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1 INTRODUCTION

1 Introduction

“Often, it may be said that the interface is the device.” [1] This quote from Nobel laureate
H. Kroemer emphasizes that in many devices it is not the bulk properties of a material
that generate the functionality, but rather the physics at the interfaces, where different
materials meet. As we will see this is particularly true for the LaAlO3/SrTiO3 system
studied in this thesis.

Devices the functionality of which is based on interface effects are common in everyday
life. Modern electronics for example is not possible without semiconductor heterostruc-
tures. The semiconductor materials currently in use have been studied extensively over
the last decades, yet their real success and incorporation in devices is not due to their
bulk characteristics, which are rather simple. It is in the transport of charge carriers
across or along interfaces between different materials or between semiconductors differing
in doping level where the device functionality appears. Schottky contacts, p-n junctions,
the interface between Si and SiO,, and various types of transistors are just a few examples
of utilized heterostructures. The designs of devices became more and more sophisticated
and by now complex structures are indispensable in modern electronics and are produced
in huge amounts. For example, in 2007, the number of transistors fabricated amounted
to 10'%. This success was triggered by big advancements in the preparation and growth
of well defined semiconductor heterostructures. Nowadays modulation doping allows to
tailor bandstructures and thus to generate special electronic systems, like the routinely
used two-dimensional electron gases at interfaces.

The miniaturization to the nanoscale requires a deep understanding of the effects of
surfaces and interfaces. But what is so special about them? At surfaces and interfaces the
bulk electronic system can be altered due to many reasons. First of all the translational
symmetry is broken, and if present also a rotational symmetry. Moreover the crystal
lattice can be reconstructed, and atomic positions might be changed. This can directly
affect crystal fields, lattice constants, and bonds between ions. Additionally point defects,
dislocations, and stacking faults tend to be incorporated into the lattice at interfaces.
Furthermore, the chemical composition at surfaces and interfaces can differ from that of
the bulk. All this can modify bands at the interface and shift electronic states. Utilizing
combinations of these interface effects therefore allows to design the transport properties
of semiconductor heterostructures. This is what made them so successful.

All these effects may already occur at materials in which the electron system of the
bulk is simply described by single particle physics with negligible interactions between
charge carriers.

In the last decades another class of materials came into the focus of research: the
oxides. In contrast to semiconductors these materials often have strongly correlated
electrons and exhibit already in bulk a wealth of different intrinsic functionalities, like
(anti)ferromagnetism, (anti)ferroelectricity, piezoelectricity, multiferroicity and supercon-
ductivity [2]. These properties are used in many different sensors and devices.

Additionally, the correlations can be strongly influenced, for example by doping the
materials or by changing external parameters such as temperature or pressure. In this
way the properties of oxide materials can be tuned to specific needs. This versatility
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shows the potential lying in the utilization of bulk properties of oxides. The focus of this
thesis is, however, on the physics of interfaces between different compounds.

What is so promising about them? In oxides, not only all the modifications at inter-
faces mentioned earlier in the context of semiconductors are possible, but also the inter-
action strengths are affected at surfaces or interfaces. As these correlations often govern
the properties of the materials their modification can induce large functional changes.

Therefore it was soon realized that building heterostructures from correlated oxides can
be even more interesting than solely exploiting their bulk properties. The as compared to
semiconductors amazingly rich variety of properties present in oxides allows a vast number
of combinations of different materials with different functionalities. As even structures
made from semiconductor materials exhibiting comparably simple bulk properties can
show fascinating effects like the quantum Hall effect (QHE) it is easy to see why the
field of oxide electronics has attracted a lot of interest [3]. Therefore oxide surfaces,
interfaces, and heterostructures have been intensely investigated [4], which has widened
the understanding of oxide materials and shown their versatility.

Experimentally it turned out that the quality of the interfaces strongly influences
their physical properties. Over the years the two main deposition techniques for oxides,
Molecular Beam Epitaxy (MBE) and Pulsed Laser Deposition (PLD), have been im-
proved to such an extent that today heterostructures can be grown with the same quality
and precision on the atomic level previously achieved only in semiconductor multilayers.
Consequently the field of oxide electronics is growing rapidly [5].

The possibility to control oxide film growth on the unit cell (uc) level opened an excit-
ing new route for designing materials [6]. It enables the use of different oxide materials as
building blocks in heterostructures with well defined interfaces. Such samples allowed to
explore whether low dimensional electron systems, which are present in many semiconduc-
tor heterostructures, can also be generated at oxide interfaces, or, even more importantly,
whether completely new effects arise at oxide interfaces.

During the last few years several groups reported experiments in which specific prop-
erties of oxide materials were improved by putting them adjacent to other building blocks
in oxide heterostructures. For example in BaTiO3/SrTiO3/CaTiO3 superlattices an en-
hanced ferroelectric polarization is found as compared to pure BaTiOj3, which is caused
by the inversion symmetry being broken in the heterostructure [7].

Building multilayers is not only possible to improve known properties of materials
but also to generate completely new physical properties in multilayers, which are not
found in the bulk of the constituting materials. In the past few years this phenomenon
appeared in several spectacular examples. For instance, BaCuO,; and SrCuQO, are both
non-superconducting, but a superlattice consisting of thin layers of both materials su-
perconducts [8]. Neither SrZrOj nor SrTiOj are ferroelectric, but a superlattice of both
is [9]. While CaMnOj is antiferromagnetic and CaRuQj is paramagnetic the interface
between both is ferromagnetic [10]. A multilayer of the band insulator SrTiOj and the
Mott-insulator LaTiO3 shows metallic behavior [11]. Just a year ago a ZnO/Mg,Zn;_ O
heterostructure was found to display the QHE in its two-dimensional electron system [12].

These examples show that oxide heterostructures are a very active field of research.
The burst of discoveries and startling results of oxide interfaces were even termed one of
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the breakthroughs of the year by the Science magazine at the end of 2007.

In 2004 A. Ohtomo and H.Y. Hwang at Bell Laboratories were the first to observe the
surprising properties of the LaAlO3/SrTiO3 heterostructure which was studied in this
thesis. Both materials are band insulators, yet a conducting interface can be formed
between them [13], depending on the precise atomic stacking.

Their discovery, only a short time before the beginning of this thesis, showed the im-
portance of interface effects in this system. As the bulk properties of both building blocks,
which are normal band insulators, are well known and investigated we decided to take
LaAlOj3 films on SrTiOj substrates as a model system to study the effects of interface
physics on electronic properties and gain a deeper understanding of the important mech-
anisms. It is noted here that although the used bulk oxide materials are not controlled
by electron correlations, these might nevertheless play an important role, as right at the
interface one unit cell of LaTiO3 is formed, which is a correlated material.

Until the start of this thesis in 2005 only very few was known about this remarkable
system and just two publications reported on LaAlO3/SrTiO3 samples [13,14]. The mea-
sured electronic transport properties still varied a lot and interpretation of the data was
difficult. By now it has evolved into one of the most intensively studied interfaces in the
field of oxide heterostructures.

Outline of the Thesis

Chapter 2 will start with a brief introduction to the two materials SrTiO3 and LaAlOs,
which are the building blocks of the studied heterostructure. Then the possible interfaces
between both materials are discussed, which is crucial for the complete work. We will see
that, as already stated in the first publication on this system, the observed conductivity
between the two band-insulators can be explained by electronic reconstructions caused by
a polarity discontinuity. All this information summarizes the state of knowledge about
the LaAlO3/SrTiO3 interface at the beginning of this thesis.

The first goal was then to grow heterostructures of LaAlO3 and SrTiO3 with growth
control down to the unit cell level in our laboratory, which before had not been done in
our group. At the very beginning the idea was to study superlattices containing many
LaAlO3/SrTiOj3 interfaces, but soon it turned out that even the single interface shows
amazing effects deserving a closer investigation, so all of the research of this thesis was
devoted to the study of thin films of LaAlO3 on SrTiO3 substrates. Chapter 3 presents the
applied experimental methods for fabricating the samples, which includes the termination
procedures for substrate surfaces, film growth by Pulsed Laser Deposition, and growth
monitoring by Reflection High Energy Electron Diffraction. Additionally the sample char-
acterization by Atomic Force Microscopy, X-Ray Diffraction, and (Scanning) Transmission
Electron Microscopy is covered. These experiments confirm the successful preparation of
atomically sharp interfaces between substrates and films with a defined thickness of few
unit cells. The chapter closes by describing the contact method that was developed to
access the conducting layer, which is buried underneath the LaAlOg film.

Having the well defined heterostructures at hand, the rest of this thesis deals with the
investigation of the electronic properties at the interface.
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After reporting the sheet resistances and charge carrier densities in our samples, Chap-
ter 4 will compare the data to previous reports and will emphasize the importance of using
correct deposition conditions. One section will especially comment on a possible influence
of oxygen vacancies in the substrate on the observed electronic properties, which is a
scenario that has been discussed for years.

Upon studying the generation of the electron gas at the interface as a function of
LaAlOj film thickness a remarkable change from insulating to conducting behavior is
observed as the number of LaAlO; unit cells is increased from 3 to 4 '. This transition
will be used in the rest of this thesis extensively.

The quasi two-dimensionality and the low charge carrier density of the conducting
interface were promising for electric field effect experiments, which are described in
Chapter 5. We will see that in a field-effect transistor geometry the conductivity of the
LaAlO3/SrTiOj3 interface can be tuned to a large extent. For insulating samples with 3 uc
of LaAlOj it is even possible to induce an electric field driven transition to a conducting
interface. Additionally this transition displays a pronounced memory behavior at room
temperature.

The chapter closes by describing experiments where the metal-insulator transition is
induced on the nanometer scale using a conducting AFM tip as gate electrode.

Initially it was only possible to study unpatterned samples in the experiments. A
patterning technique for the electron gas at the interface developed within this work
opened up new possibilities. As presented in Chapter6 it is based on variation of the
thickness of the epitaxial LaAlO3 film. This patterning process was a prerequisite for
most of the experiments covered in Chapter 7 and 8.

Chapter 7 describes the studies of the ground state of the LaAlO3/SrTiOj3 interface,
which has been unresolved yet. In our samples superconductivity is found for the first
time at the LaAlO3/SrTiOj interface. The measured critical temperature is T, ~ 200 mK.

The last chapter reports on experimental investigations of the effects of microstructural
defects and disorder on the electronic interface properties. It is found that the electron
gas is strongly influenced by scattering at dislocations.

After summarizing the results an outlook will be given on the perspectives of oxide
interfaces and electronics and on experiments or studies that potentially are necessary in
the future development of the field.

LAn artistic sketch of that tremendous effect of one additional unit cell is shown on the cover of this
thesis, with the electron gas generated at the interface shown in green.

4
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2 Materials

For the investigation and identification of interface effects in heterostructures it is impor-
tant to know the bulk properties of the constituting materials. Therefore this starting
chapter of the thesis deals with the main oxides used in the experiments, discussing in
particular their structural and electronic properties. After a brief introduction to per-
ovskites, the two components from which heterostructures were fabricated, SrTiO3 and
LaAlOgs, are presented in detail. Both materials are well investigated band insulators.
Finally the LaAlO3/SrTiOj interface is described, which is found to be conducting. Then
the polarity discontinuity model is described, which is the most widely used model to
explain the observed conductivity in this heterostructure composed of band insulators.

As already mentioned in the introduction, transition metal oxides have attracted great
attention in solid state physics in the past, in many cases due to the electronic correlations
which often govern their properties. Among these oxides the perovskites have shown to be
exceptionally versatile. Also the main materials used as building blocks for our samples
belong to these materials, which are described next.

2.1 Perovskites

Perovskites have the general formula AB X3, where A stands for a large cation, B for a
small cation, and X for an anion that bonds to both A and B. The anion X is usually
oxygen or a halogen (in the following X will always be oxygen and is thus replaced by
O). The chemical diversity of perovskites is enormous. The degree of freedom lies in the
choice of elements on the A or B positions, the stabilization of vacancies, and the variation
of the oxygen stoichiometry [15]. ABOj compounds can condense in a large diversity
of crystal structures. Among others, cubic, orthorhombic, tetragonal, rhombohedral,
and monoclinic structures occur. Additionally, structural phase transitions are often
observed as a function of external parameters like temperature or pressure. This even
increases the variety of physical and chemical properties. Perovskites can show, amongst
others, insulating, semiconducting, metallic, superconducting, magnetic, piezoelectric,
ferroelectric, and multiferroic behavior.

The cubic perovskite structure is shown in Fig. 2.1a. The unit cell drawn contains B
ions at the corners, an A ion in the center, and O ions in the middle of the cube edges. As
depicted in Fig.2.1b the structure can be described as a network of corner-sharing BOg
octahedra.

For this work the most instructive description of the perovskite structure is the one
shown in Fig.2.1c. Along the (001) direction a perovskite can be seen as a stacking of
alternating AO and BO, layers. This view of the ABOj structure will be referred to later
in this chapter when the LaAlO3/SrTiO3 interface is presented.

Both compounds of the studied heterostructure, SrTiO5 and LaAlO3 which are pre-
sented next, belong to the class of perovskites.
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Figure 2.1: Schematic sketch of the perovskite ABOj3 structure. a, The cubic unit cell has B
ions at the corners, an A ion in the center, and O ions in the middle of its edges. b, Perovskite
structure with the BOg octahedra network highlighted. ¢, The ABOg3 compounds can also be
viewed as a layered sequence of AO and BQOs. This is the most instructive description for this
thesis.

2.2 SrTiO;

Sr'TiO3 has been thoroughly investigated during the past decades. One reason for this
scientific interest is that Sr'TiOg plays an important role as a standard substrate for many
oxide materials. For example, it is possible to grow high-T. superconductors [16], colossal
magnetoresistance oxides or ferroelectrics epitaxially on Sr'TiO3 due to the similarities in
structure and lattice constant. Additionally SrTiOj3 is chemically inert. In many cases it
does not react with the deposited materials. Also in this thesis it has been used as the
standard substrate.

SrTiO3 is cubic at room temperature (space group Pm3m) with a lattice constant of
3.905 A. The TiOg octahedra have perfect 90° angles. At about 105 K neighboring TiOg
octahedra are slightly rotated in opposite directions and SrTiOs is tetragonal (space group
I4/mcm) [17] at lower temperatures.

Stoichiometric Sr'TiO3 has a relatively large, indirect band gap of 3.25eV. Therefore
it can be viewed either as a band-insulator or a semiconductor. SrTiOj3 can be doped,
even into a metallic state, by introducing oxygen vacancies [18,19]. In samples doped
to charge carrier densities of 10'-10%! cm™3 even superconductivity was observed [20—
22] with critical temperatures <300mK. The concentration of oxygen vacancies can be
carefully controlled in single crystals [23] and even in thin films. In the latter, doping
profiles of Sr'TiO3 with subnanometer abruptness have been prepared [24].

6
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Experimentally, an oxygen deficiency in SrTiOj3 single crystals can easily be generated
by heating to more than ~ 800 °C in low oxygen pressures < 107% mbar. Ar-ion etching also
generates oxygen vacancies, and thus conductivity, in the exposed SrTiOj3 (see Fig.2.2).
This is an important point to consider when preparing samples which contain SrTiOs3.

Metallic Sr'TiOj is formed not only if oxygen vacancies are present, but also forms upon
substituting small amounts of La for Sr, or Nb for Ti, or other similar substitutions [19].
Unless otherwise stated in this work undoped, nominally fully oxidized SrTiOg is used.

Optically, SrTiO3 single crystals are transparent with a slight yellowish hue, which
sometimes is completely absent due to brightening dopants, which are introduced by the
supplier on the ppm level for the use as an artificial gemstone. After a treatment in typical
growth conditions (see Sec.3.2) initially transparent, uncolored SrTiOj substrates often
show a slight color hue. However these substrates are always found to be completely
insulating. Therefore it is concluded that the color change is not due to an oxygen
deficiency in SrTiO3, which would render the SrTiO3 conducting, but rather caused by a
change of the color centers induced by the brightening dopants.

Small concentrations of oxygen vacancies cause a greyish color in the substrate. When
heavily doped, SrTiOj3 crystals are opaque with a black color.

SrTiOj3 has exceptional dielectric properties. It is an incipient ferroelectric [25], and re-
mains paraelectric for 7'— 0 K. The dielectric constant increases with decreasing temper-
ature. Values from several hundred at 300 K to up to 25000 at 4 K in bulk samples [26-28]
and up to 4000 in thin films [29,30] have been reported. At low temperatures a strong
reduction of the dielectric constant is found upon application of electric fields [31]. By
the application of stress SrTiO3 can be driven into a ferroelectric state [32].

Its high dielectric constant makes Sr'TiO3 a good candidate as gate dielectric in field
effect setups, which has been utilized in this work (see Chapter5).

10°F 3 Figure 2.2: Sheet resistance
3 ] as a function of temperature
of a SrTiOg3 substrate after a
standard Ar-ion etching pro-
cess (acceleration voltage 500V,
beam current 10mA, etching
time 3min). For this measure-

10 100 ment a current of 10pA was
T (K) used.

R, (@/0O)

10°¢ E
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2.3 LaAlO;

LaAlQOj is the second building block of the studied heterostructure. Just like Sr'TiOj it has
a good lattice matching with many oxide materials and because of this was also thoroughly
studied as substrate material [33]. In LaAlOj3 single crystal substrates twinning domains
(orthogonal twin planes along (100)) are present. The twinning results in a roof- and
valley-like buckling of the crystal surface at the twin-boundaries. This LaAlO3 surface is
ill defined compared to the untwinned SrTiOj3 substrate surface. Therefore LaAlO3 was
used in this thesis only as thin film on SrTiOj3 substrates.

At high temperatures LaAlO3 has the cubic perovskite structure (space group Pm3m).
At =~ 813 K it undergoes a transition to a rhombohedrally distorted perovskite structure
(space group R3c) [34]. In this work LaAlOj3 is always in the lower temperature range,
where the structure differs from the cubic perovskite only by small antiphase rotations of
AlOg octahedra. It can be described as pseudocubic with a lattice constant of 3.791 A [35].
The reasonably small lattice mismatch of 3% to SrTiO3 and the similarity of the thermal
expansion coefficients [36,37] allow the epitaxial growth of LaAlOj films on SrTiOs.

Optically, LaAlOj single crystals are yellowish transparent. Twin boundaries are
clearly visible. LaAlOjs is a band insulator with a wide gap of 5.6eV. Like SrTiOj it
belongs to the high k oxides, having a dielectric constant of about 25 for temperatures
between 300 K and 4 K [33,38]. The relatively high value of x was utilized in this thesis
in field effect devices with LaAlOj3 as the gate dielectric (see Sec.5.3).

2.4 LaAlO;3/SrTiOj; Interface

As presented before, the bulk properties of both SrTiO3 and LaAlO3 the building blocks of
the heterostructure, are well known. This section will now introduce the LaAlO3/SrTiO;
interface system. The investigation of the observed new effects and properties of the
LaAlO3/SrTiO3 heterostructure, which are not found in the bulk properties of the con-
stituting materials, is the central topic of this work.

The report which triggered the studies of this thesis was published in 2004 by
A. Ohtomo and H.Y. Hwang from Bell Labs (USA). They analyzed the interface between
LaAlO3z and SrTiOj [13]. Two different stackings were prepared by Pulsed Laser Deposi-
tion (PLD) on (001) oriented SrTiO3 substrates. For this orientation ABOj perovskites
can be described as being composed of alternating AO and BO, layers (see Fig.2.1). An
illustrative sketch of both configurations is shown in Fig. 2.3.

In the first configuration, LaAlOj is grown epitaxially on a (001) oriented SrTiO3 sub-
strate, terminated by a TiO, layer. For the second configuration an additional monolayer
of SrO is inserted before growing the LaAlO3. These procedures result in a TiOs/LaO
and a SrO/AlO, stacking, respectively, at the interface. The surprising result of electronic
transport measurements of these samples was, that one setup (TiO,/LaO stacking) was
highly conducting at the interface, while the other sequence (SrO/AlO, stacking) was
found to be insulating. This is definitely worth a deeper investigation for two reasons.
First, one stacking sequence results in a well conducting interface, although the sample
is entirely composed of band insulators. Second, depending on the stacking sequence at

8
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Figure 2.3: Illustration of the two possible stackings for atomically abrupt interfaces between
LaAlO3 and SrTiOj3 in the (001) orientation. Color legend: La (red), Al (orange), Sr (blue),
Ti (cyan), O (grey). a, The LaAlOg films starts with a layer of LaO on the final TiO9 layer of
SrTiOs. b, The LaAlOg films starts with a layer of AlOs on the last SrO layer of SrTiOg.

the interface, the electronic properties of the heterostructure differ from conducting to
insulating. It is remarkable that the insertion of one atomic layer of SrO during sample
growth leads to such a tremendous difference.

To explain the special situation at the interface, which causes the conductivity, one
first has to look at the two building blocks LaAlO3 and SrTiO3 separately. A difference
is given by the stacking sequence of both materials and their formal valence states (Sr?T,
Tit*, La®t, AI*T, O*7). While SrTiO3 is composed of alternating layers of (SrO)° and
(TiO2)°, which are charge neutral, LaAlO3 has alternating sheets of (LaO)™ and (AlO,)~,
which have a non-zero net charge.

The LaAlO3/SrTiO3 interface is special as here charge neutral layers and charged
layers adjoin. As can be deduced from Fig.2.4, and will be discussed in the following
paragraphs, this is an unfavorable situation. The consequences of such a sequencing were
first discussed by G.A. Baraff et al. [39] and W.A. Harrison et al. [40] in the 1980s for
semiconductor Ge/GaAs heterojunctions.

Let us first apply the argumentation of Baraff et al. and Harrison et al. to the het-
erostructure with a TiO,/LaO stacking sequence at the interface (Fig.2.4a). The charged
sublayers produce an electric field £, which leads to an electric potential V' that diverges
with the thickness of the LaAlOj film. For semiconductor heterostructures with charge
neutral sheets followed by charged sheets it was shown that the system can avoid this
so called polar catastrophe (or polarity discontinuity) by redistributing the atoms at the
interface, which causes roughening of the interface. An analogous argumentation explains
why crystals with polar planes need to have atomic reconstructions at their surface. Con-
ventional semiconductor ions have a fixed valence, so a spatial redistribution of ions,
which leads to a roughening of the interface, is their only option to avoid the divergence
of the electrostatic potential. But the complex oxides, like LaAlO3 and SrTiOs, have an
additional option. The mixed valence states available allow for a charge compensation by
moving electrons, which happens if it is energetically favorable compared to a redistribu-

9
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tion of ions [41]. The effect of rearranging the electron distribution is shown in Fig. 2.4b.
[lustratively, one can construct the system from neutral atoms and then transfer half an
electron from the LaO layers to those above and below. During this reconstruction the
total structure remains charge neutral, only the Ti at the interface becomes Ti%®*. This
redistribution eliminates the divergence of the electrostatic potential V. The resulting V'
oscillates around a finite value.

The induced additional half electron at the TiO5/LaO interface results in n-type con-
ductivity, which was indeed observed experimentally. In the following the interface with
this stacking sequence will thus be termed n-type. It is due to electronic reconstructions
that metallic behavior appears at the interface.

Figures2.4c and d show that the same argumentation predicts a p-type conductivity
for the SrO/AlO, interface (termed p-type interface in the following). Experimentally
such LaAlO3/SrTiO; heterostructures were found to be insulating, however ? [13,14].

This admittedly simple model provides a good explanation on how electronic recon-
structions can lead to a metallic interface in the LaAlO3/SrTiO3 heterostructure. However
it seems to be oversimplified, as, e.g., the insulating behavior of the p-type interface ob-
served experimentally is not captured in this approach. More sophisticated models and

2Tt is noted here that the term “insulating” is used throughout this thesis to characterize resistances
that exceed the measurement limit (10° ) of the used setup, and not, as is usually done, to describe
resistances that increase with decreasing temperature.
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Figure 2.4: Illustration of the polar catastrophe occuring between LaAlOj3 and SrTiOs. Su-
perscripts denote the oxidation numbers for the different elements. In the diagrams p is the
net charge of the layers, which leads to the electric field E, that produces the electric potential
V. a, The unreconstructed n-type interface (TiO4/LaO stacking) leads to a diverging potential
V due to the polarity discontinuity. b, If electrons are redistributed such that half an electron
enters into the last TiO9 plane the potential stays finite. ¢, The potential of the unreconstructed
p-type interface (SrO/AlO4 stacking) diverges negatively. d, Removal of half an electron from
the SrO plane can avoid this divergence (adopted from Ref. [41]).
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calculations are needed.

During the past few years interfaces between different, in some cases even correlated
systems have been theoretically studied, e.g. LaTiO3/SrTiO3 heterostructures [42,43].
Materials that are governed by correlations offer of course a large potential for funda-
mental physics, due to their susceptibility to all kinds of perturbations. The focus of the
calculations was therefore directed on that field. From this point of view SrTiO3 as well
as LaAlOj3 are not of particular interest, because correlation effects can be neglected, and
both are well described as rather simple band insulators. At the LaAlO3/SrTiO3 interface,
however, the stacking of LaO on top of TiO4 equals a unit cell of LaTiOg, which is a corre-
lated material. Stoichiometric LaTiOg is a Mott-insulator with semiconducting transport
properties [44,45]. The presence of one unit cell of LaTiO3 at the interface might bring
correlation effects into the transport properties of LaAlO3/SrTiO3 heterostructures.

Theoretical studies of LaAlO3/SrTiO3 heterostructures were conducted by several
groups, see, e.g., [46-52], perhaps motivated by the results described in this thesis. The
calculations mainly used Density Functional Theory (DFT) in the Local Density Approx-
imation (LDA), partly extended to LDA+U. Due to computational limitations rather
thin stacks of about 2-4uc of LaAlO3 on 2-4uc of SrTiO3 were used as the repeating
unit of the investigated LaAlO3/SrTiO3 heterostructure. A LaAlOj/vacuum interface
terminating the top of the SrTiO3;/LaAlOj stack, as present in the samples analyzed
experimentally, is up to now included only in Ref. [51]. The common result of those
calculations is that the n-type interface is expected to be conducting. When it comes
to predictions of slight atomic displacements in the heterostructure and the calculated
band structure the publications still show large differences, which makes it difficult to
obtain from the theoretical investigations a more complete picture. Further calculations
are in progress and will potentially help to clarify the band structure at LaAlO3/SrTiO;
interfaces.

As will be discussed in Chapter 3 experimental difficulties were experienced in prepar-
ing p-type LaAlO3/SrTiO3 samples, therefore the focus of this thesis is on the electronic
system of n-type LaAlO3/SrTiO; interfaces. For the conducting layer the term “quasi
two-dimensional electron gas” (q2-DEG) will be used.

2.5 Summary

In this chapter the two perovskites Sr'TiO3 and LaAlOs have been introduced. The bulk
properties of both materials are well explored. In particular, they both are band insulators.
Strikingly, in LaAlO3/SrTiO3 heterostructures with a TiO,/LaO stacking at the interface
a conducting electron gas is formed. As shown, the polarity discontinuity model offers a
possible explanation for the observed n-type conductivity.

11
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3 Experimental Methods

After the constituent materials have been described in the previous chapter, now the
experimental methods employed for fabrication and structural characterization of the
LaAlO3/SrTiO3 samples will be presented. This part covers techniques for substrate
preparation and film deposition, and results of Atomic Force Microscopy, X-ray diffraction,
and transmission electron microscopy.

Finally the setup for electronic transport measurements is presented. The results
obtained will be discussed in the subsequent chapters in detail.

3.1 Substrate Preparation
3.1.1 Preparation of SrTiO3; Substrates

The substrate commonly used in this thesis is (001) oriented single-crystalline SrTiOj.
The substrates were bought from CrysTec in Berlin (Germany). Typical dimensions are
10x10x1mm? and 5x5x1 mm?.

As-supplied substrates are first treated by ultrasonic cleaning in acetone for 10 min,
then wiped on soft lens cleaning tissue (Whatman) followed by two more ultrasonic clean-
ing steps, first for 10 min in acetone and then for 10 min in isopropanol.

After this procedure the substrates still have a mixed surface termination of SrO and
TiOs. To obtain a pure TiOs-termination of (001) oriented SrTiOs a well established
recipe is used [53,54]. The SrTiO3 substrate is dipped in an ultrasonic bath of bi-distilled
water for 10 minutes. It is assumed that during this treatment the SrO on the SrO-
terminated surface areas forms a Sr-hydroxide complex.

In contrast, the TiO, terminated areas are chemically very stable and remain unaf-
fected by the bi-distilled water. Because the Sr-hydroxide complex dissolves in acidic
solutions, the substrates are then brought in an ultrasonic bath of commercially available
buffered HF solution (NH4F:HF =87.5:12.5, Merck) for 30 seconds. It is possible to ob-
tain TiOo-terminated SrTiO3 by using the last etching step in buffered HF only, but the
performed hydroxidizing process minimizes the severe dependence of termination repro-
ducibility on the pH value of the used acid and additionally prevents the formation of
deep etch pits. The substrates are then rinsed with bi-distilled water and blown dry with
nitrogen. To remove residuals of the previous treatment steps and to improve recrystal-
lization a final annealing step is performed in a tube-furnace in flowing oxygen gas. The
substrates are heated to 950 °C within 2 hours and kept at that temperature for 10 hours
before the furnace is switched off to cool. In Ref. [54] it was shown by Lateral Force Mi-
croscopy (LFM) that SrTiOj treated in this manner is terminated by TiO,. This result
was confirmed by a different method, coaxial impact-collision ion scattering spectroscopy,
in Ref. [55].

It was not possible to check the substrate termination composition with the equipment
available in our group. But as the recipe is commonly used as a standard method we
relied on the previously mentioned experiments which revealed a TiOy surface. AFM
measurements, which were done on the substrates after the termination procedure do not

12



3 EXPERIMENTAL METHODS

reveal whether the surface is terminated by SrO or TiO,, but it is possible to verify if
only one termination is present on the substrate.

Every terminated substrate was analyzed by Atomic Force Microscopy (AFM) prior
to thin film deposition. The experiments were mainly performed using a Multimode
Microscope (Digital Instruments) in tapping mode. Silicon cantilevers and probes
(Nanosensors”™) with resonance frequencies of 200-500 kHz and force constants of 10—
130 N/m were used. The cantilevers were coated with Al for high reflectivity and had a tip
radius of curvature of <10nm (PPP-NCHR) or even ~2nm (SSS-NCHR). The scanning
size is limited to 14x 14 pm? with this device, but it allows to resolve topographic features,
which are only few A high. To reduce the effect of vibrations on the measurement the
AFM was usually operated on a stone plate, which was suspended from a tripod using
rubber straps.

Whenever larger scale images of samples were needed a Park Scientific Autoprobe cp
AFM was used, which has a lower resolution for topography as compared to the Multimode
Microscope.

Figure 3.1 shows an AFM image of a typical SrTiO3 substrate. The topography shows
a smooth step-and-terrace structure with surface steps that are one unit cell (uc) high
(3.9A). Features of half this height were not observed, which confirms that only one ter-
mination is present. The terrace orientation and width are determined by the unavoidable
misalignment (usually around 0.1°) of the substrate’s cutting plane with the Sr'TiOj3 crys-
tal planes. Therefore the terrace geometry remains the same over a complete substrate
area of 10 x 10 mm?.

3nm

Figure 3.1: Topographic AFM image of
a typical TiOs-terminated SrTiOg sub-
strate. A step-and-terrace structure with
smooth step-ledges is observed. The
step height corresponds to one unit cell

Onm (3.94).

300 nm

Only single-crystalline substrates with a clean step-and-terrace structure, one unit cell
highs steps, and a minimum terrace width of 50 nm were used for the experiments.

Several topographic features indicate when a terminated substrate should not be used.
During the annealing process the step ledges of the substrate change from rough to straight
due to material diffusion. If the terrace width is longer than the diffusion length the perfect
step-and-terrace structure cannot be formed and holes with a depth of 1 uc remain in some
areas (Fig.3.2a). If the terrace width is too short (caused by a large miscut) the diffusion
can lead to steps with a height of several unit cells.
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Step bunches (several single unit cell steps merging into one larger step, see Fig. 3.2b)
are another indicator for insufficient substrate quality. Such features were only observed
on part of the Sr'TiOj3 single crystals during the second half of this thesis, which can only
be explained by a change in the production of Sr'TiO3 boules or the subsequent cutting
and polishing processes. This observation emphasizes the importance of controlling all
substrate surfaces after the termination procedure. As we will see later, the occurrence of
these step bunches is often linked to dislocations in the substrate, which strongly affect
the electronic transport properties of the conducting interface (see Chapter 8).

Hence, only SrTiOj single crystals with perfect step-and-terrace structure, one unit
cell high steps, and without step-bunches were used as substrates for LaAlO3/SrTiO;
heterostructure growth.

The previously listed topographic features on Sr'TiOj single crystals can also have
detrimental effects on the properties of other thin film samples using Sr'TiO3 substrates.
Therefore the quality of the SrTiO3 needs to be always tested prior to experiments.

Figure 3.2: Analysis of SrTiOg substrate quality after treatment for TiO4 termination. a,
(topographic AFM image, 5x10 um?) One unit cell deep holes remain if the terrace width is
longer than ~ 1ym. b, (AFM amplitude error image, 5x 10 1m?) Step bunches are observed on
SrTiOg3 substrates with a high density of dislocations.

This part closes with brief descriptions of occasionally used perovskite-type substrates
and appropriate termination procedures, which were tested in the course of this thesis.

3.1.2 Preparation of Nb-doped SrTiO; Substrates

When doped with ~0.05% of niobium SrTiO3 becomes conducting. The termination
procedure used for pure SrTiOs also works for Nb-doped SrTiO3 and leads to a clear
step-and-terrace structure. On these substrate-surfaces, however, step-bunching was very
common.

3.1.3 Preparation of LaAlO3; Substrates

A specific termination (probably by AlOj) of LaAlO3 (001) substrates can be achieved by
dipping the crystals in boiling water in an ultrasonic bath for 15 min, and then annealing
them for 10 hours at 1100°C. Terraces with a step height of one unit cell are formed.

Additionally the common twin-boundaries in LaAlOj clearly show up in topography (see
Fig. 3.3a).
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3.1.4 Preparation of DyScOj; Substrates

DyScOgs, an insulating material, has the so called GdFeOg3 structure, which is a distorted
perovskite, in which essentially rigid ScOg octahedra are tilted. The crystal is orthorhom-
bic (space group Pnma) with the (110) orientation having the appropriate lattice constant
(3.944 A) for epitaxial growth with various oxides.

Only single unit cell-steps with smooth ledges are observed on DyScOj3 (110) single
crystal substrates after cleaning with acetone and isopropanol and annealing at 1000 °C
for 14 hours (see Fig.3.3b) [56].

3.1.5 Preparation of NdGaO3; Substrates

NdGaOj is also insulating and has the same structure as DyScOj3 (orthorhombic, space-
group Pnma). The pseudocubic lattice constant for the (110) orientation is 3.867 A.

As shown in Fig.3.3c, a clear step-and-terrace structure with 1 uc high steps of
NdGaOj3 (110) is achieved by cleaning in acetone and isopropanol and annealing at 950 °C
for one hour [57,58].

Figure 3.3: AFM images of several terminated substrate surfaces. a, (001) LaAlO3 (amplitude
error signal, 10x10 pm?). b, (110) DyScOs3 (topographic signal, 5x5pm?). ¢, (110) NdGaOs
(topographic signal, 2x2pm?).

3.2 Film Deposition by PLD

In the following the deposition of thin films on the terminated substrates is discussed.
Pulsed Laser Deposition (PLD) was used in this work. This method will be described
in general, discussing in particular the procedures and standard parameters used for the
growth of LaAlOj films on SrTiO3 substrates.

PLD is a very popular and advanced technique for growing thin films in a research
environment. The big advantages of PLD over competing techniques are that many
materials can be ablated, that the growth rate is well controlled, and if optimal conditions
are used, that even for complex materials the stoichiometry of the film is preserved from
the starting material. Larger costs, slower deposition rates, and smaller coated areas in
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comparison to other growth techniques are disadvantages, which usually can be tolerated
in research, but hamper the use of PLD for industrial applications.

Figure 3.4a shows a sketch of the operation principle. High energy laser pulses, having
a duration of 25ns, are directed into a high-vacuum chamber and focused on the target
material (poly- or single-crystalline). The energy is absorbed below the target surface.
If the threshold value for ablation is exceeded the material gets removed, ionized, and
accelerated away from the target surface. A plasma plume is thereby formed. At the end
of the plume the heated substrate is positioned. The ablated target material is deposited
on the substrate [59]. If the deposition parameters such as energy density on the target,
background pressure, and substrate temperature are adjusted correctly, the stoichiometry
of the target material and the deposited film match. This stoichiometric material transfer
is one of the big advantages of PLD over other deposition techniques, and thus PLD is
widely used for the film growth of complex materials.

In our setup (see Fig.3.4b) a KrF Excimer Laser (A =248 nm, pulse width 25ns,
LPX300, Lambda Physik) is used. The homogeneous part of the laser beam profile is
selected by an aperture and optically mapped in a 4:1 ratio on the target surface. For the
typically used pulse energy of 450 mJ an energy density of ~0.8 J/cm? is obtained on the
target surface. By changing the size of the aperture the energy density on the target is
kept fixed, but the laser spot size on the target is changed. This change allows to adjust
the amount of ablated material.

The PLD high vacuum chamber (base pressure < 10~" mbar) is connected to a transfer
chamber and a load lock, so that targets and substrates fixed to heaters can be mounted
and exchanged without breaking the vacuum of the deposition chamber.

a) b)

e -Gun

Target ,
7 KrF Excimerlaser
e —
248 nm, 1 Hz

p(02) ~ 107 mbar

Phosphor-
screen
for RHEED ~

Figure 3.4: Film deposition by PLD. a, Sketch of the deposition principle. The noted param-
eters are the standard values used for the growth of LaAlO3 on SrTiOj in this thesis. (Sketch
by A. Herrnberger) b, Photo of the deposition chamber with the attached RHEED system (top
right). A detailed description of this system can be found in Ref. [60].
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Prior to every deposition the target, a stoichiometric LaAlOj single crystal, is polished
on fine sandpaper (grade 400, VSM), wiped on a hard lens tissue (Mackerey-Nagel), rinsed
with isopropanol, and blown dry with nitrogen. Then the target is transferred to the
deposition chamber and mounted on the turnable multi-target holder, which carries up to
four different targets for the in situ growth of complex heterostructures. To avoid cross-
contamination between the target materials, a metal cap (not shown in Fig.3.4) shields
the targets not currently in use. As a final cleaning step a preablation is performed using
the same parameters later used for the film deposition. By meandering the target holder
the laser spot is scanned across the target surface on an area of approximately 8 x6mm?.

The prepared substrate is glued to a heater by silver paint (G3303A, Plano GmbH,
drying at 70 °C for 30 min) to assure good thermal contact. After transferring the mounted
substrate to the deposition chamber the temperature of the resistive heater is ramped up
computer controlled and measured with a pyroscope (Kleiber, 270B) pointing at a black
area of the heater. This heating process is performed at the same oxygen background pres-
sure later used for the film deposition (p(O3)=2107° mbar for the deposition of LaAlOj,
adjusted by a controlled flow of oxygen via a flowcontroller (mks PR4000)). The high
substrate temperatures (~770°C for the deposition of LaAlO3) are necessary to ensure
high quality epitaxial growth of the film. Figure3.5 shows the typical temperature and
pressure sequences used in the complete deposition process.

L L T T T —310
800 - Deposition ]
700 | {107
_ 600 | - E
&) [ -— 1107
— 500} f £
~ | 3 o
400 L q 10° Figure 3.5: Typical time
A E sequences of the tempera-
300 - 3 ture and the oxygen pres-

. T e e Ty sure used in this work for
0 50 100 150 200 250 300 the pulsed laser deposition
t (min) of LaAlO3 on SrTiOs.

When the deposition temperature is stabilized, the film growth by laser ablation is
performed, typically at a laser pulse rate of 1Hz. The target to substrate distance is
~bcm. Again the laser spot is scanned across the target surface by meandering the
target holder. As described in the next paragraphs, the growth is monitored in real
time via Reflection High-Energy Electron Diffraction (RHEED). This technique is very
sensitive to vibrations, therefore it is necessary to reduce the speed of the meandering
target holder by a factor 10, as compared to the velocity used in the preablation.

Directly after the deposition the oxygen background pressure in the PLD chamber
is raised to 400 mbar and the cooldown over several hours is started, during which the
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current through the resistive heating block is reduced stepwise.

For the growth of LaAlOj3 films the 2.5 hour cooldown includes a one hour oxidation
step at ~ 600 °C. In the rest of this work the parameters noted in the previous paragraphs
will be referred to as the standard values for the deposition of LaAlO3 (p(O5) &~ 10~° mbar,
T =~770°C, energy density 0.8 J/cm?, cooldown in 400 mbar of oxygen including a one
hour step at ~600°C).

3.3 Film Growth

When a laser pulse ablates material from the target surface, many atoms, ions, and
molecules reach the substrate surface. There, several processes may occur. The parti-
cles are either elastically reflected or captured on the sample by transferring their kinetic
energy to the surface molecules. Then the particles are subject to desorption and adsorp-
tion, diffusion on the surface and along steps, and finally they are incorporated into the
film. As a result of this process the film grows.

Historically, four different growth modes (see Fig.3.6) are distinguished, depending
on the free energies of the substrate surface, film surface, and film-substrate interface.
Significant wetting will appear if the total free energy of the film surface and the interface
is lower than the free energy of the substrate surface. In this situation layer-by-layer
growth, also called Frank-Van der Merwe growth [61] (Fig. 3.6a) occurs. When the bond-
ing between substrate and film is weak and hence enlarging the interface yields no gain
in free energy discrete three-dimensional islands will grow and finally coalesce (Volmer-
Weber growth [62], Fig.3.6b). Stranski-Krastanov growth [63] (Fig.3.6¢) describes the
intermediate case when strong substrate-film interactions at first lead to some continuous
monolayers, followed by the growth of discrete islands. Another important growth mode
(step-flow, Fig. 3.6d) is found if the diffusion of atoms on a terrace is very fast. Then the
adsorbed particles move to the step edges and nucleation on a terrace is prevented. No
island growth is observed in this case.

Due to the large laser pulse energies the PLD process works far from thermal equi-
librium. Therefore the distinction of growth modes by thermodynamic energy consider-
ations, as described in the preceding paragraph, just treats limiting cases. The growth
modes depend additionally on substrate temperature, background pressure, nucleation
density of particles on the sample surface, and substrate miscut. This dependence implies
that different modes can be induced for the same film-substrate material combination.
Sometimes the so called Pulsed Laser Interval Deposition (PLID) [64-66] can be used to

a) b) c) _ )

Figure 3.6: Sketch of different film growth modes. a, Frank-Van der Merwe, or layer-by-layer.
b, Volmer-Weber. c, Stranski-Krastanov. d, step-flow growth modes.
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impose layer-by-layer growth. In PLID the film is grown by repeating two steps until the
desired thickness is reduced. First, the complete material needed for one monolayer is
deposited in a time interval shorter than the characteristic relaxation time of the material
on the sample surface and then a longer pause allows for material rearrangement.

For heteroepitaxial growth, the crystallographic lattice mismatch between film and
substrate is another important factor to consider. Biaxial strain will lead to elastic energy
growing as the film thickness increases. At some critical thickness misfit dislocations and
sometimes even cracks are formed to relieve the strain (see Fig. 3.12).

3.4 Growth Monitoring by RHEED

Reflection High-Energy Electron Diffraction (RHEED) is a versatile technique for in situ
studies of the surface and growth of thin films [67]. As already mentioned, it was always
used during the deposition of LaAlO3 films on SrTiO3 substrates in this thesis.

A schematical view of the RHEED geometry is shown in Fig. 3.7a. An electron beam
(electron gun STAIB RH30, 30kV acceleration voltage) is directed onto the sample sur-
face. To enable RHEED in the high gas pressures necessary for the deposition of oxides
a two-stage differentially pumped setup is used [68], where the electron beam is directed
through a pumped extension tube to reduce its travel distance in the high oxygen pressure
of the deposition chamber to about 20 cm. A four-axis goniometer provides one transla-
tional and three rotational degrees of freedom for precise alignment of the sample with
the beam [60] at a small angle of incidence 6 of 0.5°-3° (see Fig.3.4a and Fig. 3.7a). The
diffracted electron beam intensity is monitored via a phosphor screen and a CCD camera,
with the screen shielded from the ablation plume by a metal grid.

For well oriented crystalline surfaces a characteristic, symmetric spot pattern is ob-
served. In kinematical scattering theory intensity maxima in the reflections are expected
where the wavevectors of the incident and diffracted beams differ by a reciprocal lattice-
vector. The solutions to this condition can be constructed geometrically using the Ewald
sphere. In this construction the tip of the incident wave vector kz) is attached to a recip-
rocal lattice point, and a sphere is drawn around the tail of ]50 with radius \k:]| Every
intersection of this Ewald sphere with a reciprocal lattice point corresponds to one reflec-
tion. The low angle of incidence corresponds to a small component of 150 perpendicular to
the sample surface, and thus only a small penetration depth. For a perfectly flat surface
this implies that only the sample surface is probed. In this case the probed reciprocal
lattice consists of one dimensional rods perpendicular to the surface. These rods are in-
tersected by the Ewald sphere, which has a large radius (~900nm~') compared to the
typical reciprocal lattice vectors (= 16 nm™!), so that only few reflections, lying on a circle,
are observed on the screen. The intersection with the (00) rod is the specular reflection,
which is the spot monitored most frequently in the RHEED experiments described in this
thesis. Such a spot-like pattern being observable is an indicator of a flat surface with
almost perfect crystalline order on an area of thousands of unit cells on the surface.

Because the distance between the first order diffraction spots is related to the reciprocal
lattice parameters, one can in principle extract the lattice constants and their temporal
evolution, if the electron wavelength is known precisely. This analysis was not done in the
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experiments described in this work due to the insufficient resolution of the spot distances
on the screen by the CCD camera of our RHEED setup.

Surface irregularities and steps lead to a broadening of the reciprocal rods, and streaks
appear in the RHEED pattern. When the surface gets rougher and more three-dimensional
the diffraction pattern also contains spots from transmission-diffraction through islands
and large particles on the surface, which gives rise to a superimposed rectangular pattern.

RHEED not only allows to investigate the surface morphology of sample surfaces,
but also allows to resolve surface reconstructions. These change the symmetry of the
reciprocal lattice, so that additional spots are observed. Another feature in RHEED
patterns, which are caused by inelastic scattering processes, are the Kikuchi lines [69] (see
Fig.3.7b), whose presence indicates very flat surfaces.

A typical RHEED image after a thin film deposition of 10uc of LaAlO3 on SrTiO3
is shown in Fig.3.7b. Clearly a spot pattern with additional Kikuchi lines is observed.
This image proves that the perfectly flat substrate surface and its single-crystallinity is
maintained throughout the LaAlOj3 film growth, which proceeds layer-by-layer. Also no
reconstruction induced additional spots are found.

As described next, even more information about film growth can be deduced from the
temporal evolution of the RHEED signal during film deposition.

For the exploration of growth dynamics the spot intensity is monitored as a function
of time. In 1981 for the first time oscillations in the spot intensity of the RHEED pattern
were observed [70] and related to the successive growth of one complete unit cell thick
layer after the other.

Several models exist to explain the intensity modulations. Often the step-density
model is used, where steps on the surface are taken as diffuse scatterers, which reduce the
intensity at the specular reflection. While this model well explains the periodic variation,
it is by far oversimplified and cannot explain many experimental results. In any realistic

a) screen b)
Ewald sphere f
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Figure 3.7: Illustration of the study of film surfaces by RHEED. a, Sketch of the RHEED
geometry. Reflections occur in directions defined by the intersections of the Ewald sphere with
the reciprocal lattice rods. b, RHEED image after deposition of a 10 uc thick LaAlO3 film on
SrTiOs. The direct beam is found at the bottom of the image, the specular reflection and the
adjacent first order spots are also clearly visible, indicating a very flat surface after film growth.
Additionally, Kikuchi lines are observed (marked by arrows).
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model both diffraction effects and microscopic growth mechanisms have to be taken into
account.

When RHEED oscillations are observed during film growth the temporal periodicity of
RHEED intensity always corresponds well to the temporal periodicity of unit cells being
completed. However, RHEED intensity and unit cell completeness have no fixed phase
relation. The phase difference depends on the incident angle of the electron beam [71].
For this reason we used fixed diffraction conditions for the growth of LaAlO3 on SrTiOs3.
To obtain always the same conditions the (100) direction is aligned with the electron
beam to get a symmetric diffraction pattern and then the incident angle # is increased
from 0° until the intensity of the specular reflection is maximal for the first time after the
first-order reflections appear. This procedure leads to reproducible RHEED signals for
LaAlO3 growth, where maxima in the intensity correspond to completed unit cell layers
(see later).

The measured intensity of the electron beam on the screen is sensitive to vibrations
of the vacuum chamber. To reduce their influence, in this thesis several precautions
were taken. The flexible tubes from the scroll-pumps to the turbomolecular pumps of the
deposition chamber were fixed using heavy weights damping their vibrations. Additionally
the RHEED electron gun was fixed by using a stiff setup to the ceiling of the laboratory.
Prior to the depositions, the electron beam direction is adjusted electrically to the center
of the extension tube for optimal performance.

3.4.1 RHEED Signals Occurring During the Preparation of n-Type
LaAlO3/SrTiO; Interfaces

Figure 3.8 shows the typical RHEED oscillations seen during the deposition of 15uc of
LaAlO3 on TiOs-terminated SrTiOs. In the graph the peak intensity of the (00) spot
is plotted as a function of time. After the start of the film growth the intensity drops
sharply, then recovers, but at the first maximum does not reach the initial value again.
The intensities at the second and third maxima are still slightly smaller, so that usually
here the RHEED intensity is increased manually by increasing the filament current in
the electron gun. After several more oscillations the height of the maxima reaches an
approximately constant value. The characteristic drop of the intensity at the beginning
of the deposition is probably related to an altered optimum condition for the incident angle
6 upon deposition of LaAlO3. When this angle is initially adjusted to obtain a maximum
in the specular spot intensity, the electron beam probes a Sr'TiOj surface, while it is
LaAlOj that determines the diffraction conditions after the deposition of one unit cell.
Therefore, if the deposition is interrupted after one or two unit cells of LaAlO3, and 6
is then adjusted to obtain a maximal specular spot intensity like at the beginning, one
observes RHEED maxima of almost constant intensity. The effect of such an adjustment
can be seen for example in Chapter 6, where the RHEED signal during film growth using
the developed patterning process is presented.

These characteristic modulations of the specular spot intensity are found reproducibly
for all samples which were initially adjusted to the standard condition for 6, as described
before.
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Figure 3.8: RHEED oscillations for the growth of 15 uc of LaAlOg3 on TiOo-terminated SrTiO3
(sample L116). a, Intensity (top) and full-width at half maximum FWHM (bottom) of the
specular reflection spot. b, Enlarged view of the intensity oscillation around the fifth maximum.

By using a laser pulse rate of 1 Hz during PLD one unit cell is deposited in about
25 seconds, corresponding to a typical growth rate of ~ 1 nm/min. This timescale allows to
stop the film deposition at the desired moment during the evolution of the signal, usually
at a certain maximum in intensity. As noted before, the period of the oscillations always
corresponds to the growth of one unit cell. This is confirmed by transmission electron
microscopy images of the samples (see Sec.3.5.3), which show LaAlOj film thicknesses
that correspond exactly to the number of RHEED oscillations during the film deposition.
Additionally the fact that the time from the start of the LaAlO3 deposition to the first
maximum in RHEED intensity is as long as the time interval between subsequent maxima
proofs that maxima in the intensity correspond to completed unit cells and not to some
incomplete coverage.

The enlarged view of the intensity oscillations during the deposition of the fifth LaAlO3
layer (Fig. 3.8b) shows that every single laser pulse is detected, with a characteristic, rapid
drop in RHEED intensity directly after a laser pulse, followed by a slower increase in
intensity. The drop is caused by the particles that are deposited by the pulse and then
diffuse on the surface. Before the particles attach at step edges of present one unit cell
high islands they act as additional diffuse scatterers [72,73].

The unit cell oscillations are also visible in the full-width at half maximum (FWHM) of
the specular spot intensity peak (shown in the bottom part of Fig. 3.8a). The peak width
broadens periodically with the step-edge density on the surface, and thus the FWHM
shows maxima for half covered layers and minima for complete coverage.

RHEED oscillations are observed for the growth of LaAlO3 on SrTiOgs for the depo-
sition of at least 180 unit cells, which implies that up to this thickness the growth mode
does not change from layer-by-layer to a three-dimensional mode. In our setup an addi-
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tional small modulation of the RHEED intensity is caused by the vibrations due to target
holder step-motor movement.

As RHEED allows to monitor the film thickness only at a certain position on the sur-
face, it had to be investigated how homogeneous the film deposition is across the sample.
For this reason a =~ 180nm thick reference film of YBayCu3O7;_s was grown on a stan-
dard 5 x 5mm? SrTiOs3 substrate and patterned by photolithography and phosphorous
acid. This test was not performed using a LaAlOj film, because, as discussed in detail
in Chapter 6, LaAlO3 can not be etched chemically in an appropriate manner. The step
heights were then determined by AFM measurements and found to vary by less than 5 %.
Therefore I conclude that the film deposition by PLD is sufficiently homogeneous, so that
the number of unit cells as measured by RHEED at one location applies with 5 % accuracy
to the complete sample surface and can therefore be reliably taken as the film thickness.

3.4.2 RHEED Signal Occurring During the Preparation of p-Type
LaAlO;/SrTiO; Interfaces

By the growth of a monolayer of SrO the termination of a treated Sr'TiOj substrate can
be switched from TiOy to SrO. After growing a LaAlOj3 film the stacking sequence right
at the interface is then SrO/AlO,, which the polarity discontinuity model predicts to
show p-type behavior. This insertion of a monolayer of SrO was already used in the
first publications on the LaAlO3/SrTiOj3 interface [13,14] to investigate both n-type and
p-type stacking sequences. As this method allows an important, optional modification
of the heterostructure, it was also investigated if a monolayer of SrO can be successfully
grown in our deposition chamber.

As SrO tends to grow in islands at high deposition temperatures, the PLID method
was employed to impose layer-by-layer growth [74]. First SrO is deposited from a single-
crystalline target on a SrTiO3 substrate by standard PLD (500 mJ, p(O2) =0.1mbar) at
a lower temperature (400 °C). Under these conditions SrO grows in a layer-by-layer mode
and the necessary number of pulses for the deposition of one SrO unit cell is taken from
the first oscillation in the RHEED intensity of the (01) spot. Usually the determined
number was a factor of 18 higher as compared to the deposition of 1uc LaAlO3z. On a
new TiOs-terminated SrTiO3 substrate a monolayer of SrO was then rapidly deposited
by PLID (770°C, 500mJ, p(O2)=0.1mbar) taking the previously determined number
of pulses and using a laser pulse repetition frequency of 50 Hz (50 Hz is the maximum
repetition frequency of the laser in use). For this high frequency operating the laser in
constant high-voltage mode assures the necessary high pulse-to-pulse stability. Finally
LaAlO3 was deposited with the standard PLD parameters.

Figure 3.9 shows the RHEED intensity for the growth of such a p-type LaAlO3/SrTiO3
heterostructure. After the deposition of SrO the intensity dropped to about 20 % of the
initial value and was therefore manually increased. At the beginning of the LaAlO3 depo-
sition a clear difference is found compared to the n-type LaAlO3/SrTiO3 heterostructure
growth. The RHEED signal first increases to a maximum before the oscillations, known
from the n-type samples, start. This indicates that the substrate termination was indeed
changed by the growth of SrO and that LaAlOj3 grows in layer-by-layer mode also on
SrO-terminated SrTiO3 substrates. While these RHEED signals indicate that a very flat
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SrO monolayer was grown, we will see in the following discussion on sample topography
that the p-type samples have a larger surface roughness than the n-type samples.

3.5 Film Characterization
3.5.1 AFM

The surface topography shown by the samples after the deposition of LaAlOjs films on
TiOs-terminated SrTiO3 was regularly checked by AFM. For these experiments the micro-
scope employed for the analysis of the substrate surface topography was used. Figure 3.10
shows typical micrographs. It can be clearly seen that the terraced structure observed on
the substrate surface with one unit cell high steps is preserved throughout the LaAlOg film
growth. A low roughness of ~ 0.1 nm (RMS value) is obtained. Half unit cell high features
are not observed, which shows that also on the LaAlOj surface only one termination is
present, which presumably is AlO,.

18 nm b) 2.4nm

a)

Onm

0Onm

Figure 3.10: Topographic AFM image of a 5uc thick film of LaAlO3z on TiOo-terminated
SrTiO3 (sample L29). The step-and-terrace structure of the substrate is preserved throughout
the growth of the LaAlOj3 film. Fig. a, 8x8 pm? image b, 2x2 pm? image. Published in Ref. [75].
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AFM images of LaAlO3 grown on SrO-terminated SrTiOjz also show a clear step-
and-terrace structure (see Fig.3.11). But here many tiny islands are found in addition,
which are not present for n-type interface samples. Correspondingly the RMS roughness,
~ (.25 nm, is higher. These islands indicate that the SrO was not grown as an ideal mono-
layer, although the RHEED oscillations signalled that the termination of the substrate
was switched from TiO; to SrO. The consequence of a non-ideal, rough layer of SrO is,
that the interface to the subsequently deposited LaAlOj film is ill defined and certainly
not atomically sharp. This rough interface makes any interpretations of transport prop-
erties quite speculative. For this reason mainly the n-type interface samples are studied
in this work.

Figure 3.11: AFM image (topographic  signal,
500x500nm?) of a 10uc thick film of LaAlO3 on SrO-
terminated SrTiOs (sample L87).

Due to the large lattice mismatch of &~ 3 % between LaAlO3 and SrTiOj3 strain builds
up rapidly with increasing thickness of the film. This strain relaxes when the so called
critical thickness is exceeded [76]. In general, strain relaxation of films with a rough surface
occurs by twinning or by formation of dislocations, while smooth films, like the ones of our
samples, relax by cracking [77]. Such cracks are indeed observed in our LaAlO3/SrTiO;
heterostructures. For these samples the critical thickness measured is 25 unit cells (see
Fig.3.12). The thicker the LaAlOjz film the higher the density of the cracks. The cracks
are predominantly oriented along the main crystallographic axes (horizontal and vertical
direction in Fig.3.12a—c). Between the cracks the step-and-terrace structure can still be
clearly seen. Figure3.12d shows a linescan across a crack in a 46 uc thick LaAlO3 film
on SrTiOs. Up to a distance of ~25nm from the crack the LaAlO3 delaminates from
the substrate and bends up from the surface of the film. A gap of about 7nm is formed
right at the crack. If the cracks already form upon film growth at high T or during the
cooldown process can not be decided from our experiments.

We will see later in Chapter4 that no conductivity was found in LaAlO3/SrTiO;
samples which show cracks, therefore in the samples discussed in the following chapters
the thickness of the LaAlO3 films was kept well below the critical value of 25 uc.
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a)

Figure 3.12: Topographic AFM images of LaAlOj films on TiOs-terminated SrTiOg with a
film thickness larger than the critical value (25uc) for crack formation: a, 31uc (sample L19)
b, 46 uc (sample LGB1) ¢, 102uc (sample L18) (all images are 5x5pm?) d, Linescan across a
crack in the 46 uc thick film (linescan as indicated on the left 100x100nm? AFM topographic
image).

3.5.2 X-Ray Diffraction

X-Ray Diffraction (XRD, performed with a Philips X’Pert MPD System) was used to
check the crystalline structure of the samples. As shown in Fig. 3.13a only (h00) reflections
of the SrTiO3 substrate and the LaAlO3 film are observed in a - 26 - scan, which proves
c-axis oriented growth of the LaAlOs;. From the f#-values of several peaks the c-axis
lattice constant is determined to 3.74 A, slightly smaller than the bulk value for LaAlOj
(3.791 A). The TEM images in the next section will show that in our samples the LaAlOs
grows cube-on-cube on SrTiO3 with the in-plane lattice constant of the LaAlOj film equal
to the lattice constant of Sr'TiO3. This clamping to the substrate probably causes the
slightly shortened lattice constant of the LaAlOj3 film in c-direction

In a detailed view on the (100) reflection (see Fig. 3.13b) clear Laue fringes can be seen.
Their presence indicates a high quality thin film with a homogeneous thickness between
two well defined interfaces (SrTiO3/LaAlO3 and LaAlOs/air). The function describing
the intensity I of this special diffraction pattern (disregarding the substrate peak) can
be calculated by assuming Laue-conditions for the LaAlOj3 film only for the two in-plane
directions [78]:

sin®(1Ng.c)
=1 —2—~ 3.1
0 sin®(3¢.c) (3:1)

Here g, =4msin(f)/X is the projection of the scattering vector perpendicular to the
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Figure 3.13: XRD data for a 81 uc thick film (sample L18) of LaAlO3 (LAO) on SrTiO3 (STO).
a, 0-20 - scan, showing only (h00) reflections of the film and the substrate. b, Enlarged view of
the (100) peak. Clear Laue fringes are observed around the LaAlOg3 peak, which can be fitted
to Eq. 3.1.

film surface, ¢ is the lattice constant, and N is the number of unit cells of the LaAlOjz in
z-direction. With the correct parameters the measured data can be fitted very well, as
shown in Fig. 3.13b for a film thickness of N =81 uc, as taken from the observed RHEED
oscillations for this sample. However, similarly good fits can be obtained by assuming
LaAlOg thicknesses two unit cells larger or smaller, so the XRD measurements can not be
used for the exact determination of the film thickness. Therefore, as mentioned before,
we use the number of RHEED oscillations during film growth as the precise value of the
LaAlOj; film thickness.

As films of a thickness of 25uc and more have been shown to contain cracks, the
81 uc sample used for the XRD experiments also had many cracks in the LaAlOg layer.
The observation of a clear XRD pattern with Laue fringes therefore proves that the
delamination of the LaAlOj film is limited to the area directly next to the cracks, keeping
the large majority of the film unaffected. Due to the resolution of our XRD device it
was impossible to study thin, uncracked LaAlOj3 films. In an ongoing collaboration (see
Appendix B) samples with 2uc, 3uc, and 5uc of LaAlO3 on SrTiO3 are studied in detail
by Surface X-Ray Diffraction by S.A. Pauli and P.R. Willmott at the Paul-Scherrer-
Institute in Villigen (Switzerland). They expect to be able to resolve the atom positions
in the samples with high precision. This structural information will also be important for
theoretical calculations like DF'T.

3.5.3 Transmission Electron Microscopy

To obtain more information on the microstructure of our heterostructures, the samples
were investigated by transmission electron microscopy (TEM) and scanning TEM (STEM)
by Lena Fitting Kourkoutis and Dave A. Muller at the University of Cornell (USA).

These studies were performed on reference LaAlO3/SrTiO3 samples grown under the
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standard conditions (p(Q)y=4x10"°mbar, 770°C). To protect the film surface during
TEM specimen preparation an additional capping is needed. Therefore in the first ex-
periments a 5nm thick layer of amorphous Al,O3 was deposited on the LaAlO3/SrTiO;
heterostructure by PLD at room temperature as final layer. Cross sectional cuts were
then prepared by mechanical polishing followed by low-energy, low-angle ion milling.

The TEM and STEM investigations were performed on a monochromated 200 kV FEI
Tecnai F20-ST STEM with a minimum probe size of ~ 1.6 A and a convergence semiangle
of (10+1)mrad. Annular Dark Field (ADF) detectors were used, which register signals
from electrons scattered to large angles. The high angle annular dark field (HAADF)
images were recorded at an inner detector angle of ~ 65 mrad. HAADF images are well
suited to distinguish different chemical elements, as the intensity is proportional to Z",
with Z as the atomic number and n having a value of ~1-2. Therefore, detecting the
HAADF signals is often referred to as Z-contrast imaging.

To increase signal to noise and average out the scan noise, 8 successive images,
each recorded at 16 microseconds per pixel, were cross-correlated and averaged. The
1024 x 1024 pixel images were subsequently rebinned to 512x512 pixels.

Figure 3.14 shows STEM images of samples with 3uc and 5uc of LaAlO3 on TiO,-
terminated SrTiOs3. In all following STEM images the dark area in the top corresponds
to the amorphous capping layer. Below this stripe, the epitaxial LaAlOj film can be seen,
followed by the SrTiOj substrate. Due to their high atomic numbers La (Z=57) and
Sr (Z =38) atoms appear brightest in these HAADF images, with La atoms providing
the highest intensity. Al (Z=13) and Ti (Z =22) atoms can additionally be resolved in
between La and Sr atoms, respectively. The micrographs clearly show that an abrupt
interface formed between SrTiO3 and LaAlOs, while the interface between LaAlO5 and
the amorphous capping layer of Al;Oj3 is rough.

Below this rough capping sheet no difference in the microstructure is observed for
samples with 3uc and 5uc of LaAlO3. This is stated explicitly here, as we will see later
in Sec. 4.1 that the electronic transport properties of the interfaces differ dramatically as
a function of the LaAlO3 thickness.

An analysis by Electron Energy Loss Spectroscopy (EELS) reveals that the La con-
centration drops sharply at the LaAlO3/SrTiOj3 interface as is expected from the abrupt
interface in the ADF images. But La is also found in the capping, which is probably
caused by La diffusion into the AlyOg3, or even by chemical reactions between both mate-
rials. This La diffusion explains why the number of uniform LaAlOj3 layers in the STEM
images does not correspond to the number of RHEED oscillations during LaAlO3 film
growth. Additionally, the EELS data revealed diffusion of Ti into the LaAlOj film as well
as into the cap.

A tiny signature of fluorine, present in the EELS signal of the first TEM samples, was
not found in later samples when transport boxes made of non-fluorine-containing plastics
were used.

The O-K EELS spectra are presented and discussed in the next chapter (see Sec.4.2).

To reduce La diffusion into the capping layer, capping layers consisting of 5nm of
amorphous SrTiO3, grown by PLD at room-temperature, were used from then on. This
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2 nm

2nm

Figure 3.14: Cross-sectional STEM HAADF images of samples with an amorphous Al;Os3
capping layer. a, 3uc (sample L58) and b, 5uc (sample L56) of LaAlO3 on SrTiOs. An
atomically abrupt interface between SrTiOs and LaAlOs is observed, while the top LaAlOg
layer is very rough for both samples due to interdiffusion or chemical reaction with AlsOs. For
this reason also the number of LaAlOg unit cells does not correspond to the observed RHEED
oscillations during deposition. The STEM experiments were done by L. Fitting Kourkoutis and
D.A. Muller at the University of Cornell (USA).
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capping resulted in much clearer STEM images with sharp top and bottom interfaces of
the LaAlOj3 film. The corresponding images are shown in Fig.3.15 for a 15uc sample
and in Fig.3.16 for a 5uc thick film on SrTiO3. Fig.3.17 shows an enlarged view of the
LaAlO3/SrTiO;3 interface. In this STEM image a colored sketch of the atomic structure
at the interface is shown for illustration.

As already expected from the XRD measurements which showed Laue fringes, a ho-
mogenous, bright LaAlOs film can be clearly seen above the greyish SrTiO3z with an
atomically sharp interface inbetween. In samples with amorphous SrTiO3 as capping
layer the number of LaAlOs unit cells visible in STEM images fits exactly to the num-
ber of observed maxima in the RHEED oscillations during growth. This correspondence
finally proves the previously applied interpretation of the oscillating RHEED signal as
being caused by the layer-by-layer growth of the LaAlOjz film.

For the sample with 5uc of LaAlOj3 the lattice constants were analyzed in detail. C-
axis oriented growth was already checked by XRD, but the STEM images now confirm
that the LaAlOj film grows epitaxially on the SrTiOj3 substrate. The film is found to
be coherent with the substrate (in-plane lattice constant 3.91 A). No obvious defects or
dislocations were found at the interface, resulting in biaxial tensile strain of ~3%. At
thicknesses of ~25uc the film begins to relax this strain by the formation of cracks, as
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Figure 3.15: Cross-sectional STEM images of a sample with 15 uc of LaAlO3 (sample L121).
Both Low-Angle ADF (LAADF) and High-Angle ADF (HAADF) images are shown. The STEM

experiments were done by L. Fitting Kourkoutis and D.A. Muller at the University of Cornell
(USA).
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Figure 3.16: Cross-sectional STEM HAADF image (40 x60nm?) of a 5 uc thick film of LaAlO3
(bright) on a SrTiOg substrate (greyish) with a capping of amorphous SrTiO3 (sample L85). La
and Sr atoms appear brightest in this image. The STEM experiments were done by L. Fitting
Kourkoutis and D.A. Muller at the University of Cornell (USA).

Figure 3.17: Cross-sectional
STEM LAADF image (80 x80 A?)
of a Huc thick film of LaAlOg
(bright) on a SrTiOsz substrate
(greyish) (sample L85). On the
left a sketch of the atomic struc-
ture at the interface is shown for
illustration (La: red, Al: orange,
Sr: blue, Ti: cyan, O: black). The
STEM experiments were done by L.
Fitting Kourkoutis and D.A. Muller
at the University of Cornell (USA).
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seen in AFM.

From the STEM images the out-of-plane lattice constant is found to equal 3.78 A, in
accordance with the XRD experiments. This value suggests either a rather small Poisson
ratio as previously reported [79] or out-of-plane relaxation in the thin film [80].

3.6 Electronic Transport Measurements

This chapter concludes with a description of the general experimental setup for the mea-
surement of electronic transport properties. In the next chapters the detailed sample
structures and corresponding results will be presented .

3.6.1 Contacts

Since the electronically conducting interface between LaAlO3z and SrTiOj is encapsulated
by insulators, special care has to be taken to provide good electrical contacts.

Several contacting methods have been reported. A. Ohtomo etal. [13] used laser-
annealed, ohmic contacts to reach the buried interface. M. Huijben et al. [81] applied wire-
bonded contacts to the samples, which were found to also work for our LaAlO3/SrTiOs
heterostructures. Gold pads, which were sputtered on a Ti adhesion layer on the sample,
were used by A. Kalabukhov et al. [82]. Although these approaches seem all to work, they
rely either on micro cracks of ill-defined density and depth (for laser-annealing and wire-
bonding) or on unknown Ti diffusion through the LaAlO3. To avoid these uncertainties a
different contact method was developed for our samples (see Fig. 3.18). Lithographically
defined holes of some 100 pm length and a2 80 nm depth were Ar-ion etched (ion gun from
Commonwealth Scientific Corp., beam voltage 500 V) and then filled by ez situ sputter
deposition of Au (Agar Sputter Coater 103). This technique leads to a defined contact to
the electron gas at the interface, and was therefore employed for all the samples described
in this thesis. It is noted here that the contact to the q2-DEG is not only mediated by
the sputtered gold, but also by a thin sheet of ion-etched SrTiO3 which is formed at the
inner surface of the generated holes (as ion-etching causes oxygen deficiency, and thus
conductivity in SrTiO3_s).

For contacting the surface of the LaAlOj3 film, or for fabricating a gate electrode, gold
was sputtered without prior ion etching.

3.6.2 Measurement setup

After the contacts were made, the samples were mounted on connector boards (see
Fig.3.19a), which are designed to fit into the various experimental setups of our labs.
From the boards the contacts on the sample are connected with up to ten contact pads
via wire bonds (Al-Si 1% wires, bonder from Marpet Enterprises Inc., Model 1204W). The
boards with the samples are then mounted on a probe, consisting of a room-temperature
connector box, a steel tube and a low temperature sensor head. Ten elastically supported
contact pins connect the board electrically with the wires coming from the room temper-
ature environment, while the sample remains thermally decoupled. Further parts of the
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Figure 3.18: Illustration of the developed contacting method. a, The conducting interface is
buried underneath the LaAlOgz film. b, Contact areas are defined by lithography. ¢, Ar-ion
etching creates holes reaching down to the interface. At the inner surface of the holes in the
substrate a thin layer of conducting SrTiO3_s (shown in cyan) is generated by the ion-etching
process. d, The holes are filled ex situ with sputtered Au. e, A final lift-off step removes the
resist, and the buried electron gas can now be contacted from the sample surface.
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sensor head are a temperature-sensor (Si-Diode, GaAs-Diode or Cernox) and a resistive
heater, which are connected to a temperature controller (Lakeshore 340).

The setup for transport measurements is shown schematically in Fig. 3.19b. Electronic
sample properties are analyzed using computer controlled current and voltage sources
(Keithley model 238 and 2400) and multimeters (Keithley model 2000 and 2182), which
are connected to the sample probe via shielded BNC cables. Different setups were used for
temperature dependent measurements from 300 K to 4.2 K. To vary the temperature the
probe can either be set in different heights in a dewar with liquid helium or be mounted

a) b) T-Controller
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Figure 3.19: Setup for electronic transport measurements. a, Photo of a sample mounted on
a connector board and contacted by wire bonds. b, Sketch of the experimental setup used for
the transport measurements.
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into a flow cryostat (Oxford Instruments). In the latter, temperatures between ~4 K and
310K can be stabilized by controlling the flow of preheated He-gas around the sample.
Additionally magnetic fields up to &8 T can be applied either in parallel or perpendicular
direction to the sample surface, enabling magnetoresistance and Hall effect experiments.

3.7 Summary

This chapter presented the experimental methods employed in the work of this thesis for
the preparation of the LaAlO3/SrTiO3 heterostructures.

A special termination procedure creates atomically flat, TiOs-terminated SrTiO3 sub-
strates, with 1uc high steps and terraces. On these substrates films of LaAlO3 are grown
by PLD to a thickness of several unit cells. The film thicknesses are controlled by moni-
toring the RHEED oscillations, which are caused by the layer-by-layer growth of LaAlOj.
At the interface between film and substrate this procedure leads to a TiO2/LaO stacking
sequence. Unless otherwise stated only such n-type interfaces are discussed in the rest of
this work. Standard parameters for the film growth by PLD are a deposition temperature
of & 770°C, an energy density on the target of ~0.8J/cm?, and an oxygen pressure of
~ 10~ mbar.

The sample characterization performed after film deposition reveals a high quality of
the prepared LaAlO3/SrTiO3 heterostructures. For a film thickness dpao <25uc AFM
micrographs show the same step-and-terrace structure of the sample surface as found for
the TiOs-terminated substrate. Thicker films show cracks, caused by relaxation of the
strain due to 3 % lattice mismatch between LaAlO3z and SrTiOz. XRD and STEM confirm
the epitaxial growth of the films and reveal a homogenous film thickness. The number of
LaAlOj3 unit cells equals the number of observed RHEED oscillations during film growth.
The interface to the SrTiO3 substrate is found to be atomically sharp.

The first goal of this thesis to grow such heterostructures with the film thicknesses
controlled on the unit cell level and with defined interfaces has therefore been reached.
The described sample preparation led to reproducible sample properties over the complete
duration of this thesis. All these achievements now opened the route to study the interface
between LaAlO3 and SrTiOjz in detail.

To electronically access the LaAlO3/SrTiO3 interface, which is buried underneath the
insulating LaAlO3, a new method for contacting was developed. It uses lithographically
defined holes generated by Ar-ion etching, filled with gold by sputtering.

Finally the electronic transport measurement setup was presented, which was used
in the experiments described in the following chapters to analyze the heterostructure
properties and to study the effects governing the conductivity generated at the interface
between the band-insulators LaAlO3 and SrTiOs.
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4 ELECTRONIC TRANSPORT PROPERTIES

4 Electronic Transport Properties of the LaAlO;/SrTiO;
Interface

As described in the previous chapter, the LaAlO3/SrTiO3 heterostructure can be prepared
reproducibly with precision on the atomic level. The focus of this chapter is on the studies
of the electronic properties of LaAlO3/SrTiO3 samples 3.

The structure of this chapter is as follows. After introducing the contact arrangements
used, the conductivities and charge carrier densities of the samples grown under the
standard conditions used in this work will be discussed. Additionally the large effects on
the electrical conductivity by varying the LaAlOg film thickness are shown.

Because interfaces in this heterostructure are a novel research topic only few publica-
tions reported on it. Obviously it was important to establish how far, and under which
conditions samples from different groups can be compared, and how well the transport
properties match. Therefore it will subsequently be discussed why the used deposition
parameters were chosen, and it will be shown that the electronic properties of the samples
are in accordance with the polarity discontinuity model.

At the start of this thesis all groups working on LaAlO3/SrTiOj interfaces were re-
stricted to study unpatterned samples. Always the LaAlOj film, and thus also the electron
gas at the interface, extended over the complete sample area. Such unpatterned samples
were contacted in two different geometries.

The first option is to use a van-der-Pauw configuration [83], which has contacts at
the boundary of the sample (see Fig.4.1a). This method allows to obtain the specific
resistance or the sheet resistance 4 of almost any arbitrarily shaped sample, by measuring
the resistance of different configurations for current and voltage contacts. For Hall mea-
surements, voltage contacts perpendicular to the current direction were chosen. From the
sign of the Hall voltage the charge carriers can be identified to be electrons (n-type) or
holes (p-type). The sheet carrier density ng is obtained via

_ BI

- (4.1)

Tg

with B the applied perpendicular magnetic field, and ¢ the charge of the carriers.

The second option for the contact geometry is shown in Fig.4.1b, with two voltage
contacts between the two current contacts. Note that the voltage contacts were set off
by 500 pm from the straight line connecting the current contacts to reduce the flow of
charges across the contact Au. Preparing several of such setups on different positions
on the sample and measuring the resistance allows to check the spatial homogeneity of
the electronic transport properties. A clear disadvantage is that Hall measurements are
not possible. For these contacts the sheet resistance was calculated as Ry=0;'=4.3 R
from the measured resistance R. The factor 4.3 was determined from three reference

3Unless otherwise stated only n-type interfaces (TiO2/LaO stacking) are discussed.

4As the precise thickness of the conducting layer is not known, sheet resistances Ry are always calcu-
lated in units of /0. The unit distinguishes Ry from the measured resistances R. For a bar of length !
and width b one finds the relation R= Rs1/b.
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a) b) c)
|2

Figure 4.1: Sketch of different contact configurations, which were used for resistance and Hall
effect measurements. a, Van-der-Pauw setup. The contacts shown in orange or those shown in
grey were used as alternative options. b, Setup with voltage contacts set off the line connecting
the current contacts. ¢, Contacts on patterned bridges (see Sec.6) with defined geometries of
different sizes.

samples of YBayCu3O7_5, which were measured with this contact setup and again after
patterning defined bridges (using photolithography and phosphorous acid) to obtain the
specific resistance.

After a patterning process was successfully developed in the course of this thesis (see
Chapter 6) structured bridges were used, as shown schematically in Fig.4.1c. For the first
time sheet resistances and Hall voltages were then measured on bridges with well defined
geometries.

All the configurations discussed before allow for four-point measurements of the con-
ductivity without contributions from contact resistances.

Control measurements revealed that under ambient light charge carriers were gen-
erated in the samples by photodoping. This photodoping was measured as a func-
tion of wavelength by M. Huijben [84] who observed an abrupt change in conductance
upon illumination at a wavelength that precisely corresponds to the bandgap of Sr'TiO;
(A< 380nm). This suggests an intrinsic optical absorption with an electron excited from
the valence band into the conduction band. To avoid an influence of this additional
photo-generated conductivity (= 10% of the measured conductivity in light at 300 K),
which decays over several hours, the samples were always kept in dark cryostats for at
least 24 hours prior measurements. The additional photoconductivity has to be taken
into account whenever the sample is exposed to photons with an energy larger than the
SrTiO3 bandgap, as for example in spectroscopic studies using X-rays.

The results of these transport measurements using the described contact setups will
be discussed next.

Like the first report by Ohtomo and Hwang [13] on the LaAlO3/SrTiO3 heterostruc-
ture, and as predicted by the polar catastrophe scenario, a conducting electron gas was
found at the interface between TiOs-terminated SrTiO3z and LaAlOs in our samples. The
following data on electronic transport measurements summarize the properties of samples
grown under the standard deposition conditions, which were described in the previous
chapter.

The R, -T curves of samples with different thicknesses of LaAlO3 are shown in Fig. 4.2.
Conducting interfaces are observed with a typical drop in sheet resistance of more than

36



4 ELECTRONIC TRANSPORT PROPERTIES

10° " T
b dao©
L —— 4uc ]
6 uc 1 Figure 4.2: R;-T depen-
104 E T Touwe . dence measured on n-type

samples with 4uc (sample
L35), 6uc (sample L80),
and 15uc (sample L102)
10%F . of LaAlOs grown under
E ] the standard conditions
(p(O2) =2x10° mbar,
T=770°C). For these
measurements bias cur-
rents of 10pA were used.

R, (@/D)

10 10 100

T(K)

two orders of magnitude from 300 K down to 4.2K. No minima are observed in the
R(T) curves. The corresponding sheet conductances are o, ~2x107° Q™! (at 300 K) and
o, ~3x1073 Q7! (at 4.2K). Reported values in literature are of the same order of mag-
nitude [14, 81, 85]. Section4.2 will discuss in more detail the problems of comparing
experimental results with those of other groups.

A critical point, which had to be clarified, was the location of the conducting layer in
the sample.

In studies on samples contacted without Ar ion-etched holes, Au being sputtered
directly onto the LaAlOj3 surface, insulating behavior was found, which confirmed that
the conducting layer is not located on the surface of the LaAlOj.

The sheet resistances of the samples shown in Fig. 4.2 are independent of the thickness
of the LaAlOj film. If the film itself was conducting R, would likely scale with the number
of unit cells °.

To test for bulk conduction deep in the SrTiO3 substrate the surface layer (/10 pm)
of a conducting sample was removed by polishing (polishing machine 1PM51, Logitech)
with 0.25 pm grained diamond paste. The remaining substrate was insulating.

Therefore it is concluded that the observed transport properties are indeed caused by
a conducting layer which is located at the interface or very close to it.

In another experiment, the role of the SrTiO3 substrates was investigated. As already
stated in Chapter 2, those single crystals usually contain a tiny amount of dopants, which
make the SrTiOj3 perfectly transparent without any hue, so that the crystals can also be
used as synthetic gems. To exclude any influence from these dopants LaAlOj films were
also grown on special SrTiO3 substrates, which were fabricated without any additional
elements®. These substrates show a yellowish hue, typical for pure SrTiO3 single crystals.

5The special case of samples with up to 3uc of LaAlQOs is discussed in detail in Sec. 4.1
6Substrates obtained from eSCeTe Single Crystal Technology B.V., Enschede, Netherlands
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The transport properties of these n-type LaAlO3/SrTiO3 heterostructure samples were
not affected by the different Sr'TiOj3 substrates. It is therefore concluded that these
dopants in SrTiO3 have no detectable influence on the electron gas at the interface. For
this reason for the rest of the experiments the standard SrTiO3 substrates were used.

With the conductivity found to be confined to the LaAlO3/SrTiO; interface, it is
necessary to clarify if the present one unit cell high steps affect the transport properties.

If the electron gas only forms directly on terraces the intra-terrace resistance is likely
lower than the inter-terrace resistance. It was not possible to check for an influence on
unstructured samples, so this experiment was delayed until patterning of defined tracks
of the electron gas became possible (see Chapter6). Then the influence of the step-
orientation on the transport properties was investigated by varying the angle between
the measurement bridge and the steps. The experiments showed that effects from the
step-orientation are, if present at all, smaller than the standard scatter of 10% found for
the resistance on different positions on one sample. The electron gas at the interface thus
couples across the unit cell steps.

According to Hall measurements at all temperatures the carriers are negatively charged
with sheet densities ny~ 10 cm=2. The exact value of the carrier density was found to
vary slightly over years, with ng ranging from 1 x 103 cm™2 to 7 x 10'® ecm™2. Figure4.3
shows the typical temperature dependence of ng with a maximum carrier density around
100 K followed by a decrease to the lowest values at 4.2 K.

The sign of the charge of the carriers was never disputed in literature, in contrast
to the value of the magnitude. Reported carrier densities of LaAlO3/SrTiO3 samples
grown under similar conditions usually are approximately a factor of 5 higher, especially
for T~300K [14,81,85] (see also the discussion on oxygen vacancies at the end of this
section).

From the simple polarity discontinuity model, a planar density of half an electron per
unit cell is expected, which corresponds to ng=5x10' cm~2, but this value just provides
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an upper limit and might be reduced in a more complex model. The measured charge
carrier density in our samples corresponds to & 1/20 electron per unit cell in the plane.

The corresponding mobilities p= (nsRsq)~! are ~500cm?*V~1s™! and ~2cm?V-1s™!

at 4.2K and 300K respectively. These mobilities are high, but smaller than the best
values reported in literature [13,82,86], probably because of the growth conditions used,
as discussed at the end of this section.

Upon application of a magnetic field oriented parallel to the surface normal the re-
sistance increases (see Fig.4.4), predominantly at low temperatures. At T=4K a pro-
nounced magnetoresistance (MR) is observed (Fig.4.5). By applying the magnetic field
B in this direction a positive MR of some 10 % at 8 T is observed, with a parabolic de-
pendence for fields up to ~4T (see Fig.4.5a). Remarkably, a negative MR is found for
B parallel to the interface plane. Depending on the direction of the measurement current
I with respect to B the MR at 8 T is =-1.5% (B||I) or ~-5% (BLI) (see Fig.4.5b).

For a two-dimensional electron system with sufficiently high mobility signatures of
quantum Hall effect (QHE) and Shubnikov-de Haas (SdH) oscillations are expected in the
transport measurements at low temperatures and high magnetic fields. These features
have been observed in semiconductor heterostructures and in ZnO/Mg,Zn;_,O oxide
multilayers [12]. One detrimental fact for the observation of the QHE in our samples is
that due to the larger carrier density of the oxide q2-DEG, as compared to semiconductors,
the fill factor v of Landau levels in magnetic fields is proportionally larger (v =ngq/B,
with ¢ the magnetic flux quantum and B the applied magnetic flux density), so that QHE
induced oscillations are expected to occur at very large field strengths only. Compared to
our LaAlO3/SrTiO3 heterostructures, in the ZnO/Mg,Zn;_, O system the charge carrier
densities are at least one order of magnitude smaller, and the mobility is larger by a factor
of 5-10 at low temperatures, which facilitates the observation of the QHE.

None of the LaAlO3/SrTiO3 samples prepared in the course of this work showed
oscillations in R- B measurements at 4 K for magnetic fields up to 8 T. The absence
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Figure 4.5: Magnetoresistance (MR) for a standard sample with 10 uc of LaAlO3 on SrTiOg
(sample LGB10, bridge of 5 pm width and 35 pm length, for patterning process see Chapter 6)
at T=4K. a, MR for B perpendicular to the interface. b, MR for B parallel to the interface,
with BT and BJ|I. For this measurement a current of 50 nA was used. The sheet resistance
with no magnetic field applied is Rs(0T)=460/0.

of oscillations was additionally checked by G. Koster (Stanford University, USA) on one
of our samples (sample L57, 5uc of LaAlO3) at 1.8 K up to 14 T with the same result. In
contrast to this, A. Ohtomo et al. [13] and G. Herranz et al. [87] reported MR oscillations
in the LaAlO3/SrTiO3 system. As discussed later, the differences are related to the used
growth conditions.

For our samples all the transport properties described before were checked to be stable
over a timespan of at least a year. The samples were thereby stored in dryboxes.

4.1 Thickness Dependence of the Electronic Properties

It was already shown that the sheet resistance of conducting samples is independent of
the LaAlOj film thickness. This is in agreement with the simple polarity discontinuity
model, which predicts that always the same density of electrons is found at the interface
in order to avoid the diverging potential in the sample.

Experimentally, our study of conducting LaAlO3/SrTiO3 interfaces was limited by the
upper critical thickness of the LaAlOg layer. If the films are grown too thick, dpao > 25 uc,
the samples are insulating, which is probably caused by the appearance of strain-related
cracks (see Fig.3.12). Such samples do not even show photoconductivity when exposed
to light. Because the area between the cracks (~um?) was too small to be measured
separately, it was not possible to check if the conducting interface is interrupted only
at the cracks, or if the whole sample becomes insulating. Therefore the investigation of
conducting samples is limited to LaAlO3/SrTiO3 heterostructures with the number of
LaAlO3 unit cells lower than the upper critical thickness of & 25 uc.

It was already shown that samples with 4 uc, 6 uc, and 15 uc of LaAlO3 have a conduct-
ing interface with similar conductivities. It was also found that samples of bulk SrTiOs,
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with no LaAlOj film deposited, are insulating. Raising the question of how the transition
between these two fundamentally different transport properties occurs upon increasing
the film thickness led to an amazing discovery, which triggered many of the experiments
in this thesis.

Experimentally, the transition was investigated by growing samples with varying
LaAlOg3 thicknesses, controlled on the unit cell level, and measuring the sheet conduc-
tivities and carrier densities. The corresponding data, shown in Fig. 4.6, have a surprising
result: the interface conductivity does not rise continuously as a function of the number
of LaAlO3 unit cells.
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Figure 4.6: Influence of LaAlOg thickness on the electronic properties of the LaAlO3/SrTiOg
interfaces. The data were taken at 300 K. a, Sheet conductivity and b, Carrier density of the
heterostructures plotted as a function of the number of their LaAlOg3 unit cells. The data shown
in blue and red are those of samples grown at 770 °C and 815 °C, respectively. The numbers
next to the data points indicate the number of samples with values that are indistinguishable
in this plot. Published in Ref. [75].
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At a critical LaAlO3 film thickness of d. = 4uc the conductivity changes strongly.
All our samples with d <4 uc are insulating for all T' (o, <2x1071°Q~! limited by the
measurement setup) and all those with d>4uc are conducting with conductivities of
o, ~2x107° Q7! (at 300K) and o,~3x1073Q"! (at 4.2K), and sheet charge carrier
densities of the order of 10'® cm~2 at all T. By increasing the LaAlOj film thickness by only
one single unit cell from 3uc to 4uc an electron gas is generated at the LaAlO3/SrTiOs
interface.

Once the conducting interface is formed, the transport properties were not found
to change with increasing thickness of the LaAlOj film. This step-like dependence was
reproducibly found during the duration of this thesis.

Can the observed critical thickness phenomenon be understood in the framework of
electronic reconstructions at the interface? To answer this question, let us first recall the
driving mechanism in the polarity discontinuity model. The polar catastrophe leads to an
electric potential, Va0, across the LaAlOz that diverges with the number of unit cells,
n. By moving electrons into the interface the heterostructure can avoid this divergence.
Assuming that the energy needed to activate electrons in LaAlO3 such that they can move,
AFEobile,; does not depend on n suggests that the number of unit cells has to exceed a
critical value, n., for the electronic reconstruction to become energetically favorable:

AEjmobile
VLAO - nVuc > AE’mobile = Ne = T
uc

(4.2)
These simple considerations predict the existence of a critical thickness d. for the
interface to become conducting, thus as is observed in the experiments.

To investigate whether the transport properties of the samples, and especially the
metal-insulator transition, depend on the film growth conditions and the related specific
sample microstructure, several LaAlOg3 films were also deposited at an elevated tempera-
ture (815°C as compared to the standard value of 770°C). It was not possible to obtain
higher temperatures with the resistive heater used. The data for those samples are shown
by red circles in Fig. 4.6 and reveal that the electronic properties of the electron gases are
virtually identical, independent of the deposition temperature.

In another set of experiments the growth rate of the LaAlOj film, and thus the time
which the samples stay at the deposition temperature, was varied from 0.6 nm/min to
2.4nm/min. No changes in the electronic properties or the critical thickness of the samples
were found.

In the years that followed, this step-like change from insulating to conducting behav-
ior exactly between three and four unit cells of LaAlO3 was reproduced by groups at
the universities of Stanford (USA), Chalmers (Sweden), Twente (Netherlands), Geneva
(Switzerland), Tokyo (Japan), and Naples (Italy).

Therefore one can conclude that the transition is robust against changes in deposition
temperature or deposition rate and also it is independent of the details of the PLD system
used.

A film thickness dependence of the transport properties was also observed for samples
measured in light. While for LaAlO3 layers up to 2uc no photoconductivity is induced,
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heterostructures with 3uc of LaAlO3 are conducting in light with sheet resistances of
some 100 k(2. They become insulating again when brought back to darkness. This result
suggests that already for a subcritical film thickness of 3 uc the formation of a conducting
interface is strongly supported, but no mobile charge carriers are present, so that conduct-
ing behavior is only found when additional photo-generated electrons are induced from
the SrTiOs.

Furthermore, control measurements were performed to exclude that the critical-
thickness phenomenon is simply caused by an effect that is generated by the contact
between the Au, the ion-etched SrTiO3, and the q2-DEG. To check for a possible influ-
ence, transport properties were studied on samples that were patterned to have conducting
interfaces with 5uc thick LaAlO3 layers in the areas in which the contacts were placed
and subcritical, 2 uc or 3uc thick LaAlO3 on the bridges connecting these areas (for de-
tails of the applied patterning process see Chapter6). So the contact to the 2uc or 3uc
thick areas was now via the interfacial electron gas. The subcritical areas were found
to be insulating and thereby provided evidence that the metal insulator transition is not
contact related, but indeed is a property of the q2-DEG.

In SrTiO3/LaAlO3/SrTiO; heterostructures containing stacked p- and n-type inter-
faces the effect of changing the LaAlOj thickness was studied before by M. Huijben et al.
[81]. A reduced conductivity was found for samples in which the two interfaces were
spaced by less than 6 uc, but in strong contrast to our results in these experiments even
samples with only one unit cell of LaAlO3 were well conducting. To explicitly check if an
additional layer of epitaxial SrTiO3 on top drives samples with a subcritical thickness of
LaAlOj3 conducting one sample was grown with 2 uc of LaAlO3 covered by 10 uc of SrTiO3
(sample L175). Also for this heterostructure insulating behavior was found.

Until 2007 the LaAlO3/SrTiO3 system was the only one known to show such a striking
thickness dependence of the conductivity. Then Y. Hotta et al. [88,89] reported on their
experiments on LaVO3/SrTiO3 interfaces. In the ionic limit this system presents a similar
polarity discontinuity as in LaAlO3/SrTiO3 with TiO on the substrate surface followed
by LaO™ and then VO3 in the film. Notable differences between both systems are that
LaVOj is a Mott-insulator, as compared to band-insulating LaAlO3, and the large range of
valence states (2+ to 5+) for vanadium oxides as compared to the few degrees of freedom
for LaAlO3. Also in the LaVO3/SrTiO3 system a conducting interface is formed and a
critical thickness of d,=5uc of the LaVO3 film was found for the interface to become
conducting.

The simple polarity discontinuity model might not capture all of the physics governing
the interface properties. To gain more insight into the mechanism causing the critical
thickness behavior it would be helpful to have more sophisticated theoretical calculations.
As already stated in Sec. 2.4, several groups performed DFT calculations and found the
LaAlO3/SrTiO;3 interface to be conducting. Unfortunately, only few of these theoretical
studies considered several film thicknesses.

In 2008, U. Schwingenschlogl et al. [51] reported a strong dependence of the transport
properties on dpao, with good qualitative agreement to the experiments (enhanced con-
ductivity for thicker films). However in their calculations also samples with 3 uc of LaAlOg
and less are found conducting. These authors state that this quantitative disagreement
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is probably related to the underestimation of the band gap in pure Sr'TiO3 by the LDA
method.

A theoretical study of S. Hellberg in the supplementary material of Ref. [52] reports a
transition from insulating to conducting behavior upon increasing the LaAlO3 thickness
from 3uc to 4 uc.

For direct comparison of the experimental data with theoretical studies it will be
essential to wait for a common picture to emerge from the various calculations, which up
to now differ a lot in the applied methods, assumptions, and parameters, and thus also
in the results.

Care has to be taken for the comparison of the electronic properties of the samples
grown in our lab with those of other reports in literature. It turned out that the sample
preparation conditions are an important parameter for the LaAlO3/SrTiO3 heterostruc-
tures. If improperly chosen, the observation of a q2-DEG at the interface can be impeded
by a much larger electronic contribution from the bulk, which led to considerable con-
fusion in the scientific community. In the next section the effects of sample preparation
parameters will be discussed and it will be demonstrated that our sample properties are
indeed caused by a q2-DEG at the interface.

4.2 Discussion of the Role of Oxygen Vacancies

Several groups claim that the observed conductivity in the samples is caused by oxygen
vacancies in the SrTiO3 substrate, and not related to electronic reconstructions caused
by the presence of the LaAlOj film. In the following, a possible influence of the oxygen
vacancies on the electronic transport properties of the samples will be discussed.

Oxygen vacancies are known to lead to conductivity in SrTiOj (see Sec. 2.2). This dop-
ing mechanism has been known for a long time [18,19] and was also claimed to be crucial
for the LaAlO3/SrTiO3 system. Several groups have analyzed samples with LaAlOj films
grown at p(O) <107 5mbar and looked for oxygen deficiency in the SrTiO3 substrate.
Several techniques, such as in situ ultraviolet photoelectron spectroscopy (UPS) [86], MR
measurements [87], and cathode- and photoluminescence measurements [82] were applied
in those studies. All these methods found the conductivity to be caused by oxygen reduced
SrTiO3. For such samples grown in the “low pressure regime”, the measured resistances
are orders of magnitude lower, and the sheet charge carrier densities are orders of magni-
tude larger than those found for our standard samples. These doped samples exhibit very
high mobilities of up to 10*cm?/Vs at 4K, which attracted considerable attention over
the years that followed. Additionally the resistance ratio R (300 K)/R (4.2 K) is about 103
for these samples, as compared to ~ 150 for our samples grown under standard conditions.
Furthermore oscillations in MR were observed and attributed to doped SrTiOj3 [87].

Such values, which clearly differ from those for standard heterostructures in this work,
were already found in the first paper on LaAlO3/SrTiO3 interfaces by A. Ohtomo and
H.Y. Hwang [13]. Even with a typographic error corrected (2 instead of mS2 in Fig.2 of
Ref. [13]), the resistances of 26 nm thick LaAlOj3 films on SrTiOj are 3 orders lower than
those of our samples. They also found much higher carrier densities of up to 107 cm=2.
It is already stated in the publication that such a high sheet carrier density would imply
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unphysical densities of = 1000 electrons per two-dimensional unit cell if the charges resided
at the interface.

These experiments reveal that obviously LaAlO3/SrTiO3 samples grown in the “low
pressure regime” contain a large number of oxygen vacancies in the substrate. This causes
high bulk conductivity in the SrTiO3 and hides the much smaller contribution from the
electronic reconstruction at the interface, which probably is still present.

Just like in all these reports, also samples grown in our deposition chamber under such
a low pressure (p(Oz) =1x107% mbar) have resistances one order of magnitude lower, and
charge carrier densities one order of magnitude larger than our samples grown under stan-
dard conditions. These values clearly show that oxygen vacancies dominate the electronic
transport properties also in our samples grown at p(O,) <10~ %mbar. It is interesting to
note that even when trying to induce oxygen deficiency in the substrate on purpose by
growing the LaAlOj films in vacuum and at 800 °C the obtained sheet resistances were
not as small as reported by other groups for similar deposition conditions.

The crucial question obviously is whether in all LaAlO3/SrTiO3 samples the conductiv-
ity is exclusively caused by oxygen defects in the substrate, and if electronic reconstruction
really leads to interface conductivity if no such doping of the substrate is present.

To clarify this, several experiments were done to gain information on the
strength of doping by oxygen defects for LaAlO3/SrTiO3 heterostructures grown at
p(03) 2 107> mbar. These studies are discussed in the following.

A first hint to the origin of the charge carriers comes from an optical check. Heavily
doped SrTiO3, which has a greyish to black color (depending on the amount of doping),
can already be excluded to be present by the transparency of our samples (see Fig.4.7).

Insulating behavior, even in light, is found in bare SrTiO3 substrates exposed to the
standard pressure and temperature cycle used for LaAlOj film deposition. This insulat-
ing behavior remains when the cooldown process is done in the deposition pressure of
~10~® mbar instead of the standard pressure of 400 mbar.

Furthermore, one sample with a film thickness of d=6uc (sample L41) was analyzed
by A. Kalabukhov at Chalmers University (Sweden) using cathode-luminescence. Upon
irradiation with an electron beam, oxygen reduced SrTiOj is known to show a character-

Figure 4.7: Photo of a sample with 5 uc of
LaAlO3 on TiOs-terminated SrTiOg (sam-
ple L34) with contacts via Ar-ion etching
and Au sputtering. On the left side a part of
the sample holder is visible with wire-bond
connections to contacts on the sample.
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istic blue light emission [90]. In the investigated sample no indications of oxygen defects
were observed under standard measurement conditions [82].

Additionally, a reference sample with 15 uc of LaAlO3 on SrTiO3 and a 5 nm capping of
amorphous Sr'TiO3 was sent to L. Fitting Kourkoutis and D.A. Muller at the University
of Cornell (USA) for scanning transmission electron microscopy (STEM) studies [91].
Figure 4.8a shows a high angle annular dark field (HAADF) STEM image of the atomically
sharp interface between the LaAlOjs film and the Sr'TiO3 substrate. The image reveals a
dark band in the SrTiOj3 close to the interface.

This reduced HAADF intensity at the interface has to be interpreted with care. Bend-
ing and tilting of the crystal in that region or distortions of the thin TEM foil due to
strain relaxation can result in a reduction of the HAADF intensity [92], and a local tilting
of 5-10mrad of the foil is indeed detected in the thinner regions. A similar tilting was
also reported by Maurice et al. [79]. This buckling of the sample can lead to a dark band
at the interface due to dechanneling of the electron beam. While the presence of oxygen
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Figure 4.8: STEM and EELS data of a 15 uc thick film of LaAlO3 on SrTiOs (sample L121)
grown at p(O2)~10~° mbar. a, HAADF image showing a coherent interface. b, O-K EELS
spectra of the SrTiO3 close to (1.5nm) and far away from the interface. Even at 1.5 nm from
the interface, the O-K fine structure is only very slightly damped compared with with the bulk.
¢, Small changes of the Ti-Lj 3 fine structure close to the interface are consistent with a small
concentration of Ti*t, which falls below the detection limit by 6nm from the interface and
beyond. Measurements were done by L. Fitting Kourkoutis and D.A. Muller at the University
of Cornell (USA). Published in Ref. [91].
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vacancies in SrTiO3 can also lead to a reduced HAADF intensity [24], the contrast at low
oxygen vacancy concentrations is expected to be patchier than found here, as single va-
cancies would be observed. Furthermore, a band of oxygen deficient SrTiO3 would cause
an increase in the low angle annular dark field STEM signal in that region, which was not
found. Additionally, it is noted that this dark band is also observed for a sample with 3 uc
of LaAlOjs(see Fig. 3.14a), which is insulating. Therefore it is unlikely that the observed
contrast is related to the conductivity at the interface.

These considerations lead to the conclusion that the dominant contribution to the
observed dark band is the local tilting of the film, and not oxygen vacancies, whose signal
would be hidden beneath this much larger contribution. To obtain an upper limit on the
extent of changes in electronic structure and composition in the vicinity of the interface
electron energy-loss spectroscopy (EELS) in the STEM was used to probe the chemistry of
the heterostructure at the atomic scale. For the EELS measurements, the STEM (Tecnai
F20-ST) is equipped with a Gatan imaging filter 865-ER. The energy resolution was
~0.6eV as measured from the FWHM of the zero loss peak at 0.2eV/channel. The Ti-
Ly 3 and O-K spectra were recorded simultaneously on a 2048 x 2048 pixel CCD. To increase
the signal to noise ratio, five successive spectra, each recorded for 5s, were averaged. The
spectra of these edges close to and far away from the interface are shown in Fig. 4.8b and
c. At a distance of 1.5nm from the interface, the changes in the O-K edge are only very
slight, suggesting an upper limit to the oxygen vacancy concentration of 3%. At a distance
of 6 nm away from the interface, the changes in the O-K and Ti-Ly 3 edges compared with
bulk SrTiOj fall below the noise level (< 1% oxygen vacancy concentration). The small
changes of the Ti-Ly 3 edges are consistent with a small concentration of Ti**, which can
be attributed either to an oxygen deficiency or a compensating interface charge.

While these STEM and EELS experiments can only provide an upper limit on a
possible oxygen vacancy concentration, other experimental results are hard to reconcile
with a scenario where reduced SrTiO5 has an effect at all.

One of these results is the insulating behavior found for samples with cracks in the
LaAlOj film, which delaminated from the substrate in the vicinity of the crack (see
Sec.3.5.1). A substrate conductivity would not be affected by such cracks.

Another evidence against doping by oxygen defects comes from the study of het-
erostructures containing p-type interface. These samples are grown by first depositing a
monolayer of SrO on the TiO,-terminated SrTiOs and then depositing the LaAlOg3 film.
As described in the experimental section, for the final sample a rougher surface topogra-
phy in comparison to n-type samples is observed in AFM. This roughness indicates that
not an atomically flat monolayer of SrO was grown in our experiments, which results in
an ill-defined LaAlO3/SrTiOj3 interface. Therefore heterostructures with p-type interface
stacking sequences have not been studied in detail. The transport properties of several
such samples have been measured nevertheless. All p-type interfaces are completely in-
sulating, which provides information on possible doping of the substrate, because any
mechanism leading to oxygen vacancy doping in the SrTiOj3 is not expected to be altered
by the insertion of a monolayer of SrO in the LaAlO3/SrTiO3 heterostructure. This insu-
lating behavior of p-type samples was also reported by other groups [13,84]. J. Nishimura
et al. [14] studied the transport properties of LaAlOj films grown on SrTiOj3 substrates
with different coverage of SrO and found that in this way the generation of carriers at the
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interface can be systematically controlled. It is not yet clarified why the SrO/AlO, inter-
faces do not display p-type conductivity, as predicted by the polarity discontinuity model.
The rougher topography and the correspondingly ill-defined interface to the LaAlO3 film
in our samples puts the applicability of the model in question. Insulating behavior also
results if holes are present at the interface, but are localized. Another possible expla-
nation is that a tiny number of electrons originating from oxygen vacancies, which are
not sufficient to cause conducting behavior in p-type LaAlO3/SrTiO3 heterostructures,
compensates the small positive charge built up by the electronic reconstruction.

Finally the step-like dependence of the interface conductivity on LaAlOj film thickness
can only be accounted for by doping from growth-induced oxygen defects, if during the
sample fabrication oxygen can diffuse well through 3uc thick layers but not through
4uc thick ones. For this case one has to expect that d >4uc samples can be turned
into insulators, too, if the diffusion of oxygen through their LaAlOg layers is enhanced.
To test this prediction a 4 uc sample was annealed for 7 days at 400 °C in 20 bar of O,
(sample L35). This oxidation step did not result in an insulating interface, but reduced the
conductance by a factor of 5 for all 7. For the interpretation of the annealing experiment
one has to keep in mind that apart from possible oxygen vacancy filling also other processes
like interdiffusion or modifications of the microstructure can change the resistance. While
a tiny amount of oxygen vacancies can not be excluded, it is clear that the dependence of
the interface conductivity on the LaAlO3 thickness together with the annealing experiment
result agrees with the behavior predicted for doping by the polarity discontinuity and not
with a behavior caused by doping of the substrate. Therefore a good method to check
if oxygen vacancies are present in the samples and contribute to the conductivity is to
check if samples with 3uc of LaAlO3 on SrTiOj3 are insulating.

In summary, the electronic transport properties of LaAlO3/SrTiO3 samples are dom-
inated by oxygen vacancies in the substrate for deposition pressures p(O,) < 10~ mbar
(low pressure regime).

As shown by the various experiments described before, the mobile electrons ob-
served in samples grown at p(Oy) > 10~°mbar (high pressure regime), can not be ex-
plained by reduced SrTiO3 and are thus attributed to the electronic reconstruction at the

LaAlO3/SrTiO3 interface.

The conclusion that several mechanisms are causing the observed conductivity de-
pending on the pressure ranges used during film growth has also been drawn by other
groups [85,93-95] and needs to be kept in mind when comparing transport properties
with reports in literature.

4.3 Summary

After the controlled growth of high quality n-type LaAlO3/SrTiO3 heterostructures was
demonstrated in Chapter 3, this chapter dealt with the detailed study of the electronic
transport properties. In accordance with the polarity discontinuity model a conducting
quasi two-dimensional electron gas is found at the interface in our samples. Several
experiments revealed and confirmed that the interface is providing the conductance.
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The sheet resistance Ry decreases by slightly more than two orders of magnitude from
~ 50k at 300 K down to =300 at 4K, with a charge carrier density of the order of
10*® cm~2 for all temperatures. These transport properties are reproducibly obtained for
the complete duration of this thesis for samples grown under our standard conditions.

In comparison to values reported for these interfaces, our samples exhibit higher Rq
and lower carrier density. This clear difference was traced to the deposition conditions
used. It is found that for samples grown in “low” oxygen pressures < 10~¢ mbar oxygen
vacancies are induced in the SrTiOjs, which render it conducting. Several experiments
confirmed that this doping of the substrate is not present in samples grown at “high”
p(03) >107° mbar, as used in this work.

For the experimentally accessible parameters of T'=1.8 K and B=15T no quantum
Hall effects are observed in the samples, which is not astounding, considering the higher
carrier density and lower mobility of the oxide electron gas as compared to electron gases
in semiconductors.

While this well known effect of low-dimensional electron systems was not found yet,
an amazing phenomenon was revealed when studying the generation of the q2-DEG as
a function of LaAlOjs film thickness. Starting from an insulating substrate the electron
gas is not generated continuously upon the deposition of one unit cell of LaAlO3 at a
time, but shows a sharp insulator-to-metal transition. All samples with 3uc of LaAlOj3 or
less are insulating and all samples with 4 uc or more are conducting. For the conducting
samples the resistances and charge carrier densities are independent of the number of
LaAlOj3 layers. This step in conductivity for film thicknesses exactly between 3uc and
4uc has by now been reproduced by several groups worldwide.

The observed metal-insulator transition, which is unknown for semiconductors, shows
great potential for oxide heterostructures. Due to the available mixed valence states in
oxides, electronic reconstructions can lead to novel phenomena at interfaces.

While the dependence of interface conductivity on film thickness is striking, the re-
versible change from the insulating to the conducting state by the deposition and removal
of material is difficult to realize experimentally. Nevertheless a tuning between these
drastically different phases would offer many possibilities, both for applications and fun-
damental research. Therefore, the electronic tunability of the transport properties in
LaAlO3/SrTiO3 samples was investigated, which is the topic of the following chapter.
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5 Electric Field Effect Experiments

This chapter presents the studies on the tunability of the electron gas formed at the
LaAlO3/SrTiOj3 interface by applying electric fields. A special focus is set on heterostruc-
tures with LaAlOg film thicknesses of 3uc and 4 uc, which are in proximity to the previ-
ously described metal-insulator-transition. Before the experimental results on our samples
are discussed in detail, a short introduction to electric field effects is given.

5.1 Electric Field Effect

Devices utilizing the electric field effect, in particular field effect transistors (FETS) are
found in a tremendous number in our daily life, as semiconducting FETs are used e.g. in
cell phones, cars and of course in computers. About 10'? of such transistors are manufac-
tured each year [96]. These FETs consist of a thin conducting channel from the source- (S)
to the drain-electrode (D). This channel is separated from a gate electrode by a dielectric
layer. Channel and gate form a plate capacitor, and upon application of a gate voltage
between both plates charges are accumulated in the channel. These charges change the
carrier density and thus the resistance of the conducting channel.

This successful principle offers also for fundamental science a wealth of options because
different compounds can be used as channel materials.

Many materials, like, e.g., oxides, or correlated systems in general, have a larger diver-
sity of electronic and magnetic properties as compared to semiconductors. Additionally
these materials often show phase transitions as a function of charge carrier density (see
Fig.5.1) which gave rise to intense research over the last decade.

In many cases chemical doping is used to tune the carrier density, but this approach
has disadvantages. The samples are chemically and structurally altered, and the degree of
disorder can be changed. Moreover, chemical doping is not tunable, so that in general for
every carrier density a new sample with a different composition is needed. In contrast to
this, electric field effect experiments allow controlled and reversible changes of the carrier
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density in a single sample. A more detailed review on electrostatic modifications of novel
materials can be found in the articles by C. Ahn et al. [96,97].

It is not only their proximity to phase transitions, which makes correlated systems so
interesting from the scientific point of view, but it also is the small charge carrier density,
which is often found. A low number of carriers is experimentally advantageous for field-
effect experiments because the layer of charge accumulation or depletion in the channel,
which is induced by the electric field, has a characteristic width which is given by the elec-
trostatic screening length A\, . In the semiclassical, metallic limit, A\ is the Thomas-Fermi
length Arp = (e:60/€*n)"/?, with ¢, and ¢y being the dielectric constants of the conductor
and vacuum, respectively, e the elementary charge, and n the effective density of charge
carriers screening the applied field. In typical metallic systems this screening length is
extremely short, only parts of an atomic diameter, and therefore only tiny electric field
effects are observed. In semiconductors with typical carrier densities of 10'® ecm™3, which
corresponds to an areal density of 102 cm~2 for a film thickness of 10nm, the screening
length equals tens of nanometers. Therefore in several nm thick semiconductor channels
correspondingly large field effects are found, which is one of the reasons why semicon-
ductors rather than metals are used as FET. Oxide materials have carrier densities and
screening lengths intermediate between those of metals and semiconductors, which makes
oxides good candidates for field effect experiments. There are mainly two options for
achieving a substantial carrier density modulation in the DS-channels. The first is to use
very thin films, and the second is to induce large areal charge densities or polarizations
in the channel. For the latter option, one has to apply large electric fields, which re-
quires high breakdown strength of the dielectric material. Additionally, a large dielectric
constant increases the charge on the plate-capacitor, formed by gate and channel, and
thus increases the induced electric field effect. These considerations show that the carrier
concentrations achievable by electric field are mainly limited by the physical properties
of the gate insulator. With the standard dielectric SiO,, polarizations of a3 pC/cm?
can be induced. By using SrTiOsz with its larger dielectric constant even 10-40n1C/cm?
are possible. This value corresponds to an areal density of ~10-10"cm=2. Such high
polarizations can also be achieved by using a ferroelectric layer, like Pb(Zr,Ti)O3, be-
tween gate and channel. In such devices the spontaneous polarization of the material,
and thus the induced change of carrier density of the channel, is switchable upon appli-
cation of an external electric field and remains stable even if the gate voltage is switched
off (ferroelectric field effect) [96].

5.2 Field Effect at n-Type LaAlO3/SrTiO; Interfaces

After the discovery of the step-like dependence of conductivity on LaAlOj3 film thickness
experiments were performed to study the tunability of the transition by electric field. From
the considerations before it is obvious that the conducting interface between LaAlO3 and
SrTiO3, with a sheet carrier density of ~10'3 cm~2 of the quasi two-dimensional electron
gas, is ideally suited for experiments, where the transport properties are controlled by
electric field, because the possible modulation of the amount of charge carriers is close
to the total number of charge carriers in the system. Additionally, one can expect a
pronounced electric field effect, because due to the weak electrostatic screening of the

51



5 ELECTRIC FIELD EFFECT EXPERIMENTS

ultrathin electron gas the field affects the conducting channel over its entire thickness.

Samples for field effect experiments were fabricated with our standard conditions and
the techniques described in previous chapters. A schematic view of such a sample is
shown in Fig.5.2. As usual, the interface was contacted by Ar-ion etching followed by
gold sputtering. In Fig. 5.2 the left side of the sample sketch is a cross-sectional cut and
shows one contact through the insulating LaAlOj3 to the interface. The resistance of the
electron gas is measured in a four-point configuration (like shown in Fig.4.1b). Electric
fields were induced either across the SrTiOs substrate by applying gate voltages Vg 1, to
backside contacts made by silver paint (back gate setup), or across the LaAlOj film by
applying Vi ¢ to small test contacts silverpainted on top of the LaAlOj (top gate setup).
The gate voltages were applied by Keithley sourcemeter models 2400 or 238 with the
current compliance set to a few nA. For all LaAlO3 layers the gate resistances, measured
between the top gate-electrode and the electron gas, were very large (>2MQcm ™2, see
also Sec.5.3). This shows that the LaAlO3 layers are excellent insulators and suggests
that they are grown pinhole-poor, or even pinhole-free.

Unless otherwise stated, all experiments presented in the following utilize a back-gate
electrode. The polarity of the gate contacts is defined such that the plus terminal is on
the gate electrode and the minus terminal reaches down to the interface. Accordingly,
for a positive gate voltage the interface is the negatively charged plate (accumulation of
electrons) and for negative gate voltages it is the positively charged plate (depletion of
electrons).

The starting point of our studies of the tunability of interface conductivity by elec-
tric field were samples with dpao >4 uc, which are conducting without any gate voltage
applied.
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Figure 5.2: Sketch of a 3uc thick sample with top and back gate contacts. The SrTiOj
substrate is 1 mm thick. A cross sectional cut is shown on the left side of the sample sketch with
one contact going through the insulating LaAlO3 down to the interface. The charges listed in
the atomic lattice sketch represent the unrelaxed charge distribution.
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Figure 5.3 shows the change in resistance of a 5uc thick sample as a function of ap-
plied gate voltage at T'=4 K. As expected, the field effect is large, with modulations from
+ 170 % to - 60 % for back gate voltages between -100 V and +100V. Larger gate voltages
were not used to avoid breakdown of the dielectric material, Sr'TiOg3, by creating perma-
nent conducting paths from channel to gate. For this magnitude of V5, the gate currents
(< 1nA) are much smaller than the drain-source (DS) current (10 nA) and therefore affect
the measurements only marginally.

From the sign of the resistance change one obtains an additional independent deter-
mination, apart from Hall measurements, of the type of charge carriers in the channel.
The observed reduced resistance with a positive gate voltage is again in accordance with
the formation of a n-doped electron system at the interface.

Such large effects are only expected if the gate voltage induced polarization via the
Sr'TiO3 substrate notably changes the charge carrier density in the channel. This is indeed
the case, as found by measuring the gate-voltage dependent polarization of this sample
with a Precision Materials Analyzer (Precision Pro, Radiant Technologies, Inc.). The data
are shown in Fig. 5.4. A linear dependence is observed for voltages from -100 V to +100 V.
The value of 1.451C at 100 V corresponds to a sheet charge carrier density of 9x 102 cm™2,
which is only slightly lower than the density initially present at the interface (=10 cm?),
without any gate voltage applied. The large value for the induced sheet carrier density
explains why the conductivity is tunable over such a large range, but the fact that it is
still lower than the total ng also implies that it will be difficult to deplete the electron gas
completely by electric field to get an insulating interface.

For samples with a lower LaAlOj film thickness of 4uc the interface is close to the
metal-insulator transition, which occurs between film thicknesses of 3uc and 4uc. How-
ever, as reported before, once it is formed the charge carrier density of the q2-DEG is
independent of the number of LaAlO3 unit cells. So also for this reduced thickness a sim-
ilar field effect like for the 5uc sample is expected. Figure5.5 shows [-V characteristics
of such a 4uc sample measured at 4 K for different gate voltages from -20V to +20V.
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Figure 5.4: Induced polar-
ization in a sample with 5uc
of LaAlO3 (sample L34) via
the SrTiOj3 substrate for back
gate voltages from -100V to
4100 V. The measurement was
done at T=4K.

Polarization (uC/sz)
o

As in the 5uc sample, the resistance can be tuned to a large extent, and the DS-channel
can again not be driven into the insulating state within the available range of back gate
voltages. This behavior is found for all the 4 uc samples studied.

All the measurements discussed above were taken at T'=4 K. At this low temperature
the samples behave as anticipated for a standard electric field effect with instantaneous
changes of conductivity with applied gate voltages.

The behavior changes dramatically for field effect measurements performed at room-
temperature. In comparison to the 4 K experiments the charge carrier density is only
slightly higher (approximately by a factor 1.5), so in principle a similar dependence on
Vo is expected. Experimentally it is found, that gate voltages still tune the resistance,
but, in contrast to the low temperature measurements, longer timescales and a memory
behavior are observed. When the back gate voltage is switched on, the resistance does
not instantaneously reach the final value but keeps changing over a timescale of minutes.
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After switching off the gate voltage the sample conductance also does not return to the
value which it had before Vg 1, was applied.

Figure 5.6 shows the typical behavior of the resistance as a function of time, while the
gate voltage is changed. Initially the gate voltage is off and R stays constantly at 9.3 k(2.
By applying Vi, =+4100V the resistance drops to 7.7k(2 over 80s. After switching off
Va,p the sample resistance increases during 60s again to 8.2k(2. By applying the opposite
polarity (Vg =-100V) charge carriers are effectively withdrawn from the interface and
the resistance increases to 9.9k over 60s. Finally, after switching off the gate voltage,
R decreases to 9.3 k(2.

This behavior does not fit to the fast timescales of electronic reactions expected in
the standard picture for electric field effects. Possible interpretations and explanations
for such a memory effect will be discussed later in this chapter.

So far the initial idea, to tune the metal-insulator phase transition, which occurs as
a function of film thickness, by electric fields was not realized in the experiments. Up
to now only conducting LaAlO3/SrTiO3 samples with more than 3uc of LaAlOj were
used. Therefore it was tried to induce the phase transition by starting from insulating
samples. Samples where the number of LaAlOj3 unit cells was below the critical thickness
were investigated. In the following, the electric field effect on samples with 3 uc of LaAlO3
will be presented and discussed. The big difference to the heterostructures studied before
is that here no electron gas is initially present at the interface. If now charge carriers
can be induced by electric field the relative change of the carrier density is enormous
and a conducting interface can be formed. As noted before, the samples with 3uc of
LaAlOj show a large susceptibility to UV light, with light induced sheet resistances of
100k€2. This observation of conducting interfaces in 3 uc samples makes them promising
structures for inducing the phase transition also by electric field.
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Like for the initially conducting samples with d >4 uc, which were described before,
the focus will first be on the low temperature properties at 4.2 K. As shown in Fig. 5.7, by
applying a sufficiently high positive gate voltage the electron gas is indeed induced at the
initially insulating interface. For gate voltages between 0V and 60V the current-voltage
characteristics of the channel were measured in a two-point configuration, because the
resistance was too high to produce a steady voltage between the two voltage contacts of
the four-point setup (shown in Fig.4.1b), which were just floating. Increasing the gate
voltage to 70V drives the interface into a conducting state, which was now measured in
a four-point configuration. By going up to Vg p =100V the resistance can be reduced
further. This implies that finally the gate field has generated a metal-insulator transition
with conductance changes exceeding seven orders of magnitude.

These electron gases, which are induced at the interfaces of the 3uc samples, have
sheet conductances as high as 0, =5x10"2 Q" at 4.2K (5x107°¢Q~! at 300K). Again
the sign of the field effect is in accordance with the formation of n-doped electron systems.
Several V-I curves display a curvature and an asymmetry, which we observed frequently
for high-resistance samples grown on SrTiO3 [98]. These deviations from linear behavior
are attributed to non-ideal and non-identical contacts, and to the non-ideal four-point
configuration.

Furthermore, heterostructures with 2 uc of LaAlO3 were studied. It was not possible
to switch those samples into the conducting state. These experiments bear similarities to
the investigation of the photoconductivity mentioned earlier in this thesis. The fact that
in 2uc samples the electron gas can not be induced shows that the LaAlOj3 layers with
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Figure 5.7: Voltage-current characteristics of a heterostructure with 3 uc of LaAlO3 on SrTiO3
(sample L32), measured at 4.2 K with various voltages applied to its back gate. The sample
shows a large field-effect response with a conductance change of seven orders of magnitude.
The curves taken at Vg, =0V-60V was measured in a two-point configuration, because the
resistance was too high to produce a steady voltage between the two voltage contacts of the
four-point configuration, which was used for all other measurements. Published in Ref. [75].
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the subcritical thickness of d=3uc still support the formation of the q2-DEG, whether
by light or by electric field.

Continuing the investigation of the importance of the presence of the LaAlOj film
on the samples also a TiOs-terminated SrTiO3 substrate was exposed to the standard
deposition procedure, yet without depositing any LaAlO3 film. It was also not possible
to induce conductivity in this substrate by electric field.

On one 3uc sample, contacts were made by ion-etching followed by sputtering Al,
which was finally protected with a thin Au-film to avoid oxidation (sample L73). Also in
this sample it was possible to induce the metal-insulator transition by electric field, which
excludes any influence from the contact material.

The R¢-T curve of such a field-induced q2-DEG in a sample with 3uc of LaAlO3 was
also measured. It is shown in Fig.5.8. Obviously, the electron gas is generated over the
entire temperature range from 4 K to 300 K. The temperature dependence of the resistance
of the field-induced electron gas is reminiscent of the properties of the electron gases that
are present in all samples with d >d., as shown for two samples with 4uc and 6uc of
LaAlOj in Fig.5.8. The same observation is made for Hall measurements (see Fig.5.9),
which show a carrier density of the field-induced q2-DEGs of ng~3-4 x 102 cm~2. This
value is only slightly lower than the typical 10 cm™2 found for thicker samples.

At 4.2K the Ry and ng values for the induced electron gas correspond to a high mobil-
ity of almost 10 Vs/cm?. This high number allows to view these field effect devices as an
analog to high electron mobility transistors (HEMTSs) built from conventional semiconduc-
tors [99]. Such HEMTSs consist of modulation doped heterojunctions with a two dimen-
sional electron gas at an atomically sharp interface (e.g. GaAs/AlGaAs or GaN/AlGaN)
which is separated from a doping layer by =~ 100 nm. The additional electrons which come
from the dopants move, due to the designed band structure, to a quantum well at the
interface. Here the electrons can move practically unimpeded by their parent doping im-
purities, which is the big advantage compared to Silicon MOSFETSs (mobility increased
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0 100 200 300 of 1 pA was used. Published in
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Figure 5.9: Carrier density

3.5¢ . of the electron gas, which

° was induced by electric field

¢ ° . (Vap=+100V) in a sample
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: : : : : : as obtained from Hall measure-

0 100 200 300 ments (Ips=1pA, B field 8T).
T(K) Published in Ref. [75].

by a factor of 1000). The high mobility boosted the extensive use of these low-noise, high-
frequency HEMTs. In the LaAlO3/SrTiO;z structure no spacer layer is included, but the
channel carriers are doped from the LaAlOj layers, which are spatially separated from the
DS channel. These heterostructures therefore embody the concept of modulation doping.

Yet, there are clear differences between both systems. On the one hand, the mobilities
in the semiconducting interfaces exceed those in the current oxide interfaces by three
orders of magnitude, and the carrier densities of the q2-DEG in the oxides exceed those of
their semiconductor counterparts by orders of magnitude. Therefore, as discussed earlier
for the magnetoresistance experiments, quantum Hall effect-induced resistance oscillations
can only be expected to occur at very large field strengths, due to the proportionally larger
fill factor v=nh/eB (n is the carrier density, h is Planck’s constant, e the elementary
charge and B the applied magnetic flux density). One reason for the low mobility in the
LaAlO3/SrTiO3 system is its pronounced sensitivity to the substrate quality, which is
discussed in Chapter 8. On the other hand, the concept of modulation doping of oxides is
of course not restricted to Sr'TiO3 and LaAlO3 and can be done using many compounds
with strongly correlated electron systems. Interactions between the q2-DEG and the
correlated electron systems of the bulk may therefore create electronic systems with unique
properties.

The field effects shown by the samples are enormous. Field effect devices that use
either doped SrTiOj3 [100,101] or the SrTiO3 surface [102,103] as a DS channel have been
fabricated with fine characteristics, yet the on/off ratios of our samples exceed those of
these earlier devices by orders of magnitude. There are several reasons: First, the q2-
DEG structures, which are used in our experiments, are close to optimal to achieve large
electric-field effects, because the DS-channels consist of ultrathin, and therefore weakly
screening, electron gases in which a metal-insulator phase transition can be induced by the
field. Second, the gate insulator Sr'TiO3 has a very large electric permittivity [26,28,29],
which enhances the field response, especially at low temperatures. Third, because there
is no conducting DS channel when the sample is insulating, the gate field lines initially
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end at the drain and source contacts. Once the gate voltage exceeds a threshold value,
the DS channel grows in a bootstrapping mode. This nonlinear process is expected to
contribute to the abrupt change of resistance with gate field (Fig. 5.7).

For employing the field-induced electron gas at interfaces in samples with 3uc of
LaAlOjs in devices, it is important to investigate the behavior at room temperature.
Therefore the field-effect experiments using such samples at T'= 300 K are presented next.

At such high temperatures the electric field-induced q2-DEG was found to display
unusual behavior, in particular in samples that over minutes or hours had been subjected
to a large Vg1, (>70V). Similar to the results for the 4uc samples (Fig.5.6), but with
an effect orders of magnitude larger, a memory effect is observed (Fig.5.10). Varying
Va,p causes the conductance to react rapidly by a small amount, followed by a larger, but
very slow change. If the gate is switched, for instance from Vg, >70V to Vi, =0V, the
samples with 3uc (< d.) retain for hours a high and only slowly diminishing conductance.
By application of a negative Vg, this conductance is instantaneously switched off.

Figure5.11 shows the memory effect of another 3uc sample. The resistance of the
induced electron gas is slightly higher, but the general behavior is the same as shown in
Fig. 5.10.

This memory effect is unexpected from the standard electric field effect scenario, which
predicts fast electronic reactions upon change of a gate voltage. Therefore it will be
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Figure 5.10: Memory behavior of the q2-DEG measured at 300 K. The resistance and sheet-
conductivities (upper panel) of an initially insulating 3 uc sample (sample L32) and the applied
back gate voltage (lower panel) are plotted as a function of time. By applying the gate voltage
pulses, the sheet conductance was reversibly switched between ~1x107Q~! and an unmeasur-
able value < 2 x 1071°Q~!. The data were measured in four-point configuration using a DS
current of 1 pA. Published in Ref. [75].
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Figure 5.11: Memory behavior of the q2-DEG measured at T'=300 K. The resistance and
sheet-conductivity (upper panel) of an initially insulating 3 uc sample (sample L73) and the
applied back gate voltage (lower panel) are both plotted as a function of time. The data were
measured in four-point configuration using a DS current of 1pA.

discussed in the following why the LaAlO3/SrTiO3 samples might be special.

Although the memory behavior is reminiscent of ferroelectric field-effect devices [96],
such an effect is not known for field-effect devices that use dielectric gate insulators.

To check if the used gate dielectric influences the memory behavior additional exper-
iments were done on 4 uc samples using a top gate contact, so that the electric fields are
applied via the LaAlOj film. In the experiment the used gate electrode did not cover the
whole conducting area and the gate voltage also dropped along the DS channel. For these
samples no such memory effects were found. Because no mechanism is known that would
yield a memory behavior for an isolated q2-DEG, one has to conclude that the SrTiO;
plays a significant role.

Indeed, it has been proposed that charge excitations in SrTiO3 can strongly influence
the properties of the q2-DEG [104].

The long and temperature dependent time constants (fast reaction at low 7', very
slow reaction at high 7") suggest that creation and motion of defect states, such as oxygen
defects, are controlling the dynamics of the effect. While oxygen defects do not contribute
to the formation of the electron gas, as discussed extensively in Sec. 4.2, the presence of
a tiny amount of defects can not be excluded. One possible mechanism leading to the
memory behavior is that the gate field and also the channel charge give rise to a sheet
of positively charged defects or trapping states in the SrTiOs. In this model, the strong
electric field of the dipole layer, consisting of the resulting q2-DEG and the defect sheet,
stabilizes the electron gas as well as the defect sheet. In this way a nominally bistable

60



5 ELECTRIC FIELD EFFECT EXPERIMENTS

configuration can be obtained.

Another property of the substrate material might also be important. SrTiOj3 is a
quantum paraelectric, with the phase transition to the ferroelectric state being suppressed
by quantum fluctuations only, so already undisturbed bulk SrTiOj is almost ferroelectric
25,32]. Deformation of the bulk SrTiOj structure at the interface by the presence of the
LaAlOj film might favor this state, so that a situation similar to ferroelectric field effect
devices appears.

While all these effects can influence the samples, the exact mechanism of the memory
behavior in the LaAlO3/SrTiO3 heterostructures at high temperatures is not resolved yet.

The transition between insulating and conducting interfaces found between 3 uc and
4 uc of LaAlOj film thickness was observed without exception during the complete time
of this thesis. In contrast to this observation a slight drift was observed for the tunability
by electric field. At the beginning of the experiments it was possible to drive 3 uc samples
into the conducting state by electric field and 4 uc samples stayed conducting at all applied
gate voltages. This situation changed over the years. After some time, the q2-DEG could
not be induced in 3 uc samples, and also the observed photoconductivity was smaller. At
the same time it became possible to drive 4 uc samples into the insulating state by electric
field. This change indicates that the metal-insulator transition shifted slightly from being
closer to 3uc to be found closer to 4uc. To induce the q2-DEG in initially insulating
samples then required to use samples where the LaAlOj film deposition was stopped at
an incomplete coverage of about 3.2uc. In comparison to completed LaAlO3 layers the
spatially inhomogeneous number of unit cells in samples with 3.2 uc of LaAlOj3 is a badly
defined situation and therefore was not studied further. It is presently not clear what
caused these slight changes in the field effect tunability. At the same time the electronic
transport properties of conducting LaAlO3/SrTiO3 interfaces were not affected at all.

It is stressed again here, that d. =4 uc was valid for the complete time. This stability
of d. together with the fact that this value was reproduced in various labs worldwide
indicates that the critical thickness phenomenon is not related to specific preparation
setups and conditions. Whether samples with 3uc or 4 uc of LaAlO3 can be tuned across
the metal-insulator transition by electric field can in contrary be lab-specific.

Because these field effects are present at 300 K and show a large on/off ratio they
are of potential interest for device applications. Memory devices might be fabricated for
example. A special approach, that was followed in the course of this work, that potentially
yields a very high data density will be presented at the end of this chapter (Sec.5.4).

Of course, it still has to be clarified whether the stability, integrability, and device
parameters are suitable for any practical implementation. One obvious issue is the gener-
ated photoconductivity in the samples, which requires to keep them in darkness to observe
only the q2-DEG caused by electronic reconstructions.

Another big drawback for using the heterostructure in a device is the high gate voltage
(100V), which had to be applied up to now. Additional experiments were therefore
performed to reduce the necessary voltage to acceptable levels of about 1V and less.
These studies are described shortly in the following.
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5.3 Field Effect Using a Top Gate Contact

By making the gate dielectric of the plate capacitor formed by gate electrode and DS
channel thinner, smaller gate voltages are needed to generate similar electric field strengths
and changes in sheet carrier density.

One option to obtain a thinner dielectric is to reduce the thickness of the SrTiOg
substrate by polishing, but samples with the thickness decreased by a factor of ten (100 pm
substrate) are already very difficult to handle experimentally and easily break when they
are removed from the heater. Therefore this approach was not followed.

The other option to obtain a thin dielectric layer is to use the LaAlOj3 film on top
of the electron gas at the interface as the gate dielectric. In this setup the thickness of
the plate-capacitor is reduced to several nanometers, while the sample thickness is not
affected. The dielectric constant of LaAlO3 (k ~25), which also affects the capacity of the
FET device, is considerable lower than for SrTiO3 (k up to 25000 at 4 K), especially at low
T, but the tremendous lowering of the necessary gate voltage by reducing the thickness of
the dielectric from mm to nm will nevertheless have a strong effect. Experimentally this
option is realized by depositing Au on top of the LaAlOj film without prior ion-etching.
This top gate electrode is then contacted by glueing a gold wire with silver paint instead
of wire-bonding, which would result in a short to the q2-DEG.

The LaAlOj films were found to be excellent insulators, as shown in Fig.5.12 for a
sample with 4 uc of LaAlO3. Up to fields of ~ MV /cm the gate currents were very small
(on the order of 0.1 1A /cm?) as measured over a gate area of 12 mm?.

The previously reported large electric field effects at the interface via a back gate and
the excellent insulating properties of LaAlO3 were promising for experiments via a top
gate. Much smaller top gate voltages Vi were expected to be necessary for compara-
ble field effects. This promising perspective motivated the diploma thesis of Christoph
Richter [105] in our group, who studied the tunability of the interface conductivity in
LaAlO3/SrTiO3 samples by electric field effect using the LaAlOs film as gate dielectric.
The samples he investigated were structured bridges and not plain LaAlOj films, which

0.2 T T

0.1} b

Figure 5.12: Gate-current density as
a function of applied electric field at

- 1 T=4K. The data were taken on a sam-
01} - ple with 4uc of LaAlO3 (sample L48)
and were measured in a 2-point con-

0.0

Jqate (nAlcm?)

0.2 , . T=4K figuration with one contact at the con-
Rt 0 1 2 3 ducting interface and the other on the
E (MV/cm) Au top gate (gate area 12mm?).
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became feasible due to the development of the patterning process as described in Chap-
ter6. Gold top gates then covered the whole DS channel. A schematic sketch of the
sample setup is shown in Fig.5.13.

These top gate experiments were successfully performed. As an example of the large
field effects which were obtained Fig. 5.14 shows the change of resistance as a function of
applied gate voltage for a sample with 5uc of LaAlO3 on SrTiO3. At low temperatures
(T=15K) R can be tuned by ~4% by the application of top gate voltages of 0.5V.
Obviously the necessary gate voltages have been reduced by more than one order of
magnitude compared to the back gate experiments. Much larger resistance changes are
found at room temperature. While for positive gate voltages R is reduced by 40 %, the
opposite polarity increased R by a factor of 13 for Vg =-0.5V.

VG,top
i I+ Figure 5.13: Schematic sketch of the sample setup
w* v **i** for field effect experiments via Vg t1op. A Au top gate
v vV sits above a patterned bridge containing the electron
I- V- gas, shown in green, and the thin LaAlOj3 film (omit-
ted in the sketch) is used as gate dielectric.
T 0.08
12 T= |
i —293 K
> 10F — 15K {004 >
x 8 I\
~ L ~
R 1000 73
Qui 4 \ Qni
x Jo004 &
0
2 - ' ' - -0.08
-0.4 0.0 0.4
VG,top (V)

Figure 5.14: Resistance change of a 5uc thick channel (sample SL3) as a function of Vg top
measured at 15K and 293 K. The resistance was measured in a four-point configuration with
Ips=1pA and leakage currents smaller than 5nA. A large tunability is observed with a 13-fold
change at T=293K and Vg top=-0.5V. For this sample the resistance with no gate voltage
applied is Rgy =10k at 293 K and Rgy =72 at 15 K. The step-like structure in the data is
caused by the measurement procedure, which waits for R to stabilize before another gate voltage
is set (see Ref. [105]). The measurement was done by Christoph Richter.
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A more detailed description of all the top-gate experiments and results is provided in

Ref. [105].

These successful top gate experiments moved us into a position to study whether the
electron gas can be tuned locally by electric field effects and especially on which length
scales this tuning occurs at the interface. These studies are summarized in the following.

5.4 High-Resolution Patterning Technique Using a Scanning
Probe

In the experiments described before a static gate contact was used for electric field effects.
The idea behind the project presented next was to use instead of a static gate contact
a biased AFM tip” as tiny, movable top gate electrode. This allowed to investigate the
local electronic tunability of the LaAlO3/SrTiO3 heterostructure properties.

These experiments were done in collaboration with Cheng Cen and Prof. Jeremy Levy
from the University of Pittsburgh (USA) [52]. LaAlO3/SrTiO3 samples with contacts
were prepared in Augsburg and then sent to Pittsburgh for all the experiments using a
biased AFM tip. By continuous feedback from their group the film thickness and contact
geometry were optimized for their investigations. Later Birgit Kiefig studied this subject
in her diploma-thesis also in Augsburg [106].

As shown in Sec. 5.2, the largest field effects are found for heterostructures with 3 uc
thick LaAlOs films on SrTiO3. For these samples an insulator-to-metal transition can be
induced by electric field effect using the SrTiO3 substrate as gate dielectric. Additionally a
pronounced memory effect is observed at room temperature. Due to their strong tunability
these samples were chosen for this project.

Three unit cell thick films of LaAlO3z were grown on TiOs-terminated SrTiOs sub-
strates by PLD under our standard conditions, and a set of contacts with a spacing of
150 pm was made by Ar-ion etching defined holes and filling these with sputtered gold.
Then these samples were transferred to Pittsburgh. There they were mounted in a AFM
setup and kept in dark environment to suppress carrier photoexcitation. A conducting
AFM tip, which was biased at Vi;, with respect to the interface, was subsequently scanned
from one electrode to the other, while the resistance between both electrodes was mea-
sured as a function of the tip position with a lock-in amplifier. Figure5.15 summarizes
the key results.

Like for the field effect experiments described before, an electron gas is induced at the
LaAlO3/SrTiOj3 interface below the AFM tip, if the tip is biased positively with respect to
the interface. These conducting regions also display a similar memory effect as observed
for the back gate experiments and are found to be stable over a 24 hour interval. Therefore
one can obtain larger conducting regions by scanning the biased tip. This was utilized
in the experiments by performing the following sequence. First, rectangular, conducting
pads were written at the interface by moving the tip over the corresponding area. In
this way the gap between the conducting electrodes was reduced to 40 pm, which allowed

7A sharp conducting tip at the end of a cantilever is the important part. As the used microscope is
mainly operated as AFM and not as STM the term AFM tip will be used in the following.
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Figure 5.15: Writing and erasing nanowires at the LaAlO3/SrTiO3 interface of a sample with
3uc of LaAlOg (sample L77). a, Schematic diagram of the experimental setup for writing a
conducting wire. b, Conductance between the two electrodes measured while writing a con-
ducting wire with the tip biased at +3 V. A steep increase in conductance is observed when the
tip reaches the second electrode (y =0pm). ¢, Schematic diagram of the experimental setup for
cutting a conducting wire. d, Conductance between the two electrodes measured as a function
of the tip position, while the tip, biased at -3V, is scanned across the wire. A sharp drop in
conductance occurs when the tip passes the wire (z =0pum). The deconvolved differential con-
ductance (dG/dx)*~! (blue curve, right axis) shows a full-width at half-maximum §z = 3.3nm.
Inset, Conductance measured over the entire 8 pm scan length. The measurements and sketches
were done by C. Cen and J. Levy at the University of Pittsburgh (USA). Published in Ref. [52].

to have the following movements completely in the limited scan field of the used AFM.
In later experiments the photolithographically defined distances between the ion etched
contacts were adjusted such that the writing of the rectangular pads was not necessary
any more.

Then the tip was scanned from one electrode to the other with a positive Vi, applied
(Fig.5.15a). In the data of conductance G as a function of tip position y in Fig. 5.15b one
can see a pronounced and abrupt increase of AG =+ 0.8nS, as soon as the tip arrives at
the second electrode (at y =0pm). This jump can be explained by a conducting, persistent
line that has been written between both electrodes. The data shown were obtained with
a tip bias of +3 V. For higher voltages the increase in conductance upon connecting both
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electrodes via a conducting line gets larger, up to several nS for Vi, =+10V. From this
result one can not yet determine the lateral extensions of the written line.

Experimentally it is found that a negative tip voltage erases the previously induced
electron gas, just like discussed before in the back gate experiments. The reversibility of
the writing process is demonstrated by scanning the tip perpendicularly across the written
line at a reverse bias of -3V (see Fig.5.15¢). When the AFM tip crosses the wire, the
conductance decreases abruptly by AG~-0.8nS (Fig.5.15d) to the value it had before
any conducting line was written. This experiment also provides information on the width
of the wire, as the conductivity only gets back to the initial value if the complete wire is
“cut”. Assuming the erasure process to have a resolution similar to the writing process,
the deconvolved differential profile (dG/dz)*~! exhibits a full-width at half-maximum of
dr=3.3nm (see Fig.5.15d). This tiny value corresponds to the width of the previously
written wire. The wire width depends sensitively on the bias voltage, increasing by three
orders of magnitude if Vi, is raised from 3V to 10'V.

Scanning the AFM tip again with a positive bias voltage across the previously erased
area restores the conductance of the wire. This shows that one can reversibly write and
erase conducting areas of nanometer dimensions in the q2-DEG at the interface.

One possible application for this scanning probe method is patterning of the elec-
tron gas. A clear disadvantage is that exposing the sample to light makes the whole
LaAlO3/SrTiO3 interface photoconducting and thus erases all previously written struc-
tures. Therefore a completely different method was developed for patterning the electron
gas at the interface, which was widely used in the rest of this work. This method is
presented in the next chapter.

Due to the nanometer dimensions of the written structures, the AFM lithography is
also of potential interest for memory applications. Several measurements were performed
to determine the limits of memory density and writing speed of this method. In these
experiments the AFM tip was again scanned from one electrode to the other, but now
Viip 1s not applied continuously to the tip. Instead, voltage pulses are applied at defined
separations d. In this way a line of conducting dots is formed between the contacts (see
Fig.5.16a), with the dot size depending on both the pulse voltage V,use and the pulse
width. For simplicity we keep Vyuse fixed at 10 V. As before, the change in conductance
AG when these dots reach the second electrode is measured. The results of the experi-
ments for various dot spacings and pulse durations are shown summarized in Fig. 5.16b.

Let us first focus on the data for a fixed pulse duration, like e.g. 5ms. For spacings
larger than =~ 20nm one obtains AG =~ 0nS, which implies that the written conducting
dots are separated from each other, and no continuous, conducting path is formed between
both electrodes. By further reducing the spacing between the dots they will start to
overlap for some critical distance and form a complete, conducting line. In this situation
a finite AG is observed. For 5ms pulses this critical value is found to be 15nm, which is
a direct measure of the diameter of the written dots. By reducing the pulse width down
to 50 ps and less, the diameter of the dots is observed to saturate at a value of ~1nm.

If it was possible to fabricate memory devices with these nanoscale dot dimensions the
resulting densities can exceed 10 inch™2 in these LaAlO3/SrTiO3 heterostructures. Of
course device stability and integrability still has to be checked in detail. The cantilever
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Figure 5.16: Measuring the
limits of conducting island den-
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necessary for this method is technologically more demanding than a pure electronic read
and write method, but the applied lithography with a scanning probe can potentially well
be combined with the IBM millipede setup [107], which uses an array of cantilevers.

Some checks were performed to proof that the conductivity of the written lines is
related to the electronic reconstruction at the interface, with the observed critical LaAlO;
film thickness of 4 uc for the formation of the electron gas. Already the reversibility of the
writing process is a strong hint against chemical changes of contamination layers on the
sample surface being responsible for the induced conductivity. For further tests, samples
with Ouc and 2uc (sample L159) of LaAlO3 were studied. It was not possible to induce
isolated, conducting structures in these samples, and upon trying to write connected
structures the sample surface was damaged by 1-2nm deep trenches, formed by the AFM
tip movement. Therefore it is concluded that the writing of conducting features is not
possible for heterostructures with up to 2 uc of LaAlOg, in accordance with the field effect
tunability by back gate voltages described earlier in this chapter. For a heterostructure
with 4uc of LaAlOjs (sample L160) the initially observed conductance (>1nS) is much
higher as compared to the value for 3uc samples (< 1nS), because the electron gas is
already present at the interface. This conductivity can be further enhanced by scanning
a positively biased tip, but the changes are much smaller than for the 3uc samples. For
3uc and 4 uc thick samples the writing of conducting lines did not produce any observable
topographic changes.

This clear dependence of the writing process on the LaAlO3 thickness indicates that the
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biased AFM tip indeed locally induces a metal-insulator transition at the LaAlO3/SrTiOs
interface, like observed in the experiments with a back gate electrode.

These experiments, results, and possible applications later led to the diploma the-
sis of Birgit KieBig [106] in our group, who further tested the patterning process in an
AFM setup in Augsburg. The writing and erasing of conducting lines in LaAlO3/SrTiO;
heterostructures was reproduced, but the written wires persisted for shorter times. It
certainly still has to be clarified which parameters influence the stability of the written
conducting nanoscale areas, before this technique can be employed in more experiments.

This chapter will conclude by a short discussion of electric field effects at p-type
interfaces.

5.5 Field Effect at p-Type LaAlO3;/SrTiO; Interfaces

As reported before, interfaces between SrO-terminated SrTiOs and LaAlOs, which are
expected to be p-type, were found insulating in all experiments. One possible explanation
was that the p-type carriers were compensated by electrons from residual oxygen vacancies,
which do not cause conductivity at the interface. Another explanation for the insulating
behavior is that only localized holes are present. For these p-type samples electric field
effect experiments were promising to induce additional charge carriers at the interface.

Some p-type samples were prepared with both back and top gates (samples 140, L86,
L87). However it was not possible to induce conductivity. Independent of gate voltage
polarity the resistances were larger than our measurement limit for |V | =100V,

5.6 Summary

As shown in this section, the quasi two-dimensionality of the electron gas and the low sheet
charge carrier density of ~ 10 cm™2 allow to efficiently tune the transport properties of
LaAlO3/SrTiOj3 interfaces by the electric field effect. The conductivity in samples with
di, a0 > 4uc, which are conducting even with no gate voltage applied, can be modulated
to a large extent by applying gate voltages up to £100V with the Sr'TiO3 substrate as
gate dielectric.

In samples with 3uc of LaAlO3 a quantum phase transition from an insulating to a
conducting state can be induced by electric field. Tremendous conductance changes of
seven orders of magnitude are observed at T'=4.2 K. This large on/off ratio by far exceeds
those of earlier oxide field-effect devices.

It was not possible to drive samples with even thinner LaAlOj films (dpao < 2uc) from
the insulating into the conducting state by electric field. This result shows that LaAlO3
layers with the subcritical thickness of d =3 uc still support the formation of the q2-DEG
by electric field.

As the induced electron gases exhibit a high mobility of ~10*Vs/cm=2 (at 4.2K)
one can view the LaAlO3/SrTiO3 samples as an oxide analog to semiconductor HEMTs,
having the doping from the LaAlOgj layer spatially separated from the conducting sheet
at the interface.
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At room temperature a pronounced memory effect is observed. The conductivity
changes upon application of a gate voltage Vi and stays altered even when V(g is switched
off. For 3uc samples this shows that the LaAlO3/SrTiO3 interface can be switched be-
tween a conducting and an insulating state by applying Vg =4100V via a back gate
electrode, and these states are stable for hours even with no gate voltage applied. The
persistent changes offer the possibility to use this oxide interface as a memory device.

The high necessary gate voltages of &~ 100V hamper the use of the LaAlO3/SrTiO3
heterostructure in this back gate field effect configuration in actual applications. It was
shown that these voltages can be strongly reduced, while maintaining excellent tunability
of the q2-DEG, by applying the electric field via the highly insulating LaAlOj3 film as gate
dielectric instead of the SrTiOs substrate.

In additional experiments a conducting AFM tip was used as movable top gate elec-
trode. This technique allows to locally and reversibly induce the electron gas with nanome-
ter resolution in samples with 3uc of LaAlO3 on SrTiO3, which can potentially be used
in memory devices with densities exceeding 10** inch=2.

The experiments described so far have deepened the knowledge about the
LaAlO3/SrTiO3 interface. They even have revealed completely new effects, and have
demonstrated the strong tunability of the electronic properties by electric field.

However, apart from the achievements, a severe drawback is still experienced, which
is the absence of a patterning technique for the q2-DEG. For many experiments and also
devices it is crucial to have conducting areas of defined geometries. The lithography
using a scanning probe, which was presented in this chapter, is a first possibility, but the
variations in stability of the induced electron gases and the erasure of designed conducting
areas by light are factors that do not allow to use this method reliably for all experiments.

Therefore a novel patterning technique was developed, which will be presented in the
following chapter.
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6 Development of a Technique to Pattern the Elec-
tron Gas at LaAlO;3/SrTiO; Interfaces

Structuring of the electron gas was a major task to be addressed. This chapter presents a
process for patterning the conducting LaAlO3/SrTiO; interface by varying the thickness
of the epitaxial LaAlOgz film on the substrate [108]. This process was developed in the
course of this thesis.

Up to this point, all studies of the electron gas, which is generated between LaAlOg3
and SrTiOj3, have been performed on unpatterned samples. Unpatterned implies, that
the LaAlOj3 films covered the complete substrate, so also the electron gas at the interface
was formed over the complete sample area. These samples were then measured as such
without further patterning. However for many studies and possible applications it is
crucial to have lithographically defined structures.

The reason why structuring has not yet been realized in this heterostructure is that
the standard lithography techniques are not applicable. LaAlOj3 is chemically very stable
and thus can not be removed by wet etching. The next straightforward approach for
patterning would be Ar-ion etching to remove the LaAlOj film, but this technique is not
useful, because the ion-beam creates damages and defects, especially oxygen vacancies, in
the underlying SrTiO3, which renders it conducting [98]. The conducting substrate then
electronically shunts the electron gas. This problem might be solved by a subsequent low
energy ion-milling step, but an uncertainty about possible shunts would remain.

It is obviously desirable to pattern the electron gases without exposing the edges of
the conducting channels to the environment or to chemicals to avoid interactions between
the electron gas and the defect-rich layers that then exist at the edges.

6.1 Preparation and Characterization of Patterned LaAlO;/SrTiO;3
Samples

The patterning technique is based on the observed strong dependence of the conductivity
at the LaAlO3/SrTiO; interface on the LaAlOj film thickness, as described in Sec.4.1.
Due to the existence of the critical thickness of the LaAlO3 film d. =4 uc for the interface
to become conducting, patterning of samples can be done by growing epitaxial LaAlOj of
varying thickness on one substrate. In parts which are planned to remain insulating the
film has to be grown with d <d., and in parts where the generation of the electron gas is
desired, epitaxial LaAlOj films have to be grown with d > d..

It still had to be clarified whether this principle can be experimentally realized, but
indeed a special sequence of depositions of amorphous and epitaxial LaAlO3 allows to
grow such structures. The different steps are shown schematically in Fig.6.1.

As first step, 2uc ® of LaAlO3; were deposited epitaxially over the complete area of

8In fact any subcritical thickness drao < 4 uc works, but mainly 2 uc of LaAlO3 were used because of
better protection of the interface compared to dpao =1 uc, and because the thickness dpao =2 uc is two
unit cells less than the critical thickness d. as compared to to only one unit cell difference for dr, a0 = 3 uc.
Therefore areas with 2uc of LaAlO3 are well on the insulating side of the metal-insulator-transition.
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a) b) c) d) e) )

Amorphous LaAlOs
Resist

LaAlO3
o

Figure 6.1: Illustration of the patterning technique. a, A standard TiOo-terminated SrTiOj3
substrate is used. b, 2uc of LaAlOg are deposited epitaxially. c, By lithography a photoresist
lift-off structure is patterned on the sample. d, 10 nm of amorphous LaAlO3 are deposited. e, A
lift-off step removes the resist from the covered parts, which then have epitaxial LaAlOg3 up to
the surface. f, Finally 3uc of LaAlOg are deposited. Only in the areas defined in c, the growth
is epitaxial and the q2-DEG is formed. Procedure published in Ref. [108].

a TiOs-terminated SrTiOs substrate with the standard deposition conditions and the
thickness controlled on the unit cell level by RHEED (see Fig.6.2). For all subsequent
steps of the patterning process the interface between SrTiO3; and LaAlO3; which is the
crucial part of the sample where the q2-DEG is formed, is therefore protected and capped
by 2uc of LaAlOg, so that it is not affected by resists and solvents.

In the next step, by using a photolithography mask, patterns like bridges and bars
with widths ranging from 1 pm to 100 pm, can be defined with standard optical UV lithog-
raphy. Smaller structures, with widths down to ~200nm, were prepared using e-beam
lithography (LEO 440 scanning electron microscope (SEM) equipped with lithography
system ELPHY Quantum from Raith, Lithography done by German Hammerl). Mostly,
bridges which allow four point transport measurements were patterned. The areas which
remain covered by photoresist after the developing process will have a q2-DEG formed at
the interface at the end of the patterning sequence.

On these lift-off structures 10 nm of LaAlO3 were deposited on the complete sample
area by PLD at room temperature. This low temperature keeps the photoresist intact
and results in amorphous growth of the LaAlOs, which was checked by XRD.

After a lift-off step with acetone to remove the resist, the sample consists of two
different areas (see Fig.6.1e). A part of the sample surface is now covered with amorphous
LaAlQOg, and the rest has the previously grown 2uc of epitaxial LaAlO3 on top.

Finally, LaAlO3 is grown again wusing the standard conditions (770°C,
p(O2) &~ 10~  mbar). On the areas that are free of amorphous LaAlO3, the film grows
homoepitaxially on the present 2uc of LaAlO3. These areas together amount to only a
small fraction of the sample surface, so the RHEED signal during growth also shows large
contributions from the amorphous surface areas. Nevertheless it is possible to observe
the oscillations in RHEED intensity caused by the layer-by-layer homoepitaxial growth
of the LaAlO3, as shown e.g. in Fig.6.2.

The film thickness of this deposition was varied from 2uc to 13 uc, so that always the
total thickness of epitaxial LaAlO3 exceeded the critical thickness of 4 uc in the areas not
covered by amorphous LaAlOj3. Therefore on the completely epitaxial parts of the sample
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the electron gas is generated at the interface. On the amorphous LaAlOj3 in contrast the
top LaAlOj3 layers grow amorphously, so that in these areas the only epitaxial LaAlOj is
from the first deposition with a thickness smaller than d.. Correspondingly no conducting
layer is formed (see Fig.6.1f).

Figure 6.3 shows a sketch of a cross sectional cut through a sample patterned in this
way.

As usual, the contacts to the interface were fabricated by ion etching and Au sput-
tering. To simplify the positioning of the photolithography mask for the contacts on the
previously designed contact areas additional markers were used. Photolithographically
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defined cross shapes were ion-etched some 100 nm deep into the corners of the not yet
terminated SrTiOj substrates. These are well visible, even underneath a layer of pho-
toresist. The shape of the cross markers was repeated on the masks for the patterning
process and the contacts, so that it was possible to correctly align all the structures.

Figure 6.4a shows an optical microscopy image, using a polarizing filter, of a structure
fabricated by this method. Although the height differences between the epitaxial and
the amorphous LaAlOjz on the surface is only &~ 10 nm the patterned bridge, designed for
transport measurements, can clearly be seen optically.

Photolithography was used to pattern this sample with conducting tracks (50 pm wide
and 1 mm long), which are oriented vertically in the middle of the image. On the left and
on the right of the image the track is connected to current contacts. Additionally there
are six voltage probes for resistance and Hall measurements, each 300 pm apart, which
are connected to contact pads on the top and bottom of the image.

The AFM image in Fig. 6.4b shows a detailed view of the measurement bridge right at

2ucLaAlOg
amorphous LaAlO3 (10 nm)
3ucLaAlOg3

5uc LaAlOg

b) 15nm
T T Onm

2ucLaAlOg3 5ucLaAlO3

amorphous LaAlO3 (10 nm)

3ucLaAlO3

Figure 6.4: Patterned measurement bridge of a LaAlO3/SrTiO3 interface (sample L51). a,
Optical micrograph of a 50 pm wide track of a lithographically defined electron gas. Current
contacts (at left and right side) and six voltage contacts (three each at top and bottom of the
image) were prepared by ion-etching and sputtering Au, which leads to the yellowish color. The
voltage probes for four-point and Hall measurements at the track are placed 300 pm apart. The
height difference between the epitaxial and the amorphous LaAlOg on the surface is ~ 10 nm.
b, AFM image of a part of a voltage probe, which contains sequentially deposited epitaxial and
amorphous LaAlOj3. A clear step-and-terrace structure with one unit cell high steps is found on
the epitaxially grown LaAlOg in the center of the image. Published in Ref. [108].

73



6 DEVELOPMENT OF PATTERNING TECHNIQUE

a voltage probe. In the central part of the image the completely epitaxially grown areas
show the flat step-and-terrace structure, which is well known from the non-patterned
samples. The step height equals one unit cell of LaAlO3z. This experiment shows that
the surface of the patterned samples has an excellent quality. The amorphous areas
show a smooth, yet irregular surface structure. Between the amorphous and the epitaxial
LaAlOj3 a steep step is found with a nominal width of less than 2nm, which is limited
by the sharpness of the AFM tip (SuperSharpSilicon™ non-contact AFM tip, typical tip
radius ~2nm).

Figure 6.5 shows an example of a smaller structure, which was patterned using e-
beam- instead of photo-lithography. The AFM image shows that the feasible sizes of this
patterning technique are smaller than the terrace widths of the samples.

5ucLaAlO3 2ucLaAlOg

& amorphous LaAlO3 (10nm)
3uc LaAlOg

Figure 6.5: AFM image (topographic signal) of a structure containing a ring, which defines a
q2-DEG with a diameter of ~ 1.2 um and a track width of ~220nm (sample L49). Each half of
the ring comprises one LaAlOj3 terrace. Published in Ref. [108].

The observed RHEED oscillations and the AFM images, which show a clear step-and-
terrace structure in the epitaxial areas, reveal that the samples have grown very well. In
the patterning process the epitaxial LaAlOj film is grown in two steps, and a photoresist
and a developer touch the LaAlOj after the first deposition. To clarify whether this affects
the formation of the electron gas and the value for the critical thickness, the electronic
properties of the conducting interface of structured samples were investigated.

6.2 Electronic Transport Properties of Patterned LaAlO;/SrTiO;
Samples

Standard four-point measurements were used to check the transport properties of the pat-
terned tracks. Areas between separated tracks with 2uc of epitaxial LaAlO3 were found
to be insulating with resistances exceeding the input impedance (10'° Q) of the voltmeter
used (Keithley Model 2000). This insulating behavior proves that the additional deposi-
tion of amorphous LaAlO3 on 2 uc of LaAlO3 does not change the interface properties for
this LaAlOg film thickness.
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6 DEVELOPMENT OF PATTERNING TECHNIQUE

Areas of the patterned tracks with at least 4 uc of LaAlO3 are found to be conducting.
This proves that the critical thickness for the formation of the electron gas is not changed,
and that a q2-DEG is only formed in the areas with at least 4 uc of LaAlO3.

To be sure that the conducting interface is only formed in the designed tracks and does
not extend far beyond the edges, the resistance of two bridges with different widths is
measured. As shown in Fig. 6.6, the resistance of the tracks scales well with the structure
size. Therefore it is concluded that the q2-DEG indeed only forms in the designed areas
with dpao >4uc. The exact shape and transition of the electron gas into the adjacent
insulating areas at the edges is not known.

Figure 6.7 shows the sheet resistances of an unpatterned sample and a patterned sam-
ple with a track of width 1.5 pm. Both q2-DEG have a very similar temperature depen-
dence of R with sheet conductivities of o &5x1072 (Q) ! at 4.2 K and 0, &5x107° (2)~!
at 300 K. It was possible to operate the electron gases of these structures with current
densities as high as 3 x 105 A/cm? and 2 x 10* A/cm? at 4.2 K and 300 K, respectively.

Hall measurements confirmed that the charge carriers are negatively charged, with
densities of ~ 10 cm ™2, like observed for the standard unpatterned samples before.

These experiments clearly show that the electronic properties of the q2-DEG are not
changed by the patterning process. The electron gas at the interface therefore now can
be studied with true true four-point measurements in a clearly defined geometry. Fur-
thermore, the successful structuring of samples enables the realization of different device
layouts. For example, the field-effect experiments with a top gate, which were described in
Sec. 5.3, utilized patterned tracks. In this way, the top gates can then cover, and therefore
affect, the complete DS channel in these FET structures.

Also a slightly modified route to lithographically pattern the electron gas was explored.
In this approach the resist structure was patterned directly onto the TiOs-terminated
SrTiO3 surface (sample L54). After deposition of amorphous LaAlO3 and lift-off, 5uc
of epitaxial LaAlO3 were grown. As the first step of depositing 2 uc of epitaxial LaAlO3
is skipped, this technique is simpler and faster, but suffers from the drawback that the

[ T I T I T
patterned q2-DEG
= 50 pm wide

100 F = 100 pm wide -

R (kQ)

20

Figure 6.6: Resistance of a patterned
q2-DEG (sample L51) measured as a func-
tion of temperature. The measurement
was done in a four-point configuration
on lithographically defined tracks with

0 100 200 300 widths of 50 pm and 100 pm, and 300 pm
distance between the voltage probes.
T (K) Published in Ref. [108].
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Figure 6.7: Sheet resistance of the q2-DEG
as a function of temperature for an unpat-
terned sample with 6 uc of LaAlO3 (L29) and
for a track with a width of 1.5 pm and 5uc of
LaAlOg (sample L52). Published in Ref. [108].

0.1

SrTiO3 surface, which later is crucial for the SrTiO3/LaAlOj interface, is exposed to
the resist and the solvents. Therefore the quality of the interface will be reduced. A
detrimental effect is indeed observed in transport measurements of structures prepared in
this way. The resistances are higher than those of the samples patterned by the standard
process. Furthermore, the step-and-terrace structure of the surface topography is slightly
rougher.

Due to these findings only the standard patterning process, which initially protects
the interface by epitaxial LaAlOg, is used for the work described in this thesis.

For potential electric field effect experiments via a top gate it is important to also
characterize the insulating properties of the patterned epitaxial LaAlO3. Figure 6.8 shows
the I-V curve measured on a patterned sample across a 5uc thick LaAlOjz layer in a
two-point configuration from the top gate down to the interface.

0.10 4
0.05F 4
f—‘: 0.00 o Figure 6.8: Current-voltage character-
- istic of a sample with 5uc of epitax-
0.05F - ial LaAlOs on the patterned, conducting
bridge (sample L51) measured in a two-
010k i point configuration with one contact at the
) ) ) ) ) top gate and the other at the ¢2-DEG.
15 10 05 00 05 10 15 20 Leakage currents <10nA are found for
V (V) voltages up to 0.5V.
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A typical resistance value of the LaAlOj is ~ 100 M2 (at 4.2 K and 300 K) with leakage
currents < 10nA measured for an area of 50 x 100 pm?2. This value corresponds to a
resistivity prao ~ 2 x 108Qm. Due to these excellent insulating properties patterned
bridges were used widely in our group for top gate field effect experiments with defined
track geometries [105].

In the following other approaches to patterning, which were investigated in this thesis,
will be briefly presented.

6.3 Investigation of Other Patterning Techniques

To pattern the q2-DEG it was also tried to use Ar-ion etching to pre-structure the SrTiO3
substrate prior to the termination procedure and the film deposition. The structures
were covered with photoresist and then patterned by photolithography. After ion etching
(acceleration voltage 500V, beam current 10mA) the sample for one hour and removal
of the resist the previously protected areas form plateaus, which are 220 nm higher than
the etched parts. Unfortunately it turned out that the flanks of the plateaus were well
conducting so that they shunted the high and low levels of the sample electronically. It
was not possible to remove these shunts by a chemical treatment in buffered HF solution.
This approach was therefore not followed.

While the developed patterning process makes use of the discovered step in interface
conductivity for LaAlOg film thicknesses between 3 uc and 4 uc by stepwise increasing the
number of unit cells of the epitaxial film to the desired value for the different areas, I
also investigated an approach going in the opposite direction. By successively reducing
the LaAlOj3 film thickness from dj a0 >4 uc to dpao < 3uc in a controlled way it might be
possible to pattern the samples into conducting and insulating areas.

The idea was to try to use an AFM tip of a standard silicon cantilever (force constant
10-130N/m) to mechanically remove material from the LaAlOj3 film surface to decrease
the film thickness to below d.. After engaging the AFM tip onto the sample surface in
standard tapping mode the sample topography was monitored. Then, while scanning a
fixed line of several pm length, the cantilever was lowered further to press the tip with
increased force onto the sample surface. After some scan lines the tip was lifted to the
initial value, and an AFM image of the sample after scratching was taken. The tip was
still sharp enough to get good images.

Lowering of only ~4 pum did not result in a visible change on the standard step-and-
terrace structure. If the sample surface was covered by a dirt layer of some nm, caused by
improper storage under ambient conditions for weeks instead of keeping it in a drybox,
the scanning of the lowered tip worked like a broom and removed the dirt on the scanned
area, so that the step-and-terrace structure was visible again.

Removal of LaAlOs from the surface was observed when the tip was lowered by a
nominal distance of 15-20pm. In the used experimental setup the stability of the scan
was not sufficient, so that the tip did not scratch along one fixed line, but made several
parallel lines. Also it was not possible to determine the depth of the scratch reliably
on a unit cell level. On one patterned sample (5uc thick LaAlO3 on conducting bridges,
separated by insulating areas with 2 uc of LaAlOj3, sample L.52) the AFM tip was scratched
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perpendicular to a 2 pm wide transport measurement bridge until a trench of ~4nm was
formed. While the bridge was conducting before, no electronic transport was possible
across the scratched line. This observation is another proof against oxygen vacancies
extending deep into the SrTiO3 substrate to be responsible for the observed conductivity
in LaAlO3/SrTiO3 heterostructures.

Due to the insufficient accuracy of in-plane position of the tip and depth of the formed
trench this approach was not followed further.

Recently, in 2008, another patterning method, which also makes use of the critical
thickness d.=4uc for LaAlO3/SrTiO; interfaces was reported in a publication by Cav-
iglia et al. [109] from the University of Geneva. On their samples, the LaAlO3 thickness
was reduced from dprp > d. down to dpao < 2uc in photolithographically defined regions
by irradiation with Ar-ions. While the homogeneity of the ion etching in our setup is in-
sufficient to remove LaAlO3 with unit cell accuracy, the group in Geneva manages to get
conducting areas separated by insulating parts with LaAlOj3 films of subcritical thickness
and pattern the samples in this way.

This experiment is an additional strong argument against oxygen vacancies at the
interface being responsible for the observed conductivity. If the vacancies would be formed
during sample preparation, either due to the specifically used deposition pressure or the
PLD process itself, the defects and the conductivity are expected to remain even if some
unit cells of LaAlO3 are removed from the surface.

6.4 Summary

During the studies described in the previous chapters it was realized that a crucial, exper-
imental technique was still missing for the LaAlO3/SrTiO3 heterostructures. Up to now
it was impossible to structure them, so the conducting interface always extended over the
complete sample area.

For this reason a lithography technique was developed that allows to pattern the
electron gas formed at the LaAlO3/SrTiO3 interface. It exploits the critical thickness
phenomenon, which was presented in Sec.4.1. By a special, sequential deposition of
epitaxial and amorphous LaAlOj the thickness of epitaxial LaAlOz on the sample is
varied from dpao <d. (insulating interface) to dpao >4uc (conducting interface). The
technique does not create unwanted shunts and does not expose the interface to resists or
solvents during the patterning process.

For the first time it is now possible to measure the samples in clearly defined geometries
and to structure them according to the design requirements of an experiment or a device.
The smallest structures realized with the presented method of LaAlOg3 thickness variation
were ~ 200 nm in width.

This method, which is extensively used in the rest of this thesis, is not limited to the
LaAlO3/SrTiO;3 interface, but can be used for every system with a similar dependence of
conductivity on film thickness, like for example in LaVO3/SrTiO3 heterostructures [89].

After this rather technical chapter, the following chapters put their focus again on the
electronic properties of the electron gas.
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7 Interface Superconductivity

What is the ground state of the electron gas? This chapter presents low-temperature
experiments to investigate this fundamental question.

One possibility is that the electron gas condenses into a superconducting state. For
field effect transistor configurations it has been proposed that a superconducting, two-
dimensional (2D) electron gas can be generated at the SrTiO3 surface [110]. It was also
pointed out that the polarization of the SrTiOj3 layers may cause the electrons on SrTiO;
surfaces to pair and form at high temperatures a superconducting condensate [104,111].

Another option for the ground state of the LaAlO3/SrTiOj3 interface, which was pre-
dicted as a result of theoretical calculations carried out in Ref. [46], is charge-ordering
with ferromagnetic spin alignment.

7.1 Low Temperature Measurements of LaAlO;/SrTiO; Het-
erostructures

To investigate the ground state of the electron system, patterned LaAlO3/SrTiO3 samples
were grown using our standard conditions. Patterned bridges of width 100 pm and lengths
of 300 pm—700 pm were prepared with dpap > d., which were separated by 2uc thick
LaAlOj layers for reference. These heterostructures were first characterized by transport
measurements carried out in four-point configuration using our setup in Augsburg. The
temperatures was varied between 300 K and 4.2 K. As always, the samples were kept in
the dark for at least 20 hours before the experiments to avoid photoconduction effects in
the measurements.

The samples are found to be conducting with the standard values for sheet resistances
and sheet carrier densities. At 4.2 K a positive magnetoresistance is observed for a mag-
netic field up to 8 T applied perpendicular to the interface plane. The 2 uc thick structures
on the same sample were insulating (R > 30 M) at all 7. All these observations resemble
the typical behavior found for our samples grown at standard conditions, as described in
previous sections.

After finishing these experiments the samples were sent to N. Reyren and A.D. Caviglia
in the group of J.-M. Triscone at the University of Geneva (Switzerland) to be measured
in a He3/He? dilution refrigerator. This setup allows to cool the samples to T~ 30 mK.

Figure 7.1 shows the electronic transport properties of two samples. Both were mea-
sured after being kept in darkness for about one day to exclude photoconduction. At very
low temperatures, which were not accessible in our previous experiments, a pronounced
drop in resistance is observed. Around 200 mK the samples undergo a transition into a
state for which no resistance could be measured. These measurements were the first to
show that the interface between the insulators LaAlO3z and SrTiO3 can be superconduct-
ing.

This transition into the superconducting state is found for all LaAlO3/SrTiO3 samples
measured at very low temperatures, which were grown using our standard conditions
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Figure 7.1: Resistance as a function of temperature of LaAlO3/SrTiO3 heterostructures at low
T. A measurement current of 100nA was used. For both samples with a, 8 uc (sample L120)
and b, 6 uc of LaAlO3 (sample L131) a superconducting transition is observed at 7'~ 200 mK.
For the 6 uc sample only one van-der-Pauw contact configuration was measured, therefore R and
not Ry is plotted. The sheet resistance of the patterned 8 uc sample is shown in detail in Fig. 7.2.
The measurements were done by N. Reyren and A.D. Caviglia at the University of Geneva.

(p(O2) ~ 1075 mbar). The experiments on the effect of higher deposition pressures on the
ground state of the q2-DEG will be presented and discussed at the end of this chapter.

Similar to the step in conductivity as a function of LaAlOj film thickness found before,
where the sheet resistance of conducting interfaces is independent of dy a0 for dpao > 4 uc,
also T, was always found to be ~200mK for dpro>4uc. If the LaAlOj film is only
2uc thick the interface is found to be insulating in the accessible temperature range of
30mK-300 K.

The superconducting properties of the sample with 8 uc thick LaAlO3 were analyzed
in detail, which is presented next.

The width of the transition (20% to 80%) of the sample L120 is = 16 mK, with the
resistance dropping by more than three orders of magnitude to a value within the noise
limit of the measurement setup. This limit of the voltage resolution is caused by thermal
noise, with an amplitude which is mainly determined by the contact resistance.

If the contact resistance is too high, as found for example for Pt-wires contacted with
silver paint instead of wire-bonding on our standard contacts, superconductivity can not
be observed in the measurements. This effect shows the need for a very low heat load to
the LaAlO3/SrTiO3 samples in these low temperature experiments.

The zero-voltage state was measured by using a small bias current of 100 nA to stay
below the critical current.

If the validity of the BCS theory of superconductivity is assumed for this system, the
superconducting energy gap A can be calculated from the relation 2A (T'=0K) =3.5kgT.

80



7 INTERFACE SUPERCONDUCTIVITY

(with critical temperature Tt., Boltzmann constant kg). One obtains A (T'=0K) ~ 30 peV
from 7.~ 200 mK for the LaAlO3/SrTiO3 interface.

The effect of an applied magnetic field on the zero-resistance state of the sample is
shown in Fig. 7.2. As expected from the low value of the energy gap, the superconductivity
is weak and the transition is completely suppressed by a small field of 180 mT. The normal
state resistance increases for magnetic fields at least up to 8 T. The consequence of this
sensitivity for the investigation of the superconducting state at 0T is that the magnetic
field perpendicular to the interface has to be canceled as precisely as possible. This
precise alignment was done by minimizing the sample resistance as a function of the
current in the magnetic coil. Performing the procedure right at the temperature of the
sharp superconducting transition, where R is very sensitive to magnetic fields, allowed
adjustment with a precision leading to a residual field estimated to be lower than 0.1 mT.

From these Ry (T') data as a function of magnetic field one can extract the T.(H)
dependence, with T, defined as R (7.) =0.5 xR (1K), which provides a measure for the
upper critical field Ho(T'). Figure 7.3 shows the extracted Heo(T') curve, with an extrap-
olated value of H(0K)=65mT. If BCS theory is assumed to be applicable, one obtains
the coherence length £(T=0K) ~70nm from the relation By = ®q/27&? (P being the
flux quantum h/2e).

To determine the critical currents in this system, voltage-current characteristics were
measured at various temperatures. The corresponding data, measured in a four-point
setup using a dc technique, are shown in Fig.7.4a. While ohmic characteristics are ob-
served for high temperatures, the V-1 curves show a well defined critical current I, at low
T. As criterion for I. the current at which the dV'/dI(I) value is maximal is taken. The
obtained temperature dependence of I. is shown in Fig.7.4b. For T'=30mK, a maximal
value I, =98 pA /cm is deduced for the 8 uc sample.

The transition into the superconducting state, which was found for samples grown in
Augsburg using our standard conditions, was confirmed by the group at the University of
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400 -

. Figure 7.2: Sheet resistance
0O 300 measured as a function of tem-
G perature of a sample with
o 200) 8 uc of LaAlO3 (sample L120)
plotted for different magnetic
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100 the interface. The measure-
[ ments were done by N. Reyren
O and A.D. Caviglia at the Uni-
0 versity of Geneva. Published

in Ref. [91].
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Geneva for LaAlO3/SrTiO3 samples grown in their PLD system with the same deposition
parameters. They also find transition temperatures of ~200mK. T, is similar, but not
identical for the various samples from Augsburg and Geneva. A variation of ~30mK is
observed.

The only exception to the previous statements are the results obtained from the very
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Figure 7.4: Transport measurements of a sample with 8uc of LaAlOj3 (sample L120). a,
Temperature-dependent voltage-current characteristics of a 100 x 300 pm? bridge. b, Temper-
ature dependence of the critical current density per bridge width, as obtained from the mea-
surements shown in a. The measurements were done by N. Reyren and A.D. Caviglia at the
University of Geneva. Published in Ref. [91].
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first sample (195, 15 uc of LaAlOj3, kept for some months in a drybox) which was measured
at very low temperatures. The R(T) data of this sample showed a critical temperature of
only 100 mK and additional, small structures in the R(T") curves at lower temperatures.
Further differences to the samples described before are a smaller critical field H., of only
10mT, much smaller critical currents /. at 36 mK of about 51A/cm (= factor 20 less),
and a step-like structure in the V(I) curves, which indicates that the low critical current
of this sample is caused by inhomogeneities. Due to these findings the transport prop-
erties of this probably degraded sample are not compared to the other LaAlO3/SrTiO;
heterostructures.

The occurrence of the zero-resistance state in samples grown in two different PLD
systems and the characteristic R(T,H) and V' (I,H) dependencies provide clear evidence
for superconductivity at the LaAlO3/SrTiO3 interface.

The quasi two-dimensionality of the electron system has some interesting consequences
for the superconducting state, which are discussed in the following.

The superconducting samples are transparent at optical frequencies (see Fig.7.5),
which sets them apart from other known superconductors, which are opaque and col-
ored even for small film thicknesses. The q2-DEG looks different, because of the smaller
charge carrier density and the 2D nature of the conducting layer. The calculated three-
dimensional plasma frequency wy,sp = (ne?/me.p)/? (with electron mass m, electron
charge e, dielectric constant €., vacuum dielectric constant €y, and charge carrier den-
sity na10?° cm™? for an assumed thickness of about 2nm) for LaAlO3/SrTiO3 samples
is wpap ~6 x 10" Hz. This frequency corresponds to a wavelength A of about 3pm (in-
frared). As the screening from a two-dimensional sheet is worse than from a 3D bulk
material the real plasma frequency wpop for the quasi two-dimensional electron gas is
even below this calculated value, which renders the sample optically transparent.
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7.2 Berezinskii-Kosterlitz-Thouless Transition

The focus of this section is on a prediction for the low-dimensional electron gas at low
temperatures. If the LaAlO3/SrTiO3 heterostructure interfaces were 2D superconduc-
tors, a special transition is expected to be observable: the Berezinskii-Kosterlitz-Thouless
(BKT) transition [112-115]. After a general introduction to this effect the analysis of the
transport data in our samples will be presented. This analysis provides evidence for the
existence of a BKT transition.

The BKT transition is a special transition which was first predicted for the XY model
for interacting spin systems (spins constrained to rotate in the plane of the lattice) in two
spatial dimensions (2D-XY model). From the Mermin-Wagner theorem it is known that
such a system does not have any long-range order and accompanying phase transitions,
because the ground state is unstable against low-energy spin-wave excitations. However,
it was shown by BKT that another type of transition exists.

In the mentioned 2D-XY model vortices are topologically stable configurations with
an energy F =kIn(R/a), where x is a constant factor, R is the system size, and a is the
radius of the vortex core. However, these vortices are only present in the system above
a certain transition temperature. This requirement can be derived from a thermody-
namic argumentation. From the total number of possible positions for vortices, which
is approximately (R /a)? (where R is assumed to be much larger than a) one obtains
an entropy S =2kgln(R /a) from Boltzmann’s law (kg is Boltzmann’s constant). Then
calculating the Helmholtz free energy F' results in F = FE-TS = (k-2kgT)In(R /a). Only
for F' <0 stable vortices can be present in the system. The transition temperature Tkt
is thus defined as the temperature for which the condition F'=0 is met, which yields
Texr = k/(2kp). The excitations are suppressed for temperatures lower than Tk, while
above Tkt the formation of such vortices is thermodynamically favorable.

Below the transition temperature Tkt the excitation energy of a vortex-antivortex
dipole is, however, finite (not increasing logarithmically with the system size R). From
considerations of the free energy F' one then finds that such bound pairs are not thermo-
dynamically forbidden and will be formed. At the BKT transition these pairs dissociate
into free vortices.

Already in the first publications on the BKT transition it was pointed out that the
previously described scenario is also applicable to neutral superfluids [113,114]. If a
condensate wavefunction can be defined in a local region, it is possible to explore the
variation of the phase of the wavefunction from one region to a neighboring region. Then
one can obtain a total vorticity within a region by calculating the change of phase along
the boundary of the local region, divided by 27. For this system, the energy of a superfluid
vortex increases also logarithmically with the system size, like for the vortices discussed
previously.

Kosterlitz and Thouless pointed out that, in contrast to neutral superfluids, for a
superconducting condensate the argumentation can not be carried through, because the
formation energy of a single flux line is finite. The first ones to show that this energy is
finite were Pearl et al. [116], who found an interaction energy, which again increases log-
arithmically with the system size, but only to a characteristic distance A\ =A?/d, beyond
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which the energy falls off as 1/r (here A is the bulk penetration depth of the material
of the film, d is the film thickness and A\, is the magnetic penetration depth for fields
perpendicular to the film). Due to their finite energy the single flux lines are always
thermally present and no BKT transition is expected to be observable.

Later, Beasley etal. [117] reasoned that in all superconducting systems of interest A
is so large (on the order of a few millimeters), that in practice the situation in super-
conductors is analogous to that in uncharged superfluids. It should therefore be possible
to find BKT transitions in superconducting thin films. Beasley etal. expect only some
broadening of the vortex-pair dissociation transition in the superconducting case.

While the considerations before show that in principle it might be possible to ob-
serve BKT transitions, Gabay etal. [118] found that applying the BKT theory to thin
superconducting films poses more difficulties, as discussed in the following.

Gabay etal. calculate a “critical fugacity” y.=exp(-E./kgTpkr), which relates the
energy F., needed to create a vortex, to the thermal energy kgTgkr at the transition. For
a superconducting film the value found for y. is &~ 300 times larger than typical values
for superfluids or granular superconductors. The consequence is that a very dense state
is formed, where a crystallization of the vortex-antivortex fluid into an “ionic” crystal
occurs. For such a system not the standard BKT transition appears. Instead the melting
of the vortex-antivortex lattice represents the BK'T transition, which then occurs at lower
temperatures.

This discussion concerning the BKT transition shows that in principle such a transition
is expected to occur in the LaAlO3/SrTiOz system if the superconducting sheet is two-
dimensional. Theoretical predictions from the BKT theory for the shape of V(I) and
R(T) characteristics offer the possibility to indirectly identify the presence of a BKT
transition.

An analysis of the measured voltage-current characteristics of LaAlO3/SrTiO3 het-
erostructures offers one approach to test the predictions by BKT (Fig.7.6a). Starting
from ohmic behavior at high currents the samples develop a small voltage drop below
the superconducting transition at I.. This voltage is proportional to the current and
increases with temperature. For 30 mK, the lowest measured temperature, one finds that
the associated resistance is at least four orders of magnitude smaller than the normal state
resistance. With 7" increasing from 30 mK to 180 mK this resistance grows exponentially
from ~ 0.1 to 10€2. Between 180mK and T, the step at I. disappears and power-law
type V(I) curves are observed, as illustrated by the short black lines. In the following
it will be shown, that this behavior of V(1) is consistent with a BKT transition in finite
size systems.

At the BKT transition the current-induced Lorentz force causes dislocation-
antidislocation pairs to unbind, which results in a V oc I* dependence, with a(Tgkr) = 3.
In Fig. 7.6a short black lines show the power-law behavior of the V' (I) curves directly be-
low and above the transition temperature, and additionally two long black lines are drawn
which correspond to V oc I and V oc I3. By extracting the exponent a for different temper-
atures from the V(I) curves one obtains the data shown in Fig. 7.6b. Starting from a =1
at T'=300mK, the exponent approaches a=3 at T'=188 mK. Therefore Tyt = 188 mK
is identified. It is noted here that the further increase of the exponent a for lower tem-
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Figure 7.6: Low-temperature transport properties of the 8 uc LaAlO3/SrTiO3 heterostructure
(sample L.120). a, V(I) curves on a logarithmic scale. The color code is the same as in Fig. 7.4a.
Additionally the small numbers indicate the temperatures in mK at which the curves were taken.
The short black lines are fits to a power-law behavior V o< I®. The long, black lines correspond
to VocI and V oc I2. Between 187 mK and 190 mK the exponent a assumes the value 3, which
signals the BKT transition. b, Temperature dependence of the power-law exponent a, as deduced
from the fits shown in a. Tpxr =188 mK is found. ¢, R(T") dependence of the sample plotted
on a (dIn(R)/dT)~2/3 scale. The solid line corresponds to the behavior expected for a BKT
transition with TggT =190 mK. The measurements were done by N. Reyren and A.D. Caviglia
at the University of Geneva. Published in Ref. [91].

peratures is not fully consistent with the BK'T theory.

Obviously, an ohmic V o< dependence is found for smaller currents. Very similar
results have been found in simulations treating finite size 2D systems [119]. A detailed
analysis® strongly suggests that also in our measurements the ohmic behavior at small
currents is caused by finite size effects. Additional information is provided in the supple-
mentary material of Ref. [91].

The R(T) dependence provides another approach to test the predictions by BKT.
Close to the BKT transition a R (t) = Roexp(-bt—'/2) dependence is expected [120], with
material parameters Ry and b and t = (T'/Tkt) — 1. By plotting the data as in Fig. 7.6¢
one finds that the R(7T') characteristic is consistent with the theoretical prediction, which is
shown by the black line. From the intersection of this line with the z-axis Tyt =190 mK
is deduced.

9 Analysis performed by M. Gabay, Laboratoire de Physique des Solides, Université Paris-Sud, France
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This value is in very good agreement with Tpxr =188 mK, which was obtained before
from the analysis of the power exponent a extracted from the voltage-current character-
istics.

Therefore, two independent analyses of electronic transport properties are in agree-
ment with a BKT transition in the LaAlO3/SrTiO; system. Almost the same Tpkr
is obtained from both methods. Consequently, the superconducting transition in the
LaAlO3/SrTiO3 samples is consistent with that expected for a 2D superconducting film.

The exact thickness of the polarity-discontinuity induced electron gas at the interface
is still unknown. Unfortunately the fact that a BK'T transition is observed only provides a
large upper limit, because in the BK'T model two-dimensionality is reached for supercon-
ducting layers which are thinner than the coherence length &. Experimentally we found
¢~ 70nm for our LaAlO3/SrTiO3 heterostructures, which is not a very small upper limit
for the thickness of the q2-DEG.

7.3 Estimation of Superconducting Layer Thickness

Another limit for the superconducting layer thickness is provided by the value of the
superconducting transition temperature.

It was already discussed in Sec. 4.2 why oxygen vacancies can not be responsible for the
conductivity in our LaAlO3/SrTiO3 samples. But let us for a moment assume, that the
conductivity was caused by a thick sheet of oxygen deficient SrTiO3_,, and thus a three-
dimensional layer, as suggested in several publications. In this case the well established
T. vs. carrier density diagram for SrTiO3 [121] is applicable (see Fig. 7.7). The maximum
critical temperature of 300mK is reached for n~8x10' cm™3, with decreasing T for
both lower and higher carrier densities. Therefore two possible solutions exist to obtain
T.=200mK, like observed in the experiments. The charge carrier density has to be
either n~3x10 cm™ or n~2x10*°cm 3. In Hall effect experiments a sheet charge
carrier density of ng=3x10' cm~2 was measured in the samples. Therefore, to fit to the
two solutions for the carrier density n, the conducting layer has to be either ~13nm or
~2nm thick. From the experiments so far it is not possible to distinguish between both

options.
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More insight can be gained from field-effect experiments, which were done by N. Reyren
and A.D. Caviglia at the University of Geneva. By using a back gate electrode, they were
able to modulate the carrier density n of the electron gas, just like in the experiments
discussed in Chapter 5. In measurements of a sample grown in Geneva (5uc of LaAlOs3,
sample L0O7005) it was found that the superconducting transition temperature 7, can be
tuned by application of an electric field. Upon increasing the charge carrier density of the
q2-DEG by a gate voltage the resistance R is reduced and T, decreases. This sign of the
change of T, shows that the samples have to be on the high (overdoped) charge carrier
density side in the phase diagram '°. This rules out one of the two possible solutions
for the carrier density n and thus a thickness limit for the conducting layer of ~2nm is
obtained.

As the charge carrier concentration of a sheet of SrTiO3_, can not be constant, but
has to conform to a profile following Poisson’s equation, which takes into account the
field-dependent susceptibility of SrTiOz [122], the upper limit is even smaller than 2nm.

This value is considerable lower than the 70 nm limit obtained from the analysis of the
BKT transition.

All the previously described experiments do not allow to determine whether the ob-
served superconductivity is due to such a thin sheet of doped Sr'TiO3 or due to a novel
phenomenon occurring at the LaAlO3/SrTiO3 interface.

Although the T, of the LaAlO3/SrTiO3 samples falls into the range of values found for
oxygen deficient Sr'TiO3_,, there are clear differences in the transport properties. The Hall
constant is less temperature dependent in LaAlO3/SrTiO3 heterostructures than in Nb-
doped SrTiO; films, where a stronger increase is observed below 100K [123]. Moreover,
the critical field H. of the heterostructures is an order of magnitude smaller than that of
Nb-doped SrTiOj3 exhibiting the same T.. And of course the observation of conducting
(even superconducting) and insulating behavior on the same LaAlO3/SrTiO3 sample,
depending on the epitaxial LaAlOgs layer thickness, is difficult to explain in a scenario
where oxygen vacancies in the Sr'TiOj3 are responsible for the observed conductivity.

In summary, the transport experiments at very low temperatures have shown that for
LaAlO3/SrTiO3 samples grown under our standard conditions a superconducting ground
state is obtained, which shows clear signatures of a BKT transition predicted for two-
dimensional systems. For the first time superconductivity is observed at the interface be-
tween two materials that are band-insulators. The nature of the superconducting ground
state is not resolved yet and needs further investigation.

The LaAlO3/SrTiOj3 interface is without doubt a beautiful model system to study low-
dimensional interface superconductivity in oxide heterostructures. It offers the additional
possibility of substantially changing the carrier density by electric field to, e.g., map the
phase diagram.

As already mentioned at the beginning of this chapter, a magnetic ground state for the
LaAlO3/SrTiOj interface was predicted from a theoretical calculation [46]. At the same

10 Just recently it was reported that the q2-DEG at the LaAlO3/SrTiO3 interface can even be tuned
by electric field along almost a complete superconducting dome and finally, through a quantum phase
transition, into an insulating state [109].
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time when superconductivity was found in our samples grown at standard conditions, A.
Brinkman etal. [85] from the University of Twente (Netherlands) reported on low tem-
perature magnetic effects in LaAlO3/SrTiO3 heterostructures grown at p(Oy) =1x107%-
2.5x1073 mbar. Their samples exhibit a pronounced minimum in R(7T") and a logarithmic
temperature dependence for low 7', accompanied by a hysteretic, negative magnetoresis-
tance. These results have been interpreted in a Kondo scenario as a magnetic effect at the
interface. In another publication from their group (Ref. [124]) it is claimed as a general
behavior of LaAlO3/SrTiO3 samples grown at p(Og) ~10~% mbar that a R(T) curve like
observed in their experiments is found. Furthermore it is speculated in the publication
that only the samples grown at lower oxygen pressures become superconducting.

To investigate this suggested dependence of the electronic properties and the ground
state of the q2-DEG on deposition conditions transport measurements were done on
LaAlO3/SrTiO3 samples grown at higher p(Oy) in our lab. As will be shown in the
following, no indications for the proposed magnetic effects were observed in the experi-
ments. Indeed our samples grown at p(Os) ~ 10~ mbar are superconducting.

7.4 Transport Properties and Ground State of LaAlO;/SrTiO;
Samples Grown at High Oxygen Pressure

As already described in Sec. 4.2, the oxygen pressure during the deposition of the LaAlO3
films is an important parameter. In samples grown at p(O,) < 107% mbar oxygen vacancies
are formed in the SrTiOj3 substrate which dominate the electronic transport properties.
This is not the case for the LaAlO3/SrTiO3 samples studied in this thesis, which usually
were deposited at p(O,) 2~ 107° mbar.

Additional experiments were done to investigate the effect of a higher deposition pres-
sure on the electronic properties and the ground state of the q2-DEG.

First, LaAlO; films were grown at p(O3) =3 x 1072 mbar on TiO-terminated SrTiOj.
Clear RHEED oscillations during film deposition and a smooth step-and-terrace surface
structure, with one unit cell high steps, are observed for these samples (see Fig.7.8).

The transport properties for one sample, which was measured for temperatures ranging

from 300K to 105mK, are shown in Fig.7.9 (R(7)) and Fig.7.10 (R(B)). We find
that the sheet resistance values and also the charge carrier density ns~10'3cm™2 are
comparable to those of samples grown at standard conditions. No minimum is observed
in Ry(7T') and at T, ~200mK the q2-DEG becomes superconducting. Furthermore, a
positive magnetoresistance is observed for magnetic fields applied perpendicular to the

interface.

These results show that the transport properties of our samples grown at
p(02) 3x1073 mbar match those observed for our samples grown at standard pressure
(p(O2) ~10~° mbar). Importantly, none of the features reported in Ref. [85] (minimum
in R(T'), negative and hysteretic magnetoresistance) is found. This observation proofs,
in contrast to the claim made in Ref. [124], that these features are not present in all
samples grown at ~ 1073 mbar.

For p(O3) up to ~ 1072 mbar no detrimental effect was observed on the electronic
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Figure 7.8: RHEED signal and AFM image of a LaAlO3/SrTiOs sample grown at
p(02) =3x10"3 mbar (sample L196). a, Clear RHEED oscillations are observed during the
deposition of 10uc of LaAlO3. b, The AFM image shows a smooth step-and-terrace structure
(topographic signal, scan size 2x3 pm?, z-scale 10nm).

properties of the q2-DEG. This changes upon a further increase of the deposition pressure.
Sample growth at p(Os) =1x10"2mbar in our PLD setup results in much more noise in
the RHEED signal, rapidly damped oscillations, and a rougher surface topography (see
Fig. 7.11).
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Figure 7.9: Measured sheet resistance as a function of temperature for an unpatterned
LaAlO3/SrTiO3 sample grown at p(O3) =3x 1072 mbar (sample L196). a, No minimum is ob-
served down to 4.2K. A measurement current of 1 pA was used. b, Low temperature R4(T)
data showing a transition into the superconducting state at ~200 mK. A measurement current
of 1 pA was used. The low temperature measurements were done by N. Reyren at the University
of Geneva (Switzerland).
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The film growth seems to have changed, and it is therefore concluded that the quality
of these LaAlO3/SrTiO3 samples is substantially reduced compared to those grown at
~10~° mbar or ~ 1073 mbar.

By analyzing the transport properties of samples grown at 10~2mbar one observes
fundamental differences compared to samples grown at lower pressures. Some of the sam-
ples are found completely insulating, and others show a peculiar temperature dependence
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Figure 7.11: RHEED signal and AFM image of a LaAlO3/SrTiOs sample grown at
p(O2) =1x10~2mbar (sample L88). a, The RHEED signal is much more noisy than that of
standard samples, and only few oscillations are observed during the deposition of 15uc. b,
In the AFM image (topographic signal, scan size 2 x 2 pm?, z-scale 5nm) the step-and-terrace
structure is still visible, but the surface is rougher (RMS~0.3nm) than that of the standard
samples.
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of the sheet resistance, such as the one shown in Fig.7.12. At T=300K, R, is an order
of magnitude larger than the value for standard samples and upon cooling a pronounced
minimum is observed at 7'~ 47 K.

The data shown in Fig.7.12 looks similar to the results reported in Ref. [85], which
were interpreted as magnetic effects at the interface. However, as noted before, the
RHEED and AFM data indicate that the film growth is very different and therefore
the samples grown at p(Og)=10"?mbar in our PLD setup should not be compared to
standard ones.

Supposedly a larger number of dislocations is introduced in the high pressure samples,
which severely affect their electronic transport properties. This view will be discussed in
the following chapter, where the detailed analysis of the strong influence of dislocations
on the q2-DEG is presented.

Therefore it is concluded, that p(Os) &~ 3x 1073 mbar is the highest deposition pressure
for which good quality of the LaAlOj films can be assured in our PLD setup.

Triggered by the intense discussions in the scientific community on possible mag-
netism at the interface it was thoroughly checked if traces of magnetic effects are found in
samples grown at our standard pressure (p(O,)~ 107> mbar). Two different experimen-
tal techniques were applied: Superconducting Quantum Interference Device (SQUID)
and Superconducting Quantum Interference Filter (SQIF). Neither SQUID magnetome-
ter measurements of magnetic moments, nor experiments with a SQIF device placed di-
rectly onto the LaAlO3/SrTiO3 sample (measurements done by C.W. Schneider) showed
signatures of magnetism at the interface for temperatures between 300 K and 4 K. These
experimental techniques were the most sensitive methods available in our group. However
the experiments can of course not exclude the presence of a magnetic layer confined to the
interface, because the signal of such a layer would be extremely tiny in both techniques.

It is noted here that all indications for magnetism at the LaAlO3/SrTiO3 interface in
Ref. [85] are indirect (resistance and magnetoresistance measurements). As shown before
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in this thesis the special features in the sample transport properties reported in this
publication can be caused by other effects, like dislocations in the films (see Chapter 8),
and therefore do not proof the presence of a magnetic interface.

7.5 Summary

The studies described in this chapter focused on the investigation of the previously un-
known ground state of the electron gas.

Measurements at low temperatures reveal for the first time that the q2-DEG at the
interface between the two bandinsulators LaAlO3 and SrTiO3; condenses into a supercon-
ducting phase. A critical temperature T, ~200 mK is found. This observation extends
the cases of heterostructures, in which the interfaces have properties which differ from
those of the bulk of the constituting materials.

The transition into the superconducting state is observed in all investigated
LaAlO3/SrTiO3 heterostructures, which were grown using our standard conditions
(p(O2) ~ 1075 mbar) and had a LaAlOj3 film thickness dpro >4uc. In all these samples
T, is found to be independent of dyro. Approximately the same T, values were found
in transport measurements on samples grown by the Triscone group at the University of
Geneva (Switzerland).

The ground state of one sample with 8 uc of LaAlO3 was investigated in detail. By ap-
plication of a magnetic field perpendicular to the interface the superconducting transition
is suppressed, with an extrapolated value of the critical field at 0 K of H.(0K)=65mT.
Assuming that the BCS theory of superconductivity is valid the coherence length is cal-
culated to be £ (0K)~70nm. For the critical current density of the q2-DEG a maximal
value of 98 pA /cm is measured.

An analysis of the R(T") and V/(I) characteristics of this 8uc sample shows, that
the superconducting transition can be interpreted in the framework of a Berezinskii-
Kosterlitz-Thouless transition for 2D superconductors. This result strongly suggests that
the (super)conductivity is confined to the LaAlO3/SrTiO; interface.

From these experiments the upper limit for the possible thickness of the electron gas
is given by the coherence length £ (0 K)~ 70 nm.

It was shown that the widely discussed scenario where superconductivity in the samples
is caused by oxygen defects in SrTiOj is hard to reconcile with our experimental data.
If nevertheless such a scenario is assumed, an analysis of the transition temperature
and its tunability by electric field provides an independent limit for the thickness of the
superconducting layer of ~2nm in our samples.

A LaAlO3/SrTiO3 sample deposited at higher pressure (p(O3) =3x1072 mbar) is also
found to be superconducting, which contradicts the claim of a report [124] concerning
a magnetic ground state for all LaAlO3/SrTiO3 samples grown at higher pressures. In
further SQUID and SQIF experiments on standard samples no traces of magnetic effects
at the interface are observed. A further increase of the deposition pressure does change
the transport properties (higher Ry, minimum in R(7")), but for such samples the RHEED
and AFM data indicate that the film quality is worse than the quality of films grown at
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7 INTERFACE SUPERCONDUCTIVITY

standard pressure. Therefore high pressure samples are not to be compared to samples
grown under standard conditions.

A detailed study of the strong dependence of the electron gas properties on dislocations
in the samples is presented in the next chapter.
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8 Electron Scattering at Dislocations in LaAlO;/SrTiOs;
Interfaces

In earlier chapters of this thesis several parameters which control the behavior of the
LaAlO3/SrTiOj; interface have already been identified and discussed. First, oxygen defects
can dominate the transport properties in samples which are grown at low oxygen pressures
(<107 %mbar). Second, the thickness d of the LaAlOj films is crucial, as only samples
with films of d >4 uc form the electron gas at the interface. Third, the conductivity is
only achieved if the SrTiOj is terminated with a layer of TiOs.

To gain a better understanding of the system it is essential to find out whether there
are other parameters, like the microstructure of the interface, which play an equally
important role for the properties of the q2-DEG.

First hints on a possible effect of film quality on transport properties were found in
samples grown at p(Os) =1x107? mbar, where the electron gas properties differed sub-
stantially from the standard ones (see Sec. 7.4).

A thorough analysis became essential when LaAlO3/SrTiO3 samples grown on SrTiO;
substrates from two new batches showed insulating behavior, although all above men-
tioned parameters were fulfilled.

To investigate the influence of defects on the q2-DEG the transport properties of
LaAlO3/SrTiO3 samples were measured, while systematically altering the microstructure
at the interface. This was done by using bicrystalline substrates to add individual grain
boundaries with different grain boundary (GB) angles. The growing LaAlOj film repro-
duces the boundary structure, so that defined defects and disorder are formed directly at
the boundary.

8.1 Grain Boundary Sample Preparation and Characterization

As substrates (001) oriented, bicrystalline SrTiOj substrates containing [001]-tilt grain
boundaries were used ' (Fig.8.1). The boundary angles 6 (2°, 3°, 4°, 24° and 45°)
of the studied bicrystals were confirmed with an accuracy of 0.2° by Laue-diffraction
(PW1830/40, Philipps, measurements done by C.W. Schneider, University of Augsburg).

The bicrystalline substrates were treated with our standard procedure of etching in a
BHF solution followed by annealing to obtain a TiO, termination. Characteristic AFM

UBicrystals obtained from Furuuchi Chemical Corporation (Fine Trading Division, 6-17-17 Minami-oi,
Shinagawa-ku, Tokyo 140-0013, Japan) and Earth Chemical (2-12-1 Kanda-Tsukasamachi, Chiyoda-ku,
Tokyo 101-0048, Japan)

(001]

Figure 8.1: Illustration of the crystallographic orientation of the
used [001]-tilt grain boundaries with GB angle §. From Ref. [125].
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images are shown in Fig.8.2. The etching procedure did not lead to trenches at the
boundary. In a few percent of the grain boundary length, small holes with diameters up
to some 100 nm may be found, which are not visible prior to the etching. On both sides
of the boundary smooth step-and-terrace structures are observed. As the orientation of
the steps is related to the unavoidable miscut of the substrate, and both single-crystalline
parts of the bicrystal have slightly different misorientations towards the [001] direction,
the orientations of the steps on both sides of the GB can be different, and are not related
to the boundary angle. The transition from one step-and-terrace system of one single-
crystalline part to the other therefore causes surface steps to occur locally at the boundary.
These steps are typically one unit cell high, but may occasionally reach a height of 2-3
unit cells.

In the grains of some of the investigated bicrystals, steps are bunched up to distances
ranging from 100 nm—3 pm from the grain boundary (see e.g. Fig.8.2a and b). “Bunch-
ing” denotes several single unit cell high steps merging to a larger step. This bunching
yields steps that locally are 2-3 unit cells high. Sometimes it also is observed that the
step orientation changes close to the GB (see e.g. left of the GB in Fig.8.2¢c).

On these substrates patterned LaAlOj films were deposited using our standard con-
ditions as described in Chapter 6. The patterns were chosen such that the properties of
the bicrystal boundaries and of the adjacent grains can be determined simultaneously by
four-point measurements (see Fig.8.3). Lines of 5um, 10 pm or 20 pm width and 20 pm
or 30 pm length were used. Contacts of typical side length 400 pm were made using the
standard technique of filling Ar ion-etched holes with sputtered gold.

Figure 8.4 shows an AFM image of a patterned bridge across a 4° grain boundary. The

! f

Figure 8.2: Topographic AFM images of TiOs-terminated, bicrystalline SrTiO3 substrates.
The position of the boundary is indicated by arrows. a, 24° [001]-tilt boundary (Scan size
10 x 5m?). b, 3° [001]-tilt boundary (Scan size 4.5 x 1.7 pum?). c, 4° [001]-tilt boundary (Scan
size 2 x 2m?).
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Ves

Figure 8.3: Image of a patterned LaAlOj film, grown on a bicrystalline SrTiO3 substrate
(sample LGB10). Left, Optical micrograph of a patterned bridge crossing a 2° symmetric GB,
where in the brighter areas an electron gas is generated at the interface while the darker areas
are insulating. Three pairs of voltage contacts allow to determine the bulk and GB transport
properties independently in a four-point measurement. Right, AFM image (amplitude error
signal, scan size 12 x 12 pm2) of the GB. The two areas at the top and bottom of the image
show the parts with amorphous LaAlO3 while the center shows the conducting bridge, which
is characterized by the step-and-terrace structure of the epitaxial LaAlO3 on both sides of the
GB, reproduced from the underlying bicrystalline substrate.

5nnm
A—
4 nm-; 0 nm
\MPM\ e,
U Figure 8.4: Topographic AFM image
M'MM““‘%.W‘W and linescan (along A-A) of a 8uc thick
A-A ASV LaAlOs film on a 4° SrTiOj3 bicrystal (sam-
0 nm 7 : ple LGBT), showing the GB (Scan size
0 um GB 2ym 2 % 2 pm?).
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smooth step-and-terrace structure from the substrate is preserved, and as expected from
the studies of the substrate topography, the linescan shows that the transition from one
side of the boundary to the other occurs via about one unit cell high steps. Occasionally,
these steps may also reach a height of 2-3 unit cells.

The exact step structure (orientation and bunching) varies between samples, and it is
not possible to distinguish from the AFM data between large and small boundary angles.
Therefore, to analyze the effects of different GB angles, and the accompanying changes of
microstructural disorder, it is important to know the atomic structure at the boundary.

For this reason, scanning transmission electron microscopy (STEM) studies were done
by L. Fitting Kourkoutis and D.A. Muller at the University of Cornell (USA). Unpatterned
samples were prepared by PLD, with the same parameters as used for the patterned
samples, and were finally capped with a 5 nm thick protection layer of amorphous Al,Os3,
which was grown by PLD at ~ 300K in an oxygen pressure of 0.1 mbar. These samples
were then prepared by wedge polishing followed by low energy ion milling of the backside
of the samples to obtain electron transparent plan view samples.

Figure 8.5 shows large scale annular dark field (ADF) STEM images of a 45° and a
4° [001]-tilt boundary. The samples are viewed along the [001] direction, parallel to the
interface normals. From the lattice fringes in these images the tilt angles were determined
to be 45.2°+0.1° and 4.2° £0.1° for the two samples. This analysis confirms the angles
as determined from the Laue experiments.

The bright islands in these plan view images are probably related to the AlyO3 capping
layer. This layer was reported in Sec. 3.5.3 to cause problems for cross section images due
to La diffusion into the capping, but the in-plane investigation of atomic positions is not
influenced by the Al,O3 capping.

In the STEM images one can clearly see the grain boundary. It is oriented vertically
in the middle of both images. For the 45° tilt sample one observes a continuous dark line
with several steps, in contrast to the 4° tilt sample, where a line of isolated dark spots is
seen with a single step in the middle of the image.

An enlarged view of the atomic structure directly at the boundary is shown in Fig-
ure 8.6. For the 4.2° boundary one finds that the atomic columns bend continuously from
one side of the boundary to the other, interrupted only by uniformly spaced, isolated
edge dislocations, with an average spacing of d=25.2+0.1nm. This value is in very good
agreement with the value of 5.3 nm as determined from Frank’s formula [126,127] for pure
tilt boundaries, d = |b|/(2 sin(6/2)) (]b| is the modulus of the Burgers vector and 6 is the
tilt angle). The observed microstructure is expected for low angles 6. For 6 <4.2° the
single dislocations will be separated further, and for larger angles the spacing between
them will decrease, until finally the dislocation cores merge and form a continuous stripe
with a distorted structure. The latter effect can be seen in the image of the 45° tilt grain
boundary as a line of reduced ADF intensity (Fig. 8.6a).

Additionally, the chemistry of these tilt boundaries was investigated on the atomic
scale by electron energy loss spectroscopy (EELS). Ti-Ly 3 and O-K EELS spectra were
recorded in bulk SrTiO3 and at the 45° boundary. Significant changes in the near edge
structure on and off the dislocation cores were observed for both the Ti-L (Fig.8.6¢) and
the O-K (Fig. 8.6d) edges, suggesting a reduction of the Ti valence from 4+ in bulk SrTiO3
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Figure 8.5: Large scale STEM images of a, 45° (sample L55) and b, 4° (sample L56) [001]-tilt
boundaries in samples of 5 uc thick LaAlO3 grown on SrTiOg3 bicrystals. The STEM experiments
were done by L. Fitting Kourkoutis and D.A. Muller at the University of Cornell (USA).
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Figure 8.6: High angle annular dark field STEM images of a, 4° (sample L56) and b, 45°
(sample L55) [001]-tilt boundaries in samples of 5uc thick LaAlO3 grown on SrTiOj3 bicrystals.
The crystallographic directions are indicated by small arrows. c, Ti-Lo 3 and d, O-K electron
energy loss spectra measured at the 45° tilt boundary and the SrTiOj3 substrate. The STEM
and EELS experiments were done by L. Fitting Kourkoutis and D.A. Muller at the University
of Cornell (USA).

and Sr-deficiency in the dislocation cores [92]. Thus the microstructure and chemical
composition of the cores differ significantly from undisturbed interfaces.

Therefore, in case the dislocation cores act locally on the electron gas, a scattering
cross section of the core diameter (~1nm) would result. As we will see, this effect only
can not explain the observed transport properties.
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8.2 Transport Properties of the Grain Boundary Samples

To measure the samples without photo-generated charge carriers being present, transport
measurements were done after keeping the samples in dark for at least 24 hours. Within
the grains the samples showed the standard transport characteristics as reported in Chap-
ter4 for single crystalline LaAlO3/SrTiO3 heterostructures. The GB properties, however,
differ significantly from the standard electronic properties.

First, it had to be examined whether the unit cell steps, and their occasional bunching
affect the transport properties. To clarify this, a set of samples was fabricated, in which
the orientation of the measurement bridges, with respect to the steps, was varied. No
variation of the bridge resistance beyond the standard scatter (~10%) was observed. A
similar result was obtained by Huijben [84]. This implies that the steps do not significantly
influence the interface conductivity. These measurements therefore show that the electron
gases couple across steps that are one, or possibly two or even three unit cells high.
Therefore, if different properties are found for bridges across and adjacent to the GB, this
effect has to be related to the GB microstructure and not to the 2-3 uc steps occasionally
occurring at the GB.

Initially, large angle grain boundaries were investigated because the continuous, irreg-
ular stripe at the GB (see Fig.8.6b) was expected to have a stronger influence on the
q2-DEG, as compared to the almost undisturbed microstructure of low angle boundaries
(see Fig. 8.6a).

The 45° boundaries were, however, completely insulating. Recalling the STEM plan
view images for this angle, the observation of insulating behavior shows that the transport
across an only 1 nm wide, disturbed band at the GB is completely blocked for the electron
gas at the interface. For a GB angle of 24° the boundary was also insulating. For the next
sample # was reduced by a large step to 4°. In contrast to the previous samples for this
angle the boundary consists of isolated dislocations with an almost undisturbed lattice
between the dislocations. The rows of atoms bend continuously from one single-crystalline
side to the other. The boundary was nevertheless found to be insulating.

Typical current-voltage curves are shown in Fig. 8.7. Insulating behavior with current
flow only starting above a critical voltage, is observed. Transport measurements next
to the GB still revealed linear V(I) characteristics with standard values for the sheet
resistance, which confirms that the electron gas was still present on the single crystalline
sides of the samples.

At a GB angle 6 ~2° a rapid increase of the conductivity of the boundary is observed.
Yet the GB resistances of the 2° samples still exceeded those of the grains by orders of
magnitude. This result shows that isolated dislocation cores still have a large effect, even
when separated by ~ 10 nm, as is the case for a GB angle of 2°. Samples with even smaller
angles f were not investigated because the corresponding bicrystalline substrates were not
available.

Ohmic as well as non-linear V' (I') characteristics were measured for 2° grain boundaries,
as shown in Fig. 8.8a. The contribution of the boundary to the resistance was obtained by
measuring the resistance of the bridge crossing the boundary and subtracting the simul-
taneously measured intragrain resistance of the bridge, as derived from the close reference
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bridges. To measure the grain boundary characteristics without any contributions from
the grains, one sample was cooled to T'< 200 mK. At this temperature the undisturbed
electron gas is superconducting, as described in Chapter 7. The measurements shown in
Fig. 8.8b reveal that indeed for the reference bridge in the bulk of the sample superconduc-
tivity is observed (7. =200 mK was obtained from R(T") measurements), while the bridge
containing a 2° GB still has a resistance of 4650 2, which therefore has to be caused by
the boundary alone.

The 2° boundary potentially acts as Josephson junction, however the high value
of the normal state resistance R, =4650() prevents the observation of Josephson cur-
rents across the GB. From the low temperature limit of the Ambegaokar-Baratoff re-
lation I.R, (T'—0)=m/(2¢) A(0) (with the critical current /., normal state resistance
R, =465012, elementary charge e, zero temperature energy gap A=30peV (see Chap-
ter 7)) a critical current /. (T'=0K) of ~ 10 nA is obtained. For this current to be observed
in a measurement at finite temperature the Josephson coupling energy E.="hlI./ (2¢) has
to be much higher than the thermal energy kg7T.. For the sample investigated both ener-
gies are about 2peV, which makes it impossible to observe a Josephson current, and any
Josephson effects, in the experiments.

The conductivity per GB width is examined for comparison of the transport prop-
erties of bridges crossing grain boundaries of different angles. The corresponding data
is shown in Fig.8.9 for GB angles from 2°-45° and for temperatures of 4 K and 300 K.
The conductivities of the electron gases straddling the grain boundary are very low, and
drop precipitously with increasing boundary angle. For the 2° boundaries conductivities
up to 102 /Om and 3x107! /Qm are observed at 4.2 K and 300K, respectively. For the
2° GB bridge which was cooled to 184 mK, below the superconducting transition in the
bulk, a conductivity of ~ 11 /Qm is found. For bridges crossing a 3° GB the conductivity
is further reduced. A boundary resistance exceeding the measurement limit is found for
samples with larger angles 6 > 4°.

To be able to relate these conductivities to the standard values for the q2-DEG, an
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Figure 8.8: Current-voltage characteristics of bridges crossing 2° boundaries. a, V' (I) curves of
three different 2° GB samples measured at T'= 300 K. Ohmic as well as non-linear characteristics
are found. b, V(I) curves for the GB and the adjacent bulk of one 2° sample (LGB16) measured
at T'=184 mK. The bridge in the adjacent grain is superconducting, so the observed resistance of
4650 Q2 across the GB is caused by the boundary alone. The measurements at low temperatures
were done by A.D. Caviglia and N. Reyren at the University of Geneva.

electronic width of ~ 5nm is ascribed to the boundaries. This value will be justified later.
Using this assumption, the conductivity of the 2° boundary is 3-7 orders of magnitude
smaller than that of the neighboring grains. An increase of the GB angle to 3° reduces
the conductivity further to a value which is 8-9 orders smaller than that of the grains.

In the following, only 2° grain boundaries will be discussed. Not only the magnitude
of the GB resistance, but also its temperature dependence differs significantly from the
standard properties of the grains. Typical R(T') curves for bridges crossing 2° grain
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boundaries and for intragrain bridges are shown in Fig.8.10. While the grains show the
known continuous decrease over more than two orders of magnitude (inset of Fig.8.10)
the boundary shows a minimum around 40 K for measurements from 300 K to 4 K with a
correspondingly smaller change in resistance. When measuring while warming the sample
from 4K to 300 K, the boundary resistance develops a pronounced maximum at =~ 70 K.
Some samples exhibit at ~230 K a second maximum. While none of the grains showed
any of these maxima, similar humps have been observed by others [86] and by us for films
grown on different SrTiO3 substrates, as presented later in this chapter.

For colossal magneto resistance (CMR) materials an enhanced MR at low fields was
observed for grain boundaries [128]. As the grain boundary in the electron gas potentially
also shows a larger sensitivity, compared to in the grain, to magnetic and electric fields,
the influence of both was investigated.

Up to the largest magnetic fields applied (8 T, parallel to the surface normal), however,
the grain boundary resistance did not change noticeably for all temperatures.

Remarkably, electric gate fields have a much more pronounced effect on the grain
boundaries. In a field effect transistor configuration like shown in Fig. 5.2 electric fields
were applied from the back of the substrate. As before, the polarity of Vi was such that
the plus terminal was on the back gate electrode, and the minus terminal contacted the
conducting interface. Although the substrates are 1 mm thick, the application of gate
voltages Vg of only 10-20V changes the V(I) characteristics of the electron gas crossing
the grain boundary. Figure8.11 shows two V() curves, both taken with no gate field
applied. The difference between both measurements is the gate voltage which was ap-
plied before. It is found that positive gate voltages reduce the conductivity and result
in non-linear V(I) characteristics, while negative gate voltages enhance the conductiv-
ity and cause linear V' (I) characteristics. During application of gate voltages, the gate
leakage currents were smaller than 5nA. Reminding of the hysteretic field effects of the
LaAlO3/SrTiO3 q2-DEG, which were presented in Sec. 5.2, these characteristics remain
altered for hours even when V(; is removed. The original characteristics are recovered by

3 Figure 8.10: Measured GB-
] Resistance as a function of tem-
perature of a 2° sample (sample
LGB10) obtained during cooling
and warming. A measurement
current of 50nA was used. In-
] set, Resistance as a function of
down temperature of the adjacent bulk
wp bridge. The magnitude of the re-
. e . sistance is several orders smaller

10 100 than for the GB, and no extrema
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a gate voltage pulse of opposite polarity.

Long timescales are observed in these experiments for the changes in the V' (I) curves
of bridges crossing the GB. When V{ is switched from -20V to 420V it takes several
minutes until the characteristic is in a stable state.

For the insulating 3° boundaries even the application of Vg =4100V can not drive
the GB conducting.

The tuning of the GB conductivity by electric field is probably caused by charging and
decharging of dislocation cores. This will be explained below, where a model is presented
to explain the extremely high GB resistances.

To explore whether the observed q2-DEG transport behavior across lines of isolated
dislocations and grain boundaries is a general property of the interface electron gas or
whether it is specific to bicrystal samples, additional experiments were done with SrTiO;
single crystals having different densities of edge-dislocations.

8.3 Dislocations in SrTiO3; Substrates

This section first describes the analysis of the number of dislocations in our standard
Sr'TiO3 substrates. Then special Sr'TiO3 single crystals with a higher dislocation density
are investigated.

The standard single crystalline SrTiO3 substrates used in our group are grown by
the Verneuil flame-fusion method. As described earlier, these substrates show the typical
step-and-terrace structure at the surface upon treatment with buffered HF solution and
annealing.

The density of dislocations on the surface of these substrates can be determined by
etch-pit formation and counting [129]. In these experiments the substrates are dipped
in ultrasonically agitated buffered HF solution (NH,F:HF =87.5:12.5, Merck) for 30 min
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and subsequently cleaned in deionized water and isopropanol. Upon checking the surface
topography with AFM, square pyramidal etch pits are observed, which form at posi-
tions where dislocations are present (see Fig.8.12). These pits have the edges aligned to
the crystal axes and are some 100nm deep. By counting the number of pits a typical
dislocation density of 10% cm~2 is found for our standard SrTiOj substrates.

e Figure 8.12: Topographic
AFM image of a stan-
dard, flame fusion grown

" ' . SrTiO3 substrate treated
. ’ in buffered HF for 30 min.
- . : Etch pits are formed
X 5 . at  dislocations  (Scan
B size  100x50 pm?,  z-scale
. 50 nm).

For changing the microstructure of the complete substrate, and not only along one
line at the GB, Sr'TiOj3 single crystals were used that were fabricated by the floating zone
(FZ) method!?. These substrates exhibit a very high density of edge dislocations. The
dislocations were again revealed by prolonged treatment in buffered HF'.

After this procedure many line features can be seen even optically (see Fig.8.13a),
which are absent for good quality standard SrTiOgj treated in this way. Such lines are
also found on a much smaller scale in AFM measurements, as shown in Fig.8.13b and c.
The dislocation density is higher compared to the standard Verneuil grown substrates, yet
the distribution of these defects is not homogenous. Most of the dislocations are randomly
spread, with a density of 106 cm™2 (same density as found for standard SrTiO3), but many
of them are arranged in linear arrays, like pearls in a necklet, forming networks of very
low angle grain boundaries. In Fig.8.13c such lines of isolated dislocations can be seen
more clearly.

An increased density of dislocations on the surface, as observed for the floating zone
grown SrTiOj3 substrates, is not necessarily related to a reduced quality of the bulk single
crystal. Dislocations can also be induced by the polishing of the substrate surface, and
can thus differ for different batches and suppliers of substrates.

A typical example for this effect can be seen in Fig.8.14a, where the optical image
of a standard SrTiOs substrate, which was treated for etch-pit formation, is shown to
have a very dense network of lines. In AFM experiments an even higher density of
dislocations than for the FZ-SrTiOj is found. The straightness of the lines indicates that
the dislocations are induced by the polishing process. To test this idea, these substrates
were carefully polished a second time by the supplier, removing additional 0.1 mm of the
material. After this process a much smaller number of lines was found after treatment
for etch pit formation, but still many were present. Therefore it is concluded that also

12Floating zone grown SrTiOs substrates were obtained from CrysTec GmbH, D-12555 Berlin, Ger-
many.
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Figure 8.13: Surface of a floating-zone grown SrTiOj substrate after 30 min buffered HF
treatment for etch pit formation. a, Optical image of the surface (Image size 2x2mm?). b,
Topographic AFM image (Scan size 50x50 1m?). Linear arrays of dislocations are observed. c,
Topographic AFM image with an enlarged view, showing lines of isolated dislocations (Scan size
15x 15 pm?).

flame-fusion grown SrTiO3 substrates can have a very high dislocation density if polished
incorrectly.

A clear difference between standard and “bad” substrates is not only observed after a
treatment for etch pit formation, which irreversibly excludes the use of these substrates
for LaAlO3/SrTiO3 samples, but also in AFM images of SrTiO3 which was treated for
TiO, termination. For “bad” substrates not the perfect step-and-terrace structure with
smooth edges is observed, but rather many locations with step-bunches, where several
1uc high steps merge to a higher step, as shown in Fig.8.14b. Similar step-bunches on
the surface after the TiOs-termination procedure are also found on FZ-grown Sr'TiO3, and
on SrTiO3 that was polished by the standard procedure used in our group [130].

As already mentioned in Sec. 3.1, SrTiO3 substrates that showed step-bunches on the
surface after TiOy termination were not used for LaAlO3/SrTiO3 heterostructures. The

a) b)

Figure 8.14: Surface of a “bad” SrTiOj substrate with polishing induced dislocations. One
10x 10 mm? substrate was cut into several parts prior to the chemical treatments. a, Optical
image of the surface of one part of the substrate after 30 min buffered HF treatment for etch pit
formation (Image size 2x2mm?). b, Topographic AFM image of another part of the substrate
after treatment for TiOs termination (without prior treatment for etch pit formation). Many
step bunches, typically 2-4 uc high, are observed (Scan size 5x101m?).
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reason for this selection is that the transport properties of samples grown on step-bunched
substrates are very different from the standard properties, which will be shown next.

8.4 Transport Properties of Samples with High Dislocation
Density

In the experiments described in this section “bad” substrates were used on purpose
to investigate their influence on the transport properties. By presenting results of
LaAlO3/SrTiO3 samples grown on these substrates it will be shown that not only the
dislocations of grain boundaries, but also high dislocation densities of SrTiOj3 single crys-
tals dramatically affect the properties of the q2-DEG.

Our standard conditions were used to deposit films of LaAlO3 on SrTiO3 substrates
containing many dislocations. The RHEED patterns and oscillations during growth did
not change compared to depositions on standard substrates. AFM images of the sam-
ple surface revealed that the bunched step-and-terrace structure from the substrate was
reproduced by the LaAlOg films, due to the layer-by-layer growth.

Figure8.15 shows the transport properties of a LaAlO3/SrTiO; sample with a FZ-
grown substrate. An electron gas is generated at the interface, yet the conductivity and
mobility are about one order smaller than those of standard samples. The charge carrier
density of this sample (=~ 103 cm™2 for all T') is similar to the standard value. Like the
bridge crossing a 2° grain boundary (see Sec. 8.2) these electron gases show a minimum in
the R(T") characteristic upon cooling, and go through a resistance peak upon warming (see
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Figure 8.15: Transport properties of an unpatterned LaAlO3/SrTiO3 sample fabricated using
a floating-zone grown substrate, containing a high number of dislocations (sample L149). a,
Resistance as a function of temperature. During cooling down, R goes through a minimum at
~ 45K, and upon warming up a peak at ~ 75K is observed. A measurement current of 1pA
was used. b, A pronounced negative magnetoresistance is found at T=4 K with the magnetic
field directed perpendicular to the interface plane. The curve is independent of the used sweep
speed (2T /min or 0.2 T/min).
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Fig.8.15a). While these properties match those of 2° [001]-tilt bicrystal boundaries, there
is also a difference: the magnetoresistance (MR) of the electron gases on the floating-zone
grown SrTiO3 crystals is large and negative (Fig.8.15b), while the resistance of the 2°
GB did not change noticeably upon application of magnetic fields. For standard samples
a positive MR (~25% at 8 T and T'=4K) is found.

Samples grown on Sr'TiOj substrates which contained an even higher density of dislo-
cation lines on the surface (see e.g. Fig.8.14) than the above described FZ-grown substrate
were not conducting at all.

These results have consequences for the interpretation of some experiments reported
earlier in this work.

Although no step-bunches were found on the step-and-terrace structure for samples
grown at p(Oy) =1x10"?mbar (see Sec.7.4), the observation of a minimum in the R(7T')
data of these samples suggests that LaAlO3 films contain a higher number of dislocations
or defects when deposited in this high pressure regime. Therefore the transport prop-
erties of those samples should not be compared to the transport properties of standard
LaAlO3/SrTiO3 samples.

The experiments described in this chapter can have consequences for the interpretation
of experiments done by others. The features in the data of samples, which have been
interpreted to be an indication of magnetic effects [85], can also be caused by other
factors, like a high dislocation density in the sample, and therefore in my opinion do not
proof a magnetic ground state of the q2-DEG (see also Sec.7.4).

The results described in this chapter provide evidence that very low angle grain bound-
aries with their isolated dislocations drastically reduce the conductivity of the electron
gas at the LaAlO3/SrTiO3 interface. In the following section the origin of this strong
influence will be discussed.

8.5 Scattering at Dislocations

Several mechanisms can be responsible for the depressed conductivity in samples contain-
ing grain boundaries.

A first candidate is the occasional presence of unit cell steps at the boundaries. But
these can not be responsible for the observed larger resistance. Even if the steps completely
blocked the current flow where present, the conductance along current paths crossing over
step-free areas would be orders of magnitude larger than observed. Further, the surfaces
of the Verneuil and floating-zone grown SrTiOj3 crystals are equally flat, so it would be
hard to reconcile why the interfaces have so different conductivities.

Therefore it is concluded that the conductivity is reduced by the edge dislocations.
The measured dependence of the boundary conductance on the boundary angle can only
be accounted for if each dislocation is a scattering center with a cross section of ~5nm
(as 4° boundaries with a dislocation spacing of 5.3nm are completely insulating). The
dislocations generate around their cores insulating disks of diameter D (schematically
shown in Fig.8.16). This model yields, like experimentally observed, for very small GB
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D

dislocation cores (blue), which cause insulating disks of di-
ameter D in the electron gas at the interface (green). In our
samples D ~5nm is found.

rd
D o D ( Figure 8.16: Schematic view of the model with charged

angles a strong decrease of the boundary conductivity with increasing misorientation,
caused by a smaller distance between the disks of neighboring dislocations.

For 2° samples a strong scatter in conductivity is observed (see Fig.8.9), because for
this angle, small deviations in angle (which can only be measured with an accuracy of
0.2°) or disk diameter D substantially change the width of the conducting paths across
the GB.

When the disks start to overlap at a GB angle of ~ 3° the insulating zone is continuous
and the GB conductivity is vanishingly small.

Three mechanisms were identified that can possibly cause the insulating disks: me-
chanical strain, change of oxygen concentration, and space charges. These will now be
discussed.

Edge dislocations are surrounded by stress fields. Along the grain boundary line
a dislocation causes dilatational strain in one direction, and compressive strain in the
other. At first sight, it seems well possible that these lattice distortions suppress the
formation of a mobile electron gas. Between two dislocations the stress field changes sign,
however, and locally the lattice is virtually stress free. If the conductivity was suppressed
by the stress only, these stress-free areas would provide conducting paths crossing the
boundaries. The high resistance of the grain boundaries excludes the existence of such
paths, so that it is concluded that stress and strain fields do not cause the insulating
behavior of the boundaries.

The influence of oxygen vacancies on conductivity was already described earlier in
this work, where it was found that in samples grown at low oxygen pressures oxygen
vacancies n-dope the SrTiO3 and the interface. For such samples it then seems possible
that during film growth oxygen diffuses along the dislocation cores into the interface so
that in the vicinity of the dislocation the oxygen concentration is enhanced. In these
areas the n-doping would be reduced, so that the interface could possibly be insulating.
While this scenario is valid in principle, it is not applicable to the samples investigated,
because oxygen vacancies are not responsible for the conductivity in our LaAlO3/SrTiO;
heterostructures (see Sec.4.2). Additional experiments were done on a 2° sample (LGB17)
which was grown with p(O,) increased by a factor of 10 to 5x10~% mbar to investigate
whether the small boundary conductivity is associated with the oxygen pressure used
during deposition. The boundary conductivity of this sample equals 2x10—3 /Qm and
7x10—3 /Qm at 4K and 300 K, respectively, and is therefore comparable to the conduc-
tivity of the standard bicrystals.

The third possible mechanism is charged dislocation cores creating space charge layers.
These are understood to be the mechanism causing the resistance of grain boundaries in
bulk samples of doped SrTiOz [131,132]. In these samples trapped charges and migration
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of defects charge the dislocation cores. In case the dislocation cores are negatively charged,
as reported for example in [131], they induce in the interface charge depleted disks. Our
data do neither provide information on the charge density in the dislocation line nor on
the electronic susceptibility of the interface, so a quantitative calculation of the possible
space charge disks in the interface can not be provided. Nevertheless, a comparison
with the behavior of bulk, n-doped SrTiOg3 bicrystals suggests that the screening likely is
reduced in the two-dimensional LaAlO3/SrTiO3 interfaces as compared to the screening
in the bulk. The grain boundaries in bulk doped bicrystals have higher conductivities
than those in the LaAlO3/SrTiO3 heterostructures: in the bulk, grain boundaries with
angles of 36.8° [133,134] have been found to be conducting, although the carrier density
of these bulk samples (10'7-10* cm~3) is smaller than the charge carrier density of our
LAO/STO interfaces (~10?° cm~3; this value for a bulk density was calculated by using
the known sheet density ns ~ 10" cm™2 [75] and assuming a thickness of 4nm for the
q2-DEG, which was found as an upper limit in Chapter 7 [91]).

The model of scattering by space charge layers around charged dislocations is con-
sistent with the measured response of the transport across a 2° grain boundary to gate
voltages (see Sec.8.2). This suggests, that in gate fields additional charges migrate to or
are trapped at the dislocations, which happens on the observed long timescales. These
additional charges are believed to change the diameter D of the insulating disk around
the dislocation, which alters the width of the conducting region between neighboring disks
and thus the resistance of the GB.

For angles 6 > 3° it is assumed that the disks overlap in the initial state, and that the
change of D with gate voltage is too small to produce a conducting path across the GB.
This can explain why those samples always stay insulating, even in applied electric fields.

From these considerations one can conclude that from the three identified possible
mechanisms only space charge regions around the dislocation cores can explain all the
experimental results.

8.6 Summary

In this chapter experiments were described which investigated the effects of microstruc-
tural defects on the LaAlO3/SrTiO3 interface properties.

To introduce a defined and controllable linear defect, LaAlOj films were grown on
several bicrystalline [001] tilt SrTiO3 substrates with different GB angles. STEM images
with atomical resolution show a continuous disturbed band at the GB for a GB angle of
45°, while for a 4° GB a linear array of isolated dislocations is found.

The transport across the GB is strongly dependent on the GB angle, with a steep
change from completely insulating behavior at a GB angle of 3° to conducting behavior
at an angle of &~ 2°. This observed conductivity across 2° boundaries is still several orders
of magnitude smaller than the conductivity of intragrain bridges located on the same
sample next to the boundary. Also the temperature dependence of the GB resistance
is different compared to the standard R(7T): it shows a minimum and a hump-shaped
hysteresis upon cycling from 300 K to 4 K and back to 300 K. The fact that small GB
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angles have such a large effect implies that even isolated dislocations strongly affect the
transport properties.

Samples deposited on floating-zone grown Sr'TiOj substrates, which contain a larger
number of dislocations than standard SrTiOj displayed R-T characteristics similar to
those of boundaries and additionally a negative magnetoresistance. This shows that the
effects of dislocations are not limited to bicrystalline samples.

All experimental results are in agreement with a model proposed in this work, where
insulating disks of diameter D ~5nm are formed around dislocation cores. The response
of the transport properties to electric fields suggests that the disks are caused by space
charge layers around the cores, which are charged. In this model, depending on the
distance between two dislocations the disks overlap completely (insulating GB) or a con-
ducting path remains (conducting GB). This effect leads to a large scattering cross section
of dislocations for interface electrons, which has several important consequences, as listed
in the following.

First, it is important for sample preparation to take care of the substrate quality and to
check the surface of each one after TiO5 termination before proceeding (bunching of unit
cell high steps indicates an increased dislocation density). In the experiments shown in this
chapter only the quality of the substrate, whose structure is reproduced by the film, was
changed. Similar effects are expected if the LaAlOj film grows with many defects on a good
quality SrTiOs. This scenario is probably valid for samples grown at very high oxygen
pressures like p(O3) =1 x 1072 mbar and their transport properties should consequently
not be compared to those of standard samples. Therefore the microstructural quality
of the interface is revealed as a crucial parameter for the properties of LaAlO3/SrTiO;
heterostructures, which has not yet been accounted for in literature.

Moreover, the observed strong dependence of electronic transport on dislocation den-
sity offers the possibility to pattern the q2-DEG by artificially introducing defects in
defined regions. This can for example be done by using a Focused Ion Beam (FIB) sys-
tem. In preliminary experiments it was already found that the interface conductivity is
completely suppressed by a low-dose irradiation with a Ga ion beam of 4pA for ~1s
(FIB200, fei company).

Finally, a very promising consequence is that a reduction of the dislocation density
might enhance the interface conductivity and mobility of the electron gas, which would
make the LaAlO3/SrTiO; system even more interesting for electronic devices. Such a
reduction of the number of defects might be obtained by using different substrate ma-
terials, growing high quality SrTiO3 and LaAlOj films on these. DyScOj is a possible
candidate as substrate for this approach, as SrTiO3 was grown on this material by MBE
with the narrowest rocking curves reported for epitaxial SrTiO3 up to now [32]. However,
one has to keep in mind that by the use of a different substrate material also the strain
state is changed. This might be an additional tuning parameter for the electron gas at
the interface.
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9 Summary and Outlook

The research described in this thesis deals with interfaces in oxide heterostructures. In
this field several surprising discoveries were made over the last years, like the observation
of completely new properties in multilayers, which are not present in the bulk of the
constituting materials. One spectacular example was reported in 2004: A conducting
interface is formed between the two band insulators LaAlO3 and SrTiOjz [13]. The goal
of this thesis was to prepare and study such LaAlO3/SrTiO3 heterostructures to get a
better understanding of the interface effects in these samples and of interfaces in oxides
in general. Starting from a barely investigated system it developed into one of the most
widely studied oxide heterostructure by the end of this work.

For the preparation of the samples the exact atomic stacking at the interface is decisive,
therefore a special termination procedure was used to obtain TiOs-terminated SrTiO;
substrates. On these substrates thin films of LaAlO3 were deposited by Pulsed Laser
Deposition (PLD). While complex oxide heterostructures have been studied in this group
before, the work described in this thesis opened a new area of research, as for the first
time epitaxial oxide films with thicknesses of a few unit cells (some nm) were grown with
control on the atomic level. To achieve this precision, a Reflection High Energy Electron
Diffraction (RHEED) system was used, which was optimized by reducing the vibrational
noise of the setup.

Characterization of the samples confirms a high quality of the films: Atomic Force
Microscopy (AFM) reveals a flat surface with a step-and-terrace structure (step height
luc, ~4 A), and Scanning Transmission Electron Microscopy (STEM) experiments reveal
an atomically sharp interface between SrTiO3 and LaAlOs.

A formation of a quasi-two-dimensional electron gas (q2-DEG) right at the interface
between the two insulators was confirmed in this work. The focus was on n-type interfaces,
which form if the stacking sequence at the interface is TiO5/LaO.

To contact the conducting layer, which is buried underneath the LaAlOj3 film, a new
method was designed. It uses Ar-ion etching and gold sputtering to access the interface.

Detailed investigation of the dependence of interface conductivity on LaAlOgj film
thickness revealed a remarkable transition. For the first time it was observed in this
work that a minimum critical thickness d. =4 uc exists for the formation of the electron
gas. Samples with 3uc of LaAlO3 or less are completely insulating with resistivities
exceeding our measurement limit (sheet resistance Rs>5G$/0). For film thicknesses
of 4uc or more the interface is metallic (sheet conductivity o,~2x107° Q™1 (at 300 K)
and o, ~3x1072 Q! (at 4.2K). The sheet charge carrier density is ny~10¥ cm™2 at all
temperatures. Several groups confirmed the critical thickness of 4uc in LaAlO3/SrTiO;
samples. The transition in transport properties between 3uc and 4uc of LaAlO3; was
utilized extensively throughout the rest of this work in field effect experiments and for
patterning of the samples. It was discussed in this work that the metal-insulator transition
(MIT) can be explained by energy considerations for the electrostatic potential of the film
in the framework of the polarity discontinuity model.

For samples grown using our standard conditions (T~ 770°C, p(O,) ~10~° mbar) the
transport properties were stable over years and were reproducibly obtained throughout
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this work.

In this thesis it was shown that it is indeed the interface which is conducting and
not the bulk of the used materials. For several years the origin of the electron gas was
a highly debated topic. Now it becomes clear that varying results and conclusions were
mainly caused by the use of different deposition conditions for LaAlOg3 film growth. At the
beginning of this thesis many groups claimed the conductivity in LaAlO3/SrTiO3 samples
to be caused exclusively by oxygen vacancies in the SrTiO3 substrate. Of course in this
scenario it would be no novel interface effects which are studied, but only known materials
properties. Many experiments described in this work show that oxygen vacancies do not
dominate the transport properties in our samples. The biggest clue is the observed critical
thickness of 4uc for the formation of the electron gas at the interface. The existence of
this critical thickness is hard to reconcile with a pure oxygen vacancy scenario. Supported
by this finding, the widely accepted view today is that electronic transport in samples
grown at very low oxygen pressure p(Os) <10~%mbar is controlled by oxygen vacancies
in the SrTiOj3 substrate, resulting in much lower resistances and higher carrier densities
compared to our standard samples. For samples grown at p(Os)> 107 mbar, like the
used standard conditions in this work, the polarity-discontinuity model with electronic
reconstructions being responsible for the interface conductivity is now widely accepted.
To compare the properties of LaAlO3/SrTiO3 samples among publications it therefore is
important to consider the preparation conditions.

The quasi two-dimensionality of the conducting interface layer and the low charge
carrier density ngs= 10 cm ™2 makes the LaAlO3/SrTiO3 system an ideal candidate for
electric field effect experiments. First it was demonstrated that by using the SrTiO;
substrate as gate dielectric the resistivities of conducting interfaces can be tuned to a
large extent (e.g. from -60% to + 170% of the initial value at T'=4K) by application of
gate voltages Vg of 2100V. This effect is now used by the group of Prof. Triscone at
the University of Geneva (Switzerland) to map the phase diagram of the electron gas as
a function of charge carrier density at temperatures of several mK [109].

After the previously mentioned discovery of the metal-insulator transition (MIT) trig-
gered by a critical LaAlOg thickness it was important to investigate whether this transition
can also be induced electronically. Therefore the electric field effect was used to analyze
samples with d =3 uc of LaAlOg3, which are insulating but in close proximity to the MIT.
It was shown that by application of gate voltages Vg, >+ 70V an electron gas is gener-
ated at the interfaces, having a conductivity similar to samples with d > d.. The electric
field causes a tremendous change in resistance of up to seven orders of magnitude. While
oxide field-effect devices have been prepared before by using other materials, their on-off
ratios were orders of magnitude lower.

The high mobility (10* Vs/cm?) of the induced q2-DEG allows to view these field effect
devices as an oxide analog to high electron mobility transistors built from conventional
semiconductors, which shows the large potential of interfaces for oxide electronics.

At room-temperature a special memory effect is observed in samples with 3uc of
LaAlOs. After generating the electron gas by applying Vg, =+ 100V the interface stays
conducting, even if the gate voltage is switched off. By applying Vg, =-100V insulating
behavior is restored, which also persists with Vg 1, put back to 0 V. The reversible, persis-
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tent tunability is of potential interest for memory devices. However, because the origin
of this memory effect is not yet resolved, further studies are needed.

For the use of these field effects in devices it is crucial to reduce the necessary voltages.
A reduction of the needed gate voltages to some volts was achieved by using the LaAlOj
film as gate dielectric, instead of the SrTiO3 substrate.

Further experiments aimed on resolving the spatial resolution of the electron gas tun-
ability. It was shown in this work that nanometer sized, conducting dots and lines can be
reversibly induced in samples with 3uc of LaAlO3 by using a conducting, movable AFM
tip as top gate electrode. Assuming that the thickness of the conducting layer is similar
to the lateral extent of the induced structures implies that the electron gas is only several
nanometer thick. These studies were done on our samples by C.Cen and Prof. J. Levy
at the University of Pittsburgh (USA) who now use this scanning probe technique to
generate and investigate multi-terminal devices.

Up to this point, all the LaAlO3/SrTiO3 samples studied used unpatterned films with
the electron gas extending over the complete sample area. For the use of LaAlO3/SrTiO;
interfaces in oxide electronics it was a severe drawback that it was not possible to structure
defined device geometries. The reason is that standard lithography techniques (like wet-
chemical etching or ion etching) are not suitable for this system. This problem was solved
in the course of this thesis by developing a patterning technique, which is based on the
existence of a critical thickness for the formation of the q2-DEG. This effect offers the
possibility to design conducting and insulating parts of the heterostructures by varying
the number of unit cells of epitaxial LaAlO3 on top of the SrTiO3. The control of the
epitaxial LaAlOj thickness is accomplished by a series of depositions at high and low
temperatures in lithographically defined areas.

As this procedure allowed for the first time to perform four-point measurements of the
electron gas in clearly defined geometries, the patterning process was used extensively in
this work. The developed technique is not limited to LaAlO3/SrTiOj3 interfaces, but can
be used for all systems where a similarly striking dependence of the transport properties
on film thickness is found (like e.g. for LaVO3 on SrTiO3).

In the next part of this thesis the focus is on the important question whether and how
the electron gas orders when the temperature approaches absolute zero. This question is
still widely discussed in the scientific community. The ground state of the q2-DEG was
explored in a collaboration with the group of Prof. J.-M. Triscone at the University of
Geneva (Switzerland).

In these experiments it was discovered on our LaAlO3/SrTiO3 samples grown under
standard conditions that the interface electrons condense at T, ~ 200 mK into a supercon-
ducting state. This is the first observation of superconductivity confined to an artificially
designed interface between two insulating materials. The maximum critical current den-
sity per width measured is 98 pA /cm, and the estimated critical field is Heo(0 K) =65 mT.
From the latter value a coherence length £(0K)~ 70 nm is obtained, assuming the appli-
cability of the BCS theory.

Superconductivity was observed in LaAlO3/SrTiO3 heterostructures grown at oxygen
pressures up to 3 x 1073 mbar. No traces of magnetic effects, which have been reported
elsewhere [85], were found in our samples.
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From [(V') and R(T') characteristics it was further found that one can describe the
system as a 2D superconductor, which undergoes a Berezinskii-Kosterlitz-Thouless tran-
sition. In conjunction with the observed tunability of superconductivity by electric
field [109] the system therefore is ideally suited to study the superconducting transition
in a low-dimensional electron system.

Additionally, these experiments lead to an estimation for the maximum thickness of the
superconducting layer. First, for the BKT transition to be observable the superconducting
sheet has to be thinner than the coherence length £(0K)~70nm. A second estimation
comes from the dependence of T;. on the charge carrier density in doped SrTiO3. Although
the results for the standard samples grown in this work contradict a scenario, where oxygen
deficient Sr'TiO3_s close to the interface causes the conducting layer, it is interesting to
note that even in this view the upper limit for the possible thickness of a SrTiO5_s layer
is only ~2nm.

The polarity discontinuity model predicts that the electron gas is confined to the
interface. Yet the exact thickness of the q2-DEG for our samples grown under standard
conditions still needs to be determined. To achieve this, two approaches are pursued
right now in collaboration with other groups. On the one hand, hard X-ray photoelectron
spectroscopy (HAXPES) and its angle-dependence are analyzed to obtain the distribution
profile of Ti** close to the interface, and on the other hand, electron holography is applied
(Appendix B provides a list of ongoing projects).

Finally, when some experimental observations suggested that the transport properties
of the samples are strongly affected by microstructural defects and dislocations, their
influence on the q2-DEG was studied in detail. For these investigations LaAlO3 bridges
were patterned across a [001]-tilt grain boundary (GB) of bicrystalline SrTiO3 substrates.
The GBs serve as well defined defects. Even across 4°-tilt grain boundaries, where the
GB microstructure shows isolated dislocations, which are separated by 5.2 nm, insulating
behavior is found. For even larger spacings between the dislocations, adjusted by reducing
the GB angle to 2°, the GB gets conducting. However, the resistivities still exceed those
of the LaAlO3/SrTiO3 by orders of magnitude. As verified experimentally, the high value
of R also prevents the use of such boundaries as Josephson junctions.

It was shown furthermore that the detrimental effects of dislocations on the transport
properties are not limited to bicrystalline LaAlO3/SrTiO3 samples, but also are present
in samples grown on substrates with a high dislocation density.

The data suggest that the electron gas is blocked in a disk of ~5nm diameter around
single, charged dislocation cores.

The pronounced sensitivity of the q2-DEG properties on dislocations in the sample
has two important consequences. First, the quality of the SrTiO3 substrate is a crucial pa-
rameter for the transport properties, which justifies why all substrates have been checked
prior to film depositions in this work. It is important to take this parameter into account
for all studies of LaAlO3/SrTiO3 heterostructures, and probably for all systems where the
properties are dominated by film-substrate interface effects. The second consequence is
that reducing the dislocation density to well below the standard 10 cm~2 in SrTiOs has
the potential to substantially improve the transport properties of the 2D electron gas at
the interface.
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In summary, the LaAlO3/SrTiO3 interface has proven to be a very interesting system
among the complex oxide heterostructures. Novel properties and amazing effects observed
in the experiments, like the critical thickness phenomenon, add to the big potential of
oxide interfaces in general. The Science magazine termed the achievements in the field
one of the breakthroughs of the year 2007.

Finally, some open questions are listed along with studies and experiments that po-
tentially are necessary in the future development of the field of oxide interfaces.

Experimentally, one promising topic will definitely be if the ultrathin electron gas and
its properties can be exploited in actual devices. Right now the LaAlO3/SrTiO3 interface
is already successfully used in a diploma project in our group as an oxide diode with
unique characteristics, which works at temperatures up to several 100 °C.

A great leap forward for scaling the dimensions of electronics in this system to the
nanometer range is the lithography by scanning probe, which was presented in this thesis.
The technique allows to write reconfigurable nanowires and electronics. In such structures
it might then be possible to study single electron effects, such as coulomb blockade.

LaAlO3/SrTiO3 heterostructures are also promising for sensor applications. The elec-
tronic reconstruction, which leads to the conducting interface, might be susceptible to
the presence of material on top of the LaAlOj film. Especially for samples with a film
thickness close to the critical value for the formation of the electron gas the conductivity
is potentially changed by putting on top, e.g., chemical solutions or biological samples.
Using nanometer-sized structures can additionally enhance the sensitivity of such sensors.

Furthermore it will be important to resolve the real thickness of the conducting layer
of the LaAlO3/SrTiO3 heterostructures. In the superconducting phase signatures of two-
dimensionality of the conducting layer were observed. However, for the normal conducting
phase only some upper limits on the possible thickness were obtained. Scanning tunneling
microscopy experiments might provide contributions to this subject. By scanning tunnel-
ing spectroscopy signatures of discrete energy levels caused by confinement of the electron
gas to the interface can potentially be found in the density of states.

The determination of the origin of the superconductivity of LaAlO3/SrTiO3 interfaces
is another important task. Novel pairing mechanisms might exist at interfaces, like pairing
in the electron gas induced by the SrTiO3 [104].

While this work has focused on the interface effects in LaAlO3/SrTiO3 samples, it
will also be exciting to design and investigate other combinations of materials. Especially
oxides, with their large versatility in properties, allow for a huge number of variations
in multilayers. Interface properties might additionally be tuned by exploiting electronic
correlation effects in the materials. Such heterostructures potentially show functionalities
which can not be realized using semiconductors.

It will also be a big step forward if oxide superlattices containing many interfaces with
identical properties can be prepared, which has not been demonstrated up to now. Such
samples will allow to study coupling between interfaces and will furthermore simplify
investigations by spectroscopic techniques, for which the signal from a single interface is
too small to be resolved.

It was theoretically predicted that the thermoelectric figure of merit ZopT' of ther-
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moelectric semiconductors can be substantially enhanced by using superlattices with
electrons confined in quantum wells [135]. Experimental confirmations were found in a
PbTe/Pbg 927 Eug 073 Te superlattice [136] and in SrTiO3/SrTipsNbg 2O superlattices [137].
Therefore two-dimensional electron gases are also very promising in the field of thermo-
electrics.

A decisive question for the use of oxide heterostructures in applications will be if the
integration with silicon is feasible.

From the theoretical side it will be important to see in how far interface properties
are captured in modern band structure calculations and to investigate low-dimensional
electron systems and occurring ordering phenomena.

In conclusion, the experiments presented in this thesis have helped to widen the un-
derstanding of oxide heterostructure properties. The perspectives and remaining tasks
mentioned in the last paragraphs show that also for the following years it will remain
thrilling in this field to analyze the fascinating physics of interfaces in oxides.
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Appendix B: Ongoing Projects

Here a brief overview of still ongoing promising projects is given, which were started
during this thesis, but have not advanced enough yet to be covered in the main part.
As summarized in the tables, many LaAlO3/SrTiO3 samples were grown for the different
experiments.

Inductance Measurements

Shashank Shuler-Misra and Prof. Dr. Ali Yazdani from the University of Princeton (USA)
are analyzing the inductance of the electron gas at low temperatures, especially in the
superconducting state, where information on the superfluid density can be obtained.

‘ Sample Name ‘ Date of Deposition ‘ Substrate Size ‘ dr,A0 ‘ Contacts ‘

L189 01/23/2008 10 x 10 x 1mm?® | 4uc Yes
L206 06/06,/2008 10 x 10 x 1mm?® | 8uc Yes

Photoemission Studies

Hard X-ray photoelectron spectroscopy (HAXPES) of our LaAlO3/SrTiO3 heterostruc-
tures are performed by Gotz Berner, Dr. Michael Sing, and Prof. Dr. Ralph Claessen from
the University of Wiirzburg (Germany) to study the valency of Ti at the interface and its
spatial distribution.

‘ Sample Name ‘ Date of Deposition ‘ Substrate Size ‘ di,A0 ‘ Contacts ‘

L134 06/18,/2007 10x 10 x Imm?® | 6uc No
L145 07/13/2007 | 10x 10 x Lmm® | 10uc | No
L146 07/17/2007 10x 10 x 1mm? | 2uc No
L168 11/19/2007 10x 10 x 1mm? | 4uc No
L179 12/14/2007 10 x 10 x Imm? | 2uc No
L194 02/11/2008 5x 10 x 0.5mm? | 4uc Yes
1212 08/27/2008 5x10x 1mm?® | 6uc Yes

Electron Holography

Electron holography experiments on our LaAlO3/SrTiO3; samples are done by
Dr. Dorin Geiger and Prof. Dr. Hannes Lichte at the Technical University of Dres-
den (Germany) to study the charge distribution at the interface.

‘ Sample Name ‘ Date of Deposition ‘ Substrate Size ‘ dia0 ‘ Contacts ‘

L188 01/21/2008 5x 10 x Imm? | 5uc No
L192 02/04/2008 5x 10 x Imm? | 3uc No
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Surface X-Ray Diffraction

Stephan Pauli and Philip Willmott from the Paul-Scherrer-Institute in Villigen (Switzer-
land) use surface X-ray diffraction to determine exactly the atomic structure of LaAlOg

films on SrTiOs;.
‘ Sample Name ‘ Date of Deposition ‘ Substrate Size ‘ di,A0 ‘ Contacts ‘

L182 01/03/2008 10x 10 x 1mm?® | 2uc No
L183 01,/04,/2008 10 x 10 x 1mm? | 5uc No
L184 01/07,/2008 10 x 10 x 1mm? | 3uc No

Irradiation with He-Ions

The effects of irradiation with He-Ions on the properties of LaAlO3/SrTiO3 samples
are studied by Prof. Dr. Wolfgang Lang from the University of Vienna (Austria) and
Prof. Dr. Johannes Pedarnig from the University of Linz (Austria).

‘ Sample Name ‘ Date of Deposition ‘ Substrate Size ‘ dr.A0 ‘ Contacts ‘

L203 04/23/2008 5x5x1mm?® | 3uc Yes
L204 04/25/2008 5x5x1mm?® | 4uc Yes
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