt een chemische opper-
vlakte behandeling voor zeldzame aarde scandaten, REScO3 (110), gepresenteerd.
Gebruikmakend van het verschil in chemische reactiviteit tussen REO and ScO,
vlakken, kon het oppervlak selectief geetst worden. Middels hoek afhankelijke mas-
saspectroscopie van teruggestoten ionen (AR-MSRI) is bepaald dat voornamelijk
Sc aanwezig was aan het oppervlak na behandeling. De enorme gevoeligheid
van SrRuOjs dunne laag groei voor verschillende kation terminaties is gebruikt
om aan te tonen dat het oppervlak geheel ScOs getermineerd was. De atomaire
vlakken van REScOj3 (110) (REO™ en ScO; ) zijn polair. Het wordt aangenomen
dat enkelvoudig getermineerde REScO3 oppervlaktes energetisch ongunstig zijn.
Daarom wordt geopperd dat oppervlakte reconstructies plaats vinden. Met behulp
van reflectieve hoge energie elektronen diffractie (RHEED), oppervlaktegevoelige
Rontgendiffractie (SXRD) en AR-MSRI zijn mogelijke reconstructies aan DyScOg
(110) oppervlaktes onderzocht. Deze metingen gaven geen indicatie voor geor-
dende kation verplaatsingen en geordende kation vacatures. Daarom is voorgesteld
dat zuurstof vacatures aan een ScOq getermineerd oppervlak aanwezig zijn om de
polaire discontinuiteit tussen vacuiim en bulk op te heffen.

Het volgende onderdeel focust op de chemische interacties tussen verschillende
complexe oxides. Hiervoor waren heterostructuren van amorfe oxides op kris-
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tallijne SrTiOs substraten genomen als modelsysteem. Het is aangetoond dat
gedurende de groei redox reacties plaats kunnen vinden aan het grensvlak. Zuur-
stof diffundeert uit het SrTiO3 substraat naar de amorfe laag. Hierdoor worden
zuursof vacatures gevormd in het SrTiOs nabij het grensvlak. Hierdoor kan het
grensvlak geleidend worden. Voor deze heterostructuren is een minimum dikte
van de amorfe laag noodzakelijk om geleiding te verkrijgen. De minimum dikte
hangt af van de compositie van het amorfe materiaal en de zuurstofdruk tijdens
de fabricatie.

Het onderzoek gepresenteerd in hoofdstuk 4 is gebaseerd op het grensvlak
tussen twee verschillende kristallijne isolerende oxides, LaAlO3z en SrTiO3. Een
belangrijk verschil tussen deze twee materialen is de totale lading van hun afzon-
derlijke atomaire vlakken. SrTiOgs bestaat uit ladings neutrale vlakken (SrO en
TiO2) en LaAlOj uit alternerende positief en negatief geladen atomaire vlakken
(LaO™ en ScO;). Hierdoor is aan een niet-gereconstrueerd grensvlak een po-
laire discontinuiteit aanwezig. De eigenschappen van het grensvlak worden sterk
bepaald door de atomaire stapeling aan het grensvlak, van isolerend (SrO-AlQO,)
tot metallisch (TiO2-LaO). Verscheidene modellen zijn in voorafgaande onder-
zoeken geopperd om de eigenschappen van deze grensvlakken te verklaren. Deze
modellen waren gebaseerd op intrinsieke elektronische reconstructie, uitwisseling
van kationen, zuurstof vacatures en polarizatie discontinuiteit. Echter geen van de
modellen is afdoende. In veel LaAlO3-SrTiOg3 studies lag de focus voornamelijk op
de invloed van de LaAlOg laag en het LaAlOs oppervlak op de eigenschappen van
het grensvlak. Daarentegen zit de geleidende laag juist in SrTiO3. Daarom wordt
verwacht dat ook de SrTiOg3 laag nabij het grensvlak een significante invloed heeft
op de eigenschappen van het grensvlak. Door de invloed van SrTiOj3 te bestu-
deren wordt er inzicht in LaAlO3-SrTiO3 grensvlakken verkregen. In hoofdstuk
4 wordt de invloed van SrTiOg3 bediscusieerd. Door dunne lagen van SrTiOj3 te
groeien op andere oxidische substraten kon de structuur van de SrTiOg eenheidscel
worden veranderd en zuurstof octahedra rotaties worden geintroduceerd. Daar-
naast is de defect dichtheid van het SrTiOs gevarieerd door verschillende groei
technieken te gebruiken voor SrTiOs. De LaAlO3-SrTiOj grensvlakken bleven
isolerend wanneer ze waren gecreéerd op NdGaQOs en DyScOg substraten. Daar-
entegen werden ze geleidend op (LaAl)(SrTa)Os substraten. Door een gegroeide
SrTiO3 laag aan te brengen tussen LaAlOj3 en een SrTiOj substraat door mid-
del van gepulseerde laserdepositie (PLD) of hybride moleculaire straal epitaxy
(H-MBE) werd geleiding aan het LaAlO3-SrTiO3 grensvlak tegen gegaan. Re-
sultaten verkregen met scanning transmissie elektronenmicroscopie (STEM) en
Rontgen foto-elektronenspectroscopie (XPS) suggereren een toename aan zuur-
stof in gegroeide SrTiO3 lagen ten opzichte van SrTiOgs kristallen. De kation
uitwisseling aan kunstmatig gegroeide en standaard LaAlO3-SrTiO3 grensvlakken
was vergelijkbaar. In dit hoofdstuk wordt geopperd dat zowel specifieke zuurstof
octahedra rotaties als zuurstof vacatures van groot belang zijn voor het verkrijgen
van geleidende LaAlOs-SrTiOg3 grensvlakken.

De laatste casus behandelt het grensvlak tussen twee isopolaire materialen,
LaFeOgs en LaTiO3z. Beide materialen zijn isolerend, maar hebben een verschil-
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lende bandenstructuur rond het Fermi niveau. LaTiOs is een Mott-Hubbard isola-
tor: de bandkloof wordt bepaald door de gevulde d band en de lege d band van Ti.
LaFeOg is een charge-transfer isolator; de bandkloof wordt bepaald door de volle
p band van zuurstof en de lege d band van Fe. Hier wordt de hypothese gesteld
dat de zuurstof p banden van LaTiOs; en LaFeOgs op gelijk niveau komen aan
een LaTiOs-LaFeOgs grensvlak aangezien de zuurstof octahedra gedeeld worden.
Bijgevolg komt de lege d band van Fe onder het energie niveau van de gevulde
d band van Ti. Hierdoor kan elektronen overdracht van LaTiOs naar LaFeOs
plaatsvinden. Elektron gedoteerd LaFeOsg is waargenomen in LaTiO3-LaFeO3 het-
erostructuren met behulp van XPS. Daarentegen was gedoteerd LaFeOs afwezig
in bulk LaFeO3; en LaFeO3-LaAlO3 heterostructuren. De valentieband spectra
van LaFeO3-LaTiOgs heterostructuren wijzen erop dat de extra elektronen op de
Fe positie oorspronkelijk uit de gevulde Ti 3d band komen. Deze observaties
zijn consistent met de voorgestelde ladingsoverdracht. Als gevolg van ladingsover-
dracht wordt ook een verandering in magnetische en elektronische eigenschappen
verwacht. Echter, geen duidelijke veranderingen in eigenschappen zijn tot nu toe
waargenomen.

De vier verschillende onderwerpen bediscussiéren het begrijpen en manipuleren
van perovskiet-type oxide grensvlakken op atomaire schaal door middel van ver-
schillende methodes, zowel chemisch als fysisch. Variatie in compositie, structuur
en lading in nabijheid van het grensvlak zorgden voor veranderingen in gedrag
aan het grensvlak. In alle gevallen speelde zuurstof een belangrijke rol. De eigen-
schappen van een grensvlak zijn zeer gevoelig voor kleine veranderingen in de
zuurstof structuur en concentratie. In vervolg studies is het van belang om meer
aandacht aan de zuurstofhuishouding te geven. Hierbij moet men rekening houden
met octahedra rotaties, stoichiometrie, maar ook band groepering zoals in hoofd-
stuk 5 is beschreven. Door deze zaken gecontroleerd te manipuleren, kunnen de
eigenschappen in oxidische heterostructuren systematisch geregeld worden.
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Dankwoord

Dit boekje zou er nooit zijn gekomen zonder de hulp en steun van anderen ge-
durende de afgelopen vier jaar. Ik heb genoten van de vele samenwerkingen in
binnen- en buitenland. Bij deze wil ik van de gelegenheid gebruik maken om hen
te bedanken.

Om te beginnen wil ik mijn begeleiders bedanken. Guus, vanaf dag één gaf
je mij het vertrouwen en liet je me vrij om mijn eigen onderzoek uit te voeren.
Ondertussen zorgde je er voor dat ik de grote lijn niet uit het oog verloor. Dave,
jouw enthousiasme voor onderzoek is op een positieve manier erg aanstekelijk
en ontzettend motiverend. Gertjan, je vele bezoeken aan het lab waren zeer stim-
ulerend. Hierdoor konden we meteen de meest recente resultaten bespreken. Dank
voor deze zeer motiverende werkomgeving.

De afgelopen vier jaar heb ik met veel mensen samengewerkt. Veel van de
resultaten zouden er niet zijn zonder deze samenwerkingen. Een goede start van
het onderzoek in hoofdstuk 2 begon met het bachelor onderzoek van David, en
werd vervolgd in samenwerking met Bouwe. The collaborations on SXRD (Paul,
Sybolt en Elias) and AR-MSRI (Pim, Wolter, Jayakanth and Chan-Ho) were very
valuable for the understanding and improvement of the surface treatment. Thanks!
For chapter 3, I really enjoyed the collaboration with Yunzhong and Nini on the
amorphous oxide-SrTiOg3 interfaces. Moreover, I want to thank the people from
the EMAT centre for the STEM measurements shown in chapter 3 and 4. I'm
greatly indebted to Bharat and Susanne, who gave me the possibility to use H-
MBE STO samples and to Felix who did the HTEC measurements. Ook ben ik
Peter erg dankbaar voor de mogelijkheid om zijn data op LSAT te gebruiken. Die
Ergebnisse aus Kapitel 5 wurden vornehmlich in Wiirzburg und bei DESY erzielt.
Vielen Dank fiir ihre Hilfe, Diskussionen und Interesse. Hiroaki, thanks a lot that
I could join you on the MH-CT topic.

Gedurende mijn promotie heb ik vele discussies gevoerd. Speciale dank gaat uit
naar de grote LAO-STO Ph.D. clan: Jeroen H., Maarten, Hans, Andreas, Gerwin,
Zhicheng, Michelle, Sander en Peter (2x), en het COMAT team: Jeroen B., Hans,
Andreas, Joost, Bouwe, Chris, Rik, Brian, Michelle, Nirupam en Wolter. Tk hoop
dat we met het COMAT team weer snel een etentje hebben.

In meinem letzten Jahr, habe ich mehrere Monate in EP4 in Wiirzburg ver-
bracht. Ralph, vielen Dank fiir Ihre Gastfreundschaft und das Sie mir die Moglich-
keit gegeben haben in Ihrer Gruppe zu sein. Monika, Thre Hilfe hat das Leben in
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Wiirzburg sehr viel einfacher gemacht. Andreas, Andreas, Gotz, Michael und
Florian, vielen Dank fiir alle Diskussionen und die Zusammenarbeit im Labor.
Und Markus, Sebastian (2x), Philipp, Christian (2x), Bjorn, Jérg, Ozan, Thomas,
Franz, Kai und Christoph, vielen Dank fiir alle guten Momente.

Met veel verschillende mensen heb ik een kantoor gedeeld, van slechts één week
tot zo'n 1,5 jaar. Met jullie allen heb ik zeer plezierige tijd gehad. Alim, Xin,
Nirupam, Bouwe, Brian, Hajo, Ronald, Willem, Arjen M., Joska, Andreas (even
twice!), Markus en Peter dV, dank! Daarnaast was de technische ondersteuning
onmisbaar. Henk, Frank, Dick, Dominique, Gerrit en Arjen, jullie zorgden er voor
dat de systemen werkten of werden gemaakt. José, heel erg bedankt voor je snelle
laptop actie toen ik in Wiirzburg zat. Marion, dank voor de ondersteuning bij alle
administratieve rompslomp.

Met veel plezier heb ik gewerkt binnen de IMS groep in nauwe samenwerking
met ICE/LT, PIN en NanoElectronics. Daarom wil ik ook graag de volgende
mensen bedanken: Bernard, André, Anuj, Ole, Matthijn, Minh, Debakantha, Ro-
gier, Alexander, Evert, Gerard, Suresh, Maarten, Ruud, Sjoerd, Werner, Herman,
Antony, Manon, Andreski, Kristiaan, Tomasz, Harold, Wilfred, Nicolas, Michiel,
Jaap, Oktay, Suresh, Paul, Frank, Mercy, Matjaz, Gerard, Eddy, Hans, Menno,
Marcel, Denise, Marieke en Cor.

Behalve onderzoek, waren er de uitjes naast het werk die zorgden voor een
gezellige werkomgeving. Mijn eerste grote conferentiebezoek werd gecombineerd
met een bezoek aan The Rocky Mountains National Park vergezeld met Gertjan,
Mark, Wolter, Maarten, Hajo en Jeroen H.. Met Jeroen B., Joost, Bouwe, Hans en
Andreas heb ik onvergetelijke uitjes naar Wiirzburg en Stuttgart gemaakt. Maar
misschien wel het mooiste uitje was december 2010: Rond de Wiedentocht is en
blijft een toertocht door een prachtig natuurgebied. Gelukkig zijn er een aantal
collegae (Wouter, Ruud en Jeroen) net zo gek als ik en wilden ze graag mee wat
slagen over het ijs maken. Bedankt voor deze gezellige, geslaagde tripjes.

Buiten het werk heb ik met veel plezier gemusiceerd bij MSO. Dit zorgde voor
de aangename afwisseling van de dagelijkse werkzaamheden. Bijzonder dank gaat
uit naar de cellosectie; Floris, Sander, Linda, Martine, Frederike en Milou, de
cellosectiedates waren altijd zeer geslaagd.

Dank gaat ook uit naar mijn paranimfen, Esther en Joost. Esther, jouw pogin-
gen om te begrijpen wat ik deed en vervolgens uit te leggen aan anderen waren
erg bemoedigend. Tk zal ook proberen jouw onderzoek te begrijpen. Joost, wij
werden aan het begin van onze promotie aan elkaar gekoppeld. Ik vond het erg
leuk om met je samen te werken aan een wel heel frustrerend materiaal, EuO.
Samen Thanksgiving vieren in Boston was memorabel.

Tot slot, de continue steun van mijn familie en hun aandacht wanneer ik weer
eens mijn onderzoek probeerde uit te leggen was van grote waarde. Hopelijk kan
ik aan de hoge verwachtigingen van Sinterklaas voldoen met mijn lekenpraatje.
Marjolein, ik vind het echt geweldig dat jij mijn voorkant wilde ontwerpen. Lieve
Willem, jij bent mijn grootste ontdekking die ik in Enschede heb gemaakt. Jouw
geduld, steun en hulp waren onmisbaar. Ik kan me geen beter persoon bedenken
met wie ik het volgende avontuur aan zou willen gaan.



	kaftkleibeuker.pdf
	Page 1


