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Chapter 1

Attractive repulsion

1.1 Introduction

From the earliest days of the natural sciences, humanity has tried to understand
and classify the world around us. The ’classical’ Elements in Greek, Chinese and
Japanese philosophy are examples of this. Even electric charge had a place in this
picture; in fact, the very word ’electron’ is derived from the Greek word for amber,
’elektron’, as they knew that when you rub a piece of amber with a fur skin, a
static electric charge will develop[1].

Later on, the alchemists of the Middle Ages would take this philosophical basis
and, combined with continuing technological development, slowly start to turn
these natural philosophies into the natural sciences we know today. Driven by
the same wish to understand the world around them as the ancient Greeks and
modern scientists, they strove to understand matter and energy. Indeed, their very
goal was the ability to control matter to such a point that one could turn common
materials into gold.

Since the first half of the last century we actually have the knowledge how to
achieve that goal (though it is tremendously inefficient, costing much more than
the possible gains)[2]. This was the result of a huge increase in the understanding
of matter following the development of quantum mechanics at roughly the same
time. Slowly, metals, semiconductors and simple insulators became understood as
the field of solid state science was developed.

This understanding of these simple materials, though, is based on a simple as-
sumption: that the outer electrons of the atoms making up these materials are
independent from each other[3, 4]. This simplification to only include electron-ion
and ion-ion interaction greatly simplifies the calculations and allows for a surpris-
ingly comprehensive theory of metals, most semiconductors and simple insulators.
Indeed, its success greatly contributed to the technological advances that occurred
during the last century. The fast development of IC technology described by
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Moore’s law[5] was possible only because of the almost equally fast increase in
materials knowledge.

However, there are many materials and properties that cannot be described using
this independent electron approximation. For these materials the electron-electron
interaction has to be explicitly included. These correlated electron materials have
always been of interest (for example, lodestone, Fe2O3, was already known and
used as a compass in the 4th century in China[6]), but more recently these materi-
als and their applications have become of more and more technological importance
because of their diverse and often desirable properties. It is often thought that
the only way to continue Moore’s law is to switch to new, correlated, materials as
the end of the semiconductor parameter space is coming closer and closer.

Most of the correlated electron materials research focuses on the transition metal
oxides[7], of which the previously mentioned lodestone is one. Superconductors[8,
9], transparent conductors[10], high dielectric constant insulators[11], colossal mag-
netoresistance sensors[12]; all these, and more, can be found within this group of
materials. And all these attractive properties are due to the Coulomb interactions
within the compounds.

The ultimate example of this correlated nature is the Mott insulator. From
independent-electron band theory we know that a partially filled band should
conduct. In transition metal oxides, the situation can be different. Where in a
normal metal the electrons are ’spread out’ over the entire space occupied by the
metal, in a transition metal oxides the narrow orbitals force the electrons to move
by hopping from ion to ion. If, however, there is already an electron present on the
target site, there will be a Coulomb repulsion between the stationary and moving
electron. If this energy becomes too large to overcome, hopping will not occur and
thus the material will become insulating.

These Mott insulators are the ’parent’ compounds from which most oxide super-
conductors are derived through doping, either with electrons or with holes. At
the same time, they provide very interesting systems to study electron correlation
itself as well. The Coulomb force balance can easily be disturbed by pressure[13]
or doping[14]. This also makes these materials very interesting for the fabrication
of transistors, especially in thin films, because of the high electron sheet density
(of the order of 1014 cm−2 compared to GaAs which has 1011 cm−2) and the pos-
sibility for a density-driven metal-to-insulator transition[15]. On the other hand,
the electron mobilities in transition metal oxides are lower compared to those in
semiconductors; at room temperature about 6 cm2/Vs compared to 6000 cm2/Vs
for GaAs. Still an on/off ratio exceeding 2000 can theoretically be achieved in
these materials.

So, two-dimensional layers of transition metal oxides are of interest both from a
scientific and a technological viewpoint. The high electron densities make them
excellent choices for transistor devices, while the simplified two-dimensional struc-
ture would facilitate the study of electron correlations. A lot of work has been
done on two-dimensional Mott theory[16–18], so a physical two-dimensional Mott
insulator would be a model system to compare with such theories.
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As a part of the Nanoelectronic Materials flagship of the Dutch NanoNed initia-
tive such thin layers have been studied. Using pulsed laser deposition[19] (PLD)
and reflective high-energy electron diffraction[20] (RHEED) it is possible to grow
well-defined oxide heterostructures with sharp interfaces (for example, Lee[21] or
Huijben[22]). The actual fabrication of the layers was studied, trying to control
and optimize the growth and to understand the influence of important parameters
on the heterostructure properties. Confined, quasi-two-dimensional (q2D) electron
layers were fabricated. Some of these q2D heterostructures have a strong perpen-
dicular confinement so that the layers themselves become Mott insulating. Other
heterostructures focused more on conducting properties where a unique combi-
nation of insulating materials yield a conducting interface. Such interfaces could
provide interconnects between difference electron-correlated devices, especially as
these interfaces can be patterned[23]. All together, this thesis studies these electron
layers, with the goal to both understand the physics and study their applicability
in new devices.

1.2 Outline

The first part of my thesis, chapters two and three, are an introduction to the rest
of this booklet. Chapter two provides an overview of correlated-electron physics,
covering both basic idea’s as well as a literature review of relevant work. This
covers a little semiconductor and transition metal physics followed by a more de-
tailed look at the precursors to the structures studied in this thesis: lanthanum
titanate/strontium titanate, or LaTiO3/SrTiO3 (LTO/STO), superlattices and
lanthanum aluminate//strontium titanate, or LaAlO3//SrTiO3 (LAO//STO), in-
terfaces. Chapter three discusses the various techniques to fabricate and analyse
these structures. This covers sample preparation and fabrication, as well as in situ
and ex situ analysis methods.

The second part, chapters four to six, collects together information and data from
all the work done during my Ph.D. It discusses the growth of LTO/LAO super-
lattices and LAO//STO interfaces on STO substrates. The properties of these
structures as a function of growth parameters such as the gas pressure during
deposition, deposition duration or heterostructure design are discussed.

Breaking down the second part in more detail, chapter four discusses the LTO/LAO
superlattices. Here a LTO layer is sandwiched between LAO layers, leading to
a perpendicular confinement of the electrons in the LTO layer that is different
from in-plane. Only for thin LTO layers is the perpendicular confinement strong
enough to become a Mott insulator. Further ellipsometry and X-ray spectroscopy
(XPS) measurements provide collaborating results. Chapter five focusses on the
LAO//STO single interfaces. The influence of the deposition gas is investigated, as
well as the sequence of deposition itself. LAO//STO interfaces deposited within a
single perovskite LTO block are found to have different properties compared to in-
terfaces created between LAO and STO blocks. Chapter six deals with LAO//STO
double-interface heterostructures. The properties of these heterostructures have
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been studied as a function of the interface separation and deposition pressure.
Transport and optical reflectivity measurements help to elucidate the physics in-
herent to these conducting interfaces.

My thesis closes with a brief epilogue & outlook, a summary and a ’thank-you’
to all the people who have been involved in the process that was my Ph.D. and
eventually resulted in this booklet.
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Chapter 2

Two-dimensional electron
layers in correlated-electron
oxides

Abstract

Two-dimensional electron layers in semiconductor materials are easily un-
derstood within the free-electron model and can show clear quantum signa-
tures. The appropriate length scale for quantum structures is the Bohr radius.
However, as the electron densities increase and the electron separation length
reaches this same Bohr radius scale, electron correlations become important.
These give rise to material properties such as magnetism and superconductiv-
ity. Two-dimensional electron layers in correlated-electron materials exhibit
many of the features found in bulk materials, but the anisotropy of the electron
layer gives rise to additional ordering and properties, such as planar magnetic
order.

2.1 Introduction

One of the fastest and most pervasive technologies of the last century was that
of semiconductor physics. In a fascinating interplay between theoretical under-
standing, experimental acumen and technological applications the field developed
rapidly and extensively. Moore’s law[1] would not have been possible without this
development.

Two-dimensional electron gases (2DEG) probably are one of the prime examples of
this process. Based on fundamental and easy to understand principles from quan-
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tum mechanics (see introductionary quantum mechanics books like Gasiorowicz[2]
or Griffiths[3]), their realisation was only made possible once the experimental fab-
rication techniques were developed thoroughly; a gap of about 50 years between
concept and device. Once available, though, these 2DEG’s provided a wealth of
new opportunities for research, such as the quantum Hall effect[4], but also led
to the development of new applications such as the quantum cascade laser[5] and
the high electron mobility transistor. In recent years the growth of transition
metal oxides, especially by PLD, has risen to similar levels of control and in situ
monitoring[6, 7] resulting in the fabrication of high-quality films and heterostruc-
tures of these oxides[8–11].

This chapter gives an overview of theory about quantum wells and correlated
electron materials as well as previous work on the systems under investigation here:
LTO/LAO heterostructures and LAO//STO interfaces. This lays the foundation
for the physics in the later chapters.

2.2 Two-dimensional electron gases

Every physics student is familiar with the particle-in-a-box example from quantum
dynamics. In it, a single particle is confined to a certain area by an external
potential. Schrödinger’s equation for this (one-dimensional) situation is

− ~2

2m
d2Ψ
dx2

+ VΨ = EΨ (2.1)

where ~ is the reduced Planck’s constant, m is the particle mass, Ψ is the electron
wave function, x the position, V the (in)finite external potential and E the (eigen)
energy of the system. For an infinite external potential, the particle is truly
confined, with specific energy levels:

En =
n2h2

8mL2
(2.2)

where n is the quantum number and L is the size of the potential well. Or written
in a slightly different way:

En =
~2k2

2m
(2.3)

where k is the wave number. In a more realistic case, the potential is finite and
the wave function is not completely contained within the potential well. This is
shown schematically in Figure 2.1.

This simple one-dimensional picture can be extended to three dimensions quite
easily, but in this thesis the focus is on two-dimensional layers which are confined
in only one direction. In such layers the particles are confined perpendicular to the
layer, but are free to move within the layer. In that case, any additional quantum
properties are well described by the one-dimensional case.
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Figure 2.1: The energy levels in an infinite (left) and a finite (right) quan-
tum well, taken from Ref. [12].

2.2.1 Potential wells in semiconductors

So far quantum theory has shown that a single particle in a potential well has dis-
tinct, numbered energy levels. To realize such a 2DEG system in an experimental
device, three conditions need to be met:

1. There has to be a potential well;

2. There have to be particles, here electrons, within the potential well;

3. The electrons within the well should not interact significantly.

Again, the interplay between theory and experiments forged the way to such de-
vices. The application of quantum mechanics to solid state science gave rise to
band structure theory. There, the (electrical) properties of materials are defined
by the appearance of collections of electron levels named bands. If the Fermi level,
the maximum energy level electrons can reach if the system is in its ground state,
is within such a band, it is a conductor. See Figure 2.2(c).

Figure 2.2: The simple band picture of insulators (a), semiconductors (b)
and conductors (c). Figure taken from Ref. [13].

9



If the Fermi level is within a gap between two bands and thermal fluctuations do
not excite some electrons to the upper, conducting band, the material is an insula-
tor (See Figure 2.2)(a). However, if some electrons are excited to the conduction
band, it is a semiconductor (Figure 2.2(b)).

The band gap is unique for each semiconductor material. Table 2.1 shows some
band gaps for representative semiconductors and oxides.

material band gap effective mass electron mobility electron density
Eg (eV) m∗ (-) µ (cm2/Vs) n (cm−3)

Si 1.12 1.08 1300 2.0·1016

GaAs 1.42 0.067 6000 3.0·1015

AlAs 2.168 0.146 200 2·1017

Nb:SrTiO3 1.8 6 3.2 1.4·1017

LaAlO3 5.6 - - -

Table 2.1: Important parameters for some representative semiconductors
and oxides at room temperature[14–18].

From Table 2.1 it can be seen that the band gap varies substantially. By layering
different semiconductors a potential well can be created. An example of such a
potential well is shown in Figure 2.3.

Figure 2.3: Band diagram of a simple semiconductor potential well.

The next question is how to get electrons into the potential well. The standard
technique is to dope the semiconductor with atoms of an element that is more
valent. Silicium is four-valent. Doping with phosphorus, which is five-valent would
result in an excess of electrons after covalent bonding. These ’excess’ electrons are
now doped into the conduction band and can freely move throughout the potential
well.

Such doped atoms, however, also form scattering centers which inhibit the electron
mobility. As the electrons should be disturbed as little as possible within the
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potential well, the active layer (the central GaAs layer in Figure 2.3) should not
be doped. Here an additional bonus of the potential well appears. If the layers to
the side of the actual well are doped, the free electrons will search out the energy
minimum within the well as their ground state. This way the number of electrons
within the well can be controlled, without disturbing the crystal perfection of the
well itself.

This control also gives the opportunity to make sure the electrons are indepen-
dent from one another. As long as the mean free path is much smaller than the
average distance between electrons, the electron-electron interaction will be neg-
ligible. Thus, by controlling the density of electrons within the potential well the
independent electron regime can be maintained.

2.2.2 Confinement of electrons

The most basic effect of such confinement would be the splitting of the energy
bands into distinct states with energies as approximated by Equation 2.3. However,
if the potential well is so large that the energy levels are very close together, thermal
fluctuations blend the transitions and the energy levels are not distinct. If all levels
are to be resolved, it can be stated that:

E2 − E1 > kBT (2.4)

where kB is the Boltzmann constant and T the absolute temperature. After in-
serting Equation 2.2 this gives an upper limit to the potential well size:

Lthermal <

√
3h2

8mkBT
(2.5)

This is an upper limit to the size of the potential well to have distinct energy
levels, or, to be a quantum well. Another important criterium is whether the
electronic state of the electron is larger than the potential well. Only in that case
the external potential well forms the ’true’ potential well controlling the electron
properties instead of the atomic potential well. This length scale is conveniently
described by the Bohr radius:

aBohr =
4πε~2

me2
(2.6)

If, however, these conditions are met and a quantum well is created, the density
of states splits up. The lower the dimensions of the quantum well, the sharper the
density of states is (see Figure 2.4). Note that even though for a 2D quantum well
the density of states is a step function, Figure 2.4 only gives the ground states.
The transitions between levels is still well defined.

Even if the electrons are confined within a potential well, but not to the quantum
limit, the two-dimensional nature of the electron layer can influence its properties.
Under both an applied magnetic and electric field, the Lorentz force will force the
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Figure 2.4: Density of states for different dimensionalities of quantum wells,
taken from Ref. [19].

electrons in a material to undergo a cyclotron oscillation[20, 21] with a fundamental
frequency of:

ωc =
eB

m∗
(2.7)

where B is the applied magnetic field. ωc can be written as ωc = vF/rc where vF

is the Fermi velocity of the electron and rc the radius of the cyclotron oscillation.
Basic solid state physics gives then for the cyclotron radius:

rc =
m∗vF

eB
=

~kF

eB
(2.8)

where kF is the Fermi wave vector. This is a basic quantity in solid state physics
and can, in approximation, easily be derived from the electron density. Depending
on whether the system is two- or three-dimensional either kF,3D = 3

√
2π2n3D or

kF,2D =
√

2πn2D is used respectively. For interface and thin layer samples it
is often the electron sheet density n2D that can be measured instead of the full
electron volume density n3D. Under the assumption that n3D = n2D/L where L
is the average thickness of the electron layer two criteria for a two-dimensional
electron layer can be derived.

The first is whether the Fermi wavelength is larger than the electron layer thick-
ness. This indicates that no Bloch waves can develop perpendicular to the layer, so
the properties of the electron gas are two-dimensional. Combining the equations
for the 3D Fermi wave vector kF,3D and the 3D electron density n3D yields:

λF = 3

√
8πL
3n2D

(2.9)
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From Equation 2.9 it follows that λF > L if L <
√

8π/3n2D. For an electron sheet
density of n2D = 2·1013 cm−2 this criterion can be evaluated to be L < 6.5 nm.

The second is whether the cyclotron radius is larger than the electron layer thick-
ness. If the electron layer has a thickness less than the cyclotron radius no full
cyclotron movement can be carried out by the electrons in that direction. As the
cyclotron movement is always perpendicular to the magnetic field, this would be
most pronounced if the magnetic field is parallel to the electron layer. Related
electrical properties such as the Hall effect and magnetoresistance would disap-
pear for such magnetic field orientations. Indeed, this has been observed in STO
field-effect transistor (FET) structures[22]. In a magnetic field of 3 T and with
the same electron sheet density as above rc > L would be fulfilled for L < 89 nm.

For such systems the Fermi wavelength respectively the cyclotron radius form an
upper bound to the electron layer thickness. These systems are not quantum
confined, but do still exhibit a clear two-dimensional nature.

2.2.3 Properties and applications of confined electron gases

Probably the most common application of a confined electron gas is as the active
layer in semiconductor transistors. Because of the confined nature in (at least)
one direction, the absolute number of electrons that have to be manipulated at
similar electron densities is small compared to bulk channels. In addition, because
the electron donors are outside the actual conduction layer, very high mobilities
can be achieved. Together this leads to high speed devices[23].

When the potential well is small enough to achieve quantum confinement, the
distinct energy levels lead to interesting new possibilities. One of the most obvious
properties is the appearance of new optical features due to transitions between
these levels. A familiar example is shown in Figure 2.5. These flasks all contain
cadmium selenide quantum dots, the zero-dimensional variety of a quantum well.
The only difference between them is their respective size. But the light they give
off by fluorescence is markedly different.

Figure 2.5: Cadmium selenide quantum dots fluorescence at different wave-
lengths, taken from Ref. [24].

Such dots (0D quantum wells) have a very distinctive spectrum, making them
excellent choices for tracers in biological systems, their brightness and chemical
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stability making them superior to organic dies[25, 26]. This same sensitivity to
light also makes them interesting for applications in photovoltaic cells. At the
right (tunable) wavelength, the transition of electrons to higher states is easily
facilitated. Again the reverse is also interesting: because the light emission of the
quantum dots can be tuned, better blue, or even white, light emitting diodes may
be created.

Aside from active channels in semiconductors transistors, 2D quantum wells are
commonly used as the active layer in diode lasers. Either the quantum well is the
lasing medium itself or, as in a cascade quantum well laser, the lasing transitions
are between levels in different quantum wells[5]. In the first case, the advantage
is that the step in the density of states (see Figure 2.4) concentrates the electrons
at that energy. This concentration of electrons at a specific energy increases the
efficiency of the whole structure, but the transition energies themselves are still
mostly determined by the material. The advantage of the second type of quantum
well laser is that the lasing transition are between the different levels in different
quantum wells. Because these levels can be determined during the growth of the
laser structure, the transition and thus the wavelength of the cascade laser can be
tuned from device to device.

One final, possible application of quantum wells that has to be mentioned is their
use in quantum computing. Because quantum wells, especially quantum dots, are
host to well-defined artificial (as in, non-atomic) electron levels they can be used
to store quantum information. Coupled quantum dots, together with a method to
read and manipulate those states, could form the basis for a quantum computer[27].

2.3 Correlated-electron oxides

In all of the previous discussion the assumption was made that electrons, apart
from Pauli’s exclusion principle, did not interact with one-another. This is a fun-
damental assumption, and a large approximation. The success of this independent
electron approximation[20, 21] stems from the fact that both metals and semicon-
ductors are well-described by this approximation. In many of these materials the
electron-electron distance is larger than the Bohr radius, the traditional electron
interaction length scale.

Already from Table 2.2 it can be seen that for many oxide examples the electron
separation length is of the order of, or smaller than, the interaction length as de-
termined by the Bohr radius. For these materials the electron-electron interaction
or electron correlation will not be negligible. This also means that quantum wells
in these materials are going to behave very different from those in semiconduc-
tors. In correlated-electron materials the ’free-particle-in-a-box’ approximation is
untrue and thus a lot of the simple quantum physics becomes a lot more compli-
cated, and, as will be seen later, interesting[34].

This also indicates that correlated-electron materials cannot be thought of as either
purely ionic (salts) or purely covalent (i.e. organics). Both of these bindings are
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material electron density1 electron separation Bohr radius
n (cm−3) L (Å) aBohr (Å)

Si 2·1016 368 6
GaAs 3·1015 693 110
CaMnO3 6·1018 55 7
LaTiO3 - 4 1
YBa2Cu3O7−x 3.6·1021 7 67

Table 2.2: Electron interaction lengths in some semiconductors and oxides
at room temperature[14, 15, 28–33].

in essence closed-shell configurations; salts with all their valence electrons on their
own ion, organics with all their valence electrons shared with the other ion. In
correlated-electron materials the valence electrons are mostly located on their own
ion, but interact with the valence electrons of other ions in a slightly covalent way.

All this, both the electron correlation itself and the limiting of the effective quan-
tum well length to the size of single atoms, indicates that semiconductor quantum
well phenomena cannot occur in correlated electron materials. Artificial (i.e. non-
atomic) electron energy levels like in Equation 2.2 do not occur; either because
their free movement is impeded by correlations or because the confining potential
is of the same scale as the atomic potential.

2.3.1 Independent vs. correlated electrons

To appreciate the difference between the independent electron approximation and
the inclusion of electron correlation a look at the Schrödinger equation can already
reveal much.

−
∑
i

~2

2m
∇2
iΨ +

∑
<i,j>

1
2

e2

εK |~ri − ~rj |
Ψ−

∑
i,j

e2

εK
∣∣∣~ri − ~Rj

∣∣∣Ψ = EΨ (2.10)

Here, the first term is the standard kinetic term. The other terms described the
background potential formed by the other electrons and ions in the system. The
second term of the Schrödinger equation describes the electron-electron interaction,
while the third describes the electron-ion interaction.

In the independent electron approximation the electron correlation is thought to
be negligible. Also, the ions are much more massive than the electrons, so their
movement is also negligible on the time scale on which the electrons move. These
two assumption greatly simplify Equation 2.10 and it is this that lead to the success
of much of the solid state theory in the beginning of the last century. It made the

1The electron density noted here is the density obtained from Hall measurements. However,
this density of mobile electrons may very well be different from the density of interacting electrons.
That is why though CaMnO3 seems to have a large electron spacing compared to the Bohr radius,
it still is a correlated-electron material.
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complex Schrödinger equations tractable before the advance of complex numerical
calculations like density functional theory that are nowadays able to work with
the full, correlated Schrödinger equations.

However, the independent electron approximation is not able to explain several
important physical properties such as (anti)ferromagnetism, the Mott insulating
state and superconductivity. The single-band Hubbard model is often used as a
starting point in the discussion of correlated materials. It simplifies the treatment
of the background ions, but explicitly includes the electron-electron interaction.
The Hamiltonian of the model takes the form of:

H = −
∑

<i,j>σ

tijc
†
iσcjσ + U

∑
i

ni↑ni↓ (2.11)

where tij is the hopping parameter between nearest-neighbor sites i and j, c†iσ(ciσ)
is the creation (annihilation) operator for an electron on site i with spin σ (↑
or ↓), U is the on-site Coulumb repulsion energy and niσ ≡ c†iσciσ is the electron

occupation of site i. The transfer integral captures the physics where delocalizing
an electron lowers its energy, similar to Bloch waves and thus represents the kinetic
term from Equation 2.10. The Coulomb energy denotes the energy it costs to bring
two electrons in close proximity, i.e. on the same site. By varying the total number
of electrons and the relative energies of t and U a large phase space of properties
opens upo. It is the recent and current interest in these properties that drove the
work described in this thesis.

2.3.2 Transition metal oxides

Transition metal oxides are a class of materials that contains a wide variety of
physical properties, be they electrical, magnetic, structural or optical. Most of
this is due to the electron correlation nature of these materials.

There are several reasons for the strongly correlated nature of the transition metal
oxides. Probably the most important factor is the high directionality of the outer
electron orbitals, either 3d or 4d for the 4th and 5th row transition metals[35] (See
Figure 2.6). This directionality corresponds to narrow bands in reciprocal space,
and broadens for lower row transition metals. The directionality increases the
probability of electron-electron interaction. It also means that small changes to
the crystal structure will have immediate consequences for the physical properties.

Another factor of note is that many of the transition metal ions can be multivalent.
This means that they can easily accommodate electrons without changing the core
states of the ions in the system. These electrons do not become part of the changed
ion core, but remain in the outer shells where the electron correlation takes place.

One of the most commonly investigated transition metal oxide crystal structures
is that of the perovskite oxides (See Figure 2.7). This crystal group with the ba-
sic chemical formula ABO3 has attracted much attention because many of the
correlated electron properties mentioned above are present within this group:
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Figure 2.6: A graphical representation of 3d orbitals. Despite appearances,
all orbitals are degenerate and add up to a spherical distribution.

YBa2Cu3O7−δ is superconducting[36] (though officially only a ’derivative’ of the
perovskite crystal structure, it is still close enough to be included here), LaTiO3

is a Mott insulator[37] and La1−xSrxMnO3 can be ferromagnetic[38].

Figure 2.7: A perovskite unit cell. The A ions are on the corners of the
cube and the B ion is at the center. The oxygen ions are in the middle of

the sides.

There are several reasons to choose the perovskite materials as subject for research.
Most importantly, chemical substitution of A- and B-ions leads to different physi-
cal properties, but the crystal structures are still compatible for thin film growth.
Roughly, cell parameters, the cube side length, range from 3.7 to 4.2 Å. With care,
materials with intrinsically different physical properties can be combined with only
small strains. Even combinations with silicon are possible, though this has extra
demands in terms of intermixing, oxidation and strain[39]. An additional advan-
tage is that in a perovskite unit cell the complex electron-electron interactions can
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be easier to visualize. Other crystal structures, such as spinel or corundum, have
a more complex crystal structure, making this more difficult.

The perovskite crystal structure already captures a lot of the underlying struc-
tural physics that makes correlated electron materials so interesting. Small exter-
nal strains can drive materials to new behaviour, such as ferroelectricity[11]. In
fact, the strain induced by substitution with cations with different ionic radii can
already change the system properties[40]. The oxygen configuration itself is also
of importance, as the oxygen octrahedra drives a crystal field splitting[41] that is
of great importance to especially multivalent B-site ions (see Figure 2.8). Again,
strain can influence this splitting even further.

Figure 2.8: Crystal field splitting in a perovskite oxygen octahedra. Both
octahedra on the right side are further modified by the Jahn-Teller effect.

All this shows that transition metal oxides are candidate systems to study corre-
lated electron physics.

2.3.3 Electron correlation effects

Describing all possible electron correlations effects is both impossible and goes
beyond the scope of this thesis, so the focus will be on the three already mentioned:
(anti)ferromagnetism, Mott insulating state and superconductivity.

In and of itself, each electron has a magnetic moment. However, in many mate-
rials, these electron spins are randomly aligned, yielding a material with no net
magnetization. Only through interactions between the different electrons, either
directly or through Hund’s coupling to the host ions, can any magnetic order
arise. In perovskite materials, the two most common mechanisms for such in-
teraction are superexchange and double exchange, giving rise to respectively an
anti-ferromagnetic and a ferromagnetic alignment.
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Figure 2.9 shows the superexchange interaction for Fe3+-O2−-Fe3+. Both cations
are equally filled and interact through the oxygen anion. Because of the anti-
parallel alignment of the electron spins between neighbouring bands and because
of the Pauli exclusion principle within bands the electrons show an anti-parallel
spin arrangement from left to right. Finally the Hund’s coupling aligns all the
spins on a single cation, resulting in an anti-ferromagnetic alignment between the
two cations.

Figure 2.9: Superexchange mechanism in an iron oxide. Figure taken from
Ref. [42].

In double exchange, the neighbouring cations are not equally filled, allowing for
electrons to hop from one cation to another. Because of Hund’s coupling, the
energy of the mobile electron is lower if the bound electrons on each cation are
aligned parallel. Thus, because delocalizing the electron leads to an energy gain,
all the cations are aligned parallel, resulting in a ferromagnetic alignment. In both
cases the electron-electron interaction, or correlation, is directly responsible for the
magnetic properties.

The Mott insulating state is easily conceptualized (though more difficult in actual
calculations) and forms the basis for a lot of different physical systems, such as the
superexchange mentioned above and the superconducting states below. Again, the
starting point is a lattice of equally filled cations, like in Figure 2.10. Now, any
electron that wants to move to another site has to move to the next unoccupied
band, which costs a certain amount of energy. If this Coulomb energy is larger than
the energy gained from the delocalization no movement occurs and a system that
can nominally have a half-filled band does not conduct. Here, the fundamental
Coulomb repulsion between electrons causes macroscopic correlated behaviour.

This can be written as:

U

W
> 1 (2.12)

where U is the Coulomb energy between two electrons on a single site and W is
the bandwidth of the system, corresponding to the energy gained by delocalizing
electrons. Within the single-band Hubbard model of Equation 2.11 the correspon-
dence between the bandwidth and the hopping parameter is W ≈ 4 〈t〉. If the
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Figure 2.10: Cartoon picture of a Mott insulator with a single electron per
site. Figure taken from Ref. [43].

Coulomb repulsion is larger than the bandwidth, a Mott insulating state occurs.
Mott[44] was the first to rewrite this in terms of the Bohr radius and the elec-
tron separation length, followed later by generalizations[45] that lead to the Mott
criterion:

aBohr
3
√
n < 0.26± 0.05 (2.13)

This is an example that shows the importance of the Bohr radius in the discussion
of correlated-electron effects.

If such a Mott insulator is hole-doped, i.e. some electrons are removed, a super-
conductor may be created. Classical BCS theory interprets the superconducting
state as a condensate of bosonic Cooper pairs of electrons. Though a fundamental
theory for high-Tc superconductivity is not yet found, electron interactions are
thought to be of importance; the fact that the superconductivity can be tuned by
changing the carrier density points to this fact[46, 47].

These examples show some of the variety of properties that can occur in correlated
oxides. From here on the focus will be on the material systems under research in
this thesis, where some of these properties will be encountered again.

2.4 Mott insulator/band insulator heterostructures

In a Mott insulator each electron is surrounded by neighbouring electrons and
the Coulomb repulsion localizes each and every one of them. If, however, such a
material would be combined with a band insulator, this symmetry can be broken.

2.4.1 LaTiO3/SrTiO3 heterostructures

Scanning transmission electron microscopy (STEM) showed sharply defined layers
in superlattices of LTO and STO[48]. The electron distribution in this system is
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of particular interest, because the B-site lattice consists entirely of titanium ions,
respectively Ti3+ (electron configuration 3d1) for LTO and Ti4+ (3d0) for STO.
Using electron energy-loss spectroscopy (EELS) the Ti3+ fraction across such a
superlattice was determined. Figure 2.11 shows these results for a single monolayer
of LTO embedded in STO.

Figure 2.11: EELS profiles for La and Ti recorded across a LTO monolayer.
Inset, the STEM image for the monolayer. The La signal is recorded
simultaneously with the Ti, yet the Ti signal is considerably wider than

that of the La. Graph taken from Ref. [48].

These superlattices were found to be conducting, with a resistivity (ρ) ≈ 300 µΩ
cm, electron density (n3D) ≈ 8·1021 cm−3 (n3D ≈ 0.48 electron per unit cell vol-
ume) and Hall mobility (µ) ≈ 3 cm2/Vs at room temperature[48, 49]. The absence
of a Mott insulating state can already be seen from Figure 2.11: the peak Ti3+

fraction is about 0.4, meaning the cation lattice is only partially filled. Without
the complete filling and the corresponding completely balanced Coulomb repul-
sion, the insulating state will not occur. Ultraviolet photoemission spectroscopy
(UPS) showed a Fermi edge, indicating conducting states[50]. Infra-red spectro-
scopic ellipsometry was used to obtain a sheet carrier density (n2D) per interface
of about 2·1014 cm−2 (n2D ≈ 0.34 electron per unit cell area), with a mobility of 6
cm2/Vs at room temperature[51]. However, other superlattices were found to be
insulating[52]. A weak antiferromagnetic coupling was observed below 85 K (JAF

= 7 meV), lower than the TNéel of 135 K in bulk LTO.

A similar system was recently investigated in the LaVO3/SrVO3 system. LaVO3

(LVO) is a Mott insulator with a V3+ 3d2 configuration. SrVO3 (SVO) is a
paramagnetic metal with a V4+ 3d1 configuration. This is different from the
LTO/STO system where both parent compounds are insulators, but both the
spill-over of electrons from the lanthanum into the strontium compound and the
absence of the Mott insulating state in thin layers of the lanthanum compound are
reproduced[53]. This shows that the doping mechanism is generally applicable.

Theoretical correlated electron physics requires complex approximations and cal-
culations and a simplification to a two-dimensional case would facilitate the un-
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derstanding of the fundamental physics behind these systems, where spin-, charge-
and orbital-ordering plus crystal deformations all act together to form the vari-
ous interesting ground states. For the LTO/STO system, calculations were able
to confirm that the conducting states were located at the interfaces[54]. In a
phase diagram for different electron filling and interaction strength a variety of
phases, orbital-ordered, magnetic and not, were found. Density functional theory
(DFT) confirmed a sharp potential well around a single LTO monolayer about
2 nm wide, similar to that observed with EELS (Figure 2.11)[55, 56]. Further
calculations showed the importance of lattice relaxations, with a ferroelectric like
distortion perpendicular to the LTO layer, which is in a close agreement with the
experimental data[57, 58]. At the same time such a distortion leads to a dxy orbital
order at the interface between LTO and STO. This is something that will be en-
countered in the next section on LAO//STO interfaces as well. In partially filled
systems, this dxy ordering results in an overall antiferromagnetic checkerboard
charge ordering[59].

Such a two-dimensional conduction channel looks very similar to a quantum well.
However, for a true quantum well the dimensions of the electron gas have to be on
the order of, or smaller than, the Bohr length (see Table 2.2). For oxide materials
this equates to about 1 to 5 unit cells. This is a big challenge, as already a single
monolayer of LTO results in an electron layer extending over 6 unit cells.

2.4.2 LaVO3/LaAlO3 heterostructures

One way to increase the confinement of the electrons is by using a different buffer
material. Okamota and Millis showed that for materials with a lower dielectric
constant, the spread of the electrons out from the Mott layer is reduced[54]. STO
has a dielectric constant of about 300 at room temperature, one of the highest
known. LAO has a much lower dielectric constant of about 24. In addition, for
LAO the dielectric constant is nearly independent of temperature as opposed to
STO whose dielectric constant increases to about 10000[60] for low temperatures.

By embedding LVO in LAO there is no cation lattice on which the extra elec-
trons can redistribute themselves, leading to a better confinement of the electrons.
Indeed, XPS shows the presence of mostly V3+, with only a small amount of
V4+, which is also located only at the top of the LVO layer based on the angle-
dependence of the signal[61, 62]. This V3+ fraction is found to depend on the
thickness of the capping layer, as seen from Figure 2.12, and results from a bal-
ance between reconstruction at the air//LAO surface and the dipole formed when
electrons are transferred from the LVO layer to the surface to compensate the
charge discontinuity[63, 64]. For a thin capping layer, it is energetically cheaper
to let a dipole develop across the capping layer and use electrons from the LVO
layer to compensate the polar discontinuity at the air//LAO surface. The sur-
face requires half an electron per unit cell area, so the minimum V3+ fraction is
1 − 1/2 = 1/2. As the capping layer gets thicker, the dipole energy increases as
well. Above roughly 12 unit cells of LAO, a surface reconstruction is less costly
and no electrons are transferred from the LVO layer to the surface.
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Figure 2.12: V3+ fraction as a function of the LAO capping layer thickness,
as obtained from both the V 1s and 2p3/2 core-level spectra. The dashed

curve is a guide to the eye. Graph taken from Ref. [63].

Transport measurements on similar samples showed a similar behaviour, where
the sheet resistance reached a constant value above a capping layer thickness of
about 15 unit cells[65]. In effect, the hole-doping of the LVO layer is changed by
varying the LAO capping layer thickness.

2.5 Polar/non-polar interfaces

In the previous section an example of a polar interface was described: the LAO(001)
surface. There is a charge discontinuity between the LaO//AlO2 stacking and the
’vacuum’. The LAO consists in this orientation of alternating layer of (La3+O2−)+

and (Al3+O2−
2 )− while the vacuum has an effective charge of zero. Such discon-

tinuities are often resolved by a surface reconstruction in bulk materials[66, 67].
However, such polar discontinuities can also occur inside heterostructures; a fact
well known from semiconductor physics, where it results in an ionic reconstruc-
tion at the interface between different semiconductors[68]2. In correlated-electron
materials, however, an electronic reconstruction, similar to the redistribution of
electrons in the LTO/STO system, is also possible. Examples are the electronic
reconstruction at domain walls in BiFeO3[70], where the polarization discontinu-
ity gives rise to a conducting interface and the destruction of half-metallicity in
Fe3O4/BaTiO3 due to the electron transfer across the interface[71].

2Though recently a 2DEG resulting from an electronic reconstruction at the interface between
two polytypes of silicon carbide was observed[69].
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2.5.1 LaAlO3//SrTiO3 interfaces

In 2004 Ohtomo and Hwang showed that the interface between LAO and STO in
the (001) direction can be conducting, depending on the actual chemical compo-
sition of the interface. Such an interface exhibits a polar discontinuity, as LAO
has alternating planes ±1 while the (Sr2+O2−) and (Ti4+O2−

2 ) planes of STO are
neutral[72]. In a purely ionic picture, this discontinuity transfers either half an
electron per unit cell area from LAO into STO for a LaO//TiO2 interface or half
a hole per unit cell area for a AlO2//SrO interface. Figure 2.13 shows how the
electrons and holes are distributed in this model. The former interface is found
to be conducting, while the latter, though nominally hole-doped, is insulating.
Hole-doping of closed shell ions is very difficult and the compensation of holes by
oxygen-vacancy induced electrons results in no net free carriers[73, 74].

(a) n-type interface (b) p-type interface

Figure 2.13: Electron transfer at polar discontinuous interfaces in
LAO/STO systems. Diagrams taken from Ref. [73].

Though easy to understand, the purely ionic picture is never complete for a
correlated-electron material. Another, more physical way to interpret these re-
sults is by looking at the internal dipole that develops across the charged LAO
layers. In the electronically unreconstructed case, the abrupt transition of neutral
to charged layers results in a potential build-up due to the electric fields between
the oppositely charged layers in LAO (see Figure 2.14). This ’polar catastrophe’
grows with the LAO thickness and has to be compensated when the energy can
no longer be accommodated by internal deformations[75–77]. In a band picture,
this happens when the potential build-up becomes larger in energy than the band
gap of STO[77–80]. The valence band of LAO rises above the Fermi level, allowing
for transfer of electrons from the top surface to the interface. This reduces the
potential build-up, as seen on the right in Figure 2.14. Recently, an argument has
been made for the existence of in-gap states to which electrons can tunnel[81]3.

3Note however, that this article shows one of the subtle details of density-functional calcula-
tions. By choosing an odd number of LaO and AlO2 layers, the authors need to introduce an
extra electron to make the entire stack neutral. This way, free electrons are introduce artificially.
See for example the discussion by Lee and Demkov[82]
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However, their calculations show a constant electron density independent of the
LAO layer thickness, contrary to experimental results [83, 84].

Figure 2.14: Polar catastrophe in a unreconstructed case (left) and a re-
constructed case (right), where half an electron is transferred into the TiO2

layer. Diagrams taken from Ref. [73].

The crossing of the potential build-up and the band gap implies that up to a certain
thickness of the LAO layer, this dipole can be accommodated by the strain within
the LAO and no electronic reconstruction (i.e. electron-doping into the TiO2

layer) occurs. It was observed that up to a thickness of 4 monolayers of LAO the
interface was still insulating, followed by an abrupt change in conductivity[85].
Optical second-harmonic measurements confirm this and find an indication that
the electrons already rearrange for 3 monolayers, though the interface does not
become conducting until a thickness of 4 monolayers[86]. Thicker LAO layers show
a decreasing mobility, though the mechanism behind that behaviour is one of the
many unsolved mysteries in this system[84]. Theoretical calculations actually show
a larger critical thickness, but this can have several explanations. One is that the
supercell used in the calculations is too small, so not all possible reconstructions
are included[76, 87]. Another explanation is that in real samples there are surface
defects that form in-gap states, so the LAO band needs to shift less before electrons
are doped[77, 88]. Finally, DFT always has a problem calculating the band gap of
materials, which may make these calculations only qualitative, not quantitative.
This thickness effect can be used to pattern structures into the conducting layer
by selectively depositing thick LAO[89]. Only those areas where the LAO layer is
thicker than 4 monolayers the dipole energy is large enough to trigger the electronic
reconstruction and create a conducting interface. Or, by letting the dipole develop
to just below the threshold value for electronic reconstruction, the conducting
state can then be induced by applying an electric field and thus altering the dipole
across the LAO layer. This can be done either by a back-gate field-effect transistor
configuration[85, 90] or by writing with a conducting AFM tip[91, 92].

Interestingly, this minimum LAO thickness requirement for a conducting interface
does not seem to apply when the LAO layer itself is again capped with STO.
The created double-interface (one n-type, one p-type) structures are conducting
down to a single monolayer of LAO embedded in STO[83, 93, 94]. There is, how-
ever, a clear interaction between the two interfaces. Below a LAO thickness of
about 6 monolayers, the sheet resistance increases. Hall measurements show that
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this is due to a decrease of the electron density, while the electron mobility is con-
stant (as opposed to single interfaces, where the mobility decreases with increasing
thickness[84]). Interestingly enough, about half a year earlier a jump in the op-
tical absorption spectrum of superlattices of LAO and STO as observed which
does not appear in alloyed films of the same chemical composition[95]. This jump
occurred at the same LAO thickness of 6 monolayers where the transport proper-
ties started to diverge in double-interface structures. The LaNiO3/SrMnO3 sys-
tem also undergoes an insulator-to-metal transition upon increasing the LaNiO3

layer thickness[96]. Ionically, the system does have a polarization discontinuity
(La3+Ni3+O3/Sr2+Mn4+O3), so electron reconstruction may play a role here. The
analysis of the transport behaviour points to a more complex conduction mecha-
nism for this system compared to the LAO/STO system.

In general, the electron gas acts as a Fermi liquid with a 1/T 2 behaviour of the
electron mobility[72, 83, 97–99], ranging from ∼6 cm2/Vs at room temperature
to ∼1000 cm2/Vs at 5 K. This correlated electron liquid model was confirmed by
scanning tunneling spectroscopy[100]. Though in general the electron-electron in-
teractions are weaker than electron-phonon interactions at room temperature[21],
in STO they are typically weak (as seen from the poor heat conduction) and
would give rise to a different temperature dependence[83]. The electron density
varies widely with fabrication parameters such as substrate termination[97], oxy-
gen pressure during deposition[72, 99, 101, 102] and, for PLD4, laser fluency[107].
There is some argument for intermixing[73, 105, 108], but transmission electron
microscopy images do not give conclusive evidence. Also, if intermixing would
occur, the complimentary p-type interface should also become conducting[97]. A
thermally-activated behaviour of the electron density, similar to that in semi-
conductors, with an activation energy of about 6 meV was observed[83]. This
points to weakly-bound donors as the source of the electrons[92]. In general,
electron densities on the order of 1014 cm−2 at room temperature are achieved.
Remarkably, at low temperatures almost all data converge to a value around 2·1013

cm−2[83, 85, 102, 109–111]. These values for the electron density would translate
to, respectively, about 0.15 and 0.03 electron per unit cell area at room tem-
perature and 5 K. This is far below the nominal half electron per unit cell area
transferred in the purely ionic model above. One explanation might be that the
electrons are distributed over different sub-bands, of which only some contribute
to the (Hall) free electron density[112](see also footnote on page 3). However,
XPS detects both free and bound electrons and the densities observed with this
technique are close to those obtained from Hall measurements[113].

Table 2.3 compares the transport properties of semiconductor (Si and GaAs) and
correlated-electron (LTO/STO and LAO//STO) systems. The electron mobilities
in semiconductors are always higher than those in correlated-electron materials.
This is not surprising, as the mobility is limited by the scattering of electrons,
either from ions or with other electrons. Thus correlated-electron materials, with

4Which is the majority of the experiments. LAO films grown by molecular beam epitaxy[103],
sol-gel[104] or sputter deposition[105] have not yet been electrically characterized, though Ti3+

has been observed using XPS[106].
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their higher electron densities, will almost always display lower mobilities than
semiconductors.

system m∗ µ n3D n2D

(-) (cm2/Vs) (cm−3) (cm−2)

Si 1.08 1300 2.0·1016

GaAs 0.067 6000 3.0·1015

ZnO/MgxZn1−xO 0.32 160 2.5·1013

Nb:STO 1.8 6 1.4·1017

LTO/STO 1.8 3 8·1021

LAO//STO 1.5 6 1.2·1014

Table 2.3: Comparison of the transport properties at room temperature of
semiconductor and correlated-electron systems[14–16, 48, 49, 51, 83, 114].

To study the possibility of quantum effects in these electron gases, the require-
ments for Shubnikov-de Haas oscillations can be studied. The occurrence of these
oscillations is a clear sign of the quantum nature of the electron gas, i.e. the width
of the electron gas is smaller than the Bohr radius (see Table 2.2 and discussion).
The requirements are[115]:

~ωc

kBT
> 1 (2.14)

and:

ωcτ > 1 (2.15)

where ωc is the cyclotron frequency and τ is the mean time between scattering
events. The first requirement states that the energy difference between Landau
levels must be larger than the thermal energy, while the second states that the
electrons must be mobile enough to travel at least a single orbit before scattering.

Examples in semiconductor physics are readily found, with some examples given
below. But in correlated oxides, the high effective electron mass and high scatter-
ing rate reduce the likelihood of these requirements being met. Table 2.4 shows
these requirements at 5 K and 9 T for several semiconductors, a few transition
metal oxides where Shubnikov-de Haas oscillations have been reported and the two
systems discussed in this chapter. Assuming the standard form for the cyclotron
frequency (Equation 2.7) and electron mobility µ = e

m∗ τ Equations 2.14 and 2.15
transform into:

~eB
kBT

1
m∗

> 1 (2.16)

and:

µB > 1 (2.17)
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system m∗ µ ~ωc/kBT > 1 ωcτ > 1
(-) (cm2/Vs)

Si 1.08 13000 2.2 12
GaAs 0.067 5000 36.1 4.5
ZnO/MgxZn1−xO 0.32 5000 7.6 4.5
Nb:STO 1.8 22000 1.3 19.8
LTO/STO 1.8 50 1.3 0.05
LAO//STO 1.5 800 1.6 0.72

Table 2.4: Comparison of the Shubnikov-de Haas requirements at 5 K and
9 T for semiconductors, transition metal oxides & discussed systems[14–

16, 48, 49, 51, 83, 114].

As can be seen, the high electron mass en low mobility yield low values for the
two requirements, meaning they are only barely met, if at all.

So far the discussion focussed primarily on macroscopic properties. On a more
microscopic level, the crystal structure at the LAO//STO interface has been stud-
ied both experimentally and theoretically. The ionic model described above is not
perfectly applicable to correlated-electron materials and often more complex first-
principle calculations - explicitly including the Coulomb energy U - are needed.

One of the first observations, both experimental[105, 116, 117] and theoretical[75,
88, 118, 119], was that at the interface the local crystal structure deforms. A
similar effect was already known for the LTO/STO system[57] and has some simi-
larities to the Jahn-Teller distortion observed in manganites[41]. Indeed, where in
the case of the Jahn-Teller effect the electron is the driving force behind the crystal
distortion, at the LAO//STO interface it is possible that the distortion induces a
local energy minimum for an electron. Calculations on a LTO/STO/SrRuO3 stack
shows that charge transfer only occurs for structures where the ionic positions are
relaxed[120]. Though the exact mechanism is not clear, in the resulting crystal
structure the cation separation has increased, while the top of the oxygen octahe-
dra contracts and moves closer to the interface. This elongation is accompanied
by a GdFeO3-like rotation of the octahedra[121].

These changes are about 4 % of the lattice parameter and greatly influence the
orbital order at the interface. Again there is a similarity to the Jahn-Teller effect
where certain orbitals are favorably occupied because of the lower overlap energy
with the oxygen ions in the surrounding octahedra. At the LAO//STO interface
the contraction of the oxygen octahedra favors the occupation of the dxy orbital
of the titanium ion[82, 122, 123]. X-ray absorption spectroscopy indeed finds that
these orbitals are the first to be occupied on the formation of the conducting
state[124]. More careful calculations actually show a orbital-ordered situation
where the partially-filled dxy orbital shows a checkerboard pattern[121].

These energy differences between the different 3d orbitals of titanium also gives a
clue as to why an electron density much lower than half an electron per unit cell
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area is observed. It can be argued that the lowest-lying bands are two-dimensional
in nature due to their dxy origin and are Anderson localized due to disorder.
Higher-lying orbitals, though not as densely populated, may not be localized and
thus contribute to the conduction[112]. It is this electron population that is mea-
sured in Hall measurements. This is still considered an interface effect, as all
electrons are still confined within 4 monolayers of STO from the interface. Indeed,
the actual crystal distortions extend to a similar length[93, 125].

Aside from the LAO/STO system, there are only two other polar/non-polar sys-
tems that have been investigated: KTaO3//STO[126] and LVO//STO[127]. Both
show remarkably similar behaviour to the LAO/STO system. KTaO3 (KTO) is
very similar having an thermally-activated electron density with a low-temperature
value of 2·1013 cm−2 identical to that in LAO/STO. The mobility follows that of
LAO/STO with a low-temperature value of about 3000 cm2/Vs. This is especially
intriguing, as the formal charge of the ion layers in KTaO3 is reversed compared
to LAO: (KO)− and (TaO2)+ vs. (LaO)+ and (AlO2)−. Thus one would assume
hole doping at the KO/TiO2 interface, while electron doping is observed from
Hall measurements. In addition, theoretical calculations predict that superlattices
of KTaO3 and STO are insulating at least up to 30 monolayers of KNbO3 and
STO[128]. However, the difficulty of growing a potassium-containing film is well
known[129], so off-stoichiometry may play an important role here. LVO is slightly
different as now both materials can be multivalent (Ti3+/4+ and V4+/3+), but
it exhibits a critical thickness of about 5 monolayers similar to 4 monolayers in
LAO/STO.

An interesting variation of materials is the inclusion of a doped STO interlayer
between the STO substrate and the LAO film[130]. The inclusion of any such
a layer lowers the electron density, even an undoped high-pressure grown film of
STO. The effect of the dopants on the electron mobility varies, however. While no
doping leaves the mobility constant, doping with cobalt lower the mobility, while
doping with manganese increases the mobility for a few layers. The difference may
well be the ion configuration of the two transition metals, Mn4+ (3d3) and Co3+

(3d6) respectively, compared to that of the host Ti4+ (3d0). The less positive
cobalt ion is probably a larger scatterer than the conformal manganese ion. In the
manganese doped system, the extra electrons in the 3d band may be able to screen
nearby scatterers, thus slightly increasing the mobility. This effect, however, will
be smaller than the full -1 charge difference that leads to extra scattering with
the Co3+. In either case, the sensitivity of the transport properties to the ∼5
monolayer thick interlayers shows that the electron layer is confined to that thin
layer as well.

2.5.2 Oxygen vacancy dependence

A prominent part of the scientific discussion on the LAO//STO interface was -
and is - the influence of oxygen vacancies on the conductivity. At the typical
growth temperatures for LAO of about 800 ◦C the time needed for an oxygen
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vacancy to diffuse through a STO crystal a millimeter thick is about 5 minutes[131].
An experiment on STO shows how the migration of oxygen vacancies changes
the surface Ti valency purely by an applied external electric field[132]. Fields
of 10·106 V/m may be easily obtained at the LAO//STO interface, which are
larger than the 1·106 V/m fields used in field-effect structures. This indicates that
the vacancy concentration and the conduction electron density are closely linked.
Already in the original paper it was noted that the electron density derived from
Hall measurements varied greatly as a function of the oxygen pressure during the
deposition of the LAO film[72]. At low pressures electron density values of about
200 electrons per unit cell area were obtained, far from the half an electron from
the ionic model. Given the ease with which oxygen vacancies are introduced in
STO care must be taken to distinguish between a 3D vacancy-driven state and the
much more interesting 2D interface state.

Figure 2.15: Sheet resistance as a function of temperature for LAO//STO
interfaces grown in different pressures. Graph taken from Ref. [133].

Perhaps a good starting point to discuss the various effects of oxygen vacancies
on the system is Figure 2.15[133]. It can clearly be seen that with increasing
the oxygen pressure during the deposition of the LAO layer the sheet resistance
increases. There is a large jump on going from 1·10−6 mbar O2 to 3·10−5 mbar
O2. Then upon further increasing the pressure the system reaches a state where
a ’normal’ interface conducting state, a superconducting state or a magnetically-
active state can be present due to factors other than oxygen contents.

When all transport data at room temperature and low temperature (300 K resp.
∼5 K) from literature is compared, a similar trend shows5. Below 1·10−5 mbar

5See for example Brinkman[99] and Kalabukhov[107].
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the electron density varies wildly, while above that pressure the electron density
is about 21±7·1013 cm−2 at room temperature and 4.9±2.5·1013 cm−2 at 5 K.
Or equivalently about 0.32 and 0.07 electron per unit cell area. The electron
mobility also evolves with the deposition pressure, but more slowly. A power law
dependence µ ∝ n−x like in doped STO[134] fits the data quite well, though with
an exponent of x = 1.0±0.1 compared to x = 0.75±0.03 for doped STO. But this
difference may be due to the difference between 3D conduction in the bulk STO
compared to 2D conduction in the LAO/STO system.

Grown at low pressure (∼1·10−6 mbar O2) the main contribution to the conduction
is due to oxygen vacancies. Samples grown at this pressure exhibit Shubnikov-de
Haas oscillations[98] and blue light luminescence[109] similar to doped STO[115,
135]. Distinguishing between the vacancy-dominated regime and the interface-
related regime is very difficult: EELS measurements clearly show the presence of
Ti3+ for samples at both 1·10−6 and 1·10−3 mbar O2[123, 136], but it is difficult
to explain the 4 orders of magnitude difference in the sheet resistance from the
observed Ti3+ signal. EELS, though, has a low sensitivity and contributions from
oxygen vacancy levels below 1 % are still significant[137]. Transport properties
for low-pressure grown samples are also very similar to doped STO; the electron
mobility dependence on temperature for interfaces, doped and reduced STO are
nearly the same[98] and the interfaces show no dependence on LAO thickness[102].
The oxygen vacancies are thought to diffuse throughout the entire STO substrate
during deposition[98], though post-annealing with atomic oxygen greatly reduces
the vacancy concentration and thus the electron density to a value of about 1.3·1013

cm−2[101]. This change from conduction throughout the crystal to conduction at
the interface was also observed with conducting-tip AFM where the resistance as
a function of position was mapped across a LAO//STO interface grown at 1·10−6

mbar both as-grown and post-annealed[110]. Figure 2.16 shows the resistance
along a line perpendicular to the interface for both cases.

Figure 2.16: Resistance and equivalent carrier density profiles for the as-
grown (blue) and post-annealed (red) interfaces. Graph taken from Ref.

[110].
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It can clearly be seen how the as-grown low-pressure interface has a wide area
with lower resistance. In fact, the entire STO substrate has a reduced resistance,
even 500 µm away from the interface; which is about the bottom of the substrate.
For the post-annealed interface, the resistance quickly returns to its maximum
value. So, for post-annealed or high-pressure grown interfaces the conducting
electrons are confined to an area about 10 nm from the interface[110, 113, 138, 139].
Interestingly enough, the confinement holds at low temperatures, despite huge
increase in the dielectric constant of STO[140]. The electric field close to the
interface reduces the dielectric constant so much that at 5 K the electrons are still
confined within an area about 20 nm thick. This is close to the Fermi wavelength
of 16 nm[138] and smaller than the cyclotron radius (Equation 2.8), indicating
quasi-2D behaviour.

Comparing the mobilities for samples grown at different pressures, the mobility
decreases with increasing deposition pressure[99]. This is an interesting observa-
tion, as in general the assumption would be that for increasing pressure, there
are less oxygen vacancies that can scatter the mobile electrons. A similar trend
was observed for the film-thickness-dependence where the mobility decreases with
increasing thickness[84]. In this last case the electron density also decreases with
thicker layers, again suggesting that the mobility is lower for a system with less va-
cancies. No explanation for either trend has been given, though it may be related
to the spatial distribution of the electrons. It was shown that an external field can
drastically change the Hall mobility by almost an order of magnitude[141]. For
high negative gate voltages the electrons are pulled close to the interface, where
they are scattered by interface defects. In addition, their closer proximity in-
creases the local internal electric field and lowers the dielectric constant[138]. This
decreases the screening of defects and compounds the reduction of the mobility.

For samples grown at higher pressures several different ground states have been ob-
served. Figure 2.15 already shows a superconducting and a magnetic state. Above
70 K most of the behaviour described in the previous section applies: the Fermi-
liquid description, the critical LAO thickness, the coupling between interfaces,
etcetera. Below that 70 K there are systems that develop towards a supercon-
ducting state with a critical temperature of ∼200 mK and a critical current of
∼95 µA/cm[142]. The two-dimensional nature of the superconducting electron
gas gives a close upper limit on the electron distribution of about 10 nm, which
was confirmed by measuring the critical magnetic field in different directions[143].
Combining this work with earlier work on a back-gate field-effect transistor it
was possible to obtain an electronic phase diagram of the superconducting state,
yielding the onset of superconductivity starting from an electron density of about
2.9·1013 cm−2 to a maximum critical temperature of 300 mK at an electron density
of 5.7·1013 cm−2[90, 139, 141]. This two-dimensional superconducting transition
has been described in the Beresinkii-Kosterlitz-Thouless framework[90, 142]. The
broadening of the superconducting transition below Tc has been attributed to
finite-size effects[139] or inhomogeneities[144]. On the other hand, a magnetic
signature, possibly from Kondo scattering, was found at interfaces grown at a
slightly higher pressure compared to the superconducting samples[99]. The effec-
tive crossover temperature from electron-electron scattering to Kondo scattering
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is around 70 K; the sheet resistance starts to visually deviate at 50 K. The sus-
ceptibility as obtained from the magnetoresistance curve follows the Curie-Weiss
law, from which an antiferromagnetic coupling energy of 40 µeV was obtained.

Now this seems to be a dichotomy, as superconductivity and magnetism are al-
most mutually exclusive. A simple way of looking at it, is that the electrons of
the basic Cooper pairs in superconductivity have opposite spin. Any magnetic
material will have a preferred spin direction, thus breaking the Cooper pairs and
preventing superconductivity. Reconciling these two states in a single system is
something that is still a topic of research. One possible explanation is that the
electron doping of the interface is actually a compound process. It includes contri-
butions from oxygen vacancies, doping through an external field effect and interface
reconstruction[145]. Together, these three can create a phase diagram that spans
all the observed properties. Separating out the different contributions is going to
be one of the challenges in understanding the LAO/STO system. This is further
convoluted by the fact that oxygen vacancies not only influence the electron den-
sity, but also the dielectric constant[146]. This greatly influences the spread of the
electrons into the STO, so that for samples with similar 2D electron sheet den-
sities the local 3D electron density at the interface can be different. As a result,
the 3D electron density can cross the critical density for superconductivity[147] in
one sample but not in another, despite their apparent similar 2D electron sheet
densities.

Not only internal processes play a role. The surface preparation is just as impor-
tant. Every interface will have steps in it due to the miscut from the perfect crystal
plane of the perovskite block. It was observed that depending on the orientation
of the current path with respect to these step edges, the sheet resistance changes
for some samples[148, 149]. Parallel to the step edges, so over the terraces, the
sheet resistance is lowest, while perpendicular the steps - across them - the sheet
resistance is highest. These step edges form ’defects’ in the conducting state, most
likely due to the residual SrO at these edges[97]. Magnetoresistance measurements
further corroborate this, as the rough periodicity between the step edges gives rise
to an oscillating signal in the resistance as a function of the magnetic field[150].
Inducing artificial dislocations by using STO bicrystals as substrates shows clearly
how these defects affect the conducting state[149]. An area of about 5 nm across
is depleted of conduction electrons for each dislocation. This all shows how careful
fabrication, both in the preparation of the materials and during the growth itself,
is necessary to distinguish between all the different factors involved.

2.6 Concluding remarks

Creating two-dimensional electron layers - or even quantum wells - in correlated-
electron materials is a challenging and exciting undertaking. Starting from simple
concepts and examples in semiconductor physics, the definitions and possible con-
finement strategies are easy to discuss. The free-electron approximation makes it
easy to discuss the ’particle-in-a-box’ scheme, as well as the band picture. Extend-
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ing the simple Schrödinger equation to electron-electron interaction leads the way
to the discussion of correlated-electron materials with as their primary example
the perovskite transition metal oxides. The inclusion of electron correlation opens
up a wide variety of properties, which at the same time are highly useful and
deviously complex.

Extending the semiconductor picture of electron layers to correlated-electron ma-
terials is not easily done, but advances in the last decade in both control of the
growth (through substrate preparation and deposition manipulation) and in situ
monitoring are now allowing the fabrication of well-defined interfaces, heterostruc-
tures and multilayers. The material systems that attract the most attention are
the LTO/STO and LAO/STO systems. The common ground for using STO is the
extensive knowledge base for this material. Indeed, as it turns out, a lot of the
knowledge obtained for doped STO is almost directly applicable to these systems.
But the differences are very exciting.

The confinement of the electron layer close to the dopant film (either the Mott
insulator LTO or the band insulator LAO) leads to specific crystal and electronic
reconstructions not present in bulk doped STO. Two-dimensional orbital ordering
may lead to magnetic order as well, a new feature. Further confinement might lead
to more strongly correlated electrons which would be of great interest to theorists
as a model system for simpler, two-dimensional models. More application-oriented,
field-effect tuning of this interface electron layer has been demonstrated. Changing
the electron density of such interfaces by bringing another interface or surface close
by allows for a wider variety of possible applications and perhaps even a surface-
sensitive detection technique.

The research so far has yielded much information on many interesting properties,
but there is still more interesting things to discover. The further confinement of the
electrons within these materials, the interaction perpendicular to the interface, the
anisotropy of the conducting state and the oxygen-dependence are some examples
that make the research of these systems such a lively field.
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and D. P. Norton, “The growth and properties of epitaxial KNbO3 thin films and
KNbO3/KTaO3 superlattices,” Applied Physics Letters, vol. 68, pp. 1488–1490, 1996.

[130] T. Fix, J. L. MacManus Driscoll, and M. G. Blamire, “Delta-doped LaAlO3/SrTiO3

interfaces,” Applied Physics Letters, vol. 94, p. 172101, 2009.

42



[131] P. Pasierb, S. Komornicki, and M. Rekas, “Comparison of the chemical diffusion of
undoped and Nb-doped SrTiO3,” Journal of Physics and Chemistry of Solids, vol. 60,
pp. 1835–1844, 1999.

[132] T. Leisegang, H. Stoecker, A. A. Levin, T. Weissach, M. Zschornak, E. Gutmann,
K. Rickers, S. Gemming, and D. C. Meyer, “Switching Ti valence in SrTiO3 by a dc
electric field,” Physical Review Letters, vol. 102, p. 087601, 2009.

[133] G. Rijnders and D. H. A. Blank, “An atomic force pencil and eraser,” Nature Materials,
vol. 7, pp. 270–271, 2008.

[134] H. P. R. Frederikse and W. R. Hosler, “Hall mobility in SrTiO3,” Physical Review,
vol. 161, pp. 822–827, 1967.

[135] D. Kan, T. Terashima, R. Kanda, A. Masuno, K. Tanaka, S. Chu, H. Kan, A. Ishizumi,
Y. Kanemitsu, Y. Shimakawa, and M. Takano, “Blue-light emission at room temperature
from Ar+-irradiated SrTiO3,” Nature Materials, vol. 4, pp. 816–819, 2005.

[136] J. L. Maurice, G. Herranz, C. Colliex, I. Devos, C. Carrétéro, A. Barthélémy,
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Chapter 3

Fabrication &
characterization of
perovskite thin films

Abstract

Besides purity and quality of the bulk complex oxides, purity and quality
of the interfaces becomes important in the search for two-dimensional electron
layers. Careful material preparation, in situ monitoring during the fabrication
and optimal growth conditions are all required obtain the desired perfection, be
it crystallographic, chemical, or morphological. Different techniques to probe
these structural factors are needed, so they can be linked to the functional
properties of the final sample.

3.1 Introduction

The technological boom in the second half of the previous century is in no small
part due to the corresponding increase in understanding of the physics of solid
state materials. In an iterative process our better understanding led to improved
and new devices which in turn lead to new measurements and thus deeper under-
standing. Thus our knowledge of materials, both basic and applied, grew almost
exponentially. Nowhere is this better exemplified than in Moore’s law[1], which
state that the number of transistors per area doubles every two years.

This ’law’ is a tribute to the precision technologies that allow the fabrication of
nanometer-sized features of semiconductors. Various technologies, starting from
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the fabrication of pure single crystals, through the deposition of atomic layers
using techniques such as molecular beam epitaxy or metalorganic vapour phase
epitaxy, to the etching and structuring of integrated circuits using chemical or ion
etching, make it possible to grow the plethora of devices in current-day technology.

In the perovskite transition metal oxides such precise fabrication has only more
recently become possible with the rise of pulsed laser deposition since the discovery
of high-Tc superconductors in 1986[2]. Especially the control of the surface termi-
nation of the STO substrate[3–8] and the in situ monitoring of the crystal growth
using high-pressure reflective high-energy electron diffraction (RHEED)[9, 10] have
allowed the fabrication of a variety of high-quality perovskite oxide heterostruc-
tures, including the LTO/STO and LAO/STO systems mentioned in the previous
chapter[11–14].

This chapter discusses the various techniques used to fabricate and character-
ize the transition metal oxide samples. First the fabrication of the thin films is
discussed, followed by the structural and chemical characterization. These two
aspects determine the electronic and optical properties of the samples, which have
been measured using several techniques discussed in the last section.

3.2 Thin film fabrication

Similar to semiconductor devices, the fabrication of transition metal oxide thin
films start with the careful preparation of both substrate and source material,
followed by a controlled deposition. Each of these steps requires considerable care.

3.2.1 Substrates & targets

As Figure 2.7 on page 17 shows the perovskite unit cell can be considered as a
stacking of AO and BO2 layers. Cleaving such crystals will in general result in a
terraced surface with step heights of about half a unit cell. The crystal then has
a mixed termination with both AO and BO2 on the surface. For a precise control
of both stacking sequence and interface chemistry, it is necessary to control the
surface termination to obtain single-terminated surfaces.

STO is often used as a substrate in the research of transition metal oxides because
of its cubic crystal structure, chemical and thermal stability and availability. An-
other reason to use STO substrates for the growth of heterostructures containing
LTO and LAO is that the lattice constant of STO lies somewhere between those of
LTO and LAO. The lattice mismatch is -1.6 % for LTO (compressive) and 3.1 %
for LAO (tensile). Several recipes for obtaining TiO2-terminated STO substrates
have been published[3–8]. In fact, this precise control of the termination is another
reason for the success of STO as the substrate of choice. Here the following recipe,
based on the one by Koster et al.[4], was used:
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1. Cleaning of the as-received substrates with acetone and ethanol;

2. Hydroxylation of SrO by immersion in demiwater for half an hour;

3. Etching of the hydrolized SrO away by immersion in a buffered NH4-HF
solution for 30 seconds;

4. After etching, the substrates are pre-annealed. Two different procedures
were used:

(a) Before deposition, the substrates were pre-annealed in situ at 900 ◦C
and 7·10−6 mbar for 60 minutes.
These substrates were used for the LTO/LAO material system.

(b) The substrates were pre-annealed ex-site in a tube oven at 930-950 ◦C
in 150 l/hr flowing O2 for 60-120 minutes depending on the substrate
miscut.
These substrates were used for the LAO/STO material system.

Substrates obtained from Shinkosha Co. Ltd., Japan, SurfaceNet GmbH., Ger-
many and CrysTec GmbH., Germany were prepared following these procedures.
They show a terraced surface with roughly parallel step edges. Step height was
∼4 Å or about a unit cell. Friction force microscopy showed a single termination
across a 5×5 µm2 area. Prepared substrates treated at the temperature, oxygen
pressure and time conditions for a deposition were all insulating.

In a few cases other substrates, such as LAO and GdScO3, were used. The LAO
substrates were cleaned with acetone and ethanol and then etched with carbonic
acid by placing it in demi-water just below its boiling temperature for 30 minutes
followed by a three-hour annealing in flowing oxygen at 950 ◦C. Straight step edges
were observed with a height of about 3.5 Å and a RMS value of ∼2 Å. Friction force
microscopy showed no differences in sticking force on the surface. The GdScO3

substrates were also cleaned with acetone and ethanol before pre-annealing in situ
at 786 ◦C in 7·10−6 mbar of oxygen for one hour. The surface showed clear terraces
with step heights of about 4 Å, but the edges were very rough with many islands.
Still, the RMS value over the 5×5 µm area was ∼2 Å.

As source targets for the deposition process single crystals of STO and LAO and
polycrystalline pellets of La2Ti2O7 and SrRuO3 (SRO) were used. The synthesis
of stoichiometric LaTiO3 is very difficult due to the strongly oxidizing nature of
titanium, but thin films of the 113 composition can readily be grown from a 227
target[15]. Before use, the target surfaces are ground to clean the surface, followed
by an in situ laser cleaning step before the actual deposition.

3.2.2 Principles & advantages of pulsed laser deposition

Pulsed laser deposition (PLD) is a physical vapour deposition technique where
the transferred material is evaporated from the source target by heating with an
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intense laser pulse. Most commonly pulsed excimer lasers (XrF, XeCl) with a
wavelength between 240-310 Å are used. The laser pulses are focussed onto the
target material using a lens external to the vacuum chamber to achieve the required
energy density. The heated material quickly evaporates and further laser heating
of the evaporated species creates a plasma that expands away from the target
towards the substrate. There the evaporated material adsorps at the substrate,
where it undergoes a thermally-activated diffusion process before forming a thin
layer[10].

Figure 3.1 shows this process. In this schematic the laser beam enters diago-
nally from the top and hits one of the targets on the carousel in the center. The
evaporated material is further heated and the plasma then expands towards the
substrate, mounted on a heater block, above.

Figure 3.1: Schematic topview of the core PLD device.

Important parameters for the PLD process are the laser fluency (energy per pulse
per unit area), laser spot size, target-to-substrate distance, background gas pres-
sure & composition and the substrate temperature. These parameters influence
the real advantages of PLD: the supersaturation during the deposition pulse &
subsequent relaxation on the substrate and the tuneable kinetics of the species
arriving on the substrate.

Due to the pulsed nature of the laser, the plasma is also pulsed. During a single
pulse about 3·1013 ion species arrive on the substrate. At a typical laser pulse
frequency of 2 Hz this translates to a growth rate of 0.02 nm/s. This is not unlike
growth rates achieved with molecular-beam epitaxy. However, the material is only
transferred during the plasma pulse instead of continuously. Given the fact that
the plasma pulse duration is very short (∼500 µs[16]) the species density during
the plasma pulse is much higher than at any time during a continuous deposition
technique.
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This supersaturation causes a high nucleation density. Then, because the plasma
pulse is mostly much shorter than the mean diffusion time of adatoms on the
substrate, the adatoms diffuse across the surface and relax into their optimal
positions[17]. This relaxation can be seen in the RHEED signal, where the in-
tensity relaxes exponentially after each plasma pulse. The high nucleation density
promotes the interlayer transport during the following plasma pulses, thus promot-
ing layer-by-layer growth. In the extreme limit, all material for a single monolayer
can be deposited nearly instantaneous by giving a burst of laser pulses. This pro-
motes layer-by-layer growth of materials that are otherwise difficult to grow as
monolayers[18].

Furthermore, to optimize this process of supersaturation and relaxation, the kinet-
ics of the arriving species in the plasma can be tuned by varying the parameters
mentioned above. The laser fluency and substrate temperature directly influence
the energy of the adatoms on the substrate. Oppositely, interactions with the
background gas during the crossing from target to substrate cause the forefront
of the plasma to thermalize and reach an equilibrium state. It has been argued
that this thermalized front is the optimal condition for the arriving species[19].
So, using these parameters the growth kinetics of the thin films can be optimized.

Though not a unique advantages of PLD, the ease with which stoichiometric trans-
fer of the target compound is achieved is a great plus. MBE can also achieve this
stoichiometry through careful calibration of each independent source, but lacks
the high oxygen pressure required for the growth of oxides. In fact, control of
the background gas pressure and composition actually makes it possible to ex-
periment with the oxygen stoichometry[20]. PLD combines this compositional
advantage with the supersaturated growth, making it an ideal process to fabricate
transition metal oxide thin films.

3.2.3 High-pressure reflective high-energy electron diffrac-
tion

For the fabrication of well-defined stacks of thin films, or even single films of
a precise thickness, with PLD it is necessary to monitor the growth in situ for
example with RHEED. Though it was already used to monitor thin film growth
in molecular-beam epitaxy, the high pressure during deposition made it difficult
to apply this monitoring technique due to scattering of the electron beam. The
invention of high-pressure RHEED, where the electrons travel only a short distance
through the high-pressure region, allowed this technique to be applied to PLD[9].
And with great success, as all systems discussed so far would have been impossible
to make without this tool.

Figure 3.1 shows the central experimental part of the RHEED set-up. An electron
gun provides a beam of electrons with a typical energy of 35 keV. This beam
travels through a small tube which is pumped down to a low pressure; lower than
that in the deposition chamber. This way the electron beam can come close to the
monitored substrate without losing coherence through scattering. In Figure 3.1
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this tube enters from the right. The electron beam then travels a short distance to
the substrate, or film, and diffracts from the surface. The shallow incident angle
causes the beam to interact with only the top few layers. The diffracted beam
then falls on a phosphor screen shown to the left of the sample heater, giving rise
to the characteristic RHEED pattern which is observed using a digital camera.

This RHEED pattern originates from the reciprocal lattice of the sample surface.
Figure 3.2 shows this schematically. The two-dimensional nature of the samples
surface gives rise to reciprocal rods instead of points. The intersection of these rods
with the Ewald sphere results in spots which will appear in the RHEED pattern on
the phosphor screen. The spherical nature of the Ewald sphere can be recognized
in the fact that the diffraction spots also lie on a Laue circle. Optimalization of
both the incident angle and the in-plane azimuth is often necessary to obtain sharp
spots and symmetric patterns.

Figure 3.2: Ewald construction for RHEED, showing Laue circles and
diffraction spots. Image taken from Ref. [21].

Monitoring the RHEED pattern with time yields a variety of information. Mea-
suring the intensity of a central spot gives information about the film growth.
Starting from a well-prepared substrate, partial coverage by deposited material
will reduce the intensity due to the change in step density. As the layer is filled
and the complete surface is restored, the intensity will recover. Depending on
the growth mode, the behaviour of these oscillations differs. Perfect layer-by-layer
growth (2D) would yield perfect oscillations that come back to the same maximum
intensity every time. Island growth (3D) would show a decreasing intensity with-
out oscillations until an average roughness of the sample surface is reached. Step
flow growth, where all the material immediately diffuses towards the step edges
of the substrate, would show no change at all as the overall morphology of the
sample does not change. Finally, mixed growth would give oscillations that slowly
lose intensity over time until again an average roughness is reached[17].

Aside from information about the growth process, the diffracted patterns can also
yield other information. The side spots of the RHEED pattern are the result of a
simple diffraction process described by:

d sin(θ) = nλ (3.1)

The right-hand side of this equation is constant, so by observing the lateral position
of the side spots it is possible to derive the in-plane lattice parameter during
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growth. It is observed to oscillate with the same period as the intensity oscillations
of the central spot.

Also similar to the X-ray diffraction, the width of the central spot yields informa-
tion about the coherence of the surface crystal structure. For a bare substrate or
completed film, the coherence is maximum. This relation between coherence and
peak width is similar to Scherrer’s equation:

ξ =
Kλ

FWHM cos(θ)
(3.2)

For the shallow incident angles of RHEED cos(θ) is almost 1, so the coherence, or
the length scale over which the crystal structure is perfect, is inversely proportional
to the full-width half-maximum of the central spot. Again, this oscillates with the
same period as the intensity of the central spot. However, numerical values for the
coherence are difficult to obtain, because the necessary calibration of the RHEED
system is difficult to do and unstable during deposition.

3.2.4 Experimental set-up

For this work two different PLD set-ups were used. Both were equipped with a KrF
excimer laser (Coherent, wavelength λ = 248 nm). A rectangular mask was used to
select the homogeneous part of the laser beam. This mask was then projected onto
the target inside the vacuum chamber using a lens, resulting in a spot size of about
2 mm2. The energy of the laser pulse was measured outside the deposition chamber
and the fluency was then calculated from the spotsize area, taking into account
the losses at the lens and the deposition chamber window. A load-lock system
allows the loading of samples and multiple targets without breaking the vacuum
inside the main deposition chamber. Moving the target prevented ’burn in’ of the
surface which can result in droplet formation or non-stiochiometric transfer. The
deposition pressure varied from 10−6 to 10−1 mbar of either O2, Ar or a mixture
of the two.

The work on the LTO/LAO system was carried out at Hwang Lab, University of
Tokyo, Japan. A schematic of that system is given in Figure 3.3. All the work on
LAO//STO interfaces was carried out at the MESA+ Institute for Nanotechnol-
ogy, University of Twente, the Netherlands[17]. A schematic of the core of that
system was shown in Figure 3.1.

Though not of great influence on the PLD process itself, the different design results
in some differences in practice. A short list of some characteristic differences is
given in Table 3.1.

3.3 Structural & compositional characterization

After its fabrication it is necessary to characterize the sample. Because every one
of its properties, be they electrical, mechanical or optical, are due to its structure
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Figure 3.3: Schematic sideview of the PLD set-up at Hwang lab, University
of Tokyo, Japan.

feature Hwang Lab MESA+ Institute
Japan The Netherlands

base pressure 10−8 mbar 10−7 mbar
laser Coherent Compex Coherent LPX200
target movement rotation translation
deposition direction vertical horizontal
target-substrate distance 50 mm 55 mm
sample heater lamp resistive
Thermal contact glue Pt-based Ag-based
temperature measurement pyrometer in situ thermocouple

Table 3.1: Differences in PLD set-up between Hwang lab, Japan and
MESA+ Institute for Nanotechnology, the Netherlands.

and composition, these need to be identified first. Atomic force microscopy yields
information on the surface morphology, while X-ray diffraction and transmission
electron microscopy give information on the (local) crystal structure. Electron
energy loss spectroscopy, combined with scanning TEM can identify chemical (and
some electronic) information of the crystal structure.
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3.3.1 Atomic force microscopy

AFM measurements were used to determine the surface morphology of the samples,
specifically the topography and friction profile. Contact mode AFM measurements
were carried out with either a Dimension V or a MultiMode scanning probe micro-
scope from Veeco, UK. Typically, silicon tips from Nanosensors, Switzerland with
a force constant k = 0.02-0.77 N/m were used. All measurements were carried out
ex situ, either directly after etching & annealing for substrates or after fabrication
for deposited films to minimize surface contamination. In general 5×5 µm2 areas
at 512×512 points were scanned.

3.3.2 X-ray diffraction

The crystallographic structure of the substrates and samples were determined by
XRD on either a thin-film diffractometer or a four-circle diffractometer (CAD4,
Enraf-Nonius, the Netherlands; D8discover, Bruker, Germany; X’pert MRD,
Philips, the Netherlands1) using Cu Kα radiation. The samples and substrates
were analysed using θ-2θ scans, ω rocking curves, φ scans, Matthieson scans and
reciprocal space mapping to determine crystal structure, roughness, orientation,
phase information and superlattice periodicity. The instrumental broadening of
the CAD4 system is estimated at about 0.2◦ because of the lack of a monochro-
mator. This also gives rise to additional peaks corresponding to λ/2 and λ/3.
Both the D8discover and X’pert MRD system have a lower broadening due to
the incorporation of a monochromator, allowing only the Cu Kα1 line into the
diffractometer.

3.3.3 (Scanning) Transmission electron microscopy

(Scanning) Transmission electron microscopy images were taken to investigate the
local crystal structure and epitaxial quality of the deposited thin films. Different
instruments were used over the course of the studies. First, for the study of
the LTO/LAO system samples were investigated with a Tecnai F20-ST from FEI
Company, USA2. The core of the instrument is the electron monochromator that
reduces the energy spread from the 200 kV field emission gun, resulting in an ultra-
high energy resolution. The SuperTwin objective lens with a spherical aberration
of 1.2 mm makes for a spatial resolution of ∼1.6 Å. Together this allows for the
determination of electronic properties with atomic resolution[20, 22].

Both annular dark field images and high-angle annular dark field (HAADF) images
were obtained. The latter resulted in high-resolution Z-contrast images using a
Fischione Model 3000 detector. This detector only detects electrons scattered over

1XRD measurements on the X’pert MRD were carried out at the Hwang lab, University of
Tokyo, Japan

2STEM & EELS measurements on the Tecnai F20-ST were carried out at the Muller group,
Cornell University, USA.
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large angels, thus avoiding the direct beam. The intensity of these incoherently
scattered electrons is directly proportional to the atomic weight Z of the atoms
in the image atomic columns. This facilitates qualitative interpretation of the
HAADF images, as heavier chemical elements appear as brighter spots in the
image.

TEM images of the LAO/STO system were obtained using a Philips CM30 Twin/
STEM3. The maximum operating voltage is 300 kV with a resolution of ∼2.3 Å,
which is limited by instrumental parameters.

3.3.4 Electron energy loss spectroscopy

Local chemical information can be obtained with EELS in combination with the
first STEM set-up described above. The high spatial and energy resolution makes
it possible to measure precise EELS spectra at atomic resolution. In STEM mode,
the electrons scatter incoherently on the ions in the sample and loose part of their
energy. These transmitted electrons in the direct beam are then captured on a 865-
ER Gatan imaging filter and their energy spectrum is measured with a resolution
of about 0.6 eV[23]. From this spectrum the chemical, and often electronical,
properties can be determined. For oxygen vacancies, the detection limit is about
1 % (δ ≈ 0.05)[20].

3.4 Electronic & optical characterization

With the structure of the sample known, it is necessary to determine its electronic
and optical properties. It is these properties that are often of most interest, either
because they are useful for applications or because they give information about
what physics is going on inside the sample. Linking these functional properties to
the sample structure makes it possible to determine and understand the physics
inherent to the structures.

3.4.1 X-ray photoelectron spectroscopy

Similar to EELS, XPS yields both chemical and electronical information about
the sample. XPS measurements on the LTO/LAO system were carried out on
a Quantera SXM, Physical Electronics, USA or on a custom-build spectrometer
equipped with a SES-100 electron-energy analyzer, VG Scienta, Sweden4. Samples
were transferred ex situ from the deposition chamber to the spectrometer. All
measurements were carried out at room temperature. X-rays are generated from
an Al Kα (hν = 1486.6 eV) X-ray source, with a correction for the Al Kα3,4

3TEM measurements on the Philips CM30 Twin/STEM were carried out at the Central
Materials Analysis Laboratory, MESA+, University of Twente, the Netherlands.

4XPS measurements on the second machine were carried out at the Fujimori group, University
of Tokyo, Japan.

54



satellites. The total energy resolution was set to about 0.8 eV for the Quantera
SXM and 0.9 eV for the SES-100. Either the C 1s core level (EB = 285 eV) or the
Au 4f7/2 core level (EB = 84.0 eV) was used for the calibration.

Hard X-ray photoelectron spectroscopy measurements were performed at the un-
dulator beamline BL29XU of SPring-8, using a R4000-10 keV hemispherical elec-
tron energy analyzer, VG Scienta, Sweden5. Details of the apparatus including
X-ray optics are described elsewhere[24–26]. Samples were transferred from the
PLD chamber to the spectrometer chamber ex situ and no surface treatment was
performed prior to XPS measurements. All the measurements were carried out at
room temperature, and the total energy resolution was set to about 200 meV. The
position of the Fermi level was determined using gold spectra.

XPS measurements on the LAO/STO system were performed with an XPS/UPS
system designed by Omicron Nanotechnology GmbH, Germany. The system is
equipped with an EA 125 electron energy analyser. Several X-ray sources are
present; a non-monochromatic Al Kα (1486.3 eV) and Mg Kα (1253.6 eV) source
(DAR 400) and a monochromatic Al Kα source (XM 1000). The UV light source
is a He plasma lamp (HIS 13) which can be operated at either the He I (21.22
eV) and He II (40.8 eV) excitation edges. The base pressure of the system is
below 1·10−10 mbar. The analyser is calibrated with the use of an in situ sputter
cleaned Au sample. The escape angle of the electrons can be varied by rotation
of the sample between 10 and 80 degrees of the sample surface normal for surface
sensitive measurements.

3.4.2 Electronic transport analysis

Electrical measurements as a function of temperature and magnetic field allow for
a variety of transport properties such as Hall electron density and electron mobility
to be determined. From these it is often possible to draw other conclusions about
the electron scattering and capture processes inside the samples.

The basic measurement is a resistivity measurement as function of temperature
and/or magnetic field (Hall effect). However, for two-dimensional samples it is
difficult to determine or even assign a thickness to the conducting layer. The
sheet resistance is analogous to the resistivity but for two dimensions.

Rs =
R w

l
(3.3)

Here Rs is the sheet resistance (unit is Ω/� or Ohm-per-square, to distinguish
from resistance which has the same basic unit but a different meaning), R the
measured resistance and w & l the width and length respectively of the current
path. Such measurements allow for the extraction of the (mobile) carrier density,

5XPS measurements at SPring-8 were carried out by a collaboration between the Fujimori
group, Univeristy of Tokyo, Japan and the Coherent X-ray Optics Laboratory, RIKEN/SPring-8,
Japan.
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electron mobility and type of the carriers through the relation:

Rs =
1

n2D e µ
(3.4)

where n2D is the two-dimensional carrier density, e the electric charge of an electron
and µ the electron mobility.

All transport measurements were done using a PPMS, Quantum Design, USA
with a DC measurement. For the Hall effect and magnetoresistance measurements
magnetic fields up to 2.5·104 Oe were used. Measurements currents were kept as
low as possible to prevent resistive heating, but still large enough to limit the
noise. In general, this resulted in a current of the order 1-10 µA. Two different
measurement geometries, Hall-bar and Van-der-Pauw, were used.

Low-temperature transport measurements between 0.254 and 8 K were performed
in a Heliox VL 3He cryostat, Oxford Instruments, United Kingdom6. The system
has a base temperature of ∼250 mK and can achieve magnetic fields of up to 10 T
at 2 K. Four-point Van-der-Pauw measurements were carried out using purpose-
build modules fabricated by the Delft University of Technology, the Netherlands.
Typical operating currents were in the range 1-100 nA with resulting voltages of
the order of µV. After amplification, the voltage was measured using a Keithley
2000 multimeter.

Hall-bar geometry

In the Hall-bar geometry the sample is cut into a bar about 3 mm wide and 5 mm
long. Four electrodes are placed across the current path, with the inner two forming
the voltage contacts. Two smaller side-contacts allow for the measurement of the
Hall voltage. The electrodes are formed by first cracking the surface of the sample
by laser heating through a mask, thus defining where the electrodes are placed
and leaving the rest of the sample in tact. This is followed by the evaporation
of aluminium onto the cracked area to contact the deeper-laying layers. Contact
leads are then glued to the electrodes using silver epoxy. The sheet resistance can
then be extracted using Equation 3.3.

Van-der-Pauw geometry

In the Van-der-Pauw geometry[27] the contact leads are directly wirebonded to the
sample. The wirebonding process itself cracks the surface and makes contact to
the deeper layers. The resistance is then measured amongst these four electrodes
in different combinations. Figure 3.4 shows the typical location and labelling in
the Van-der-Pauw geometry.

The sheet resistance is numerically extracted from Equation 3.5. The advantage
of this geometry is that the shape and size of the sample can be arbitrary, as long

6Low-temperatyre transport measurements were done in co-operation with the NanoElectron-
ics group, MESA+ Institute for Nanotechnology, University of Twente, the Netherlands.
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Figure 3.4: Typical Van-der-Pauw geometry on a sample. Labels A to D
indicated current and voltage contacts.

as it is homogeneous, both structurally and electronically. The Hall resistance is
obtained at the same time by measuring VBD

IAC
.

1 = exp
(
− π

Rs

VAB

IDC

)
+ exp

(
− π

Rs

VAD

IBC

)
(3.5)

3.4.3 UV-vis photoreflectance spectroscopy

Photoreflectance measurements were carried out using a Cary 50 UV-vis spec-
trophotometer from Varian, USA. The photoreflectance was obtained using a 30◦

fixed angle specular reflectance accessory. The spectrometer uses a Czerny-Turner
0.28 m monochromator to select the desired frequency from the xenon flashlight.
The dual beam operation mode allows to correct for intensity fluctuations in ei-
ther source or surroundings. Scan range, resolution and speed can be adjusted
but typical settings are 400 to 190 nm (3.1 to 6.5 eV)7 with a step size of 0.5
nm at 5 nm/s. No baseline or zero was subtracted, as without calibration the
absolute value of the reflectance has no quantitative value. However, tests with a
silver mirror show that the qualitative structure of the reflectance spectra is still
physically correct. The RefFIT program[28] was used to fit the reflectance data
with Lorentz oscillators to unambiguously determine the transition energies.

7For longer wavelengths (lower energy) systematic artefacts appear. Also, that energy range
would fall within the bandgap op STO and LAO, so no structure is present.
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3.4.4 UV-vis absorption & ellipsometry

Optical measurements make it possible to probe material properties such as the
complex dielectric constant or similarly the complex optical conductivity. Absorp-
tion measurements are an easy way to probe this, but the extraction of quantita-
tive information is difficult except for the simplest samples. Ellipsometry is able
to extract the complex optical conductivity without Kramer-Kronig analysis or
phenomenological fitting with Lorentz oscillators. This allows for an unambiguous
determination of the optical properties. Both types of measurements were carried
out on a VASE ellipsometer from J.A. Woollam, USA8. The maximum energy
range is 0.75 to 6.5 eV with a resolution of 0.05 eV for a typical measurement.
∆/Ψ spectra are taken at angles between 55◦ and 85◦. Analysis of the spectra is
done with the accompanying V.A.S.E. software.

3.5 Concluding remarks

Understanding the properties of a material system requires knowledge of the struc-
ture of the material, which is determined during the fabrication. All three parts,
fabrication, characterization and functionality, require careful attention and so-
phisticated techniques. It is this sequence - fabrication determines structure which
in turn determines properties - that forms the basis of the research in this thesis.

Pulsed laser deposition in combination with RHEED monitoring has become a
mainstay of oxide thin film fabrication because of the tuneable growth kinetics and
the ease of stoichiometric transfer. The use of single-terminated substrates allows
for the growth of well-defined structures of complex oxides. Several techniques to
characterize these structures, either available in-house or through collaborations
with groups world-wide, have been discussed. Finally, techniques to measure the
electrical and optical properties are necessary to be able to discuss the relation
between these functional properties and the structural features.

8Ellipsometry and absorption measurements with the VASE ellispometer were carried out at
the Group Solid State, Université Fribourg, Switzerland.
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rate is about 1 Å per pulse,” Applied Physics Letters, vol. 73, pp. 1733–1735, 1998.

[20] D. A. Muller, N. Nakagawa, A. Ohtomo, J. L. Grazul, and H. Y. Hwang, “Atomic-scale
imaging of nanoengineered oxygen vacancy profiles in SrTiO3,” Nature, vol. 430,
pp. 657–661, 2004.

[21] J. Klein, “LEED/RHEED.” http://www.wmi.badw-muenchen.de/methods/leed rheed.htm
(10-02-2009).

[22] D. A. Muller, A. Ohtomo, J. L. Grazul, and H. Y. Hwang, “Artificial charge modulations
in La-doped SrTiO3 superlattices,” Microscopy and Microanalysis, vol. 8, pp. 576–577,
2002.

[23] L. Fitting Kourkoutis, Y. Hotta, T. Susaki, H. Y. Hwang, and D. A. Muller, “Nanometer
scale electronic reconstruction at the interface between LaVO3 and LaVO4,” Physical
Review Letters, vol. 97, p. 256803, 2006.

[24] K. Tamasaku, Y. Tanaka, M. Yabashi, H. Yamazaki, N. Kawamura, M. Suzuki, and
T. Ishikawa, “SPring-8 RIKEN beamline III for coherent X-ray optics,” Nuclear
Instruments & Methods in Physics Research Section A, vol. 467, pp. 686–689, 2001.

[25] T. Ishikawa, K. Tamasaku, and M. Yabashi, “High-resolution X-ray monochromators,”
Nuclear Instruments & Methods in Physics Research Section A, vol. 547, pp. 42–49, 2005.

[26] Y. Takata, M. Yabashi, K. Tamasaku, Y. Nishino, D. Miwa, T. Ishikawa, E. Ikenaga,
K. Horiba, S. Shin, M. Arita, K. Shimada, H. Narnatame, M. Taniguchi, H. Nohira,
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Chapter 4

Electron localization in
LaTiO3/LaAlO3
heterostructures

Abstract

Embedding LaTiO3 in LaAlO3 allows for a better confinement of the Ti
3d1 electrons. Compared to the LaTiO3/SrTiO3 system the new system is a
Mott insulator for single monolayers of LaTiO3. Ellipsometry measurements
confirm the presence of a narrow Ti3+ state and the orbitals are xz/yz ordered,
different from bulk LaTiO3 which shows no orbital order. External doping of
the electron layer is possible and depends on the separations of the donor
and receiver layers. It is found that a balance between surface oxidation and
electron transfer between the electron layer and the surface drives this doping.
A small part of this electronic stress is relieved within the LaAlO3 layer itself,
leading to a small band bending effect as observed from a change in the optical
transition energies of the system.

4.1 Introduction

Two-dimensional layers of electrons are of great use in both research and appli-
cations. In combination with correlated-electron materials, their behaviour could
be even more peculiar, as discussed in Chapter 2. But to obtain properties truly
different from those in semiconductors a higher density system has to be found,
since only when the electron-electron separation is small, the correlation effects
become dominant.
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Figure 2.11 already shows that electrons can be confined to about 20 nm thick
layer in heterostructures of STO and LTO. However, the effective electron density
is about 0.25 e/u.c. as obtained from the EELS measurements. But for a Mott
insulating state a theoretical density of 1 e/u.c. is required. So, ways to increase
the confinement of electrons should lead to more interesting physical systems.

There are several methods to increase the confinement of electrons within a poten-
tial well. First, increasing the depth of the well is a simple example, often discussed
in basic quantum mechanics texts as well[1, 2]. Band gap engineering in semicon-
ductors readily uses combinations of different materials with different band gaps
to achieve such potential wells. Second is reducing the penetration of electrons
into the buffer material. Decreasing the dielectric constant of the buffer material,
for example, decreases the Debye length which governs the electron distribution
at a potential step. More precise calculations show that indeed decreasing the
dielectric constant of the buffer material decreases the ’spill over’ of electrons[3].
Figure 4.1 shows this decrease clearly.

Figure 4.1: Theoretical charge density across a six-monolayer Mott/band
insulator heterostructure for different values of the dielectric constant of

the band insulator. Graph adapted from Ref. [3].

Finally, avoiding a polarization discontinuity at the interface between both mate-
rials should also reduce the amount of charge outside of the central layer. LAO
remarkably fulfils all three requirements, as shown in Table 4.1. It is an A3+B3+O3

material with a band gap larger than that LTO and a dielectric constant lower
than that of STO.

parameter STO LTO LAO

AxByO3 Sr2+Ti4+O3 La3+Ti3+O3 La3+Al3+O3

Eg (eV) 3.2 3.4 5.6
K (-) 300 20 24

Table 4.1: Material parameters of the perovskite oxides STO, LTO and
LAO at room temperature.
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Thus using LAO as the buffer material instead of STO the electron density on the
embedded LTO layer is expected to be closer to the bulk value of 1 electron per
unit cell. This would make the system a Mott insulator in two dimensions, offering
a model system for comparison with high-temperature superconductors or for field
effect systems where the electron density can be tuned by adding or subtracting
electrons from the active layer.

In this chapter the LTO/LAO system is investigated to determine whether the
confinement of the electrons in the LTO layer does indeed increase compared to
the LTO/STO system. To prevent any surface contributions, EELS is used to
study buried layers of LTO embedded in LAO. The ability of EELS to distinguish
between Ti3+ and Ti4+ makes it an ideal tool to determine the electron occupation
of such buried layers[4]. Superlattices are used as they offer several measurement
opportunities within a single sample, which is efficient as extensive sample prepa-
ration is required. But the ground state of the system cannot be derived from
the electronic state of the titanium alone. Transport measurements were used to
directly probe whether the system is insulating or not, indicating whether a Mott
state is present or not. Such a state would be a sure sign of confinement, as it is
closely related to the local electron density. Studies of the optical conductivity ob-
tained from ellipsometry on superlattices of LTO and LAO, and comparison with
the density-of-states obtained from calculations, are used to prove the existence of
occupied Ti 3d1 levels, proving the Mott state does exist in these superlattices.

The interaction between such electron layers is known to affect the doping of either
interface[5]. As the top surface of LAO is electronically reconstructed, probing thin
layers of LTO with a thin LAO cap can give information on this interaction. XPS
is a useful tool here, as it can also distinguish between Ti3+ and Ti4+, but does
not require the extensive sample preparation for EELS. However, only the region
close to the surface can be probed, so samples with a single LTO layer and a thin
LAO capping layer are required. A model where there is a balance between surface
reconstruction and electron-transfer from the LTO layer to the surface was used
to describe the observations. Optically probing these single-layer LTO films shows
that the LAO capping layer relaxes slightly, but well within the materials capability
to accommodate. This helps bridge the (chemical) potential difference between the
LTO layer and the air, but the energy scale of this deformation is small compared
to that of the competition between surface relaxation and electron transfer.

4.2 Sample fabrication

Both types of LTO/LAO heterostructures, superlattices and single-layer films,
were grown by PLD using the set-up at Hwang Lab, University of Tokyo, Japan.
STO(001) substrates 5×5×0.5 mm in size were used as substrates. These sub-
strates were pre-etched using buffered HF acid by the supplier and cleaned with
acetone and ethanol before loading into the PLD system. An in situ pre-anneal at
900 ◦C and 7·10−6 mbar for 60 minutes results in a clear step-and-terrace structure
observed with AFM with step edges of about 4 Å and a RMS roughness value of
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about 2 Å over a 5×5 µm area. STO substrates treated at deposition conditions
(700 ◦C and 1.7·10−6 mbar for 30 minutes) were found to be non-conducting. This
confirms that any conduction in the fabricated samples finds its cause in the de-
position; either in the deposited film itself or through the interaction between the
PLD plasma, the deposition pressure and the substrate.

Special care has to be taken with the growth of LTO, as it easily forms a La2Ti2O7

(227 phase) layered-perovskite structure. A phase diagram for the growth of LTO
as a function of temperature and deposition pressure was obtained previously[6].
This phase diagram is reproduced in Figure 4.2 and clearly shows that a low
pressure growth regime is necessary to obtain the desired phase.

Figure 4.2: Experimental phase diagram with temperature and deposition
pressure for the growth of LTO. Graph taken from Ref. [6].

An example of the RHEED signal for the growth of LTO at the optimum conditions
is shown in Figure 4.3. Up to about 15 2D growth oscillations can clearly be
seen, after which a steady growth with small oscillations extends to at least 40
oscillations. This shows that the 2D growth occurs to thicker layers than previously
reported[6], so the few monolayers required for the structures considered in this
thesis can be readily grown. Total thickness of the thick LTO film was ∼42 nm,
or a hundred monolayers. XRD θ-2θ scans for thicker LTO films give a c-axis
parameter of 3.98 Å, comparable to the bulk value of 3.97 Å. The presence of
higher order peaks indicates that the grown film is indeed the cubic 113 phase1

AFM measurements again give a clear step-and-terrace structure with step heights
of about ∼4 Å. Together these observations show that thin layers of the 113 phase
of LTO can be grown in a 2D regime, as expected from the temperature-pressure
phase diagram.

1The monoclinic unit cell of the 227 phase is miss-aligned about 4.5◦ with respect to the
cubic unit cell of the STO substrate. As such, only the (001) peak appears when the XRD
θ-2θ measurement is aligned to the substrate unit cell. If the sample is given a 4.5◦ offset, the
higher-order peaks for the 227 phase are all visible again[6].
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Figure 4.3: RHEED oscillations for the growth of thick LTO films at Hwang
lab, University of Tokyo, Japan. The insets show the RHEED pattern at

the begining (left) and end (right) of the LTO growth.

As STO(001) crystals are used as substrates, the growth of SrO monolayers was
investigated to eliminate the electron gas at that interface[7]. SrO in bulk form has
a rock-salt structure where each unit cell consists of two layers of SrO. Figure 4.4(a)
shows the RHEED oscillations for the growth of SrO on STO(001). The period
of the first oscillation is much shorter than the periods of the later oscillations by
a factor of two. As already shown in literature[8], during the growth of SrO on
TiO2-terminated STO, the first layer of SrO adopts the STO perovskite structure
and completes one oscillation. Later oscillations follow the SrO rock-salt structure
which requires twice the amount of deposited SrO to finish one unit cell compared
to the first oscillation. The vertical lines in Figure 4.4(a) show this clearly.

Figure 4.4(b) shows the in-plane lattice spacing as obtained during the growth
from the RHEED side spots. The oscillations in the intensity are clearly repro-
duced. The film can be seen relaxing towards the value for bulk SrO as the growth
proceeds. Although the relaxation is large (about 6 %) this behaviour has been
observed before for SrO[8].

Two types of samples were fabricated. Superlattice samples of LTO and LAO were
grown for EELS & ellipsometry measurements, while single layers of LTO embed-
ded in LAO were grown for XPS & photoreflectance investigations. Both types of
samples were grown at the same deposition parameters: fluency 2.5 J/cm2, pulse
frequency 2 and 4 Hz for LTO and LAO, respectively, spot size 2 mm2, deposition
pressure 1.7·10−6 mbar O2, target-to-substrate distance 50 mm and deposition
temperature 700 ◦C. The sample was cooled down in deposition pressure. The
low oxygen pressure is necessary for the growth of LTO, but also influences the
properties of the other materials, especially STO[4, 9].
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Figure 4.4: RHEED data for the growth of SrO on TiO2-terminated
STO(001).

The default structures for either are as follows. A superlattice is made of n rep-
etitions of a supercell consisting of m monolayers of LAO and p monolayers of
LTO. The LAO layer was chosen because its lower dielectric constant and higher
band gap should lead to better confinement of the electrons in the LTO layer, as
discussed in the introduction. The first layer on the TiO2-terminated STO(001)
substrate is a LAO layer, while the entire stack is capped with another m mono-
layers of LAO. Shorthand notation for the superlattice structure is ’SL(p-m)n’. A
single-layer sample consists of a 30 monolayer LAO buffer on a TiO2-terminated
STO(001) substrate. p monolayers of LTO are deposited on top of the LAO buffer
layer and the structure is capped with m layers of LAO. Shorthand notation for
the single-layer structure is ’PS(m-p)’. Both structure are shown in Figure 4.5 for
clarity.

….

m LAO capping
m LAO SL layer

p LTO SL layer

STO substrate n repetitions

(a) superlattice SL(p-m)n

m LAO capping30 LAO buffer

p LTO SL layerSTO substrate

(b) single-layer PS(m-p)

Figure 4.5: Designed LTO/LAO structures.

RHEED oscillations are visible for all samples, superlattices and single-layers, up to
the end of the deposition. The LTO deposition is always more difficult compared to
the LAO deposition because the RHEED signal drops rapidly during deposition.
However, by combining the intensity oscillations with the oscillations in the in-
plane d-spacing and FWHM of the main peak the growth can still be controlled
sufficiently. Deposition rates were on the order of 45 pulses per monolayer.
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4.3 Two-dimensional Mott insulator

The super-periodicity inherent in superlattices makes these structures ideal for
optical investigations, either with light or with electrons. EELS was used to de-
termine the level of confinement of the electrons within the LTO layers, while
transport and ellipsometry measurements helped investigate the ground state of
the LTO layers.

4.3.1 Structural characterization

AFM scans of the top surface of such superlattices show again a clear step-and-
terrace structure similar to the pre-annealed substrates. Figure 4.6 shows a 5×5
µm scan for a substrate and a SL(2-5)20 superlattice for comparison. RMS values
are of the order of 2 Å over the same area.

(a) substrate (b) superlattice SL(2-5)20

Figure 4.6: Comparison of top surface AFM scans for (a) substrate and
(b) SL(2-5)20 superlattice.

XRD θ-2θ scans give an average c-axis parameter of 3.77 Å, which is close to the
weighted-average of the c-axis parameters of the thick films of LTO and LAO.
Figure 4.7(a) shows that thickness fringes are observed, confirming the quality of
the superlattice. For the SL(2-5)20 the fringes confirm the superlattice period of 7
monolayers. Reciprocal space mapping shows that the films are coherently grown
on the substrate. For the SL(1-5)20 the reciprocal space map shows a = 3.902 Å,
cSTO = 3.906 Å and cfilm = 3.77 Å which is very close to bulk STO and the value
obtained from θ-2θ scans, respectively.

To check the crystal structure in more detail, STEM was performed by Dr. L.
Fitting-Kourkoutis2 on a special superlattice with different LTO thicknesses and a
protective STO capping layer. HAADF images such as those in the inset in Figure

2Muller group, Cornell University, Ithaca, USA.
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Figure 4.7: XRD scans of LTO/LAO superlattices.

4.8 show that the heterostructure is coherently grown. Both the STO substrate
and STO capping layer for this special sample are easily distinguished because of
the difference in atomic weight of the constituent ions. The difference between
the LTO and LAO layers is more difficult to see, especially for the thinnest LTO
layers.
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Figure 4.8: HAADF image (top) and STEM/EELS scan (bottom) of a
LTO/LAO superlattice.

The different EELS fingerprints for Ti3+ and Ti4+ allow to deconvolve the Ti3+/Ti4+

content of the different layers. In Figure 4.8 the z-scan starts from the STO capping
layer and then moves into the LAO/LTO superlattice. The Ti4+ signal disappears
as the superlattice is entered and the Ti3+ signal shows a peak every time a LTO
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layer is encountered. Because both superlattice layers contain lanthanum which
has a large atomic mass, there is little contrast between the layers. Still, the
atomic mass difference between titanium and aluminium is large enough for the
LTO layers to show up as brighter layers in the HAADF image. These brighter
bands coincide with the Ti3+ peaks in the EELS trace.

4.3.2 Comparing LaTiO3/SrTiO3 and LaTiO3/LaAlO3

A more extensive EELS study on similar LTO/LAO superlattices fabricated by
Dr. N. Nakagawa3 shows that the confinement of the electrons has increased.
Figure 2.11 shows the EELS profile across a single LTO layer. Assuming that
the integrated electron density under the curve is the same for all samples, the
peak fraction is directly proportional to the degree of confinement. The closer to
one electron per unit cell the peak fraction is, the closer the system is to a Mott
state. First because a higher fraction implies a higher local electron density and
second because the smaller distribution out-of-plane confines the current path to
the Mott-active LTO layer.

Figure 4.9 plots the peak fraction as a function of the number of LTO layers and
shows that for thicker LTO layers the peak fraction increases and comes closer to
1. Which is unsurprising, as for thicker layers the bulk behaviour is recovered[10].
Furthermore, the peak height for the LTO/LAO system is significantly higher than
that for the LTO/STO system: 0.85 vs. 0.25 for 1 monolayer of LTO. This shows
that the electron confinement is much higher in the LTO/LAO system.
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Figure 4.9: EELS Ti3+ fraction vs. LTO layer thickness. The data for the
LTO/STO system is from Ohtomo[10], the data for the LTO/LAO system

from private communications. The lines are guides to the eye.

Such a change in local electron density should be reflected in, for example, trans-
port measurements. Figure 4.10 shows a comparison of the transport behaviour

3Hwang lab, University of Tokyo, Tokyo, Japan. Currently at Toshiba Research, Japan.
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of two representative superlattices: one a LTO/LAO superlattice, the other a
LTO/STO superlattice. The as-grown samples behave metallic, aside from a
small upturn below 40 K for the LTO/LAO superlattice. Upon post-annealing
at 400-600 ◦C in flowing oxygen for 2 hours, the behaviour changes completely.
The LTO/LAO superlattices (and the single-layer LTO/LAO samples from the
next Section as well) become insulating, while for the LTO/STO superlattices the
conductivity decreases but stays metallic.

The transport properties of more recently grown samples were dominated by the
large substrate contribution, but they turn insulating upon post-annealing as well.
This is exemplified by the observation that LAO//STO interfaces fabricated with
both terminations were found to be conducting, opposed to what was found in
literature[7]. Later investigation showed that the STO substrates themselves, in
combination with the low deposition pressure[11], are the most likely cause for
this behaviour. Infrared spectroscopy showed a larger Drude behaviour in these
substrates compared to later substrates from different suppliers. This behaviour is
further discussed in the next chapter on single LAO//STO interfaces. The impor-
tance here, however, is that though transport measurements on these samples are
dominated by the substrate contribution, the metal-to-insulator transition upon
post-annealing still shows that the superlattice itself also turns insulating.
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Figure 4.10: Resistivity as a function of temperature for two superlattices:
(a) LTO/LAO and (b) LTO/STO.

The increase in resistivity upon post-annealing is a familiar feature of STO. Post-
annealing in general reduces the number of oxygen vacancies that can contribute
to the mobile electron density[12, 13]. In LTO post-annealing could turn the
LTO layers from the 113 phase into the 227 phase[6, 14]. However, reciprocal
space mapping before and after post-annealing showed no change in the crystal
structure. The striking difference in the transport properties of the post-annealed
samples cannot be explained by this mechanism. Assuming that the LTO layer is
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the conduction channel, a Mott metal-to-insulator transition driven by the electron
density might be involved here, since the local electron density is very different
between the two samples.

To investigate whether this transition fits with Mott theory, the Mott criterion
(Equation 2.13) can be evaluated for both systems. Equation 2.6 readily gives the
Bohr radius, taking into account the effective mass and dielectric constant of the
system. Both these parameters are dependent on the electron density[15–17], as
shown in Figure 4.11(a) for the effective mass. The local electron density takes
more consideration. Figure 4.11(b) shows that for the LTO/STO system the local
electron density drops off exponentionally away from the central LTO layer.


 m

*

(a) effective mass in Sr1−xLaxTiO3 (b) Ti3+ trace in LTO/STO, log-scale

Figure 4.11: Important parameters for the calculation of the Mott criterion.
Graphs taken from respectively (a) Ref. [15] and (b) Ref. [10].

From this Figure it is clear that the Ti3+ fraction drops by a factor of 100 3 nm
away from the interface, which is three times the decay length L of the exponential
decay. The area enclosed by this boundary includes about 95 % of the electron
density and is taken as the size of the electron layer. For the average local electron
fraction we find:

〈f〉 =
2
∫∞

0
fmaxe

−z/Ldz

2 3L
=

2fmaxL

6L
=
fmax

3
(4.1)

where fmax is the maximum Ti3+ peak fraction observed from EELS. The local
electron density is then calculated by dividing by the volume a26L. Table 4.2
shows all parameters and the outcome for the Bohr radius, local electron density
and Mott criterion. The value for L for the LTO/LAO system is based on the fact
that the total number of electrons doped by the LTO layers 2fmaxL should be the
same for both systems.

Referring back to Equation 2.13 the LTO/LAO system fulfils the criterion and can
be thought to be a Mott insulator. The LTO/STO system, however, far exceeds
the criterion and thus stays metallic; the distance between the electrons is too
large compared to the Bohr radius for the electrons to correlate so strongly that
an insulating phase is formed.
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parameter LTO/STO LTO/LAO

m∗ (-) 1.8 6[15, 16]
K (-) 120[17] 20
fmax (-) 0.25 0.85
L (Å) 10[10] 3
aBohr (Å) 35 1.8
〈n〉 (cm−3) 9.1·1019 1.0·1021

aBohr
3
√
〈n〉 (-) 1.59 0.18

Table 4.2: Parameters and calculated results for the determination of the
Mott criterion.

4.3.3 Origin & stability of the 2D Mott insulating state

While the previous discussion is suggestive, transport measurements cannot pro-
vide complete proof for a Mott transition as they cannot probe the insulating state.
In addition, the contribution from oxygen vacancies in the STO substrate induced
during the low-pressure growth make it difficult to draw conclusions based purely
on the transport data. Optical measurements, however, can probe the insulating
phase and any substrate contribution can be subtracted using an appropriate ref-
erence sample, in this case a thin LAO film on STO. In collaboration with the
Research Center for Oxide Electronics, Seoul National University, South Korea
such measurements were performed by Dr. S.S.A. Seo4. For absorption measure-
ments the light travels through the entire substrate, so any contributions from the
substrate will show up strongly compared to the signal from the small probed vol-
ume of the superlattice. GdScO3 is then a better choice as a substrate compared
to STO, which is very sensitive to oxygen vacancies, or LAO, which has a twinned
crystal structure. Figure 4.12 shows the absorption spectrum of a SL(1-5)20 su-
perlattice grown on GdScO3. Two distinct energy gaps can be observed, one close
to the Mott-Hubbard gap for LTO of 0.4 eV and one close to the charge-transfer
gap in LTO as observed from a LTO reference sample. This Mott-Hubbard gap
again points to a Mott insulating state being present in the LTO/LAO system.

The single-band Hubbard model from Equation 2.11 is useful in introducing basic
concepts in correlated electrons. Since perovskites will have a multi-band structure
a multi-band model is required. In the case of the Ti 3d1 ion the lowest occupied
orbitals are dxz/yz orbitals due to crystal field splitting. In this t1

2g system there
are three possible transition energies, though five orbital/spin configurations[18].
Table 4.3 lists all five configurations and their corresponding transition energies.
The transition energies are shown in terms of the Coulomb repulsion energy U
and the inter-orbital Hund coupling energy JH.

In the absorption spectra in Figure 4.12 the higher energy transitions seem to be
very weak, with only the U − 3JH transition clearly visible. The strength of this

4ReCOE, Seoul National University, Seoul, Korea. Currently at Oak Ridge National Labora-
tory, USA.
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Figure 4.12: Absorption spectrum for a SL(1-5)20 superlattice on GdScO3.

U − 3JH U − JH U + 2JH

AFO/FM FO/AFM FO/AFM
AFO/AFM AFO/AFM

Table 4.3: Orbital/spin configurations in a multi-band Hubbard model
for a t1

2g electron system[18]. (A)FO (anti)ferro-orbital order, (A)FM
(anti)ferromagnetic order.

feature suggests that the occupied Ti 3d orbitals are antiferro-orbital ordered xz/yz
orbitals. This configuration lowers the overlap of occupied orbitals, as in the z-
direction the neighboring AlO2 layers do not contain electrons. Using the spectral
features indicated in Figure 4.12, we can estimate the values for the Coulomb
repulsion U = 3.6 ± 0.1 eV and the Hund coupling JH = 0.78 ± 0.05 eV. The
former is lower than the value of 4.5 eV commonly assumed for early 3d transition
metals, while the latter is close to the common value of 0.7 eV[18]. This possible
reduction of the Coulomb repulsion U could push the system out of the Mott
insulating state. But the antiferro-orbital ordering will also reduce the hopping
energy and thus the bandwidth. So the U/W ratio (see Equation 2.12) stays
about the same and the system can still be Mott insulating though having a lower
Coulomb energy.

Though indicative, internal reflections make it very difficult top deconvolve an
absorption measurement of a superlattice into fundamental material properties
such as the optical conductivity. Ellipsometry allows the determination of such
properties directly from the observed reflectance intensity and phase. With mea-
surements at different incident angles it is even possible to determine in-plane
and out-of-plane contributions. Figure 4.13 shows the real part of the optical
conductivity for the in-plane (a) and out-of-plane (b) direction[19].
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Figure 4.13: Real part of the optical conductivity (a) in-plane and (b) out-
of-plane for LTO/STO superlattices as obtained from ellipsometry. The
fitted Lorentz peaks for (a) are the t2g and eg at low and high energy,

respectively. The * marks a new transition in (b).

The Lorentz fits shown in Figure 4.13 represent the transitions between two elec-
tron bands. The actual shape of the peaks is actually a convolution of the shape of
both bands, as the transitions can take place from anywhere in one band to any-
where in the other band. Both transitions at 4.5 and 5.5 eV can be contributed
to O2p→Ti3d transitions. The sharp peak in the out-of-plane optical conductivity
around 3.7 eV (marked with an *), however, has been observed in neither bulk
LAO nor bulk LTO. Near the surface of LTO some similarities to the optical con-
ductivity in Figure 4.13(b) seem to appear. This means the peak is unique to a
LTO interface, though the exact link between the two is unclear. One possibility
is that the induced orbital order at the interface gives rise to special bands. The
sharpness of the peak indicates that both of the electron bands involved in this
transition are narrow.

Local density approximation DFT calculations were done by Dr. M.J. Han5 using
LDA+U with a Coulomb energy U of 6 eV[20, 21]. The supercells for the calcula-

5Department of Physics and Astronomy and Center for Theoretical Physics, Seoul National
University, South Korea.
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tion have a
√

2×
√

2 basis and a similar stacking as the superlattices investigated
with ellipsometry. Figure 4.14 shows the partial density of states (PDOS) for the
TiO2 slabs for each of the superlattice configurations with 1, 2 or 3 monolayers of
LTO.
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Figure 4.14: Partial density of state plots for the TiO2 layers in a SL(p-5)n
superlattice from DFT calculations.

It is immediately clear that the dxy state is much lower in energy compared to
the other t2g dxz/yz states. This is notably different from bulk LTO where the
near cubic unit cell leads to an absence of orbital order[22]. The spins order in a
checkerboard antiferromagnetic (AFM) pattern. This AFM ordering is of a lower
energy scale compared to the xy - xz/yz separation, as a forced ferromagnetic
ordering still yields the dxy state as the ground state. Such an in-plane ordering
can be expected, because the hybridization out-of-plane is much weaker due to the
Al states which are much higher in energy.

The occupation of the Ti 3dxy orbital increases the in-plane interaction, enhancing
a Mott insulating state. Indeed, this xy orientation is present for all LTO thick-
nesses, which agrees with the observation that all samples turn insulating upon
post-annealing (See Figure 4.10(a)). The calculations also show that the crystal
field splitting between the t2g xz/yz and eg z2 & x2-y2 levels shifts with increas-
ing LTO thickness. This behaviour can also be observed in the in-plane optical
conductivity in Figure 4.13(a) from the difference between the two peak positions.
Figure 4.15 shows how this energy difference increases with increasing LTO layer
thickness, similar to the DFT calculations. The differences in magnitude may be
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due to the fact that DFT calculations always underestimate energy differences,
especially for empty states. This correspondence shows that only the Ti 3dxy is
occupied.

This configuration, Ti 3dxy occupation and AFM ordering, is strikingly similar to
that of the cuperate mother compounds which are also Mott insulators. The elec-
trons are confined to the LTO layer, which agrees with the confinement obtained
from the EELS data. This confinement is the driving factor behind the Mott state
of the 2D electron layer in the LTO.
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Figure 4.15: Observed crystal field splitting from in-plane optical conduc-
tivity in Figure 4.13(a).

From the calculations there is no clear candidate for the sharp transition at 3.7
eV. However, the sharpness of these peaks still indicates that both initial and
final states for this transition are narrow. The dxy level is still a likely candidate
for the initial state because it, like the new transition, is a new feature of these
superlattices. Experimentally, such a narrow band can be expected because of the
high degree of directionality (compared to bulk LTO) of the Ti 3dxy orbital.

4.4 Single layers of LaTiO3 in LaAlO3

Probing the dependence of the properties of LTO layers on another interface or
surface nearby is very interesting due to the possibilities provided by doping from
one interface to the other[23]. The embedded layers of LTO in the superlattices
are all deeply buried within the structure and difficult to probe as a function of the
layer separation. XPS allows for the probing of layers close to the sample surface
where interaction between layer and surface is possible. Just like EELS, XPS is
also capable of probing both the chemical and electronic state of a sample. Given
the limited measurement depth of XPS, samples with only a few layers of LTO
beneath a LAO capping layer of varying thickness are required.
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4.4.1 Structural characterization

AFM scans of the top surface of single-layer samples show similar results to the
superlattices. Figure 4.16 shows a 5×5 µm scan for a substrate (a) and a single-
layer sample (b) for comparison. RMS values are of the order of 2 Å over the same
area and roughly the RMS value seems to decrease for thicker LAO capping layers.
Measuring the friction force on the AFM tip gives an indication for the chemical
composition of the surface; though identification of the surface is not possible, it
is possible distinguish whether the surface has a single termination or not. Figure
4.16(c) shows that indeed the surface of a PS(10-2) sample is single-terminated.
As the stacking is preserved in layer-by-layer growth the top surface is expected
to be AlO2.

(a) substrate (b) topography map (c) friction map

Figure 4.16: Comparison of top surface AFM scans for (a) substrate topo-
graphy and a PS(10-2) single-layer sample (b) topography and (c) friction

map.

XRD θ-2θ scans give an average c-axis parameter of 3.747 Å, which is smaller
than the average c-axis parameter for superlattices. This might be due to a larger
relative fraction of LAO in the sample compare to the superlattices. φ-scans
around (112) shows a four-fold symmetry in the same crystal directions for both
substrate and film. Reciprocal space mapping, in this case over the (h1l) plane
around (012), shows that the films are coherently grown on the substrate. For the
PS(5-2) single-layer film shown in Figure 4.17 cfilm = 3.76 Å, close to the value for
thick LAO films and the value obtained from θ-2θ scans.

4.4.2 Electronic configuration as a function of surface sepa-
ration

XPS can distinguish between Ti3+ and Ti4+, thus giving a clear probe for the
electronic state of the titanium in the LTO layer. In the single-layer samples the
thickness of both the LTO layer (1-3 monolayers) and the LAO capping (1-15
monolayers) was varied. The 30 monolayer LAO buffer was thick enough, given
the estimated penetration depth of about 20 Å, to prevent observation of any
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Figure 4.17: Reciprocal space mapping over the (h1l) plane around (012)
of a PS(5-2) single-layer sample.

signal from the STO substrate, so any titanium observed is from the LTO layer.
In addition, this 30 monolayer is enough to electronically separate the LAO//STO
interface at the substrate from the LTO layer. Figure 4.18 shows the XPS spectra
around the Ti 2p peak that were measured by Dr. Takizawa6. The smaller peak
at 457 eV is the signature for Ti3+. It can clearly be seen that the fraction of Ti3+

increases with the LAO capping layer thickness.
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Figure 4.18: XPS spectra of the PS(m-2) samples series around the Ti 2p
peak.

6Fujimori group, Department of Physics and Department of Complexity Science and En-
gineering, University of Tokyo, Japan. Currently at the SR Center, Ritsumeikan University,
Japan.
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Using reference spectra for Ti3+ and Ti4+ the measured spectra from Figure 4.18
can be deconvolved and the relative Ti3+ fraction ([Ti3+]/[Ti4+]+[Ti3+]) can be
determined. Figure 4.19 shows the Ti3+ fraction vs. the LAO capping thickness
for all three LTO layer thicknesses and compares it with the similar LAO/LVO
system[23]. Both LTO and LVO are Mott insulators, but Ti3+ has a 3d1 electron
configuration while V3+ has a 3d2 configuration.
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Figure 4.19: Comparison of the Ti3+ (a) resp. V3+ (b) fraction as a
function of the LAO layer thickness. The lines in (a) are fits to Equation

4.8. LVO thickness is 3 ML. The graph in (b) is taken from Ref. [23].

The trend shown in both the LTO/LAO and the LVO/LAO system is that for
thicker LAO capping the B3+ fraction increases. This is due to a balance be-
tween two processes. One is oxygen vacancy creation at the air//LAO surface. To
fully oxidize the AlO2 termination requires extra electrons. For PS(m-n) samples
with thick LAO layers these extra electrons generally come from oxygen vacan-
cies, which cost energy to create. These oxygen vacancies form V∗ donor states at
the interface and cause band bending in the LAO conduction band. The doped
electrons are trapped on the remaining oxygen ions so no surface conducting state
exists. As the LAO capping becomes thinner, the second process of electron trans-
fer from the Ti 3d1 bands to the surface can provide some of the required electrons,
reducing the cost of vacancy creation but keeping the band bending. In addition
the transferred electrons create a dipole that lowers the energy across the entire
LAO capping layer. As these electrons are transferred, the vacancy creation costs
is further reduced. This process ends when the potential due to the electron trans-
fer lowers the LAO conduction band to the energy level of the LTO conduction
band. This process is schematically shown in Figure 4.20. Unlike the LAO//STO
interface, there is no inherent polar discontinuity here, as both LTO and LAO
are A3+B3+O3 perovskites. In addition, the LAO buffer layer breaks the polar
discontinuity necessary for a conducting interface.
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Figure 4.20: Band schematics for the doping mechanism of LTO/LAO
single layers. (a) the initial schematic with surface vacancies, (b) the

schematic with electron transfer.

As Figure 4.20(a) shows even thin LAO capping layers need to overcome an en-
ergy difference of about 2.2 eV. In the ultimate case of a single monolayer of LAO
this seems not possible. For such strong depletion layers it is possible to calcu-
late the extent of the band bending using the Schottky depletion width from the
equation[24]:

|Φ| =
∣∣∣∣endonord

2

Kε0

∣∣∣∣ (4.2)

Here Φ is the potential shift, ndonor is the 3D donor density, K is the dielectric
constant of the material and d is the depletion width. For the case of a single
monolayer of LAO, the dielectric constant is very small, as there is little to no
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material to screen the electric field, so K = 2. The potential difference is Φ = 2.2
eV and the donor density is derived from the vacancy density at the surface where
(AlO15/8)0 so ndonor = 1/8

a2d where a = 3.905 Å is the in-plane lattice parameter7.
The Schottky depletion width calculated with these values is 3 Å, or 0.8 monolayer.
This shows that a single monolayer of LAO can induce such a large band shift,
primarily due to the large donor density of 3·1021 cm−3.

To model this electron transfer a dipole model can be used. In the initial state,
the entire LAO/LTO/LAO stack is A3+B3+O3. The AlO2 surface needs electrons
to reconstruct. Normally, these are due to oxygen vacancies. However, in the
LTO/LAO system electrons can be transferred from the LTO layer to the surface
because titanium is multivalent. These transferred electrons give rise to a dipole:

Det = q∆z = (1− x)esc (4.3)

where x is the observed Ti3+ fraction per unit cell, c is the LAO c-axis lattice
parameter and s is the number of LAO capping monolayers. The factor (1− x) is
included because the amount of transferred electrons is one minus the amount of
remaining electrons.

A dipole gives rise to a polarization:

P =
D

V
(4.4)

where V = a2sc is the supercell volume with a the in-plane STO lattice parameter.
The resulting electric field is related to the polarization by P = ε0χE, where χ is
the susceptibility. The potential resulting from a dipole is:

Φ = Esc =
Psc

ε0χ
=

D

ε0χa2
(4.5)

Electrons will be transferred until the donor state, the LTO conduction band,
is level with the receiver state, the LAO conduction band at the surface. Thus
electrons are transferred until the dipole energy reaches Σ, which for two semi-
conductors would be equal to the difference in the band gaps. If more electrons
are required for full oxidation of the surface, vacancies are formed to provide the
additional electrons. However, the transferred electrons stay because that is en-
ergetically favourable compared to complete surface reduction. The LTO layer
is now partially reduced to Ti4+, which could be interpreted to induce a polar
catastrophe. However, only a few monolayers of LTO embedded in LAO are not
enough to force the potential in LAO to diverge very much. A small amount of
band bending does occur, as discussed in the next Section.

Equating Σ to Equation 4.5, substituting Equation 4.3 for the dipole and solving
for the Ti3+ fraction x yields:

x = 1− ε0χa
2Σ

esc
(4.6)

7Per unit cell area 2x electrons are necessary. 3 electrons are available from the Al ion with
another 1/2 electron from the LaO layer below the surface layer. The other electrons are supplied
by vacancies: 2(2− x). Equating supply and demand results in an oxygen fraction of 15/8.
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A similar equation was arrived at from discussing the balance between electron
transfer processes across the entire stack (surface to substrate) and across the
buffer layer (LTO layer to substrate)[25]. However, surface-interface interaction is
mostly limited to LAO films thinner than 10 monolayers[5], so for this system the
LAO buffer layer of 30 monolayers is enough to decouple the LTO layer from the
substrate/film interface.

Now the susceptibility can also depend on the thickness of the LAO capping layer.
For very thin layers the crystal structure of the LAO layer can deform and sus-
ceptibility is reduced. Here a simple exponential decay is assumed, given the fact
that the crystal structure was found to relax exponentially away from an interface
as well[26].

χ = χ0

(
1− e−s/λ

)
(4.7)

where χ0 = K − 1 is the bulk susceptibility. Substitution into Equation 4.6 gives
a corrected equation:

x = 1− ε0χ0a
2Σ

ec

(
1− e−s/λ

)
s

(4.8)

An equation of this form has been fit to the data from Figure 4.19. As the PS(m-2)
series has the most data points, a function of the form x = x∞ − A(1− e−s/λ)/s
has been fit to this series. As material parameters were taken a = 3.905 Å,
c = 3.747 Å from the XRD measurements and K = 24. The resulting fit is shown
in Figure 4.19(a). The data for the PS(m-3) series seem to coincide with that
of the PS(m-2) series. The PS(m-1) series has too few points to reliably fit the
function. However, assuming that the susceptibility evolves the same in all cases
(i.e. λ = 2 ML), values for x∞ and Σ can be obtained. All these parameters, as
well as quality-of-fit values are shown in Table 4.4.

parameter PS(m-1) PS(m-2)

x∞ (-) 0.27± 0.02 0.51± 0.03
Σ (eV) 1.1± 0.2 2.2± 0.5
λ (ML) 2 (fixed) 2.3± 0.5
R2 (-) 0.973 0.972
X2 (-) 7·10−5 31·10−5

Table 4.4: Fit parameters for fitting Equation 4.8 to the electron density
data from Figure 4.19.

For the series with the thicker LTO layer the expected energy shift of 2.2 eV is
indeed recovered. The lower energy barrier for the 1 monolayer LTO series can be
explained from the fact that for a single monolayer of LTO the electron interactions
are purely two-dimensional. This Coulomb interaction raises the energy of the
electrons in the LTO layer, so that delocalization of those electrons lowers the
energy of the system. This energy bonus ∆U reduces the effective energy shift
from the pure band gap difference Σ to Σ−∆U .
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The most striking observation is that the Ti3+ fraction does not go up to 1 for very
thick capping layers where no electron transfer is expected. The fitted parameter
x∞ = 0.27 resp. 0.51 shows this clearly. This is in contrast to the LVO/LAO
system, which does go to 1 for thick layers as seen from Figure 4.19(b). From
the EELS measurement on the superlattices, which were grown under the same
conditions, the Ti3+ fraction of the embedded LTO should also be close to 1, as
seen from Figure 4.8.

This low Ti3+ fraction is especially pronounced for the PS(m-1) series. Whatever
is the mechanism for lowering the amount of detected Ti3+, it is different between
the 1 and the 2 & 3 monolayer LTO series. It cannot be a thickness effect, because
then the 2 and the 3 monolayer LTO series should be different as well. A similar
step change when going from 1 to more monolayers of LTO was found in the DFT
calculations for the superlattices. There the abrupt change in orbital order from
1 to 2 monolayers of LTO was the likely cause. Though the optical conductivity
data points to a more gradual change in orbital order still the change from pure
xz/yz orbital order to mixed xy/xz/yz order may be related to this change in the
XPS signal.

A mixed phase LTO layer with both 113 and 227 could explain the lower Ti3+

content, but no sign of the 227 phase was observed with XRD. Also, it is known
that LTO only adopts the 227 phase for layers thicker than 3 monolayers[14].
Post-annealing did not change the crystal phase as far as observed from reciprocal
space mapping and φ-scans. The transport measurements do change upon post-
annealing, changing from conducting to insulating. This may indicate a filling of
oxygen vacancies, either in the film or in the substrate. Given the oxygen affinity of
both LTO and LAO it is more likely that it is the substrate that is re-oxidized. An
oxygen-deficient substrate would also explain the observation that both substrate
terminations yield a conducting LAO//STO interface.

Another possibility is that for the thicker LTO layers the Ti3+ electrons are dis-
tributed differently over the different monolayers, as observed in LVO[27]. Angle-
dependent measurements such as shown in Figure 4.21(a), however, show no dif-
ference for an incident angle of 0 or 60◦. This indicates that the Ti3+ density
is nearly the same throughout the entire LTO layer. Also, as the effective pene-
tration depth is halved for the measurement at 60◦, again any contribution from
the STO substrate is excluded. What the XPS did observe was an apparent off-
stoichiometric La/Al ratio of 0.8. Figure 4.21(b) shows how the La 4d peaks are
lower for the grown films compared to a single-crystal substrate when the spectra
are normalized to the Al 2p peaks. However, quantitative chemical characteriza-
tion by XPS is difficult. For example, the Sr/Ti ratio for TiO2 terminated STO
single-crystal substrates was about 1.2 as obtained with XPS.

In the ionic limit, such a cation off-stoichiometry could explain the lower Ti3+

fraction. Assuming the lanthanum concentration is constant throughout the het-
erostructure and the heterostructure is fully oxidized, the chemical formula for the
LTO layer could be written as:

La3+
0.8Ti3+

x Ti4+
1−xO2−

3
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Figure 4.21: (a) Angle-dependent measurement of the Ti 2p of a PS(3-
2) sample. (b) XPS spectra for core peaks of lanthanum and aluminium
normalized to the aluminium peak, showing the apparent deficiency of

lanthanum.

which yields x = 0.4, close to the observed value. However, with a penetration
depth of about 20 monolayers, this would indicate that the La/Al ratio is off by 20
% for that entire stack. Such a large density of faults was not observed by TEM
or XRD. All other non-113 La-Al-O compounds have a drastically different crystal
structure that would show up in any XRD measurement.

As XPS is a very surface-sensitive technique, it might be important what the
termination of the LAO reference substrate is. With a LaO layer on top, the La
contribution to the XPS signal might be higher than the Al contribution from the
subsequent AlO2 layer. For the single-layer samples the termination of the top
surface is AlO2 as the substrate termination is preserved, so the La/Al ratio may
be lower than one. However, XPS measurements on LAO layers grown on either
TiO2- or SrO-terminated STO show that that La/Al ratio is nearly identical for
the LAO substrate and these two films. In addition, for the TiO2-terminated STO
substrates a Sr/Ti ratio of 1.2 was observed, which is the opposite of what would
be expected based on the surface termination.

So neither oxygen nor cation off-stoichiometry seems to be the origin of this low
Ti3+ fraction. Another possibility is an electron configuration that is not centered
on the titanium ion and thus would have less influence on the observed core levels.
However, such a configuration would induce changes in the XPS spectra of the
other ions, something which is not observed in the XPS spectra reported here.
Thus the origin of the reduced electron fraction is still unresolved.

4.4.3 Band bending as a function of surface separation

The changes in electron occupation with capping layer thickness should be re-
flected by changes in the band structure of the system. To probe this structure,
photoreflectance measurements in the UV-visible range were performed on the
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single-layer samples. Figure 4.22 show the photoreflectance spectra for the PS(m-
2) series over the photon energy range 3.1-6.5 eV (400-190 nm). A systematic
change of the minimum at 5.3 eV in both position and depth is clearly visible.
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Figure 4.22: Photoreflectance spectra of the PS(m-2) series. The graphs
are offset with respect to one-another for clarity.

From the graphs for STO and LAO//STO it can clearly be seen that the sig-
nal from the strained LAO dominates in the reflectance measurement. This is
unsurprising as this is a relatively surface-sensitive measurement. However, inter-
pretation of these measurements has to be done with great care, as the lack of a
proper calibration makes comparing the magnitudes impossible. Still, comparison
between reflectance measurements of a sputtered Ag film and literature data shows
that though the magnitudes of the spectra are different, the energy positions of
feature is not.

To unambiguously define the energy position of all transitions, the RefFIT[28]
program was used. This program allows for the fitting of spectroscopic data to a
variety of models for the optical properties. Here the reflectance was used, which
is related to the dielectric function:

R =

∣∣∣∣∣1−
√
ε(ω)

1 +
√
ε(ω)

∣∣∣∣∣
2

where R is the reflectance and ε(ω) is the dielectric function describing the system.
A combination of Lorentz oscillators was used to model the dielectric function.
These oscillators describe the optical transitions seen in the reflectance data.

ε(ω) = ε∞ +
∑
i

ω2
p,i

ω2
0,i − ω2 − i Γiω
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Given the fact that the wavelength of the light is ten times the thickness of the
single-layer structure any reflectance measurement probes the averaged dielectric
function of the entire stack, so no interference effects are considered. ε∞ is the high-
frequency dielectric constant, which represents the constant dielectric constant far
above the transition frequencies represented by the Lorentz oscillators. ωp,i is the
plasma frequency, ω0,i is the eigenfrequency and Γi the damping factor for the
ith oscillator. Of these, the plasma frequency and the damping factor control the
shape of the Lorentz peak in the optical conductivity, which is derived from the
dielectric function:

σ(ω) =
(1− ε(ω))ω

4π
i

The eigenfrequency determines the position of the Lorentz peak and is thus the
one quantity that can be determined from the fitting of the reflectance data to the
Lorentz oscillators. To fit the reflectance data 5 to 6 oscillators are needed. The
two oscillators with the highest and lowest energies are influenced by the cut-off of
the measurement range, so only the eigenfrequencies inbetween were considered.

Figure 4.23 shows the fitting results for a PS(7-2) sample. Figure 4.23(a) shows
the reflectance data and the Lorentz fit. The quality-of-fit R2 value was 0.9997.
Outside the data range, the fit rapidly drops down to zero. This is the reason
the outermost oscillators are not considered in the further discussion. Figure
4.23(b) shows the real part of the optical conductivity, both the total signal and
its components. The contribution of each oscillator can clearly be seen.

Similar fits were obtained for all PS(m-n) samples, as well as bare STO and LAO
substrates and LAO, LTO and STO films grown on STO substrates. Most of the
eigenfrequencies are constant between samples, very close to those observed in the
LAO and LTO films on STO substrates. Table 4.5 shows the typical eigenenergies
for the PS(m-n) samples and for the references samples.

transition PS(m-n) LAO/STO LTO/STO bare STO lit. STO[29]

E2 (eV) 3.63 3.65 3.68 3.81 4.00
E3 (eV) 4.53 4.53 4.57 4.53 4.86
E4 (eV) 5.09 5.11 5.01 5.20 5.5
E5 (eV) 5.5-5.9 5.89

Table 4.5: Eigenenergies obtained from Lorentz fitting to the reflectance
data for the PS(m-n) series and reference samples.

It is clear from Table 4.5 that there are large similarities between the PS(m-n)
samples and the LTO and LAO films. The STO data, both experimental and from
literature, is less compatible. This is because the strongest features of the spectra
are due to the LAO film, not the STO substrate. The eigenenergies E2, E3 and
E4 are the averaged results for all PS(m-n) samples. The standard deviation of
about 0.03 eV shows that they vary very little across the series.
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Figure 4.23: An example for a reflectance Lorentz fit for a PS(7-2) sample.
(a) the reflectance fit and (b) the corresponding real part of the optical con-
ductivity. Note that the magnitude of the optical conductivity is arbitrary,

as the photoreflectance measurements were not properly calibrated.

The E5 transition, however, does systematically depend on the LAO capping layer
thickness. Figure 4.24 shows the eigenenergies for the E4 and E5 transitions for
all PS(m-n) samples. Also included is the position of the minimum around 5.3
eV shown in Figure 4.22. The latter shows that the change in energies is not just
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an artefact of the fitting process, but an actual feature of the spectrum. Figure
4.23(b) shows that the E5 transition has a large spectral weight compared to the
other transitions, indicating that it is a prominent feature of the spectrum.
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Figure 4.24: E4 (open) and E5 (filled) eigenenergies as a function of LAO
capping thickness. The position of the minimum around 5.3 eV is shown

for comparison.

From Figure 4.24 it can be seen that the E5 transition energies decreases with in-
creasing LAO capping layer thickness. Each unit cell lowers the transition energy
with 0.03 eV, independent of the number of LTO layers involved. This is unsur-
prising, as Figure 4.22 shows that the PS(m-n) samples show a greater similarity
to the LAO film than the LTO film or STO substrate.

It is of note that this band bending is not influenced by the electron density inside
the LTO layer. Figure 4.24 includes all data for all three LTO layer thicknesses
and they collapse onto a single line. In addition, post-annealing of these samples
does not change the eigenenergies obtained from the reflectance fitting. Both of
these findings point to the fact that this band bending is independent of the Ti3+

occupation and solely due to the LAO capping layer. This is unsurprising, as the
dipole mechanism involves the LTO conduction band and the LAO conduction
band minimum at the air//LAO interface, which are both pinned. Thus the LAO
band bending is independent of the dipole mechanism discussed in the previous
section.

Compared to the other energies in the system, this change is relatively small. The
band shift energy Φet = Σ = 2.2 eV is almost two orders of magnitude larger.
Another energy scale associated with LAO/ATiO3 systems is the dipole energy
of the LAO film due to the charge difference between the (LaO)+ and (AlO2)−

layers. As the ionic layer in LAO are charged, a dipole develops between them. In
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the ionic limit, the dipole moment associated with a single LAO plane is given by:

Duc = q∆z = e
c

2
≈ 1.9 eÅ

Using Equation 4.5 a value of Φuc = 1 eV is obtained, again almost two orders of
magnitude larger. This is an upper limit, as covalent effects can reduce the ionic
character of the ions in correlated-electron materials. This also shows that the
LAO capping layer does not have a polar discontinuity, as any potential shift on
the order of one eV should be visible in XPS or optical measurements[30].

Going the other way, an energy difference per unit cell of 0.03 eV would require
a dipole moment of 0.06 eÅ. Similar values were obtained for the LAO/STO sys-
tem where the LAO distorts to (partially) compensate the polar catastrophe[31].
There, this mechanism is limited by the occurrence of electron transfer due to
the polar discontinuity which lowers the energy of the dipole that builds across
the LAO slab due to its interface with STO. In the LTO/LAO there is no such
polarization discontinuity and the only driving force for the band bending is the
lowering of the interface distortion between LTO and LAO. Compared to the 5.6
eV band gap of LAO the little amount of band bending required for the change in
eigenenergies can easily be accommodated.
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Figure 4.25: Schematic picture of the band bending in LAO/LTO single-
layer heterostructures due to relaxation in the LAO capping layer.

Under the assumption that the LaO and/or AlO2 ionic layers distort to form these
moments they would separate by about ∆z = 0.06 Å. This is a relative shift of 1.5
%, comparable to the lattice mismatich in the c-direction of 1.1 %. So the band
bending is caused by the strain on the LAO capping layer. This helps the LAO
’bridge’ the potential difference between LTO and the air. Actually, any material
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has to perform some kind of bridging from the bulk-like states to the vacuum.
LAO itself is no exception[32]. So, each LAO monolayer allows for part of the
electronic strain to be relaxed. With the LAO bands pinned at the air//LAO
interface, the relaxation through the LAO allows the LAO conduction band to
lower at the LAO//LTO interface. As the capping layer increases in thickness,
the conduction band becomes lower in energy and the transition energy from the
LTO valence band to the LAO conduction band lowers as well. Figure 4.25 shows
this schematically. This diagram is only roughly correct, as the band model of
electronic states is only qualitatively correct for correlated-electron materials.

4.5 Conclusions

Monolayers of LTO embedded in LAO behave like two-dimensional Mott insula-
tors. Analysis of the transport data and EELS measurements shows that the higher
concentration of electrons in the LTO/LAO system compared to the LTO/STO
system drives the LTO electrons into the Mott insulating state. When evaluating
the Mott criterion, it becomes clear that the high local electron density drives up
the electron effective mass. This combination finally yields a value of aBohr

3
√
〈n〉

= 0.18 which is below the Mott criterion (Equation 2.13), indicating the system
is in a Mott insulating state. The optical conductivity of such superlattices ob-
tained by ellipsometry shows a sharp peak attributed to the transition from Ti3+

3d1 to La 5d0. The sharpness of the peak indicates that the density of states of
both the originating and receiving bands are narrow. Confirmed by theoretical
calculations the Ti3+ 3d1 state is indeed populated for single monolayers of LAO
and its sharp density-of-state is reminiscent of Hubbard bands. Such a 2D 3d1

system could form a reference system for the evaluation of the two-dimensional
Hubbard model. Similar structures with separated 2D planes could be formed
using Ruddlesden-Popper phases (An+1M nO3n+1), but not with a valence of 3+.

Probing with XPS shows that the LTO layer can be externally doped by bringing it
in close proximity to another suitable interface, here an air/LAO surface, similar to
the LVO/LAO system. This doping might tune the system through an insulator-
to-metal transition as well as allow for fine-tuning of the conduction channel for
FET applications. The low electron mobility compared to semiconductor FET’s
could be a concern, but the high electron density and the abruptness of the Mott
transition can offset that short-coming[33]. A model is developed to describe
the change in electron occupancy with the capping layer thickness. Balancing
the energy costs of surface vacancies and of electrons transferred between the LTO
layer and the surface can describe the observed electron fraction-capping thickness
relation. The expected band shift energy is recovered; interestingly for the Mott
insulating state on a single monolayer of LTO the band shift is reduced due to the
Coulomb interaction that raises the energy of the electrons in the LTO layer.

Despite the similarities between the LTO/LAO and LVO/LAO systems, the Ti3+

fraction in the LTO layer is far below the expected value of one for thick capping
layers. About half that value is found for the LTO/LAO system, contrary to the
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LVO/LAO system that does recover the full one electron per unit cell. So far the
origin of this discrepancy is unclear, especially since EELS measurements on the
superlattices grown with the same settings show only Ti3+ in the LTO layers.

On a smaller energy scale, LAO can accommodate part of the electronic strain that
results from joining different materials together. In semiconductors such interface
band bending is readily understood. But in the more electronically complex tran-
sition metal oxides the band model cannot be rigidly applied. Still, it points to a
strained structure of LAO that induces a slight polarization which lowers the con-
duction band minimum at the LAO//LTO interface. As the amount of electronic
stress that can be relieved is dependent on the thickness of the LAO capping layer,
the conduction band minimum varies as well. This band bending effect of about
0.4 eV over 15 monolayers might be useful again in FET applications in fine-tuning
the gate voltage dependence.
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Chapter 5

Fabrication & analysis of
single LaAlO3//SrTiO3
interfaces

Abstract

In LaAlO3//SrTiO3 interfaces the electron density and mobility evolve
differently with pressure. Below a critical pressure of 1·10−5 mbar O2 the
re-oxidation during the cool-down governs the electron density, while above
this critical pressure the electron density is independent of the pressure. The
electron mobility decreases with increasing pressure as the dielectric constant
of the SrTiO3 decreases and the electrons are confined closer to the interface,
where interface defects increase the scattering rate. The interface polarization
due to structural strain forms the basis for an alternative model describing the
origin of the interface conduction. The polarization results in a potential well
at the interface which can be modified by mismatch strain and is doped by
electrons from defect states in the SrTiO3. Testing the model, the LaO//TiO2

interface in LaTiO3 is investigated and is found to be insulating. Similarities
between the LaAlO2//SrTiO3 and LaTiO3 interfaces suggests that the binding
sites at both interfaces are the same.

5.1 Introduction

To create a 2D electron layer, it is necessary to confine the electrons within a
material. In the previous chapter this was done in a manner similar to band
gap engineering, a very familiar procedure from semiconductor physics. But ionic
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materials such as the complex oxides also offer the opportunity of what could be
called ’Coulomb confinement’: the confinement of negative electrons close to a
positively-charged layer due to electrostatic forces. The LTO/STO system from
which the LTO/LAO band gap confined structures were derived is a prime example
of this[1]. Here the electrons are placed on a continuous titanium lattice, but are
confined close to the lanthanum ions, as shown in Figure 2.11.

The LAO//STO interface is another system where the conducting electrons are
confined to the interface due to the positive charge of the LaO layer[2]. Since
the discovery of conduction at this interface[3], much work has been done inves-
tigating this system[4, 5]. The influence of the deposition gas pressure has been
highlighted right from the beginning[6, 7], but the persistence of the conduction
to higher pressures indicates that it is not the sole origin of mobile electrons[8].
From theoretical calculations a different model for the origin of the mobile elec-
trons appears. As an effect of the polar discontinuity at the interface, there is a
shift in the LAO valence band up to the Fermi level at the surface. The subse-
quent surface-to-interface electron transfer can explain observations such as the
minimum LAO thickness required before the onset of conduction[9–12].

All this gathered knowledge makes it possible to study more subtle details of
these interfaces. The extensive investigation of the superconducting state is one
example[13–15]. The study of the effect of defects on the conducting state shows
the quality of the fabricated samples, as well as the ability to manipulate their
properties[16, 17]. The knowledge and study of the PLD growth process is essen-
tial, as so far almost all interface samples have been fabricated with this technique.

This chapter explores how the PLD growth process influences the structure of the
LAO//STO interfaces and through that their properties. The first part discusses
the observations from literature in more detail. The role of the deposition pressure
sic is already well-known, but a closer look at the trends show more intriguing
physics than is obvious at first glance: the electron density and electron mobility
evolve differently with changing deposition pressure and often contrary to bulk
STO. The doping of electrons to the interface is also reviewed and an alternative
model is proposed.

The second part of this chapter discusses further investigations into the pressure
dependencies. Varying the deposition time shows how the oxygen equilibrium
density changes with oxygen pressure both during deposition and during the cool-
down afterwards. Changing the gas composition explores how the plasma kinetics
and oxygen chemical equilibrium steer the transport properties.

The last part of this chapter discusses how a LaO//TiO2 interface can be fabri-
cated not only by growing LAO on TiO2-terminated STO but also by sandwiching
a single monolayer of LTO between SrO-terminated STO and AlO2-terminated
LAO. By comparing this interface with the LAO//TiO2-STO interface the origin
of the interface electrons is investigated. Striking similarities between the elec-
tron host sites in both LAO//STO inter-block and LTO intra-block interfaces are
observed, just as there are striking differences between the transport behaviours.
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5.2 Pressure dependence from literature data

Right from the first paper by Ohtomo and Hwang[3] it was noted that the depo-
sition pressure had a great influence on the transport properties. Since then it
has been used to partially explain the observed effects through the formation of
oxygen vacancies. Indeed, this has been fingered as the sole cause of the inter-
face conduction[7, 18]. But it has been shown in a systematic pressure-dependent
series of samples that the interface conduction persists to higher pressure where
the influence of oxygen vacancies can be thought to be negligible compared to
any interface contribution[8]. Figure 5.1 shows the the sheet resistances, electron
sheet densities and electron mobilities as they have been published in literature
vs. the deposition pressure. The transition from vacancy-dominated to interface-
dominated seems to be rather sharp, as can be seen from the electron density data
in Figure 5.1(b). Judging from this data, the critical pressure above which the
interface contribution is dominant is about 1·10−5 mbar. The change in electron
density is about three orders of magnitude. It should be noted that for the entire
range of pressures the substrate is still within the plasma range[19].

Another difference is that some samples grown at 1·10−6 mbar, so below the critical
pressure, turn completely insulating upon post-annealing (400 ◦C in flowing oxygen
for two hours). Figure 4.10(a) shows this for a SL(1-2)10 LTO/LAO superlattice.
Similarly, thinner PS(7-2) single-layer LTO/LAO samples turn insulating as well.
In contrast, other samples that have been fabricated at 10−6 mbar do not turn
completely insulating[3, 26]. This shows that below the critical pressure there are
two situations. In one case the entire sample is reduced and the electron density
is increased everywhere, as evidenced by the sample turning gray[7, 30]. In the
other case the doping is still due to oxygen vacancies, but the doped electrons
are bound to the interface[26]. The origin of this difference is unclear, as no
systematic investigation has been made. Samples grown at pressures above this
critical pressure have a slight increase in sheet resistance upon post-annealing, but
do not turn completely insulating as will be shown in the next chapter in Section
6.4.5.

Such a large and sudden change in the electron density upon increasing the pres-
sure seems to point towards a thermodynamic threshold being crossed. It was
calculated using DFT that for different chemical potential of the free oxygen dif-
ferent vacancy densities in the top LAO layer are most energetically favourable[31,
supplementary information]. However, the oxygen chemical potential only depends
on the pressure through kBT ln(p/p0)[32], which over this pressure range and a p0

referenced at atmospheric pressure only changes about 0.5 eV. Such a small change
is unlikely to affect the electronic state this drastically - and reproducibly.

Plotting the literature data in the form of an Ellingham diagram as shown in
Figure 5.2 again clearly shows the critical influence of the pressure. All samples
with an electron fraction above half an electron per unit cell area are grown at
1·10−6 mbar, while all samples grown at higher pressures have an electron fraction
below half an electron.

97



1 E - 6 1 E - 5 1 E - 4 1 E - 3
1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

 

 

 3 0 0  K
 5  K

Sh
ee

t re
sis

tan
ce

 (Ω
/�)

D e p o s i t i o n  p r e s s u r e  ( m b a r )

(a) sheet resistance

1 E - 6 1 E - 5 1 E - 4 1 E - 3

1 0 1 3

1 0 1 4

1 0 1 5

1 0 1 6

1 0 1 7

1 0 1 8

 

�

������
����
�����������
�����������

Ele
ctr

on
 de

ns
ity 

(1/
cm

2 )

��������������������
	��

(b) electron density

1 E - 6 1 E - 5 1 E - 4 1 E - 3
1 0 - 2

1 0 - 1

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

 

 

 3 0 0  K
 5  K

Ele
ctr

on
 m

ob
ility

 (c
m2 /Vs

)

D e p o s i t i o n  p r e s s u r e  ( m b a r )

(c) electron mobility

Figure 5.1: Transport parameters from literature[3, 6–8, 13, 18, 20–
29]. The dashed lines connect the values from the pressure series from
Brinkman[8]. (a) sheet resistance, (b) electron density and (c) electron

mobility.
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Figure 5.2: Pressure-temperature phase diagram for the same literature
data as Figure 5.1. Points are coloured according to the electron fraction
calculated from the electron density at 300 K: x = a2n2D. The red circles
indicate the samples cooled down at high pressure (4 mbar). The black
dashed line is a proposed boundary between the vacancy-dominated and

interface-dominated samples.

A possible explanation for the observed behaviour is that for low pressures the
LAO layer strongly getters oxygen from the STO substrate. As such, it creates an
abundance of oxygen vacancies in the STO. At these low pressures, the chemical
equilibrium is such that the desorption of oxygen is larger than the diffusion of
oxygen from the interior of the STO and there is a net loss of oxygen[33].

The electron mobility develops more gradually with deposition pressure, as can
be seen from Figure 5.1(c). But the relation is opposite to what would be ex-
pected: the mobility decreases with increasing oxygen pressure. For bulk STO it
is known that the mobility decreases with increasing electron density[34, 35], which
is equivalent to an increasing vacancy density[36, 37]. So for higher pressures a
lower vacancy density would be expected and a higher mobility.

There have been some arguments that for samples grown above the critical pressure
the spatial extent of the electron density in the z-direction is important[10, 38–40].
At the interface electrons can have a lower mobility due to interface defects[17]
or localized bands[10, 41]. So high mobilities are reached if the electrons are
distributed far into the STO layer. But for LAO//STO samples fabricated at
higher pressures, the higher oxygen content reduces the dielectric constant[42–44].
This decrease of the dielectric constant lowers the screening of the interface charge,
confining the electrons closer to the interface. In semiconductor physics the extent
of the electron density at an interface is given by the Debye length λD ∝

√
K,

describing this behaviour[45]. This local concentration of electrons again enhances
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the local electric field, which further reduces the dielectric constant, enhancing
the confinement of electrons[39]. Above a critical electron density of about 5·1013

cm−2 this confinement rapidly increases and thus reduces the electron mobility.
This density is close to the typical values observed for LAO//STO interfaces.

A similar mechanism is at work in LAO//STO field-effect structures where the ex-
ternal electric field pulls the electrons closer to the interface[40]. Whether it is also
applicable to the mobility vs. film thickness dependence for LAO//STO interfaces
is unclear. There the mobility decreases with increasing LAO film thickness[29].
The theoretical increase of the electron density at the interface with increasing
thickness[9–12] may be enough to trigger the interfacial confinement and mobility
reduction. The reduction of the electron density with film thickness as observed
from Hall measurements fits well into this picture, as the interfacial confinement
will cause more electrons to become localized.

This closer look at the physics of single-interface LAO//STO structures shows how
the oxygen pressure plays an important role in determining the electron densities
and mobilities, though the mechanisms are different. This dual mechanism com-
plicates the analysis of LAO/STO heterostructures. In conclusion this analysis of
literature results can be summarized as follows:

• There is a critical deposition pressure below which oxygen diffusion from the
STO becomes dominant. As a consequence the electron density below the
critical pressure is dominated by oxygen vacancies, above it by the interface
doping.

• The electron mobility monotonously decreases with increasing pressure. This
dependence is due to the decreasing dielectric constant, which causes the 3D
electron density to collapse closer to the interface. The increased scattering
near the interface then reduces the mobility.

This dependence of the transport properties on the local dielectric constant and
the spatial distribution of the 3D electron density can also explain the differ-
ent properties observed at LAO//STO interfaces. For example, it is known that
oxygen-deficient STO becomes superconducting if the 3D electron density exceeds
3·1019 cm−3[46]. Depending on the spatial distribution of the carriers, this critical
value may or may not be exceeded[38]. This shows the importance of knowing
the spatial distribution of the electrons, which cannot be derived from the mea-
surement of the 2D electron sheet density in itself. Calculations show that the
spatial distribution depends in a nontrivial way on both dielectric properties[40]
and 3D electron density[39]. Phase diagrams such as the one in Ref. [5] should be
extended to include this third dimension.

From these conclusions several questions arise. First, if changes in the substrate va-
cancy density or dielectric constant have such a profound effect on the conduction,
how does the structural quality of the substrates themselves affect the transport
properties? Second, why is there a sharp transition in the electron density from
the vacancy-dominated to the interface-dominated regime? What process ’acti-
vates’ the oxygen diffusion? Finally, what is the main role of the pressure during
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deposition? Is it a moderator of the thermodynamic energy of the arriving species
or is it a chemical reservoir for oxygen in contact with the sample? The first part
of this chapter will focus on these questions.

5.3 Alternative model for LaAlO3//SrTiO3 inter-
faces

In the discussion in the previous section all the activity was in the STO substrate.
As long as there are electrons present at the interface, regardless of their origin, the
physics remains the same. Therefore it is interesting to study what mechanisms
for the interfacial doping exist.

For the LAO//STO interface a model emerges based on the polar discontinuity
at the interface[9–12]. This discontinuity, if uncompensated, would give rise to
an internal field in the LAO layer that would bend the LAO bands. As the
thickness of the LAO layer increases, the LAO valence band rises above the Fermi
level. At this point electrons can be transferred from the LAO surface to the
LAO//STO interface. This creates an electric field opposite to the internal field
of the LAO, thus lowering the band shift in LAO. Further increasing the LAO
thickness increases the electron doping and reduces the internal field. Simply
put, the LAO band shift must be enough to cross the STO band gap of 3.2 eV
regards less of the LAO thickness. So the internal field must be equal to Eint =
Vg/ed. Figure 5.3 shows this schematically for the critical thickness of 4 monolayer
LAO[25] (a) and a thicker LAO layer where more electrons are transferred and the
LAO band shift is reduced back to the Fermi level (b)[10].

There is some discussion, however, whether this model holds. For example, the
LAO band shift should induce a corresponding shift in the LAO core peaks ob-
served with XPS. This expected broadening of the La peaks has not been observed,
even though photospectroscopy techniques do have the resolution to resolve shifts
of this order[47]. Alternatively, oxygen vacancies at the LAO surface[31, supple-
mentary information] can flatten the LAO band shift. Without this band shift,
there is no Fermi level crossing and no doping.

Here a different model is suggested that focusses on the structural polarization in
STO at the LAO//STO interface. It has been proven through both calculations
[48–51] and observations[52–54] that the STO unit cells closest to the interface
undergo a ferroelectric-like structural deformation. Whether this is due to electron
doping of the interface or due to mechanical strain and electrostatic interactions
with the neighbouring LaO layer is uncertain at the moment. It is known that STO
at the LAO//STO interface undergoes compressive strain which can drive the STO
ferroelectric with the polarization direction perpendicular to the interface[55].

The interesting thing is that such a polarization discontinuity can form conduction
channels, even in nominally undoped and neutral materials. Ferroelectric domain
walls in BiFeO3 have been found to be conducting[56]. Calculations showed that
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Figure 5.3: Band schematics to illustrate the electron-transfer model. At
the critical thickness, electrons are transferred from the surface to the
interface (a). For thicker layers, more electrons are transferred and the

LAO band shift is reduced (b). Image is taken from Ref. [10].

the change in local polarization resulted in a reduction of the band gap, and
thus a lowering of the conduction band to the Fermi level. Similarly, polariza-
tion switching in Pb(Zr0.2Ti0.8)O3 reduced the tunneling barrier for STM when
the polarization surface charge and the tip charge were opposite[57], similar to
electron-doped TiO2 and LaO layers. Calculations on KNbO3/STO superlattices
also showed that the polarization of the KNbO3 influenced the density of states
at the interfaces[58]. Similar polarization-driven interface doping processes have
been observed in ZnO[59] and SiC[60].

The structural-polarization model for the LAO//STO interface would then be
that the structural reconstruction in STO at the interface, due to both strain and
electrostatic forces, results in a local polarization that lowers the STO conduction
band to the Fermi level. Electrons from defect states in the STO[61] can then
migrate to the interface where their presence will increase the band bending and
magnify the effect until an equilibrium is reached[39]. This may explain why
LAO//STO interfaces where the STO is a deposited layer have a lower electron
density[62]. Deposited STO often has less defects than bulk-grown STO. The LAO
bands need not shift, and all the physics regarding the oxygen pressure discussed
in the previous section do still apply.

When evaluating the two models it is useful to look at experimental features
unique to LAO/STO interfaces. These same features show why an explanation of
the interface conduction purely from oxygen vacancies cannot hold. Any model
must be able to explain these features. The three most important are listed below.
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• Termination dependence
LAO//SrO-STO is non-conducting, while LAO//TiO2-STO is[20].

• Critical thickness
Below a critical thickness of 4 monolayers of LAO a LAO//TiO2-STO inter-
face is non-conducting[25].

• Coupled interfaces
Two interfaces, a n- and a p-type, interact below a minimum separation of
6 monolayers of LAO[22].

The termination dependence in the electron-transfer model would make the LAO
bands shift downwards instead of upwards to the Fermi level. So no electron
transfer can be expected and the interface stays insulating. In the structural-
polarization model the structural reconstruction at the interface would be com-
pletely different, because it is mainly the SrO layer that reconstructs. The interface
remains insulating because the STO conduction band which is mostly comprised
of Ti 3d bands is not lowered, similar to the high-resistance polarization in PZT
for the STM measurement[57].

The critical thickness in the electron-transfer model is due to the fact that a single
monolayer of LAO can only accommodate about 1 eV (see discussion on page
89). To bridge the complete STO band gap of 3.2 eV about 3.3 monolayers of
LAO are needed. Thus the critical thickness of 4 monolayers. For the structural-
polarization model it has been calculated that for thin LAO layers the LAO layers
deform instead of the STO[51, 63]. So for thin layers, the STO is not structurally
reconstructed and no band bending occurs.

The coupled interfaces are a direct consequence of the electron transfer from the
top interface to the bottom one. For the double-interface structure the top in-
terface is a p-type interface. Such interfaces require extra electrons to be charge
compensated. Generally these electron come from oxygen vacancies[2]. Transfer-
ring electrons would then cost energy as oxygen vacancies have to be created. For
thin LAO layers the LAO band shift is not large enough to overcome this energy
and most electrons remain at the top interface. As the LAO layer becomes thicker,
the band shift increases and more and more electrons are transferred until the two
interfaces are no longer coupled. The mechanism for the structural-polarization
model is nearly the same, and very reminiscent of the interface-surface interaction
in the LTO/LAO and LVO/LAO systems discussed in Section 4.4.2. Assuming
that electrons are already present at the bottom n-type interface there is a com-
petition between electron transfer from bottom to top and vacancy creation. Here
this transfer is reduced for thicker layers until both layers are decoupled.

With both models seemingly describing the same behaviour, what arguments are
there for adopting the structural-polarization model? As already mentioned, the
possible lack of a LAO band shift is an important argument to investigate the new
model. Also the reduction of the electron density for LAO//STO interfaces on a
deposited STO layer cannot be explained by the electron-transfer model[62]. As
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the LAO layer has the same thickness for samples with and without STO interlayer
the electron density should not be different.

What may be an additional argument is an explanation for the interface conduction
observed in the KTaO3/STO system[64], though tantalum interdiffusion can play
a role. Compared to the LAO/STO system the KTO/STO system has its polari-
ties reversed: the interface is now (KO)−//(TiO2)0 instead of (LaO)+//(TiO2)0.
According to the electron-transfer model no interface conduction is expected as the
LAO band shift is downwards. From the structural-polarization model however
an enhanced polarization is expected, though with the polarization opposite to
that at the LAO//STO interface. Indeed, an enhanced polarization has recently
been calculated at the KO//TiO2 interface in the KNbO3/STO system[65]. What
is especially interesting is that the calculations show that the KNO/STO super-
lattice is not metallic, even with its interface polarization. So the observation of
conduction at the KTO//STO interface may show that the origin of the conduct-
ing interfaces is not electron transfer from the surface to the interface, but band
bending due to structural forces at the interface.

To further prove the structural-polarization model, LAO//STO interfaces can be
fabricated on other substrates with different lattice parameters. In such het-
erostructures the electrostatic driving force behind the structural polarization
would be the same, but the strain on STO would be different. Interfaces fabricated
on substrates with a larger lattice parameter compared to STO should exhibit more
insulating behaviour, as the compressive strain at the interface is compensated by
tensile strain from the substrate. Additionally, tensile strain would induce a po-
larization parallel to the interface, which would not induce a potential well[55].
Interfaces fabricated on substrates with smaller lattice parameters would be more
difficult to analyse. On one hand the compressive strain at the interface is not
compensated, on the other hand the entire STO film is compressively strained thus
reducing the polarization discontinuity at the interface.

So far the LaO//TiO2 interfaces that have been studied most in literature were
fabricated by depositing LAO on TiO2-terminated STO. This interface can be
called an inter-block interface, as it is constructed between deposited perovskite
blocks1. A second way to construct a LaO//TiO2 interface is by depositing a
monolayer of LTO in between STO and LAO. Such a LAO//STO interface can be
called an intra-block interface. Comparing inter- and intra-block interfaces which
have a different method of strain release can give information about these models.
From the electron-transfer model it is expected that, if the LAO layer has the
same thickness, both interfaces are nearly the same. The structural-polarization
model however shows that the two interfaces will be dissimilar, as the structural
strain has been resolved differently.

1Though during the PLD process all elements and complexes thereof arrive at the substrate
without any crystalline order, it is energetically favourable for the adsorbants to form into com-
plete perovskite unit cells of the grown material. Thus the PLD deposition is often thought of
as the deposition of complete unit cell blocks instead of partial structures.
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5.4 Sample fabrication

To study the questions raised in the previous two sections, both LAO//STO inter-
block and LTO intra-block interfaces have been fabricated. Figure 5.4 shows how
these two types of interfaces can be fabricated. The LAO//STO inter-block in-
terface can simply be fabricated by depositing a LAO layer on chemically-etched
TiO2-terminated STO (Figure 5.4(a)). A LTO intra-block interface can be fabri-
cated by depositing a monolayer of LTO on a SrO-terminated STO layer (Figure
5.4(b)). The SrO-termination is obtained by depositing one-and-a-half monolayer
of strontium ruthenate (SRO).
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Figure 5.4: Inter- and intra-block LaO//TiO2 interfaces. (a) LAO//STO

inter-block and (b) LTO intra-block on SrO-terminated STO.

Samples discussed in this chapter were fabricated both at Hwang Laboratory,
University of Tokyo, Japan and MESA+ Institute for Nanotechnology, University
of Twente, the Netherlands. As such, Table 5.1 shows multiple growth conditions
for some of the deposited materials. Both LAO and STO are relatively easy to grow
throughout the entire pressure range from 10−6 to 10−1 mbar O2. SRO and LTO
require more precise settings to obtain optimal growth. Though good deposition
settings for LTO were obtained in the research on LTO/LAO superlattices at
Hwang lab, the different PLD set-up at the MESA+ Institute made it necessary
to re-optimize the deposition settings. Primary differences were the laser itself
and the optical path, so the corresponding settings were changed the most. The
conditions for the growth of SRO resulted in clear layer-by-layer RHEED patterns.
The high volatility of RuO2 causes a termination switch from BO2 to AO[66].
This was used to obtain SrO-terminated STO films to study the LTO intra-block
interfaces.
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material LAO (H) LAO (M) LTO (M) STO (M) SRO (M)

F (J/cm2) 2.0 1.3 1.6 1.3 2.0
A (mm2) 2.0–2.6 0.9–1.7 1.3 1.3 1.3
f (Hz) 4 1 / 2 1 1 1
p (mbar) 10−6–10−5 10−5–10−3 10−3 10−3–10−1 10−1

d (mm) 50 55 55 55 55
T (◦C) 700 850 850 700 / 850 700
r (pulses/ML) ∼30–50 ∼20–26 ∼20–40 ∼20–40 ∼100

Table 5.1: PLD conditions for the layer-by-layer growth of LAO, LTO,
STO and SRO. Shown here are the fluency F , laser spot size A, laser
pulse frequency f , deposition pressure p, target-to-substrate distance d,
substrate temperature T and growth rate r. The indicators ’H’ and ’M’
show whether the conditions were for the PLD set-up at Hwang Lab, Japan

or the MESA+ Institute, the Netherlands.

Figure 5.5 shows the RHEED intensity oscillations for three samples. Two are
LAO//STO structures, one grown at Hwang lab and one at the MESA+ Insti-
tute. The third is an intra-block interface fabricated on AlO2-terminated LAO.
For all materials and conditions in Table 5.1 RHEED oscillations were observed
throughout the growth. This, and the side spots seen during and after growth,
show that the deposition of all materials occurs in layer-by-layer mode when de-
posited on STO. The oscillations in the intensity were also reproduced in the
d-spacing of the side spots and the FWHM of the main spot.
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Figure 5.5: RHEED intensity oscillations for the growth of LAO/STO het-
erostructures. The indicators ’H’ and ’M’ refer to Hwang lab and MESA+

Institute, respectively.
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5.5 Structural characterization

AFM scans of the top surfaces of heterostructures fabricated on STO substrates
show step-and-terrace similar to that of the corresponding substrates. Figures
5.6(a) and (b) compare the top surfaces of two LAO//STO films, one fabricated
at Hwang lab and one at the MESA+ Institute. Both show the same structure
and their RMS roughness values are around 2 Å.

(a) LAO//STO, Hwang lab (b) LAO//STO, MESA+ Institute

Figure 5.6: Comparison of top surface AFM scans for several LAO/STO
heterostructures. (a) inter-block interfaces grown at Hwang lab and (b)

inter-block interface grown at the MESA+ Institute.

XRD θ-2θ scans show unsurprising results for all samples. The obtained c-axis
lattice parameters are summarized in Table 5.2. Reciprocal space mapping shows
that the films are grown coherently. Rocking curves of the LAO//STO inter-block
samples around (002) have a FWHM of 0.02 or 0.05◦ for the Hwang or MESA+
samples, respectively.

structure cfilm (H) (Å) cfilm (M) (Å) abulk (Å) ccalc (Å)

LAO//STO 3.75± 0.01 3.73± 0.01 3.789 3.71
SRO//STO - 4.01± 0.06 3.923 3.94

Table 5.2: XRD θ-2θ c-axis lattice parameters for different structures. The
bulk values are for the top layer. The last column is calculated using a
Poisson’s ratio of 0.25[67, 68]. The indicator ’H’ or ’M’ shows whether the
conditions were for the PLD set-up at Hwang lab, Japan or the MESA+

Institute, the Netherlands.
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5.6 Subtle details of the substrate

Aside from the quality of the grown films, the substrate quality also plays an
important role in determining the transport properties of LAO//STO interfaces.
Figure 5.7(a) shows the sheet resistance vs. temperature plots of three LAO//STO
inter-block interface samples. The LAO layer was 5 monolayer thick, above the
minimum thickness for interface conduction[25]. Two are grown on Shinkosha
substrates following in situ pre-annealing for one hour while the third is grown on
a SurfaceNet substrate following ex situ etching and annealing for one to two hours.
A monolayer of SrO was included in one of the samples grown at Hwang lab to make
a termination switch. From Figure 5.7(a), and the normalized sheet resistance in
Figure 5.7(b), it is clear that all three show similar behaviour. The similarity to
oxygen-deficient STO has been observed before[18] and can be attributed to the
similar conduction channel, i.e. the titanium lattice, despite the different doping
mechanisms. These samples were grown at a deposition pressure of 1.3–3·10−5

mbar, so the interface contribution should be dominant. Substrates treated at
deposition conditions, but without any deposition occurring, remain insulating. A
sample grown at the MESA+ Institute with SrO-termination was insulating.
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Figure 5.7: Sheet resistance vs. temperature for LAO//STO inter-block
interfaces on STO substrates from different suppliers.

This similarity in transport properties points to a significant difference in the sub-
strates from different suppliers. The samples grown on Shinkosha substrates are
both conducting, while of the samples grown on SurfaceNet substrates only the
LaO//TiO2 sample is conducting. One important difference is that the Shinkosha
substrates were pre-annealed in situ at 7·10−6 mbar for 1 hour while the Sur-
faceNet substrates were pre-annealed ex situ in flowing oxygen for 1–2 hours. This
difference in oxygen conditions might have great influence on the STO substrate
stoichiometry. However, in both cases substrates treated at deposition conditions
were insulating, indicating that the pre-anneal procedure itself does not create
the conducting state. In addition, other LAO//STO samples with in situ pre-
annealing did show the termination dependence[3, 20].
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XPS and far-infrared spectroscopy were performed on substrates from both com-
panies2. In total, about 6 samples from each supplier were investigated. Two
observations were made. First, the Shinkosha substrates contain more carbon and
silicon compared to the SurfaceNet substrates. The silicon is likely a contami-
nation from the STO crystal growth. Second, far-infrared spectroscopy showed
that the Shinkosha STO has a higher Drude contribution. This indicates that a
larger amount of free carriers is present in those substrates. Figure 5.8 shows the
optical conductivity down to 8 meV (63 cm−1) and at 10 K for substrates from
both companies. Taking the integrated intensity between 63 and 165 cm−1 (just
below the soft phonon peak at 170 cm−1) as representative for the spectral weight
of the Drude contribution, the Shinkosha substrate contains about 1.5 times as
many carriers as the SurfaceNet substrate.
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Figure 5.8: Real part of the optical conductivity at 10 K for STO substrates
from different suppliers.

Though post-annealing recovers the insulating state of the AlO2//SrO interface
(as can be seen in Figure 4.10) it is an extra complication that should preferably
be avoided. In situ cool-down at higher pressures is one procedure to obtain
oxygen-stoichiometric samples[29, 39]. Choosing a different substrate supplier is
another.

5.7 Influence of the PLD process

It was already briefly touched upon how the PLD process itself influences the sam-
ple: STO substrates treated under the same temperature and pressure conditions
as a grown sample are insulating, while the deposition of just 5 monolayers of LAO

2Both XPS and far-infrared spectroscopy were performed by Prof. dr. C. Bernhard, University
of Fribourg, Fribourg, Switzerland.
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- a procedure of about 1 minute - makes the sample conducting. For high-pressure
grown samples this can readily be attributed to the interface reconstruction inher-
ent to the LAO//STO interface. But for low-pressure grown samples which are
dominated by oxygen vacancies there must be some process that kick-starts the
oxygen vacancy creation. Oxygen scavenging by LAO or sputtering by the PLD
plasma are two of the candidate processes that are investigated here.

5.7.1 Film thickness

For samples grown at Hwang lab Figure 5.9 shows the thickness dependence of the
sheet resistance. Two series are shown, grown at either 1.3·10−6 or 1.3·10−5 mbar
O2. Both show an decreasing trend with increasing thickness or, equivalently,
deposition time. The first series grown at lower pressure has a sheet resistance
similar to that of SrTiO3−δ thins film and the 1·10−6 mbar O2 sample from the
pressure series grown by Brinkman[8].
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Figure 5.9: Sheet resistance vs. LAO thickness for several series. The two
pressure series are new work, the Bell[29] and Brinkman[8] series are from

literature, the STO3−δ series is from private communication.

The sheet resistance of these samples has an inverse relation with the deposition
time. This may point to a simple process of out-diffusion of oxygen as the source
of the doping. Oxygen gettering by the LAO may be another source, but in that
case the sheet resistance drop off should be more pronounced for the low-pressure
grown samples as in that case the LAO is more deficient. Thus chemical out-
diffusion of oxygen is the main source of carriers in this system, though plasma
sputtering plays a role in activating the oxygen diffusion, as substrates treated
to the same conditions but without actual deposition taking place do not show
conductivity.

The samples fabricated at 1.3·10−5 mbar have higher sheet resistances for thin
LAO layers, but rapidly drop off to values close to the oxygen-deficient samples. A
possible explanation for the increase in sheet resistance for thinner films is that re-
oxidation takes place during the cool-down. For example, ultraviolet photoelectron
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spectroscopy (UPS) carried out on LAO//STO interfaces showed that in situ post-
annealing also reduces the electron density at the interface[6]. For the samples
grown at low pressure the oxygen chemical equilibrium between substrate and
environment is such that no re-oxidation can take place during the entire cool-
down. Referring back to the Ellingham phase diagram of Figure 5.2 it can be seen
that the boundary between oxygenated and reduced STO can either be crossed by
increasing the pressure or by lowering the temperature. For thin samples, oxygen
ions can migrate through the LAO layer and re-oxidate the interfacial STO. Thus
the carrier density is decreased and the sheet resistance is increased. For thicker
samples the LAO is too thick and no re-oxidation takes place. Thus the thick
samples are comparable to the low-pressure grown samples.

The influence of the cool-down conditions is very pronounced. Figure 5.9 also
shows the thickness series fabricated by Bell[29]. These samples were cooled down
at 400 mbar, similar to other high-pressure cool-down procedures indicated in
Figure 5.2. These samples actually show an increase in sheet resistance with
increasing thickness, opposite to the two series cooled down at deposition pressure.
Both the Bell series and the high-pressure series were grown at 1.3·10−5 mbar,
showing the influence of the cool-down recipe. This difference between these two
series shows the importance of the temperature during re-oxidation, as the diffusion
speed of oxygen vacancies rapidly decreases with temperature[69]. Assuming the
diffusion coefficient vs. temperature relation holds down to 400 ◦C (a typical post-
anneal temperature) the diffusion speed is a factor 60 lower. Thus the 1.3·10−5

mbar series undergoes only limited re-oxidation as the process takes place around
300 ◦C. The Bell series is put into high pressure at deposition pressure and re-
oxidation can take place at a high rate. Figure 5.10 shows a suggested phase
diagram similar to Figure 5.2. It clearly shows how the Bell series are taken to a
high pressure at high temperature, where the oxygen diffusion is high. Thus these
samples can be more fully re-oxidized compared to the 1.3·10−5 / 1.3·10−6 mbar
grown series.

Though electron density and mobility data were not obtained for all samples in
the pressure series, the general trend is that both electron density and mobility
increase with increasing LAO thickness. The increase in electron density can easily
be explained by the increase in oxygen vacancy density for thicker samples. The
increase in electron mobility might be due to the increase of the dielectric constant
of STO[44] which increases the screening of defects and causes the electrons to
migrate away from the interface. As most scattering defects are located close to
the interface, the total average mobility probed by Hall measurements increases.
The Bell series shows the opposite behaviour with decreasing electron density and
mobility with increasing thickness, but as has already been discussed at the end
of Section 5.2, the higher local electric field due to the larger electron density
confines the electrons close to the interface, thus reducing the electron density and
mobility.
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Figure 5.10: Suggested phase diagram for the cool-down of LAO//STO
interfaces. The deposition takes place at high temperature, after which the
cool-down traces the paths shown. The Bell samples are from literature[29].
The grey dashed line is the proposed boundary between stoichiometric and

deficient STO.

5.7.2 Gas pressure & composition

The dependence of the LAO//STO interface properties on the deposition gas has
already been noted throughout this thesis. It not only directly influences the
oxygen vacancy density but also indirectly the electron mobility. But aside from
the pressure, or equivalently the density, of the gas, the composition of the gas
may also play a role. Using a mixture of gases the kinetic energy of the plasma
can be tuned independently of the partial oxygen pressure.

Given the precision with which such interfaces need to be fabricated (the necessity
to control of the substrate termination is an example), any residual gas contami-
nations might influence the interface properties. Figure 5.11(a) & (b) compare the
electron densities and mobilities for two 15 monolayer thick LAO//STO interface
samples, both fabricated at 7·10−5 mbar O2 but one with a base pressure of 5·10−7

mbar and one with a base pressure of 4·10−8 mbar.

Both electron density and electron mobility are almost the same for both samples.
The average deviation is 4 resp. 5 %. The electron density at low temperature
should be the most sensitive to defects induced by the inclusion of gas contami-
nations. At 2 K the deviation in the electron density is 6 %, far below the order
of magnitude difference in the base pressure which should be proportional to the
contamination density.
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Figure 5.11: Electron density (a) & mobility (b) for two LAO//STO in-
terface samples fabricated at the same deposition pressure, but with two

different base pressures.

Though contaminations of the deposition gas do not seem to play a role, the gas
composition during deposition still may. The previous subsection showed how the
oxygen gas pressure can control the oxidation state of the STO (for example, see
the phase diagram in Figure 5.2). The deposition gas affects the growth process
primarily by providing a reservoir of oxygen for incorporation into the oxide thin
film. For the pressure range discussed here the target-to-substrate distance is
smaller than the plasma thermalization length, indicating that the plasma is not
moderated by the surrounding gas[70]. To study the effect of the gas mixture on
the LAO//STO sample growth, two series of LAO//STO inter-block interfaces
with a 20 ML LAO layer were grown. For both series the deposition pressures
were varied, but one series was grown in pure oxygen while the other was grown
in an oxygen/argon mixture where the oxygen partial pressure was kept constant
at 3·10−5 mbar.
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Figure 5.12: Sheet resistance vs. temperature plots for both series, grown
in pure O2 (a) and in an O2/Ar mixture (b). The grey lines included are

the comparable plots from literature[8].

Figure 5.12 compares sheet resistances vs. temperature plots of the O2 and mixture
series. All samples show the typical 1/T 2 electron mobility dependence charac-
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teristic of Fermi-liquid behaviour and have a thermally-activated electron density
with activation energies on the order of 6 meV[22]. The graphs for the mix series
shows some kinks, but these varied between measurements and samples, indicat-
ing they are due to extrinsic effects such as contact resistance or measurements
disturbances. Comparing the two series both to each other and to a pressure series
from literature[8] shows that the pure O2 series is very different from the series
from literature. Remarkably, the O2/Ar mixture series shows more similarity to
the literature pressure series though here the Kondo-like upturn is not recovered
either.

Looking more closely to the transport properties, it is clear from the graphs in
Figure 5.13 that the sample grown at 3·10−5 mbar (which is the same sample for
both series) is very similar to the comparable sample from the Brinkman series.
The global trends with increasing pressure are basically the same for both gas
composition series. The electron density varies only about 10 % compared to
the Brinkman data which almost doubles. For the electron mobilities both gas
composition series show a decrease with increasing pressure. The Brinkman shows
a similar decrease, but again much more pronounced.

Comparing these results to the overview in Figure 5.1 shows that these data fit
well into the reported results. The spread in electron density is large enough for
the results in Figure 5.13(a) to accommodate both the gas composition series and
the Brinkman data. The decreasing trend for the mobility is again reproduced
and has already been discussed.

Despite the fact that the transport data in Figure 5.13 is has some similarities
to earlier reported data the difference with the Brinkman data, especially for the
electron density, is intriguing. Almost all samples from all three series were fabri-
cated on the same PLD set-up and comparison between the deposition parameters
for the new pressure series and the Brinkman series shows that the settings were
nearly the same, from fluency down to spotsize and target-to-substrate distance.
The similarity in deposition rates of ∼20 pulses/u.c. confirms this once more.
Two possible sources for this discrepancy can be suggested. One is a difference
in actual substrate temperature due to differences in the heater element and ther-
mal connection with the sample by the silver glue. Another is the difference in
substrate fabrication or preparation, an example of which was discussed in the
previous section.

Focussing solely on the two new gas composition series there is very little difference
between the two. This indicates that the relative oxygen content of the deposition
gas has little influence on the transport properties. This is consistent with the
flat dependence of the electron density above the critical pressure shown in Figure
5.1(b). The observation that the electron mobility develops the same for both gas
compositions shows that the mobility is not only driven by the dielectric constant
as a function of the oxygen vacancy density, but probably also by the crystallinity
of the LAO top layer. The higher pressures influence the adatom diffusion over the
substrate, lowering their energy which can result in more crystalline films[71]. In
both the electron-transfer and the structural-polarization model this would confine
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Figure 5.13: Electron density (a) and electron mobility (b) & (c) at 300 and
5 K for both gas composition series. The grey values are from Brinkman[8].
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the electrons closer to the interface because of a deeper potential well. This has
the same effect as the change in dielectric constant discussed in Section 5.2, so it
is unclear which of the two mechanism is prevalent.

5.8 LaO//TiO2 interfaces within LaTiO3

In Section 5.3 strain engineering was discussed as a method to investigate which
model for the interface conduction was the most appropriate. This can be realised
by growing inter-block interfaces on different substrates to obtain strained het-
erostructures. Table 5.3 lists a variety of LAO//STO interface structures with the
corresponding in-plane strain (astrained − a0)/a0 and conducting state. Here the
strain is defined as the strain on the STO at the LaO//TiO2 interface.

interface structure in-plane strain (%) conducting state

LAO//STO//NdGaO3[72] -1.2 insulating
LAO//STO//LSAT -0.9 conducting
LAO//STO -0.2 metallic
KTO//STO[64] +0.2 metallic
LAO//STO//DyScO3[72] +0.9 insulating

Table 5.3: Overview of strained LaO//TiO2 heterostructures. The strain
values are based on the bulk lattice parameters of the substrates and
STO, except for LAO//STO[73] and KTO//STO which are estimates.
The distinction between ’conducting’ and ’metallic’ is that for the lat-
ter ∂Rs/∂T > 0, while the former has ∂Rs/∂T < 0 even though the sheet

resistance is measurable down to 10 K.

From Table 5.3 it seems clear that only small amounts of strain result in conducting
interfaces, mostly for compressive strain. This is as expected from the structural-
polarization model. Compressive strain, either from the substrate or from the LAO
layer, will induced a polarization in the STO perpendicular to the interface[55].
Too much compressive strain will polarize the entire STO layer and thus lift the
polarization discontinuity. Tensile strain will counteract the compressive strain
required to form the polarization band bending. Only a small amount of tensile
stress can be accommodated by the interfacial strain induced by LAO.

The electron-transfer model would expect interface conduction for all these sam-
ples, except for KTO//STO which should be insulating. For the interface struc-
tures on NdGaO3 and DyScO3 there is a little uncertainty about the surface ter-
mination. However, even a small amount of mixed termination should result in a
conducting interface[20]. No conduction is observed at all, which is contrary the
electron-transfer model.

To more directly compare the LAO//STO inter-block and LTO intra-block inter-
face both have been grown on STO substrates. The LTO intra-block interface had
the structure shown in Figure 5.4(b) where one-and-a-half monolayer of strontium

116



ruthenate (SRO) is included to perform the termination switch from chemically
TiO2 to deposited SrO. The SRO growth was checked with a thick SRO film which
had a RRR of 2.3 and a ferromagnetic TC of 120 K. Both values are lower than
those of bulk SRO, probably due to ruthenium deficiency which is estimated at 9
% for the SRO test sample[74]. A heterostructure of 1.5 monolayer SRO capped
with 10 monolayers of STO was insulating, proving that the termination-switch
SRO layer does not contribute to the transport.

Several inter- and intra-block interfaces were fabricated. Samples with the STO
interlayer grown at 1·10−3 mbar were all insulating, whether the interface was
inter-block or intra-block. In the structural-polarization model this can be ex-
plained if deposited STO has less defect states than substrate STO. In that case
there are no defect states which could provide electrons to the interface conduction
band. For STO grown at high pressures, where the mean free path of the plasma
is smaller than the target-to-substrate distance, more defect states may be cre-
ated. With the electrons more freely available, the interface conduction band can
be populated. Table 5.4 shows the structure and deposition conditions of three
conducting LaO//TiO2 heterostructures.

material LAO LTO STO SRO
pressure (mbar) 1·10−3 1·10−3 1.3·10−1 1.3·10−1

temperature (◦C) 850 850 700 700

LTO 20 20 1 10 1.5
LTO 05 5 1 10 1.5
LAO//STO 05 5 10

Table 5.4: Sample descriptions for the inter/intra-block interface compari-
son. The numbers give the thickness of the respective layer in monolayers.

All three heterostructures are conducting at room temperature, but behave very
differently upon cooling to lower temperatures. Figure 5.14 shows the sheet re-
sistance vs. temperature graphs of these samples. The LTO 20 heterostructure
has an insulating temperature dependence (∂Rs/∂T < 0), becoming unmeasurable
below 200 K. The sharp dip at 270 K has been attributed to ice formation inside
the measurement chamber. The LTO 05 heterostructure also has an insulating
dependence, but with a sheet resistance an order of magnitude smaller and with
only a very small increase for lower temperatures. Such a decrease of the sheet
resistance compared to the LTO 20 sample has also been observed in LAO//STO
inter-block interfaces cooled down at high pressure[29]. The decreasing tail below
50 K is due to the detection limits of the measurement system. The LAO//STO 05
heterostructure shows metallic behaviour (∂Rs/∂T > 0), though at first glance it
looks different from the LAO//STO inter-block interfaces (compare for example
with Figure 5.7(a)). The difference between the LTO 05 and LAO//STO 05 het-
erostructures is especially interesting as XPS measurements have shown that both
interfaces show the presence of Ti3+. This can be explained by the fact that XPS
probes all electrons, both mobile and stationary. If the electrons in the LTO 05
sample are somehow localized they would not contribute to the transport.
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Figure 5.14: Sheet resistance vs. temperature graphs for a comparison of
inter- and intra-block interface heterostructures.

To analyse the transport behaviour of the LTO 05 and LAO//STO 05 heterostruc-
tures literature can give clues about what mechanisms are at work. As has been
seen for the solid solution of STO and LAO, the bulk Sr1−xLaxTi1−xAlxO3 system
can be described with 3D variable-range hopping (VRH) for x < 0.6[75]. In this
case the aluminium ions form randomly distributed binding sites for the electrons.
The sheet resistance can then be described by:

Rs(T ) = Rs,0exp

((
Ea

kBT

)α)
(5.1)

Here Rs(T ) is the sheet resistance, Rs,0 is a pre-exponential factor, Ea is the acti-
vation energy and α is an exponent describing the dimensionality of the conducting
state: α = 1/(D+1) where D is the dimensionality. This equation can be fit to the
insulating LTO 05 heterostructure, with the two-dimensional exponent α = 1/3
giving the best results. This reflects the two-dimensional nature of the conducting
state at the interface.

Though the sheet resistance appears to be different compared to the LAO//STO
inter-block interfaces fabricated directly on STO substrates, the LAO//STO 05
heterostructure can be analysed in the same way. Figure 5.15 shows the electron
density and electron mobility vs. temperature. It is immediately clear that the
same thermally-activated, 1/T 2 behaviour is present that has already been ob-
served for such interfaces[22]. The main difference is the activation energy Ea

which is 12.9 meV compared to the 6 meV for the substrate-grown LAO//STO
inter-block interfaces.

Figure 5.15(b) shows that the electron mobility of the LTO 05 heterostructure
could be measured down to 85 K, but did not depend on the temperature over
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Figure 5.15: Transport properties of a LAO//STO 05 heterostructure. (a)
electron density, (b) electron mobility.

that range: 〈µ〉 = 1.6±0.2 cm2/Vs. The electron density is almost constant over
that temperature range as well: 〈n2D〉 = 3.5±0.6·1013 cm−2. Table 5.5 compares
the results from the two models, VRH for LTO 05 and thermal-activation for
LAO//STO 05.

parameter 2D VRH (α = 1/3) thermal-activation

Rs,0 (Ω/�) 8.54±0.03·104

N (cm−2) 9.4±0.4·1013

Ea (meV) 12.65±0.07 12.9±0.3
R2 (-) 0.991 0.997

Table 5.5: Parameters for the transport models describing inter- and intra-
block interfaces.

What is remarkable is the similarity in the activation energy for both heterostruc-
tures. This may indicate that the binding sites for both mechanisms, the hop-
ping sites for VRH and the donor states for thermal-activation, are the same.
The difference in transport properties would then be due to the fact that for the
LTO intra-block interface the discontinuity is resolved differently compared to the
LAO//STO inter-block interface. In the structural-polarization model this can
easily be explained by the difference in structural relaxation. LTO has a larger
lattice constant compared to both STO and LAO. As such the layer will put ten-
sile strain on the STO interlayer. This will partly offset the compressive strain of
the LAO top layer and as discussed above this will reduce the polarization and
thus the band bending. Without a potential well, the electrons stay with their
donors and can only hop from site to site instead of flow through the titanium
lattice. An explanation in terms of the electron-transfer model is more difficult, as
it would require the absence of a potential well at the LaO//TiO2 interface. This
would indicate that the polar discontinuity is resolved within the LTO monolayer,
so there would be no LAO band shift and thus no electron transfer. This could
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only be achieved if the LaO layer would have an ionic charge of +1/2 (see Figure
2.14), which would require an off-stoichiometry of 5/6: (La3+

5/6O2−
1 )+1/2. TEM

images of heterostructures incorporating LTO monolayers show no such defects in
the crystal lattice.

To estimate the density of hopping sites the localization length ξ, the average
spatial extent of a hopping site, needs to be calculated. This length is related to
the activation energy by[76]:

Ea =
27/π

ρ(EF)ξ2
(5.2)

Assuming that the density of states at the Fermi level equals the electron density
and taking Ea from Table 5.5 yields a localization length of ξ = 44±8 Å. In a two-
dimensional closest packing this yields a hopping site density of 1·1013 cm−2. This
is the same order of magnitude (for LAO//STO 05 even the same value: n2D(5
K) = 1·1013 cm−2) as the zero Kelvin convergence value for the LAO//STO inter-
block interfaces.

Together these observation seem to indicate that the electron transport in the
inter- and intra-block interfaces on deposited STO has a common origin. The
defect states in STO either form donors from which the electron can be thermally
excited to the interface potential well or act as hopping sites when no potential
well is present. This shows that though both interfaces are nominally the same
LaO//TiO2 interface, their actual behaviour is much different. The structural-
polarization model explains this in the difference in local polarization due to the
different materials and deposition sequence.

5.9 Conclusions

From analysis of results published in literature two important trends are observed
for LAO//STO interfaces. First, there is a critical deposition pressure of about
1·10−5 mbar below which the transport properties are vacancy dominated and
above which the transport is dominated by the interface. Second, the mobility de-
creases with increasing deposition pressure. This is opposite to bulk STO crystals
where the mobility decreases upon reduction at lower pressure.

The first observation can likely be attributed to a thermodynamic threshold. Dur-
ing the deposition the sample-plasma interaction activates oxygen diffusion, which
can be substrate-dependent. The difference in deposition pressure then shifts
the oxygen equilibrium towards out-diffusion for low pressures or no net diffusion
for higher pressures. The cool-down pressure is as important as the deposition
pressure, as for high cool-down pressure the interface-dominated properties are re-
covered even for samples grown at pressures below the critical pressure. Plotting
the p vs. T phase diagram shows that there is indeed a clear boundary between
the vacancy-dominated and interface-dominated samples.
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This recovery of low-pressure grown samples is driven by re-oxidation of the sample
after deposition. Here the difference in oxygen diffusion speed at high and low
temperature becomes important. At high temperatures the full oxygenation of
the sample can be recovered, while samples cooled down at low pressures only
partial re-oxidized or not at all. The thickness of the LAO layer can also block
the re-oxidation, showing the dependence on oxygen diffusion. The combination
of these three parameters, pressure, temperature and thickness, traces different
paths through the phase diagram.

A question still remains what process activates the oxygen diffusion, especially in
low-pressure depositions. The (partial) oxygen pressure does not seem to play an
important role. This is clearly shown by the fact that substrates treated at the
deposition conditions do not become conducting. Gettering of oxygen from the
STO by the LAO layer should result in a sharp drop of the sheet resistance due to
the increase in oxygen vacancies followed by a more gradual decrease as the oxygen
transport through the LAO layer becomes impossible. This effect should be more
pronounced at lower pressures, as the LAO scavenges more oxygen from the STO
substrate. A sharp drop-off is observed for higher pressures, so LAO gettering
is not the likely source. The similarities between the transport properties for
both pure O2 and O2/Ar mixed deposition gasses indicates that it is the plasma
sputtering process that starts the oxygen diffusion.

The second observation of the decreasing mobility is the result of a very subtle
interplay at the interface. The samples grown at higher pressures have less oxygen
vacancies, but also a lower dielectric constant. This decreases the spatial extent
of the electron layer, confining them closer to the interface. There the interaction
with the defects at the interface, further enhanced by the reduced screening, lowers
the electron mobility. Here the interplay between 3D electron density, dielectric
constant and electric field can result in a tightly bound electron layer.

For the mobility a comparison between samples grown in pure O2 and in an O2/Ar
mixture show that in both cases the mobility decreases with increasing total pres-
sure. This indicates that it is not only the oxygen content of the STO layer that
controls the electron distribution; the crystallinity of the LAO layer has an influ-
ence as well, either through induced strain or through an increased dipole response.
Which of the two sources, substrate oxygen content or LAO layer quality, is the
main driver for the changes in mobility depends on all deposition parameters, not
just the pressure.

The theoretical view of LAO//STO interfaces starts from the polar discontinuity
at the interface that drives a band shift in the LAO. When the LAO valence band
crosses the Fermi level, electrons can be transferred from the LAO valence band
into the STO conduction band. However, this LAO band shift has so far not been
observed by, for example, photoelectron spectroscopy. An alternative model has
been developed where the local structural reconstruction driven by both strain and
electrostatic charge results in band bending towards the Fermi level. Defect states
in the STO can then provide conduction electrons. Of course, a combination of
these two mechanisms may occur.
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Comparing different LAO//STO interfaces fabricated on different substrates, it
appears that only small compressive strain on the STO can create conducting
interfaces. This, combined with the lack of conducting interfaces for large or
tensile strains, may be arguments for this structural-polarization model. The
reduced electron density for LAO//STO interfaces with a STO interlayer compared
to interfaces without such an interlayer also favours the structural-polarization
model. As the LAO layer is equal for both structures, the electron-transfer model
predicts similar results. The deposited STO, however, has less defect states, so
the structural-polarization model predicts the lower electron density observed.

So far all experimental interfaces discussed in literature are LAO//STO inter-block
interfaces. By fabricating LTO intra-block interfaces the strain and charge state
can be different. Comparing the two interfaces show that the LTO intra-block in-
terface confines electrons to its interface, but the conduction is by variable-range
hopping. This is different from the ∼ T 2 behaviour of the LAO//STO inter-block
interface. Both transport mechanisms exhibit the same activation energy, suggest-
ing that the binding sites in both systems are similar. The difference between the
two systems may be due to the presence of a potential well at the LAO//STO
interface, while it is absent at the LTO interface due to the different strain and
electrostatic forces. The density of these binding sites is close to the convergent
zero-Kelvin electron density, hinting that these sites may be the source of this
residual electron density.
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LaAlO3/SrTiO3 heterostructures: Origin, dimensionality, and perspectives,” Physical
Review Letters, vol. 98, p. 216803, 2007.

[19] M. Strikovski and J. H. Miller Jr., “Pulsed laser deposition of oxides: why the optimum
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K. Bouzehouane, S. Fusil, and A. Barthélémy, “Mapping the spatial distribution of charge
carriers in LaAlO3/SrTiO3 heterostructures,” Nature Materials, vol. 7, pp. 621–625, 2008.

[31] C. Cen, S. Thiel, G. Hammerl, C. W. Schneider, K. E. Andersen, C. S. Hellberg,
J. Mannhart, and J. Levy, “Nanoscale control of an interfacial metal-insulator transition
at room temperature,” Nature Materials, vol. 7, pp. 298–302, 2008.

[32] L. Liborio and N. Harrison, “Thermodynamics of oxygen defective Magnéli phases in
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Chapter 6

Interacting interfaces in
LaAlO3//SrTiO3
heterostructures

Abstract

Double-interface structures of LaAlO3 and SrTiO3 with two n-type inter-
faces were investigated. Above 70 K the interfaces behave like a Fermi liquid.
The electron density behaves as if thermally-activated and at low tempera-
tures there are signatures for multiple conduction bands. At low temperatures
a Coulomb scattering mechanism becomes dominant and the electron density
freezes out, while at room temperature the electron density is a function of the
interface separation. For double-interface np structures the electron density
decreases with smaller separation, but for nn structures it increases. A model
including the dipoles inherent to LaAlO3 and those due to electron transfer
was developed and fit to the data. The difference in behaviour for the np and
nn structures is then ascribed to the difference in energy required to free the
electrons from their donors. For np structures it is positive, indicating it costs
energy to free the electron from its corresponding trap, while for nn struc-
tures it is negative, so the energy of the system is lowered when the electron
is moved away from the second n-type interface.

6.1 Introduction

The previous chapter already showed how the electron layer at the LAO//STO
interface can be influenced by deposition parameters such as gas pressure or by the
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design of the heterostructure. However, it has also been shown that a nearby in-
terface influences the transport properties at the interface. In fact, any LAO/STO
sample can be considered a double-interface structure, as the interface with air
also influences the properties[1–4]. However, there is a clear difference between
the LAO/STO samples that are capped with nothing but air and those capped
with another STO layer. While the first turn insulating for thin LAO films[1], the
latter stay conducting though with a reduced electron density[5].

In this chapter double-interface LAO/STO heterostructures with two n-type in-
terfaces are studied. The results are compared with those for double-interface
heterostructures with both a n- and a p-type interface. It is of great interest to
study the effect of the interface separation on the ground state of the electron layer.
As already discussed in Chapter 2, there is some debate about the ground state
of the single-interface LAO/STO system. Both a superconducting and a magnetic
state have been observed as a function of the total electron doping, which includes
contributions from the interface, from oxygen vacancies and from external field
effects[6]. But as the previous chapter showed, a careful choice of the deposition
pressure makes it possible to avoid most of the problems associated with vacancies.

The double-interface heterostructures offer a different way to probe the polar catas-
trophe. The air//film surface is found to be very susceptible to the processing
conditions such as post-annealing[7] or indeed to the local environment at all[8].
Thus, growing a series of single-interface samples does not automatically yield a
systematic trend in, for example, the electron density[2]. This is illustrated by
the overview in Figure 5.1(b). Comparing the electron fraction (n2Da

2) for thin
(5 monolayer) LAO//STO interfaces grown in different groups, and with different
parameters, a wide range of values is observed: 0.03-0.30[1, 2, 7, 9]. Growing an-
other layer on top of the LAO, however, stabilizes the environment of the second
STO//LAO interface and separates this interface from any surface effect[5]. Fig-
ure 6.1 compare the electron density vs. interface separation data for both types
of samples, taken from their respective literature.
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Figure 6.1: Electron density as a function of interface separation for a
STO//LAO//STO[5] and an air//LAO//STO sample[2]. The dashed line

is an exponential decay fit to the STO//LAO//STO data.
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Thus the double-interface structure offers a more stable way to investigate both
the ground state of the interface electrons (probed at large interface separation)
and allows for the study of the separation dependence which can give clues about
the polar catastrophe mechanism.

6.2 Sample fabrication

Two series of samples were fabricated, both nominally containing two n-type in-
terfaces. The first LaO//TiO2 interface is obtained as a standard LAO//STO
inter-block interface. The thickness of the LAO layer then determines the interface
separation. In layer-by-layer growth mode the surface termination is preserved, so
the LAO layer is AlO2-terminated. The monolayer of LTO then constitutes the
second n-type intra-block interface. The interface separation is thus a fractional
number of unit cell monolayers, i.e. the number of monolayers of LAO plus the
half monolayer of the LTO unit cell. Note that in the rest of this chapter, the
number of monolayers of LAO is taken as a parameter, without stating the ex-
tra 0.5 monolayer involved. Finally 20 monolayers of STO are deposited, both
to provide the necessary material on the STO side of the second interface and to
separate the interface from the air//film surface. Figure 6.2 compares the np and
nn double-interface structures.
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Figure 6.2: Designed structures for the single- and double-interface
LAO/STO structures. (a) a single-interface, (b) a np double-interface and
(c) a nn double-interface structure. In this case the interface separation is

2, 2 and 2.5 monolayer, respectively.

The settings for the growth of LAO and STO were the same as for Huijben[5].
The settings for LTO are those stated in the previous Chapter optimized for the
PLD set-up at the MESA+ Institute for Nanotechnology. Figure 6.3 shows the
RHEED oscillations for the growth of thick films of LTO and LAO, respectively.
For all samples oscillations in the RHEED intensity, main peak FWHM and in-
plane d-spacing were readily obtained.
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Figure 6.3: RHEED oscillations during the growth of thick films of LTO
and LAO. The arrows indicate where the electron beam intensity is in-

creased.

Typical deposition parameters are a fluency of 1.3 or 1.6 J/cm2 for LAO / STO and
LTO, respectively. The pulse frequency was 1 or 2 Hz with a spotsize area of 0.9-1.7
mm2. The target-to-substrate distance was 55 mm. Etched-and-annealed TiO2-
terminated STO(001) substrates were used. The deposition temperature was 850
◦C and the samples were cooled down in deposition pressure. The average heating
rate was 50 ◦C/min, while the cool-down was uncontrolled and limited by thermal
exchange. Typical cool-down time between switching off the heater and taking
the sample out of the deposition chamber is 4 hours. These settings resulted in
deposition rates of about ∼20, ∼20 and ∼25 pulses per monolayer for LAO, LTO
and STO respectively.

For each of the two series, the interface separation was varied by controlling the
number of monolayers of LAO in the central layer. One series was fabricated at
a deposition pressure of 3·10−5 mbar O2 for comparison with the np series from
literature[5]. The other series was fabricated at a deposition pressure of 1·10−3

mbar O2 following the discussion in Section 2.5.2 as to exclude the effect of oxygen
vacancies as much as possible. Both series are referred to as ’NNx p’ where x is
the number of LAO monolayers and p is either ’LP’ for 3·10−5 mbar or ’HP’ for
1·10−3 mbar O2 deposition pressure. A ’NN∞ p’ sample would signify a sample
with an infinite separation between the interfaces grown at either pressure. In
effect it is a single-interface sample with only 20 monolayers of LAO grown.

6.3 Structural characterization

AFM scans of the surfaces of the double-interface samples reproduce the step-and-
terrace structure of the etched-and-annealed substrates. Figure 6.4 shows a 5×5
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µm scan for a substrate (a) and a single-layer sample (b) for comparison. RMS
values are of the order of 2 Å over the same area, which is a common value for
all double-interface samples. The friction force scan in Figure 6.4(c) shows there
is no difference in the chemical composition of the surface and so it is probably
singly-terminated. As the stacking is preserved in layer-by-layer growth the top
surface is expected to be TiO2.

(a) substrate (b) topography map (c) friction map

Figure 6.4: Comparison of top surface AFM scans for (a) substrate topo-
graphy and a NN09 HP sample (b) topography and (c) friction map. The

horizontal stripes are artefacts of the AFM scanning.

For thin LAO layers (<10 monolayers) the film peaks were not resolved from
the substrate peaks in the θ-2θ scans. This is probably due to the small volume
probed. For thicker LAO layers a c-axis parameter cfilm = 3.73 Å is found, which
is identical to that of thick LAO films cLAO = 3.73 Å. Figure 6.5 shows a θ-2θ
scan for a NN10 HP sample.
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Figure 6.5: θ-2θ scan of a NN20 HP sample. c-axis parameters extracted
from this scan were cSTO = 3.904 Å and cfilm = 3.728 Å.
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Figure 6.6: hkl reciprocal space map around (112) of a NN10 HP sample.
cfilm from this scan is 3.74 Å.

Rocking curves from the (002) peaks of the substrate and the film had a FWHM
of 0.03◦ and 0.05◦, respectively. φ-scans show that the heterostructure is grown
cube-on-cube without twinning. These small values show that there is little spread
in the in-plane orientation. The reciprocal space map shown in Figure 6.6 shows
that the film is coherently grown on the STO substrate.

TEM imaging confirmed the coherent growth. From TEM it can also be seen
that the thickness of the LAO layer is as designed. From either XRD or TEM
it is difficult to estimate any chemical intermixing at the interfaces. But light
intermixing would lead to a conducting LaxSr1−xAlyTi1−yO3 compound, even for
small x[10–13]. As shown in the previous Chapter the LTO intra-block interface
is insulating, so the LAO/STO structures have little to no intermixing.

6.4 Transport in double-interface heterostructures

Transport measurements are one of the main tools to study these interfaces, ei-
ther single or double. For one, the conducting state is a unique property of the
LaO//TiO2 interface. For another, they are relatively easy to do though the in-
terpretation can be more difficult. Van-der-Pauw and Hall measurements were
carried out on all samples to determine the sheet resistances, electron densities
and electron mobilities. These values are compared with the results from simi-
lar measurements on np double-interface samples obtained from literature[5] or
private communication.
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6.4.1 Inclusion of a LaTiO3 intra-block interface

In the previous chapter the difference between the LaO//TiO2 interface in LTO
and in LAO//STO has already been discussed. It was found that the conductivity
at the LTO intra-block interface was greatly reduced compared to that of the
LAO//STO inter-block interface. In the double-interface structures this effect is
again observed. If both interfaces were identical it would be naively expected that
for well-separated interfaces the sheet resistance is half that of a single-interface
sample because there are now two conduction channels. However, as Figure 6.7(a)
shows this is certainly not the case. The transport properties of NN∞ p and
NN20 p grown under the same settings are compared.
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(d) Arrhenius plot

Figure 6.7: Transport properties of single- and double-interface samples.
The interfaces in the NN20 p samples are thought to be independent of
one another[5]. The dip in the NN∞ HP curve around 275 K in (a) is due

to ice formation.

Figures 6.7(c) and 6.7(d) show that both single- and double-interface structures
behave very similar. The electron mobility is Fermi liquid-like with a 1/T 2 tem-
perature dependence above 50 K, while the electron sheet density is thermally-
activated with an activation energy Ea of about 5 meV. This is very similar to the
results for np structures[5].
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The observation that the electrons behave like a Fermi liquid up to room tem-
perature is surprising. Typically, electron-phonon interactions dominate at higher
temperatures[14]. But the poor heat conduction indicates that the electron-phonon
interaction may be be weak in STO so Fermi liquid electron-electron interactions
dominate at room temperature. In addition, electron-phonon scattering would
give a T 5 temperature dependence which is not observed[5]. Other scattering
mechanisms such as disorder or polaron[15] scattering are also unlikely. The for-
mer should result in a larger spread of mobilities as the degree of disorder would
be different for each sample, the latter yields phonon frequencies for the double-
interface structures that show no systematic trends or tend to zero.

The difference in transport behaviour is mostly due to the changes in electron
density. But in no case does the electron density double for the structure with
two n-type interfaces compared to the single n-type interface structure. Indeed,
in some cases the double-interface sample has a lower electron density compared
to the corresponding single-interface sample. So, despite the fact that Ti3+ is
present at the intra-block LTO interface as determined by XPS those electrons
do not directly contribute to the conduction in double-interface structures (see
discussion in Section 5.8). The variation shown in Figure 6.7(b) is most likely due
to sample-to-sample variation.

6.4.2 Overview of the transport properties

For smaller interface separations it is expected that the two interfaces do interact[5].
In the np structures the p-type interface does not conduct either, similar to the
n-type LTO intra-block interface, but it still influences the electron density at the
LAO//STO inter-block interface. Comparing the results for nn structures with
those for np structures can yield interesting information on the formation of the
conducting layer at the interface.

Figure 6.8 shows the sheet resistance, electron density and electron mobility of
both nn series and the np series from literature for an interface separation s of 1,
5, 10 and 20 monolayers.

From Figure 6.8(a) it can be seen that though the absolute magnitude of the sheet
resistance varies with interface separation, the temperature relation is similar for
all samples. Figure 6.8(c) emphasizes this, as the electron mobility for all samples
basically collapse onto another. The black dashed line shows that above 60 K the
electrons can be described as a Fermi liquid with a 1/T 2 dependence. Towards
lower temperatures the mobility seems to reach a constant value of about 800
cm2/Vs. The comparison with the np data already shows that the nn structures
behave very similar to earlier interfaces.

Just as for the comparison between single- and double-interfaces in the previous
subsection the main difference between samples is in the absolute magnitude of the
electron density. Figure 6.8(d) shows an Arrhenius plot from which an activation
energy of 5-6 meV is derived. This shows that the electrons behave as if thermally-
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Figure 6.8: Transport properties of double-interface samples with different
interface separations. The different line styles represent the interface sep-
aration: solid for x = 20, dashed for x = 10-9, short-dashed for x = 6-5

and dotted for x = 1.

activated from donors and freeze out below a temperature of 60 K. Interestingly
enough the electron density at 5 K converges for all samples to about 2·1013 cm−2.
This is valid not only for the samples discussed here, but also for other LAO//STO
interface samples reported in literature[1, 7, 16, 17]. This value is close the critical
electron density above which strong confinement of the electrons to the interface
can occur[18]. Whether there is an actual causal relation is unclear as of yet.

Even further down in temperature there is the possibility for a superconducting
transition at about 250-300 mK[17]. It was shown that the critical temperature
could be changed by field-effect doping of the interface[19]. The maximum Tc was
about 300 mK at 5–6·1013 cm−2. Using a 3He cryostat samples from each pressure
series, one of which had an electron density of 6.1·1013 cm−2 at 5 K, were cooled
down to 254 mK in hope of observing the superconducting transition. Current-
voltage plots show Ohmic behaviour all the way down to the base temperature and
no superconducting transition was observed. Lowering the measurement current
to drop below any possible critical current did also not result in a superconducting

137



state. Most likely the spatial distribution of the electrons in the STO was different
from the reported samples so the 3D electron distribution did not exceed the
required minimum density of about 5·1019 cm−3[20].

From these observations it seems clear that the scattering mechanism in double-
interface structures is the same as for the single-interface structures. The scattering
behaviour is very similar to that of doped or reduced STO[21], something which
has been noted before[22]. In a way this is not surprising, as the conduction is
along the interface, mostly through the first few monolayers of STO next to the
interface. Any influence on the scattering mechanism due to sputtering during
the PLD process or chemical intermixing will not be much different for 1 or 20
monolayers of LAO. The first deposited LAO monolayer will prevent any further
arriving species from reaching the STO. The one aspect that LAO//STO interfaces
are different to doped STO is the dependence of the electron density on the LAO
layer. This was shown experimentally for the LAO/STO[5] and LAO/LVO[23]
systems.

Figure 6.9 shows the sheet resistance at room temperature as a function of LAO
layer thickness in monolayers. The actual interface separation would be s unit
cells for the np samples from Huijben and s + 1/2 unit cells for the nn samples
investigated here. A similar plot for 5 K shows that the ground state resistance is
around 400 Ω/� for all systems and series. This is unsurprising considering the
freeze-out behaviour discussed before.
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Figure 6.9: Sheet resistance at 300 K as a function of interface separation
for LAO/STO double-interface samples. NPx LP, 3·10−5 mbar O2 values
are from Huijben[5], while the NPx HP, 2·10−3 mbar O2 values are from

private communication. Other values are original work.

Clearly the two systems, nn and np, behave differently. For one, the np system
shows an increasing sheet resistance with decreasing interface separation. The nn
system shows constant or even opposite behaviour, a decreasing sheet resistance
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with decreasing separation. For another, the difference between the series grown
at different pressures for the np system is negligible, while the nn system shows
a more pronounced difference. Reconciling these differences requires a model that
takes into account both separation and pressure.

6.4.3 Modelling the interface interaction

To understand the physics of the interaction between two interfaces a detailed look
at the sheet electron density and mobility is needed. Figures 6.10(a) & (b) plot
these values as a function of the interface separation, showing that the differences
are mainly due to changes in the electron density.

The electron mobility is rather constant around 6.1 cm2/Vs with a standard devia-
tion of 0.3 cm2/Vs. This is averaged over all four sample series (see also Table 6.3).
Given the near-constant value of the electron mobility, most of the observations on
the sheet resistance transfer directly to the electron density. These observations
can be summarized as follows:

1. At large separation, all samples and series converge to a single value, similar
to a single-interface sample.

2. The np system is similar for both pressures; a decreasing electron density
for smaller separations.

3. The nn system is dissimilar for both pressures; for the low-pressure (3·10−5

mbar O2) samples the density is nearly constant, while for the high-pressure
(1·10−3 mbar O2) samples the electron density increases for smaller separa-
tions.

A simple source/sink model can explain some of the behaviour. EELS measure-
ments showed that the n-type interface is electron-doped, while the p-type inter-
face is hole-doped though compensated through oxygen vacancies[24, 25]. How-
ever, if two complementary interfaces come close together electrons from the n-type
interface, the source, can transfer to the p-type interface, the sink, thus reducing
the electron density. In the case of a double n-type interface sample electrons
from the LTO intra-block interface might transfer to the LAO//STO inter-block
interface. As discussed in the previous section, the LTO intra-block interface does
not contribute directly to the conduction, but does form a reservoir of (trapped)
electrons. Once transferred to the LAO//STO inter-block interface, they do con-
tribute to the conduction.

Recent DFT calculations argue that the driving mechanism behind the electron
doping at the LAO//STO interface is a band bending of the LAO valence band that
lifts it above the STO conduction band after a certain critical thickness[4, 26–28].
The calculations show that electrons from the LAO valence band at the sample
surface are transferred to the STO conductance band at the interface. This model
assumes that each LAO layer creates a band bending of about 1 eV: the band gap
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Figure 6.10: Transport properties at 300 K for LAO/STO double interface
samples. Sources are the same as Figure 6.9.

of STO divided by the critical number of monolayers required for a conducting
interface. The fact that both the np and nn systems are already conducting for a
single monolayer of LAO indicates that the potential that needs to be overcome is
smaller than 1 eV in these systems. Interestingly, for the high-pressure grown nn
system it appears as if it lowers the energy of the system if electrons are transferred
for thin layers. Where for single interfaces or np systems it costs a certain amount
of energy Ubind to delocalize electrons, for the nn system it frees energy.

These transferred electrons may not all contribute to the conducting state. It
has been suggested that the lowest-lying orbitals are actually insulating due to
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Anderson localization or effective high masses close to the interface[26, 29]. It
was recently postulated that the electron mobility is greatly dependent on the
position, with lower values close to the interface[30]. As such, the transferred
electron density may be split up in a mobile electron density observed from Hall
measurements and a stationary electron density that is not probed by the transport
measurements. The Ti3+ observed by XPS in the LTO intra-block interface in
the previous chapter may be an example of this. XPS probes the total electron
density, so the presence of electrons at the LTO intra-block interface but the lack
of conduction indicates that these electrons are stationary.

Looking into more detail at the np system, the electrons can be thought to be
captured at the p-type interface, where they compensate the holes. In this quali-
tative discussion the stationary electrons can be neglected for this moment. Before
such electrons can be transferred to the n-type interface it costs energy to either
free them from their corresponding holes and/or to create the necessary oxygen
vacancies. Thus, electrons are transferred if:

Φpc > Φet + Ubind

where Φpc is the energy of the polar catastrophe, i.e. the band bending of LAO,
and Φet is the energy of the electron transfer between the two interfaces. The fact
that oxygen vacancies are involved in the transfer process is also the reason that the
low- and high-pressure series of np samples behave so similar. The vacancy density
at the p-type interface is about 5·1020 cm−3 (assuming a deficient layer of 10
monolayers)[25], much higher than typical vacancy densities of 1017 cm−3 in thick
STO films[31]. The EELS scans for a p-type interface as presented in literature
clearly show that the vacancies are limited to an area close to the interface[25].
Thus their creation is an effect of the presence of the p-type interface and not of
the deposition pressure. Accordingly, the transfer mechanism is independent of
the deposition pressure.

In the nn system, the top layer of the LAO is an additional LaO layer. Extra elec-
trons are needed to compensate for the additional (LaO)+. These electrons are
mostly concentrated around the LTO intra-block interface, bound by the Coulomb
force. This is not an optimal situation, as these electrons fill the LTO conduc-
tion band which lies above the Fermi level. However, doping electrons into the
LAO//STO inter-block interface above the half electron per unit cell boundary
shifts the polar catastrophe in such a way that the LTO conduction band is pulled
down towards the Fermi level. Thus, it would lower the energy of the system if
these electrons could be transferred: the second interface in the nn system has
a negative ’binding energy’ for the electrons. For thicker layers this energy gain
is reduced by the increasing electron transfer dipole. The condition for transfer
becomes:

Φpc > Φet − Ubind

In the nn system the deposition pressure does have a clear influence. The n-type
interface does not inherently create oxygen vacancies like the p-type interface as
no vacancies are needed to supply the necessary electrons. Any vacancies in the

141



top STO layer are then related to the deposition pressure. The low-pressure series
has more vacancies compared to the high-pressure series. The extra vacancies in
the top STO layer of the low-pressure grown samples can act like extra trapping
sites[32, 33], lowering the delocalization energy and forcing the TiO2 occupancy to
its constant value around 1.6·1014 cm−2. In the high-pressure series the electrons
are not trapped at the second interface and they can participate in the electron-
transfer mechanism described above.

To describe this behaviour a dipole model can be developed, similar to the model
used to describe the single-layer LTO/LAO samples in Section 4.4.2. The start is
the ionic model of the LAO/STO system where each LaO and AlO2 layer in LAO
has a charge of +e or -e respectively, as shown in Figure 2.14. Theoretically, this
gives rise to a dipole per unit cell:

Duc = q∆z = e
c

2
≈ 1.9 eÅ (6.1)

where c is the LAO c-axis lattice parameter. The total dipole due to the polar
catastrophe can then be written as:

Dpc = sDuc = es
c

2
(6.2)

where s is the number of LAO monolayers. However, at a certain moment this
potential build-up exceeds the electron trapping energy and an electronic recon-
struction takes place: charge will be transferred to lower the potential build-up as
depicted in Figure 6.11.

Figure 6.11: Potential build-up according to the purely ionic model for
different electron occupations of the interfacial TiO2 layer. The first LaO
layer is at 0, with the neutral STO layers towards the left and the charged

LAO layers to the right.

This transferred charge also leads to an additional dipole between the transferred
electrons and their donors on the other interface. Similar to Equation 4.3 this can
be written as:

Det = q∆z = xesc (6.3)

142



yielding a total dipole of:

Dtotal = se
c

2
− xesc (6.4)

The minus sign between the two dipoles indicates that they point in opposite
directions. Starting with a positive LaO layer, the polar-catastrophe dipole points
to the right. While the electron-transfer dipole has its positive layer at the second
interface, thus pointing towards the left.

As a repeat of Equation 4.4 & 4.5, a dipole gives rise to a polarization:

P =
D

V

where V is the unit cell volume, here a2sc with a the in-plane STO lattice parame-
ter. Using the values of a = 3.905 Å and c = 3.74 Å results in an unscreened dipole
per LAO unit cell of 0.03 e/Å2, a value also found in DFT calculations[4]. The
resulting electric field is related to the polarization by P = ε0χE, where χ = K−1
is the susceptibility and K the dielectric constant. The electric field due to this
LAO dipole is 0.26 V/Å, again similar to the results from DFT calculations[26, 34].
The potential resulting from a dipole is thus:

Φ = Esc =
Psc

ε0χ
=

D

ε0χa2

Using Equation 6.1 and the values for a and c given above yields Φ = 1 eV per
unit cell. Assuming that in the case of a single interface the potential build-up has
to be larger than the band gap of STO to transfer electrons from the top surface
to the bottom interface we find a minimum thickness of ∼3.3 monolayers. This is
comparable to the value found experimentally[1].

Applying the above calculation to the total reconstructed dipole the potential
becomes:

Φtotal =
se c2 − xesc
ε0χa2

(6.5)

Equating the formula to the potential difference Ubind and solving for x yields the
electron occupancy of the first interface as a function of the number of LAO layers
and the energy Ubind:

x =
1
2
− ε0χa

2Ubind

esc
(6.6)

Similar equations are derived by Li[4] and Son[26] for single-interfaces, though they
work more phenomenological with the assumption that an electric field develops
due to the bridging of the band gap of STO. The assumption is that the potential
build-up due to the polar catastrophe must be so large that the LAO valence band
is lifted above the Fermi level (which is close to the STO conduction band) before
electrons from the LAO valence band can be transferred to the STO conduction
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band at the interface[3, 27, 28]. For a single-interface structure, the potential to
overcome is the band gap of STO, so Ubind = 3.2 eV. In this case, s = 4 (the
minimum thickness for which electrons are transferred) gives an occupancy of
x (4) = 0.09, x (5) = 0.17 and x (∞) = 0.50. The latter value recovers the purely
ionic doping of half an electron per unit cell.

The above derivation is based on the electron-transfer model as described in Sec-
tion 5.3. Within the structural-polarization model a similar equation can be de-
rived. Here there is no dipole in the LAO layer, so the only remaining term is the
electron transfer dipole:

Dsp = (x∞ − x)esc (6.7)

Here x∞ is the electron fraction for an infinitely thick LAO film, so the interface
interaction is zero. In the structural-polarization model this fraction is due to
the doping from defect states. Following through the entire derivation yields an
equation similar to Equation 6.6:

x = x∞ −
ε0χa

2Ubind

esc
(6.8)

The difference between the two systems is captured purely in the infinite layer be-
haviour: the origin of the electrons at the interface in both models is different. For
the electron-transfer model the doping is due to the polar discontinuity resulting
in 1/2 electron per unit cell. For the structural-polarization model it is due to
defect states in the STO, and the density is not exactly known. This uncertainty
is convoluted by the fact that Hall measurements only probe the mobile electron
density and not the total electron density. As this makes distinguishing between
the two models impossible, the interface separation dependence is the same for
both equations so in the rest of the discussion Equation 6.6 is used.

Both the np and nn systems differ from the single-interface case because they have
another STO layer on top of the second interface. So, instead of a transition from
a polar material to a zero-energy vacuum there is another material with a different
band structure. This greatly changes the potential difference Ubind that needs to
be overcome to achieve electron transfer, as can already be seen from the fact that
there is effectively no critical thickness for the double-interface samples. A single
monolayer of LAO is enough to overcome the potential difference in those systems.

Continuing the analogy with the dipole model in Section 4.4.2 it seems logical to
introduce a thickness-dependent susceptibility. However, DFT calculations show
that relaxation in the LAO layer only occurs in single-interface films[35]. Thus a
constant susceptibility is used.

An equation of the form of Equation 6.6 can easily be fit to the data from Figure
6.10(a) with a least-squares fit. Figure 6.12 shows both the low-pressure np and the
higher-pressure nn occupancy data, as defined by a2n2D, and fits to the equation
x = (1/2− xstat) − B/s. All data series were fitted, but Figure 6.12 shows only
two for clarity. In this quantitative model, the contribution from the stationary
electrons[26, 29] is explicitly taken into account. Here xstat represents a constant

144



background from the electrons in the lowest bands for the mobile electrons in
higher-lying bands.
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Figure 6.12: Interfacial TiO2 occupancy data, together with fits to Equa-
tion 6.6 for the np, 3·10−5 mbar O2 and the nn, 1·10−3 mbar O2 series.

The error bars show the sample-to-sample variation of 15 %.

The dipole model can clearly reproduce the general trends observed. Fit parame-
ters and quality factors are given in Table 6.1, where the potential difference Ubind

is already extracted from the parameter B using the values for a and c mentioned
above. Compared to the dipole fit of the LTO/LAO system in Section 4.4.2 the
fit for the double-interface structures is rather poor with R2 values of about 0.7
compared to 0.97 for the LTO/LAO. The probable reason for this is that the
Hall measurements only probe the mobile electrons, while XPS probes all elec-
trons. Sample-to-sample variations in the stationary electron density would lead
to differences in the probed Hall electron density.

parameter np, 3·10−5 np, 2·10−3 nn, 3·10−5 nn, 1·10−3

xstat (-) 0.27± 0.02 0.25± 0.05 0.24± 0.01 0.27± 0.03
Ubind (eV) 0.34± 0.09 0.5± 0.2 0.08± 0.04 −0.4± 0.1
R2 (-) 0.826 0.690 0.368 0.666
X2 (-) 0.0011 0.0043 0.0005 0.0038

Table 6.1: Fit parameters for fitting Equation 6.6 to the electron den-
sity data from Figure 6.12. The pressures in the header are expressed in

millibar.

The values for xstat show that occupancy fraction of the lowest electron bands is
about 1/4. Single-interface films show a similar value of xstat = 0.26[36]. From
DFT calculations it is easily shown that if the lowest-lying orbital is immobile, the
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Hall electron density can be reduced by a factor 1/2 as observed here[26]. However,
the Hall electron density can also be controlled by the depositions pressure[24]
or surface reconstruction[1]. Here all samples were fabricated under the same
conditions and with a capping layer that protects the second interface from any
surface reconstruction effects. As such, the assumption of a constant stationary
electron density is appropriate.

The interesting thing in the fit parameters is the trend in the potential difference
Ubind. Its absolute value is much smaller compared to the 3.2 eV expected for
single-interfaces. This reduction of the energy gap is completely due to the capping
of the top interface. For example, double-interface samples with 2 monolayers of
LAO capped with even a single monolayer of STO are conducting, as opposed to
uncapped 2 monolayer LAO samples which are insulating[1, 37]. This may also
explain why the susceptibility is more constant for the double-interface system
compared to the single-interface system with LTO/LAO. As the electron transfer
is now easier due to the lower energy gap, there is less need for the LAO bands
to shift due to internal polarization. In fact, the immediate electron transfer
lowers the band shift. This reduction of the structural polarization in the LAO
also implies that the susceptibility of the LAO layer does not vary as much as
it does for the LTO/LAO system (Section 4.4.2). Note however that this energy
gap is not the activation energy obtained from the Arrhenius plot of the electron
density. It is almost two orders of magnitude larger than the 5-6 meV obtained
from that equation. The electron transfer can thus not be attributed to a thermal
process, but has to be electrostatic in origin. This confirms the applicability of the
dipole model. Finally, the sign of the energy also confirms the qualitative model
sketched above. For the np system Ubind is positive, indicating an energy that is
to be overcome to transfer electrons, while for the nn system at high pressure it is
negative, indicating that it lowers the total energy when electrons are transferred.
For the nn system at low pressure the electron density is nearly independent of
the interface separation. As already discussed qualitatively, the additional oxygen
vacancies in the top STO layer act as extra trapping sites, binding the electrons
at the LTO intra-block interface and reducing the delocalization energy almost to
zero.

Figures 6.13 and 6.14 show band schematics that help visualize this model. For
the np-system the electron fraction on the interfactial TiO2-layer is below 1/2 and
as such the polar discontinuity heightens the bands, lifting the trapping states to
the Fermi level at the LTO intra-block interface. In Figure 6.13 these states are
represented by V ∗. Electron transfer from these states at the LTO intra-block
interface to the LAO//STO interface lowers the band bending in a process very
similar to that for single-interfaces.

In the unreconstructed nn-system the conduction band of the LTO layer is filled
with immobile electrons. Due to the polar catastrophe band bending this level is far
above the Fermi level. Doping electrons into the LAO//STO inter-block interface
increases the electron fraction on the interfacial TiO2 layer above 1/2 and as such
the polar discontinuity lowers the bands at the LTO intra-block interface.
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Figure 6.13: Schematic band picture for a np double-interface structure.
Here the indicated V∗ are any electron trap sites, either oxygen vacancies

or Al ions.
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Figure 6.14: Schematic band picture for a nn double-interface structure.
Here two bands for LTO are drawn. The light grey band is the energy level
before electron transfer, while the black band is the reconstructed level.

A similar equation to Equation 6.6 but stated in terms of the critical thickness
was derived by Son[26]:

x =
1
2

(
1− sc

s

)
Comparing this with Equation 6.6 makes it possible to relate Ubind to sc and
vice-versa. Table 6.2 shows the critical thicknesses observed in literature, both
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experimental and theoretical and the calculated potential differences. It is clear
that for single interfaces the potential difference is about the size of the STO band
gap, while for the double-interfaces it is much smaller. Accordingly, the critical
thicknesses are below a single unit cell. The negative value for the high-pressure nn
system reflects that in that structure the electrons are not trapped, but actually
in a higher energy state before electron transfer.

system sc (ML) Ubind (eV) source

single 2.949 2.8 Son[26]
single 3.94 3.8 Li[4]
single 4 3.9 Thiel[1]
single 3.3 3.2 theoretical, from band gap
NP 0.4 0.4 this thesis, averaged, Table 6.1
NN, HP -0.4 -0.4 this thesis, Table 6.1

Table 6.2: Critical thicknesses and potential differences for single- and
double-interfaces structures. The values in italic are the calculated values.

Values for a, c and K are as in the main text.

6.4.4 Multi-band transport properties at low temperature

So far the discussion has been mostly about the room temperature measurements.
That is because only these show any dependence on the interface separation. Just
as the mobility at room temperature is independent of the interface separation,
so are the electron mobility and density at 5 K. Figure 6.15 shows the electron
mobility and density at those low temperatures for comparison.
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Figure 6.15: Transport properties at 5 K for LAO/STO double interface
samples. Sources are the same as Figure 6.9.

In general the electron density at low temperature is independent of the interface
separations. Some samples yield higher values, but these results are not repro-
ducible. For example, a second sample with a LAO thickness of 3 ML does give
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an electron density 6·1013 cm−2; much higher than the average value 2·1013 cm−2

for all samples. As such, these data points are not considered in the discussion.

Table 6.3 shows the average values for the electron mobilities at 300 and 5 K and
the electron density at 5 K for all series and an overall average. The ± values
are the standard deviations of the respective averages. It can clearly be seen that
the electron mobilities at room temperature are practically the same for all series.
The electron mobility fluctuates more at 5 K, something that is hidden by the
logarithmic scale in Figure 6.8(c). Part of this may be an extra contribution of
the magnetoresistance to the Hall measurement. Another reason may be that the
system is sensitive to small differences in the scatterer density at low temperatures.

It is interesting that for these double-interface structures the mobility is indepen-
dent from the LAO layer thickness. For single-interface structures a decreasing
dependence with increasing layer thickness was observed[2]. Most likely it is the
higher deposition pressure for the double-interface structures, in combination with
the extra STO layer, that makes these samples less sensitive to re-oxidation during
cool-down. As the oxygen content of the STO substrate remains the same, the
mobility does not change either. Referring to the phase diagram of Figure 5.10 the
higher-pressure grown samples from Bell[2] should have a more stable oxygen con-
tent as well. The mobility for that series does indeed show a weaker dependence
on the LAO layer thickness.

series µ (300 K) (cm2/Vs) µ (5 K) (cm2/Vs) n2D (5 K) (cm−2)

NNx HP 6.1± 0.7 616± 129 2.5± 0.2·1013

NNx LP 6.5± 0.3 832± 185 2.2± 0.5·1013

NPx HP 5.9± 0.7 - -
NPx LP 5.7± 0.7 703± 120 2.3± 0.2·1013

overall 6.1± 0.3 717± 109 2.3± 0.2·1013

Table 6.3: Average electron mobility and density values for the different
series. Error values are the standard deviations.

It is remarkable again how for all these samples the low-temperature electron
density is the same 2.3·1013 cm−2 or 0.04 electron per unit cell. Its apparent uni-
versality in double- and single-interface structures indicates that this is a property
of the LAO//STO inter-block interface itself, not influenced by any nearby other
interface, either air//film or film//film.

The conduction mechanism of the LAO/STO system can also be probed by mea-
suring the transport properties under applied magnetic field. Negative magne-
toresistance has been observed in high-pressure grown LAO/STO samples[36],
which has been explained as an effect of surface steps[38]. Positive magnetoresis-
tance has also been observed, but on samples grown under different, low-pressure
conditions[2, 39].

The NNx samples studied here all displayed positive magnetoresistance with a
near-perfect quadratic dependence on the magnetic field. Figure 6.16 shows the
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magnetoresistance (Rs(B)− Rs(0))/Rs(0) curves at 5 K with the field applied at
different angles to the normal of the interface. The magnetoresistance reduces as
the field becomes parallel to the interface. For 90◦ the magnetoresistance appears
negative, but this is most likely due to a miss-alignment of the rotator and is
the positive magnetoresistance on the other side of the minimum, but with the
current flowing opposite. Using the quadratic dependence on B we can extract
the magnetoresistance electron mobility µMR from the curves, using[40–42]:

∆Rs(B) =
Rs(B)−Rs(0)

Rs(0)
= ξ (µMRB)2 (6.9)

Figure 6.16(b) shows the magnetoresistance mobility as a function of field-normal
angle for different temperatures. The mobilities drop to zero for the field parallel to
the interface (90◦). A similar change between field perpendicular and parallel was
seen in the superconducting state of the LAO//STO interface where the critical
field changes drastically[43].
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Figure 6.16: Magnetoresistance measurements on NN10 p sample at 5 K
with the field at different angles to the interface normal. (a) shows only the
results for a NN10 LP sample. (b) shows the µMR obtained from quadratic

fitting assuming ξ = 1.

This positive and quadratic magnetoresistance behaviour is very similar to that
of doped STO[42, 44]. In solid state theory, such a quadratic magnetoresistance
is attributed to a cyclotron process[45]. The reduction of the magnetoresistance
effect for the field closer to parallel indicates that perpendicular to the field, the
electron layer is not wide enough to sustain full cyclotron motion. The cosine fit
in Figure 6.16(b) follows exactly the relation rc,in-plane = rc cos(θ), indicating that
only the part of the cyclotron motion parallel to the electron layer contributes to
the magnetoresistance. This allows for an estimation of the upper limit to the
electron layer thickness. With the field parallel to the interface, the electron layer
must be thinner than the cyclotron radius[46]:

rc =
m∗vF

eB
=

~kF

eB
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Assuming an average thickness of the electron layer of 20 nm[18] and an electron
sheet density of n2D = 2.5·1013 cm−2 the Fermi wave vector can be calculated from
kF = 3

√
3π2n2D/L. Taking the maximum applied field for which the quadratic

behaviour still holds to be 3 T, the cyclotron radius is about 160 nm. This is much
larger than the electron layer thickness, indicating two-dimensional behaviour of
the electron liquid.

Plotting the Hall and MR mobility vs. temperature or interface separation shows
that both follow the same trends.The magnetoresistance in a way is a local probe,
as it depends on the ability to perform cyclotron motion which requires continuous
conducting areas of only 300 nm in diameter. Hall measurements, though, probe
the entire sample at the same time. If there was a difference in behaviour for both
mobilities, it would point to a different conduction mechanism on long and short
length scales. However, the similarity observed here shows that the conducting
state is continuous.

This is exemplified by the nearly constant µMR/µHall ratio. Averaged over both
high- and low-pressure grown samples, the µMR/µHall ratio is 1.3 with a standard
deviation 0.2. This actually gives us information about the scattering mechanism
at low temperatures. As mentioned above the Hall and MR mobilities are different
entities, related to the drift mobility with different pre-factors: µi = fiµdrift[41, 47].
The magnitude of the mobilities, and more importantly their ratio, depends on
the scattering process involved. Vice-versa, by comparing the obtained µMR/µHall

ratio to the calculated values it might be possible to identify the scattering pro-
cess involved at the LAO//STO interface at low temperature. Table 6.4 shows
the calculated values for the mobility factors of different scattering mechanisms
based on a power-law dependence of the relaxation time. Comparing the observed
µMR/µHall ratio of 1.3 with the calculated values from Table 6.4 shows that the
most likely scattering mechanism at low temperature is Coulomb scattering.

scattering mechanism exponent Hall factor MR factor µMR/µHall ratio

acoustic phonon -1/2 1.18 1.32 1.13
neutral impurity 0 1.00 1.00 1.00
piezoelectric +1/2 1.10 1.15 1.04
Coulomb scattering +3/2 1.93 2.43 1.26

Table 6.4: Scattering mechanisms, power-law exponents and mobility fac-
tors calculated from a power-law relaxation time approximation[40, 47].

For single-interface samples it was shown that the mobility, both Hall and mag-
netoresistance, decreases with LAO layer thickness[2]. µHall can decrease almost
two orders of magnitude, while the change in µMR are much smaller. This also
indicates that the µMR/µHall ratio changes with the LAO layer thickness for the
single-interface samples. For the double-interface samples it was shown that the
mobilities are independent of the interface separation. Most likely this is once
again an indication that a covered LAO surface is more stable compare to a LAO
surface that is exposed to air, especially when grown at low pressure.
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Most of the magnetoresistance results were obtained for low magnetic field, up to
2.5 T. For higher fields deviations from the simple Drude picture are observed.
Figure 6.17 shows the sheet and Hall resistance vs. magnetic field, as well as
a quadratic and linear fit to each respectively. From the low-field fits, the sheet
resistance and Hall coefficient at zero field are 537.50±0.07 Ω/� and −23.15±0.08
Ω/T, respectively. Assuming a single-band model these values translate into an
electron mobility and density of 431 ± 2 cm2/Vs and 2.696 ± 0.009·1013 cm−2,
respectively. The deviations at higher fields have been attributed to an anomalous
Hall effect[48] or, more recently, a two-band model.
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Figure 6.17: Hall measurement data for a NN20 HP sample at 5 K up to
an applied magnetic field of 9 T. Here the data for positive and negative

field has been averaged.

There has been some discussion, both for and against, whether a multi-band
model with two electron populations is needed to describe the transport at the
LAO//STO interfaces[26, 29, 36, 49, 50]. Recently a two-band model where the
sheet resistance Rs and Hall coefficient RH depend on the magnetic field was
proposed[37, supplementary information]:

Rs(B) =
Rs,0 +Rs,∞ 〈µ〉2B2

1 + 〈µ〉2B2
(6.10)

RH(B) =
RH,0 +RH,∞ 〈µ〉2B2

1 + 〈µ〉2B2
(6.11)

Here Rs,0 and RH,0 are the values at zero field and Rs,∞ and RH,∞ are the values
at high field. 〈µ〉 is a weighted-average mobility. All five parameters are functions
of ni and µi, the electron densities and mobilities for band i = 1, 2. Fitting
Equations 6.10 and 6.11 to the data shown in Figure 6.17 yields the results as
shown in Table 6.5. At very low temperatures the fitting is actually complicated
by scattering from impurities, resulting in least-square deviations on the order of
10−3 compared to 10−5 for fits around 25 K. The data and graphs shown here
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parameter single-band two-band

µ1 (cm2/Vs) 431± 2 70.3
n1 (cm−2) 2.696±0.009·1013 1.14·1014

µ2 (cm2/Vs) - 1297
n2 (cm−2) - 2.66·1012

R2 (-) 0.998 0.983
(0-3 T) (0-9 T)

Table 6.5: Comparison of the results for single- and two-band model fitting
to Hall data of a NN20 HP sample at 5 K.

are for a double-interface sample, but similar results have been obtained for single
interfaces as well.

There is a large difference between the results for the two models. For example,
the total electron density expressed in electrons per unit cell area (e/a2) is 0.04
and 0.18, respectively. At room temperature, though, the two-band behaviour has
disappeared as a near-constant sheet resistance (change at 9 T is about 0.1 %
compared to 18 % for the 5 K data) and a linear Hall resistance are observed up
to 9 T. Either the high-mobility band is drowned out by the thermally-activated
electrons or it disappears for higher temperatures, allowing the low-mobility band
to become prominent. Given the fact that the electron density at room temper-
ature nRT = 1.59·1014 cm−2 is close to the density of the low-mobility band it is
likely that the latter explanation is applicable.

This shows that at higher temperature the single-band model is sufficient to de-
scribe the transport data. At low temperature there is more of a discrepancy.
Even in the low-field limit, the single-band picture is not recovered. For example,
if Equation 6.10 is taken in the low field limit, a simple quadratic dependence on
the magnetic field similar to Equation 6.9 emerges:

Rs(B) = Rs,0 +Rs,∞ 〈µ〉2B2

Comparing the values of µMR and 〈µ〉 resulting from these equations shows that
they differ by a factor 1.5: 644 and 928 cm2/Vs1, respectively. This is of course
unsurprising given the Rs,∞ prefactor, but it gives an indication to the difference
between Equation 6.9 for a single band model[47] and Equation 6.10 which is
explicitly derived for a two-band model. Until this difference is resolved, the
discussion of the µMR/µHall ratio is at least suggestive of the scattering process
that is dominant at low temperature.

Not only the high-field mangetoresistance data gives hints of a two-band model.
Figure 6.18 shows an Arrhenius plot for a NN10 HP sample. It is clear that the
graph is curved, likely indicating two independent thermally-activated electron
bands[51]. This is not a feature that is unique to the double-interface structures,
as single-interface samples show this behaviour as well. Figure 6.7(d) does not

1〈µ〉 is calculated as a weighted average of µ1 and µ2 as described in [37].
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show this behaviour because the lowest temperature value in those plots is 25 K,
above the curvature point shown in Figure 6.18.
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Figure 6.18: Arrhenius plot of a NN10 HP sample with fine spacing at low
temperature. Single-exponential fits at high and low temperature are also

included. The factor n0 has been subtracted for clarity.

Fitting the data shown in Figure 6.18 to a double-exponential equation n =
n0 + nHT exp(−Ea,HT/kBT ) + nLT exp(−Ea,LT/kBT ) allows for the extraction of
the activation energies and pre-exponential factors. These are shown in Table
6.6. Here the values are compared with single-exponential fits at high and low
temperature. The single-exponential fit at high temperature compares well to
the equivalent term in the double-exponential fit. The high temperature fit also
corresponds well to the similar data and fits shown in Figure 6.7(d).

parameter double-exponential single-exponential, single-exponential,
high-temperature low-temperature

n0 (cm−2) 2.0·1013 2.0·1013 2.0·1013

nHT (cm−2) 1.6·1014 1.6·1014 -
Ea,HT (meV) 6.2 5.8 -
nLT (cm−2) 5.1·1012 - 6.5·1012

Ea,LT (meV) 0.8 - 0.9
R2 (-) 0.999 0.997 0.953
X2 (-) 7.5·10−4 7.2·10−4 1.5·10−4

Table 6.6: Double- and single-exponential fits to the Arrhenius plot in
Figure 6.18. Here the n0 values for the single-exponential fits are fixed to

that from the double-exponential fit, as indicated by italic type.

154



Table 6.6 shows that there is more discrepancy between the low-temperature fits.
In part this is due to the small amount of data points, in part this is due to the
small magnitude of the signal. The low-temperature population is about a factor
100 smaller than the high-temperature population. What is interesting is the corre-
spondence in magnitudes between the results for the high-field magnetoresistance
measurements and the Arrhenius fit here. Both have one population of the order
of 1014 cm−2 and another of 1012 cm−2. For the magnetoresistance measurement,
it seems as if the low-density population disappears at higher-temperature, which
is seemingly incompatible with the co-existence of the two populations assumed
in the double-exponential fit of the Arrhenius data. However, above the activa-
tion temperature Ea/kB for the high-density population, the contribution of the
low-density population is negligible. If the low-density population disappears at
some point above the activation temperature of 72 K, it is unlikely to significantly
influence the fit. This seems to coincide with the structural phase transition of
STO at 105 K. Above that temperature the cubic structure does not allow mul-
tiple sub-bands, while the tetragonal structure below that transition temperature
would allow for multiple bands.

6.4.5 Robustness of double-interface heterostructures

Given the dependence of the LAO/STO system on the oxygen pressure during and
after deposition[7, 36], it is interesting to study the effect of post-annealing on the
transport properties. In these cases the heterostructures were single-interfaces,
where the top air//LAO surface is very sensitive to the oxidation state. In fact,
the top surface can easily influence the LAO//STO interface[8], so the name ’sin-
gle interface’ is in fact misleading: the LAO/STO system (for small separations) is
always a coupled-interface system. A double-interface heterostructure isolates this
second interface from the environment, thus making the system more robust with
respect to changes in that environment. Figure 6.1 in the Introduction clearly illus-
trates this. To study the effect of changes in the environment on double-interface
heterostructures, several samples grown at low pressure were post-annealed at 400
◦C in flowing oxygen for 2 hours in a tube oven. The post-annealing had little in-
fluence on the temperature-dependence of both the electron mobility and electron
density, retaining the thermally-activated and 1/T 2 behaviour.

Looking in more detail at the transport properties, it seems clear that even though
post-annealing the low-pressure grown sample does induce changes it does not
transform fully into the high-pressure behaviour. Figure 6.19 compares the elec-
tron density and mobility for the low-pressure, post-annealed and high-pressure
samples. For the low-pressure and post-annealed samples the electron density
shows little dependence on the interface separation, while the high-pressure sam-
ples shows their typical increase for low separation. Here the thick LAO layer
samples (>5 ML) show a change of the electron density at room temperature of
about 4 %, which is small compared to 30 % for single interfaces[7, 24]. This shows
the stability of electron transfer mechanism in the double-interface heterostructure
compared to single-interface samples.
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Figure 6.19: Transport properties for low-pressure, post-annealed and high-
pressure grown NNx samples.

The electron mobility at room temperature does not vary much between the dif-
ferent samples, even upon post-annealing. At 5 K though, the mobility of the
post-annealed sample shifts to much lower values compared to the low-pressure
grown samples. The high-pressure grown samples show a lot more variation in
their mobilities, but it seems as if the post-annealed and high-pressure mobilities
are of the same order of magnitude. Strangely enough, post-annealing appears
to decrease the mobility - in other words, increase the electron scattering - which
is opposite to what is normally expected[52, 53]. This points to the difference
in the scattering process at high and low temperature. At high temperature the
1/T 2 dependence points to an electron-electron process and as the electron density
for the post-annealed samples is not much changed from the low-pressure grown
samples the mobility is equally unchanged. At low temperatures a defect scat-
tering process is dominant, as evidenced by the magnetoresistance measurements
above. This defect scattering can be greatly affected by changes in the dielectric
constant in a similar process as discussed in Section 5.2. Upon post-annealing,
the dielectric constant of STO decreases[54–56] and the electrons are pulled closer
to the interface. There the interface defects reduce the overall mobility. These
observations show that in any LAO//STO interface structure both interfaces have
to be considered together and that capping of the second interface results in a
more robust doping mechanism.

6.5 Optical investigations of double-interface
heterostructures

The optical response of LAO//STO interfaces has not been investigated inten-
sively, though optical absorption measurements show that superlattices of LAO
and STO have interesting properties[57]. One advantage of optical measurements
is that the complete electron population is probed instead of just the mobile part
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as Hall measurements do. Another is that the band transitions can be probed,
which is not possible with resistance measurements. In this Section the dynam-
ics of the photocarriers[58] and the band transition in the LAO/STO system are
investigated

6.5.1 Photocarrier dynamics from photoconductivity relax-
ation

It was already known that the LAO//STO conducting state is sensitive to pho-
tocarrier injection[5, 58], not unlike STO itself[42, 59]. Thus, samples were kept
inside the darkened measurement chamber for some time before start of the actual
measurement. Data obtained during this waiting time yields information on the
relaxation time of the photocarriers that were captured in the interface potential
well. Figure 6.20 shows the several relaxation curves for samples from both pres-
sure series. Here the sheet resistance values are normalized to one at the start of
the measurement.

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0
0 , 9 9 8
1 , 0 0 0
1 , 0 0 2
1 , 0 0 4
1 , 0 0 6
1 , 0 0 8
1 , 0 1 0
1 , 0 1 2
1 , 0 1 4
1 , 0 1 6
1 , 0 1 8

 

 

Re
lat

ive
 sh

ee
t re

sis
tan

ce
 [R

s(t)/
R s(0)

] (-
)

T i m e  ( m i n )

 N N 2 0 _ H P
 N N 0 3 _ H P
 N N 2 0 _ L P
 N N 0 3 _ L P

Figure 6.20: Normalized sheet resistance relaxation curves for a NN03 and
NN20 sample from both pressure series, obtained at 300 K.

Identical curves were obtained with the magnetic field perpendicular and parallel
to the interface. Slight relaxation was still observed after 24 hours, but with
important differences in the relaxation times. To study the relaxation in more
detail, the curves in Figure 6.20 were fit using a double-exponential decay function.
Relaxation times in three ranges were obtained: 2-3 min, 25-40 min and >60 min.

The short relaxation time was present in all measurements, even after prolonged
stay in the dark measurement chamber. It showed little to no dependence on
sample structure or orientation. Averaged, this relaxation time was 2.5 min with

157



a standard deviation of 0.3 min. It was attributed to a measurement error, perhaps
charging or heating of the sample.

The long relaxation times of over an hour were discarded as fitting artefacts. The
relaxation data was only obtained for about 30 minutes to an hour, so relaxation
times beyond this limit have only a very small contribution in the measured range.
In the cases where very long relaxation times (>150 min) were obtained from
double-exponential fitting, the data was equally well fit with a single exponential
decay function.

The medium relaxation times show a dependence on the sample structure, as
double-interface samples with smaller separation have longer relaxation times.
Also this relaxation is only present immediately after insertion into the dark mea-
surement chamber. Thus these relaxation times can give information on the photo-
carrier process. In the simplest approximation, photoelectrons disappear through
recombination with holes. As such, the mobility of electrons should be correlated
with the relaxation times, as higher mobilities allow electrons and holes to find
each other faster. Figure 6.21 does indeed show that for longer relaxation times,
the electron mobilities are lower.

2 0 2 2 2 4 2 6 2 8 3 0 3 2 3 4 3 6 3 8 4 0
0

1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
7 0 0
8 0 0
9 0 0

1 0 0 0
1 1 0 0
1 2 0 0
1 3 0 0

 µM R   ( 5  K )
 µH a l l  ( 5  K )
 µH a l l  ( 3 0 0  K )

T i m e  c o n s t a n t  ( m i n )

Ele
ctr

on
 m

ob
ility

 (5
 K)

 (c
m2 /Vs

)

4 , 0
4 , 5
5 , 0
5 , 5
6 , 0
6 , 5
7 , 0
7 , 5
8 , 0
8 , 5
9 , 0
9 , 5
1 0 , 0

Electron mobility (300 K) (cm
2/Vs)

Figure 6.21: Electron mobilities, both Hall and magnetoresistance, vs. the
photocarrier relaxation times at 300 K in nn double-interface samples. The
data points on the left (short τ) are low-pressure grown, the samples on
the right (long τ) are high-pressure grown. Lines are guides to the eye. No

data for np series was available.

This direct relation between the electron mobility and the relaxation time indi-
cates that at room temperature the recombination is not limited by trapping of
either electrons or holes. This is interesting, as the magnetoresistance measure-
ments indicate that the main scattering mechanism at low temperature is Coulomb
scattering. It is unlikely that charged impurities would not trap holes and/or elec-
trons, so a different scattering mechanism should play a role at room temperature.
Electron-electron scattering is a likely candidate, given the large increase in elec-
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tron density upon warming. Applying the Drude model equation for the mobility
µ = e

m∗ τ a mean free path l of 6 Å can be derived for the µHall = 6 cm2/Vs at room
temperature. For the calculation of the Fermi wave vector 3

√
3π2n2D/L the elec-

tron layer thickness and sheet density were taken to be 10 nm[18, 60] and 1.6·1014

cm−2, respectively. This is very close to the electron-electron separation distance
1/
√
n2D = 8 Å, indicating that electron-electron scattering plays an important role

in the transport properties of LAO//STO interfaces at room temperature. This
supports the idea that the transport mechanism follows Fermi liquid behaviour
above 70 K as suggested from the 1/T 2 temperature-dependence of the electron
mobility.

6.5.2 Photoreflectance investigation of band transitions

Similarly to the LTO/LAO system, photoreflectance measurements of the double-
interface samples was carried out to investigate the possibility of band bending.
Figure 6.22 shows the results for the high-pressure nn series. As can be seen
from the Figure, and as was confirmed by fitting with Lorentz oscillators, the
transition energies did not change with the interface separation. The difference
for the NN∞ HP sample can be explained by the difference in the actual surface
which is AlO2 compared to TiO2 for the other samples.
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Figure 6.22: Photoreflectance data for the NNx HP series. The graphs are
offset for clarity.

Table 6.7 shows the obtained transition energies for three series: the np series
grown at low pressure and both nn series. All values are averaged over all sep-
arations, with a standard deviation of about 0.1 eV for all values. STO has
slightly higher transition energies, but all are the same within error margins. This
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Figure 6.23: Photoreflectance data for different LAO-LTO-STO structures
grown at low-pressure. For (a), the rightmost material in each entry in
the legend is the substrate. For (b) the m ML cap samples are NN20 LP

samples with a STO cap of m monolayer.
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Figure 6.24: Optical conductivities for (a) double-interface 10 ML LAO
layer samples and (b) Sr1−xLaxTiO3, taken from Ref. [61]. The NN10 LP
curve has been scaled down. The peak at 3.2 eV in the NP11 LP curve is

due to one of the discarded transitions, as discussed in Section 4.4.3.
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shows that opposite to the LTO/LAO system no band bending is observed in the
LAO/STO double interfaces.

transition NPx LP NNx LP NNx HP LAO//STO bare STO

E2 (eV) 3.73 3.73 3.74 3.67 3.82
E3 (eV) 4.04 4.10 4.10 4.03 4.05
E4 (eV) 4.50 4.40 4.48 4.52 4.60
E5 (eV) 5.16 5.20 5.12 5.16 5.21

Table 6.7: Eigenenergies obtained from Lorentz fitting to the reflectance
data for the LAO/STO double-interface and reference samples.

Figure 6.23(a) compares the photoreflectance spectra for different structures. It is
clear that the dip around 3.9 eV (318 nm) is unique to the double-interface system.
It appears in all double-interface series, both np and nn. Comparing Figures 6.22
and 6.23(a) shows that for thinner LAO layers the double-interface sample closer
resembles STO. The depth of the dip at 3.9 eV increases with increasing LAO
thickness. Given the very similar eigenenergies for all structures, any changes in
the spectra must be due to redistribution of spectral weight. Figure 6.23(b) shows
the evolution of the photoreflectance spectra for different thicknesses of the STO
capping layer. The dip around 3.9 eV is a feature that develops for thicker capping
layers, but is not purely due either to STO film or bulk.

As discussed in Section 4.4.3 the optical conductivity obtained from the Lorentz
fitting has no absolute value due to the lack of calibration in the reflectance mea-
surement. However, the general shape can already tell us something about the
system under investigation. Figure 6.24(a) shows the obtained optical conduc-
tivities for the 10 ML LAO layer samples from the low-pressure np and both nn
series. From this Figure it can be seen that the distribution of spectral weight is
different.

The nn series seem to have more weight at higher energies, while the np series has
more weight at lower energy. The latter compares well to the optical conductivity
data for Sr1−xLaxTiO3, especially the data for x = 0.3[61]. For the Sr1−xLaxTiO3

system the La fraction corresponds directly to the electron fraction[10]. This fits
remarkable well to the mobile electron fraction in these samples of x = 0.25.

In summary, though there are no changes in the transition energies reminiscent of
band bending, the optical weight is re-distributed giving rise to new features in
the reflectivity spectrum. The optical conductivity spectrum of these LAO//STO
interfaces is qualitatively similar to that obtained for doped STO, again showing
that the transport mechanism is the same for both systems.
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6.6 Conclusions

Though the LAO/STO system is often investigated as being a single interface, in
reality it is always a coupled-interface structure with either the air//LAO surface
or another LAO//STO interface. Not only is it always necessary to investigate
the system as a function of two interfaces, the chemical nature of both interfaces
is also of utmost importance. Whether the simple LAO layer on STO is topped
with either AlO2 or LaO, with the same LAO//STO interface, already influences
the properties of the heterostructure[35]. Post-annealing shows that indeed the
electron density is protected by a capping layer. However, the electron mobility
can still change due to changes in the effective dielectric constant[18, 30].

In this chapter the transport behaviour of double-interface structures with two
n-type interfaces was investigated. To achieve the second LaO//TiO2 interface a
monolayer of LTO was included in the LAO/STO stack. Though in the ideal case
the two interfaces are supposed to be identical, it was found that the LTO intra-
block interface is non-conducting, though still a reservoir of electrons as discussed
in Section 5.8. These electrons can then be doped to the LAO//STO inter-block
interface, similar to the doping of holes from a p-type interface[5].

Above a carrier freeze-out temperature of 70 K the transport at the LAO//STO
inter-block interface behaves as a Fermi liquid. The electron mobility is limited by
the electron-electron scattering and has a 1/T 2 temperature dependence with a
value of 6 cm2/Vs at room temperature. At low temperature there is a transition
to a Coulomb impurity scattering mechanism and the mobility reaches a more
constant value of about 700 cm2/Vs. The electron density at low temperature
seems to be independent of deposition conditions (above a minimum pressure
of about 1·10−5 mbar O2) and sample structure. All samples described in this
thesis, as a well as a wide collection of samples from literature, all exhibit a low-
temperature electron density of 2.5·1013 cm−2. Upon going to higher temperature,
the carrier freeze-out is reversed and the electron density behaves as if thermally-
activated with an activation energy Ea of 5-6 meV with values on the order of 1014

cm−2 at room temperature.

Measurements at 5 K show that the LAO//STO system is actually a two-band
system at low temperatures. Both high-field magnetoresistance and temperature-
dependent electron density measurements show the existence of two populations
of electrons. One with a high density but low mobility and one with a low density
but high mobility. The latter dominates in the Hall mobility at low temperature,
while the former determines the electron density at higher temperatures. The
temperature crossover between the two regimes seems to be about 70 K. As in
a cubic crystal it is impossible for sub-bands to occur, it would be interesting to
investigate whether this phenomenon is related to the cubic-to-tetragonal phase
transition around 105 K.

Though the mobility is independent of the interface separation for both system
with two n-type interfaces or with both a n- and a p-type interface, the electron
density at room temperature systematically depends on the separation. In total,
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the mobile electron density can be tuned by about a factor of 7 by varying the
separation and interface. For np structures the electron density always decreases
for smaller separation, while for nn structures it either stays constant or increases
for smaller separations depending on the oxygen vacancy density. This behaviour
can be modelled with the second interface acting as a sink (for np) or source (for
nn) of electrons for the first interface. More precisely, the driving mechanism be-
hind the electron transfer is a competition between the potential build-up inherent
in the polar discontinuity in LAO and the potential due to electron transfer from
one interface to the other. This is an electrostatic process, as the thermal energy
of the system is too low to overcome the energy barrier which is on the order of
0.1-1 eV. This yields a 1/s dependence of the electron density. The sign of the
change, either negative (np) or positive (nn) depends on the energy required to
free the electrons at the donor interface. For np structures the energy is positive,
as it costs energy to free the electrons from the trapped oxygen vacancies. For nn
structures the energy is negative, as the local over-abundance of electrons at the
second LTO intra-block interface raises their energy and redistribution of those
electron lowers the total energy.

The model indicates that for thick films the electron fraction at the interface should
approach 1/2 electron per unit cell area as predicted from the simple ionic model.
However, the data leads to a value close to 1/4 electron per unit cell area, a value
not unfamiliar from literature[36, 62]. Again, a multi-band model may be applied
here, as Hall measurements only probe the mobile electrons and not the localized
electrons[26, 29]. In this case the other 1/4 electron per unit cell is attributed to
stationary electrons.

163



6.7 References

[1] S. Thiel, G. Hammerl, A. Schmehl, C. W. Schneider, and J. Mannhart, “Tunable
quasi-two-dimensional electron gases in oxide heterostructures,” Science, vol. 313,
pp. 1942–1945, 2006.

[2] C. Bell, S. Harashima, Y. Hikita, and H. Y. Hwang, “Thickness dependence of the mobility
at the LaAlO3/SrTiO3 interface,” Applied Physics Letters, vol. 94, p. 222111, 2009.

[3] R. Pentcheva and W. E. Pickett, “Avoiding the polarization catastrophe in LaAlO3

overlayers on SrTiO3(001) through a polar distortion,” Physical Review Letters, vol. 102,
p. 107602, 2009.

[4] Y. Li and J. Yu, “Polarization screening and induced carrier density at the interface of
LaAIO3 overlayer on SrTiO3(001).” cond-mat/0904.1636, 2009.

[5] M. Huijben, G. Rijnders, D. H. A. Blank, S. Bals, S. van Aert, J. Verbeeck, G. van
Tendeloo, A. Brinkman, and H. Hilgenkamp, “Electronically coupled complementary
interfaces between perovskite band insulators,” Nature Materials, vol. 5, pp. 556–560,
2006.

[6] M. Huijben, A. Brinkman, G. Koster, G. Rijnders, H. Hilgenkamp, and D. H. A. Blank,
“Structure-property relation of SrTiO3-LaAlO3 interfaces,” Advanced Materials, vol. 21,
pp. 1665–1677, 2009.

[7] W. Siemons, G. Koster, H. Yamamoto, W. A. Harrison, G. Lucovsky, T. H. Geballe,
D. H. A. Blank, and M. R. Beasley, “Origin of charge density at LaAlO3 on SrTiO3

heterointerfaces: possibility of intrinsic doping,” Physical Review Letters, vol. 98,
p. 196802, 2007.

[8] C. Cen, S. Thiel, G. Hammerl, C. W. Schneider, K. E. Andersen, C. S. Hellberg,
J. Mannhart, and J. Levy, “Nanoscale control of an interfacial metal-insulator transition
at room temperature,” Nature Materials, vol. 7, pp. 298–302, 2008.

[9] M. Sing, G. Berner, K. Goß, A. Müller, A. Ruff, A. Wetscherek, S. Thiel, J. Mannhart,
S. A. Pauli, C. W. Schneider, P. R. Willmott, M. Gorgoi, F. Schäfers, and R. Claessen,
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Chapter 7

Epilogue

Correlated electron materials, such as the transition metal perovskites, show many
interesting and useful properties like superconductivity or ferromagnetism. And
these properties can be combined in heterostructures due to the similarity in crystal
structures. Such properties are already applied, for example in hard disk read
heads, but in most cases fundamental research is necessary. Two-dimensional
structures are especially suited, as they offer the possibility of field-effect doping
and are conceptually simpler compared to bulk systems.

Quasi-two-dimensional electron layers have been the subject of my thesis. Rela-
tively simple heterostructures fabricated by pulsed laser deposition allow for the
study of such layers in different ways, most importantly by resistance and optical
measurements. Though the properties of two-dimensional layers can be very dif-
ferent, it is interesting that sometimes models describing bulk properties can be
used to describe observations for layers with a thickness of only 10 nm. Examples
of both two-dimensional and bulk behaviour have been shown in my thesis.

An example of the latter is the LTO/LAO system. LTO in bulk form is a Mott
insulator, but thin layers of LTO embedded in STO are not. Increasing the electron
confinement perpendicular to the layer by embedding the LTO in LAO makes it
possible to recover this Mott insulating behaviour. Such layers could form the
active layer in FET’s with in the ideal case a perfect metal-to-insulator transition.
Even if this goal is not reached, an on/off ratio of 2000 should theoretically be
possible. In LaxSr1−xTiO3 a change of x from 1 to 0.95 yields such a resistance
ratio at room temperature.

Another example is the conduction at the LAO//STO interface. The transport
can be described by a combination of thermal activation of the electron density and
a Fermi-liquid-like electron-electron scattering process where the electron mobility
has a 1/T 2 dependence up to at least 400 K. Field-effect doping for these inter-
faces has also been reported in litreature. For applications such interfaces may be
interesting as interconnects between different perovskite functional blocks or for
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transparent devices. The patterning of 2D devices has already been demonstrated,
both by local oxidation with AFM or by optical lithography.

The two-dimensional nature of the heterostructures becomes obvious in the doping
of the electron layers from another nearby interface, either with air or with another
material. Both the LTO/LAO system and the LAO//STO interfaces have a doping
mechanism where the distance between donor and receiver interfaces controls the
amount of doping. In the LAO/STO system the electron density can be varied by
a factor of 7 without changing the electron mobility.

Focussing on the LAO//STO interfaces it is found that the in-plane strain on the
STO influences the conducting state at the interface. Calculations do indeed show
that the screening of the polar discontinuity at the interface is a combination of
both structural and electronic screening. In fact, changing the in-plane strain can
lead to the complete disappearance of the conducting state. Such a strain depen-
dence may be useful in for example pressure sensors. This implies that engineering
the strain will require careful attention when designing devices, especially when
combinations with silicon are required.

Both systems were found to depend strongly on the oxygen stoichiometry in the
sample. Oxygen vacancies dominate the electron doping below a critical deposition
pressure of 10−5 mbar, while the electron mobility is also dependent on the oxygen
content. But the pressure not only influences the interface doping through the
creation of oxygen vacancies in the STO, but also through surface oxidation of the
LAO layer. The latter process is very sensitive to small changes in the environment
and difficult to control. Capping the LAO layer with a second STO layer protects
this interface and insulates it from the environment. This greatly improves the
stability of the doping of the interface without affecting the electron mobilities.
This enhances the chemical robustness of the perovskite structures. The control
over the oxygen content offers possibilities to tune the electrical properties.

One could think of several subjects for follow-up research. For example, it would
be very interesting to study actual FET structures based on LTO/LAO Mott lay-
ers. Already modulation of the LTO layer filling could provide useful information
about the behaviour of 2D Mott-Hubbard systems. Such systems should have a
very thin LAO capping layer, as to facilitate the doping from surface to interface.
For the interface systems, the spatial distribution of both electrons and their mo-
bility are important factors determining the transport properties of LAO//STO
interfaces. Heterostructures in which the STO interlayer of variable thickness is
sandwiched between a LAO layer and another high band gap insulator could be
a way to investigate the effects of this distribution. The Montgomery method
may be another way to probe the mobility in the out-of-plane direction. STO
interlayers with different defect densities could help to investigate the validity of
the structural-polarization model. Especially substrate bending experiments could
yield useful information on the influence of strain on the transport properties.

Gerwin Hassink
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Summary

Correlated-electron materials are currently at the forefront of fundamental con-
densed matter physics. In one part this is because these materials exhibit many
useful properties such as ferromagnetism and superconductivity. Another part is
that the study of these materials is a natural extension of the research done on
metals and semiconductors in the last century. The free-electron model which
describes the metals and semiconductors is the basis for much of our current ad-
vanced technology, but breaks down for the correlated-electron materials where
electron-electron interactions cannot be neglected. Indeed, these very interactions
drive most of the interesting properties.

Today fabrication techniques for the correlated-electron materials, in particular
the perovskite oxides, are reaching the same levels of sophistication as they did
for the semiconductors in the early days of the electronic revolution. Pulsed laser
deposition can fabricate coherently strained heterostructures with flat surfaces. In
situ monitoring of the film growth by reflective high-energy electron diffraction
allows for the fabrication of near-perfect superlattices and interfaces. With these
structures more precise and deliberate investigations into the fundamental physics
are being made. Similar to semiconductors the combination of two materials is
not always the sum of their properties. Proximity effects at metal/superconductor
interfaces which turn part of the metal superconducting is one example, the control
of polarization in one material by the strain induced at the interface with a second
material is another.

The two main systems discussed in this thesis are the LaTiO3/LaAlO3 (LTO/LAO)
system and the LaAlO3/SrTiO3 (LAO/STO) system. All three materials are per-
ovskites with varying properties. LTO is a Mott insulator, indicating that despite
the single 3d1 electron the material is insulating due to Coulomb interaction be-
tween the electrons. Both LAO and STO are band insulators, but STO can easily
be doped by oxygen vacancies or other elements. Such doped STO can even be-
come superconducting below 300 mK.

The research on the LTO/LAO system is based on the observation that LTO/STO
superlattices become conducting. This is because the 3d1 electron of the LTO
spreads out into the STO due to the repulsive Coulomb force. Once doped into
the STO the electron behaves as if free and the system becomes conducting. This
suggests that if the electrons can be confined to the LTO layer, a two-dimensional
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Mott insulator would result: something unknown in natural occurring materials.
Such confinement could result from replacing the STO buffer material with a
material that has a higher band gap, similar to the band engineering approach in
semiconductors.

The LAO/STO system is equally interesting, as here two band insulators with no
unpaired electrons combine to yield a conducting interface. The charge difference
at the interface between (LaO)+//(TiO2)0 gives rise to a band shift in the LAO
layer that can be (partially) compensated by doping electrons from the LAO va-
lence band into the STO conduction band at the interface. The transport can be
described by a thermally-activated (Ea = 5-6 meV) electron density and a 1/T 2

dependence of the electron mobility. These properties are greatly influenced by the
oxygen pressure during deposition and cool-down, as evidenced by the fact that
samples have been found which are superconducting while other samples have a
magnetic signature.

Superlattices of LTO and LAO are investigated with scanning transmission elec-
tron microscopy in combination with electron energy loss spectroscopy to deter-
mine the electron distribution around the LTO layers. These measurements show
that the Ti3+ fraction inside the LTO layer increases from 0.25 for the LTO/STO
system to 0.85 for the LTO/LAO system. This increase in the electron confine-
ment is enough to turn the superlattices insulating. Calculations show that the
increase in electron density combined with the concomitant increase in the ef-
fective electron mass is enough make the LTO/LAO superlattices fulfil the Mott
criterion. Ellipsometry measurements on these superlattices in combination with
density functional theory calculations confirm the existence of a Mott insulating
state for the superlattices with a single monolayer of LTO. The orbital order in
these LTO monolayers is xz/yz, minimizing the interaction in-plane. For thicker
layers xy orbitals become involved, as interactions out-of-plane become more likely.

These embedded LTO layers can also be hole-doped by a nearby air//LAO surface.
This process is driven by the surface oxidation and requires a balance between the
creation of oxygen vacancies on the surface and electron transfer from the LTO
layer. For thick LAO capping the surface oxidation is completely resolved by
oxygen vacancies. As the capping becomes thinner electrons can transfer from
the LTO layer to the surface, but this induces an extra dipole that costs energy.
As the capping becomes even thinner, the dipole energy cost decreases and more
electrons are transferred up to the maximum of 1/2 electron per unit cell. X-ray
photoemission spectroscopy shows this thickness dependence clearly in the Ti3+

fraction and fitting with the above model yields a band-shift energy of Σ = 2.2 eV.
One remaining question is why the observed Ti3+ fraction does not recover full
occupation of 1 for thick capping, as neither oxygen nor cation off-stoichiometry
can explain this observation.

Such dipole fields can also result in changes in the band structure. Optical mea-
surements are a good way to probe such changes. Photoreflectance spectroscopy
shows that indeed the transition from the LTO valence band to the LAO con-
duction band at the LAO//LTO interface changes with the capping thickness.
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However, the change in band energy are only about 0.03 eV per monolayer, much
smaller than the band-shift energy of about Σ = 2.2 eV. In addition, the band
bending energy is independent of the electron density, so it is a feature of the LAO
capping layer only. The strain on the LAO capping creates internal dipoles due to
relative shifts of the cations and anions within. From the band bending energy the
average dipole per LAO layer is calculated to be 0.06 eÅ, which corresponds to a
relative shift of 1.5 %. This is very close to the lattice mismatch in the c-direction
of 1.1 %, indicating that this band bending is probably a strain effect independent
of the electron transfer.

While in the LTO/LAO system the confinement is in part due to the band gap
engineering with LTO and LAO, in the LAO/STO system it is purely the electro-
static force that keeps the electrons bound to the two-dimensional layer. Careful
examination of published results for the LAO//STO interfaces show two important
observations. First, there is a critical deposition pressure of 1·10−5 mbar O2 be-
low which the conduction is vacancy dominated and above which the conduction
is interface-dominated. Second, the electron mobility decreases with increasing
deposition pressure. This is linked to the concomitant decrease in the dielectric
constant of the STO. The lower dielectric screening pulls the electrons closer to
the interface where interface defects increase the average scattering rate.

The critical deposition pressure and cool-down pressures sketch a pressure-temperature
phase diagram where above the critical pressure or at low temperature re-oxidation
of the STO occurs. The reduction of the STO occurs due to oxygen out-diffusion
during the deposition and is activated by the initial plasma sputtering. The sto-
ichiometric and crystalline quality of the STO substrate influences the diffusion
process, resulting in different transport properties for STO from different manu-
facturers.

The developing model for the conduction at LAO//STO interfaces involves shifting
LAO bands, which so far have not been observed in experiments. The structural-
polarization model is proposed where the strain and electrostatic forces at the
interface induce a local polarization in the STO. This polarization lowers the STO
bands locally and electrons from defect states in the STO can then be trapped in
the potential well at the interface and give rise to a conducting state. The results
from LAO/STO heterostructures fabricated on different substrates, producing dif-
ferent strain states, seem to agree with this model.

Including the LaO//TiO2 interface in heterostructures allows for the fabrication of
such interfaces by either depositing LAO on TiO2-terminated STO or by depositing
a monolayer of LTO on SrO-terminated STO. Though these two interfaces are
nominally equivalent, their actual properties are different. LAO//STO interfaces
display the typical 1/T 2 mobility-dependence, while LTO interfaces behave as
variable-range hopping insulators. X-ray photoelectron spectroscopy confirms that
both interfaces have electrons on the titanium ions. Both transport mechanisms
have the same activation energy, indicating that the binding sites are similar. The
difference between the two interfaces can be explained by a difference in strain and
polarization at the interface due to the deposition of the LTO interlayer.
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Using this LTO layer heterostructures with nominally two LaO//TiO2 n-type
interfaces can be fabricated. In this STO//LTO//LAO//STO sandwich the LTO
layer acts not as a second conduction channel, but as a reservoir of electrons. An
advantage of this heterostructure is that that second interface is protected from the
environment by the top STO layer. This reduces the influence of sample treatment
and handling after the deposition and expands the possibility for the investigation
of systematic trends.

The transport properties of such heterostructures resembles that of single inter-
faces with a thermally-activated electron density and a Fermi-liquid-like 1/T 2 elec-
tron mobility dependence. Similar to the heterostructures with both a LaO//TiO2

n-type and an AlO2//SrO p-type interface, the double n-type interface structures
show that the electron density depends on the interface separation. Interestingly,
the behaviour is reversed for the two heterostructures. The np heterostructure
shows an increase with increasing interface separation, the nn heterostructure
shows a decrease with increasing separation.

This difference in behaviour can be explained by a model where the second interface
acts as a sink (p-type) or source (LTO n-type) of electrons. For small interface
separation, the electron transfer has only a small electrostatic energy cost. As the
interface separation increases, the energy cost increases and the electron transfer
decreases. For the np heterostructure less electrons are transferred away from
the conducting interface, so the electron density increases to approach the limit of
half electron per unit cell. For the nn heterostructure less electrons are transferred
to the conducting interface, so the electron density decreases towards this same
limit. In both cases the energy associated with binding the electron to the second
interface is 0.4 eV.

At low temperature both the magnetoresistance and the electron density vs. tem-
perature show indications for the existence of two carrier populations. One has
a high mobility, but a low electron density. The other has a low mobility, but
has an electron density that is two orders of magnitude larger. The low-density
population has a small activation energy of about 1 meV, while the high-density
population is the one generally observed with Ea = 5-6 meV. The appearance of
these two populations may be related to the cubic-to-tetragonal phase transition
of STO at 105 K, as in the cubic phase no multi-band structure is allowed.
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Samenvatting
(Summary in Dutch)

Vanuit de vastestoffysica is er veel belangstelling voor elektronen-gecorreleerde
materialen. Dit is gedeeltelijk vanwege de vele bruikbare eigenschappen van deze
materialen zoals ferromagnetisme en supergeleiding. Een andere reden is dat de
studie van dit soort materialen een logische voorzetting is van het onderzoek aan
metalen en halfgeleiders dat de afgelopen eeuw verricht is. Het vrije-elektronen mo-
del dat de eigenschappen van deze metalen en halfgeleiders beschrijft, is het funda-
ment voor veel van onze moderne technologie. Maar voor elektronen-gecorreleerde
materialen is deze theorie niet meer toepasbaar, aangezien de interactie tussen
elektronen onderling niet meer verwaarloosbaar is. Het is juist deze interactie die
de meeste van de eerdergenoemde nuttige eigenschappen veroorzaakt.

Vandaag de dag bereiken de technieken om elektronen-gecorreleerde materialen te
maken dezelfde nauwkeurigheid als die voor halfgeleiders aan het begin van hun
opmars. Gepulste laser depositie is nu in staat om coherente heterostructuren met
atomair vlakke oppervlaktes te maken. Met reflectieve hoge-energie elektronen
diffractie kan de groei tijdens het proces zelf gevolgd worden. Dit stelt ons in
staat om bijna perfecte grensvlakken en multilagen te maken. Deze structuren
maken het mogelijk om nauwkeuriger en gerichter metingen te doen om de funda-
mentele fysica van deze materialen te achterhalen. Want net als bij halfgeleiders
zijn de eigenschappen van een combinatie van materialen niet altijd de som van
de afzonderlijke eigenschappen. Een voorbeeld is het supergeleidend worden van
een dunne grenslaag aan een metaal/supergeleider grensvlak. Een ander voor-
beeld is bëınvloeding van de polarisatie in een materiaal door de compressie van
de eenheidscel ten gevolge van het grensvlak met het substraat.

De twee materiaalsystemen die in dit proefschrift behandeld worden zijn het
LaTiO3/LaAlO3 (LTO/LAO) systeem en het LaAlO3/SrTiO3 (LAO/STO) sys-
teem. Alle drie de genoemde materialen zijn perovskieten, maar met verschillende
fysische eigenschappen. LTO is een Mott-isolator waar, ondanks het ene enkele
elektron in de 3d band, een isolerende toestand ontstaat door de Coulomb afsto-
ting tussen de elektronen. LAO en STO zijn beide eenvoudige isolatoren, maar
STO kan geleidend gemaakt worden door doping met zuurstofvacatures of andere
elementen. Gedoopt STO kan zelfs supergeleidend worden beneden de 300 mK.
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Het onderzoek met het LTO/LAO systeem werd gestart naar aanleiding van de
observatie dat multilagen van LTO/STO geleidend worden. Dit komt omdat het
3d1 elektron van LTO gedeeltelijk het STO binnendringt om zo de Coulomb ener-
gie te verlagen. Eenmaal in het STO kunnen de elektron zich als vrije elektronen
gedragen en ontstaat er een geleidende toestand. Dit suggereert dat als de elek-
tronen beter opgesloten kunnen worden in de LTO laag, er een twee-dimensionale
Mott isolator kan ontstaan: iets wat ongekend is in natuurlijk voorkomende ma-
terialen. Een mogelijke manier om een dergelijke opsluiting te verkrijgen is door
de STO buffer te vervangen door een materiaal met een grotere band gap, net als
in de halfgeleiderfysica.

Het LAO/STO systeem is net zo interessant. Hier ontstaat aan het grensvlak tus-
sen de twee isolatoren een geleidende laag. Het ladingsverschil tussen beide mate-
rialen, (LaO)+//(TiO2)0 , zorgt er voor dat de elektronenbanden in LAO verschui-
ven. Deze verschuiving kan (gedeeltelijk) gecompenseerd worden door elektronen
vanuit het LAO in het STO te dopen. De geleiding langs het n-type grensvlak kan
beschreven worden door een thermisch-geactiveerde elektronendichtheid (Ea = 6
meV) en een 1/T 2 temperatuursafhankelijkheid van de elektronenmobiliteit. Deze
eigenschappen zijn erg afhankelijk van de zuurstofdruk tijdens de fabricatie en af-
koeling. Daardoor is het mogelijk dat in vergelijkbare samples totaal verschillende
eigenschappen zoals supergeleiding en magnetisme worden waargenomen.

Multilagen van LTO en LAO zijn met behulp van scanning transmissie elektronen-
microscopie en elektronen energie-verlies spectroscopie onderzocht. Met deze me-
tingen is het mogelijk om de verdeling van elektronen rond de LTO lagen te be-
palen. Deze metingen tonen aan dat de Ti3+ fractie in de LTO laag toeneemt van
0,25 voor het LTO/LAO systeem naar 0,85 voor het LTO/LAO systeem. Deze
toename in opsluiting van de elektronen is voldoende om van de gehele multilaag
een isolator te maken. Berekeningen tonen aan dat de toegenomen elektronen-
dichtheid, samen met de daaraan gerelateerde toename in de effectieve massa van
de elektronen, voldoende is om het LTO/LAO systeem te laten voldoen aan het
Mott criterium. Ellipsometrie-metingen aan deze multilagen gecombineerd met be-
rekeningen binnen de dichtheidsfunctionaaltheorie tonen aan dat multilagen met
monolagen LTO inderdaad zich in een Mott-isolerende toestand bevinden. De
ordening van de bezette orbitalen in deze LTO monolagen is xz/yz, zodat de inter-
actie in het vlak geminimaliseerd wordt. Voor dikkere LTO lagen worden er ook
xy orbitalen bijgemengd, omdat er interacties tussen de verschillende monolagen
kunnen optreden.

LTO lagen omgeven door LAO kunnen ook gedoopt worden met gaten van een va-
cuüm//LAO grensvlak in de buurt. De drijvende kracht is de oxidatie van het LAO
oppervlak. Dit vereist een balans tussen het creëren van zuurstofvacatures aan het
oppervlak en het verplaatsen van elektronen van de LTO laag naar het oppervlak.
In de limiet voor dikke LAO toplagen wordt deze oppervlakte-oxidatie geheel ver-
zorgd door zuurstofvacatures. Voor dunnere LAO toplagen kunnen elektronen van
de LTO laag naar het oppervlak worden verplaatst. Echter, deze elektronen vor-
men een dipool die de energie van het systeem verhoogt. Als de LAO toplaag nog
dunner wordt, neemt deze dipoolenergie af en worden er meer elektronen naar het
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oppervlak verplaatst tot een maximum van een 1/2 elektron per eenheidscel. Met
röntgen fotoelektron spectroscopie kan dit dikte-afhankelijke dipoolmodel getest
worden door de Ti3+ fractie van de LTO laag te bepalen. Een fit van het boven-
staande model aan deze data geeft een waarde voor de bandenverschuiving van Σ
= 2,2 eV. Een open vraag is waarom de Ti3+ fractie niet de waarde van 1 aan-
neemt voor dikke LAO lagen zonder verplaatsing van elektronen. Afwijkingen in
de chemische samenstelling, zowel van zuurstof-anionen als van kationen, kunnen
dit verschijnsel niet verklaren.

Het elektrische veld van de beschreven dipool kan ook invloed hebben op de band-
structuur. Optische metingen zijn een goede manier om veranderingen in de band-
transities te meten. Fotoreflectie-spectroscopie metingen tonen aan dat de tran-
sitie van de LTO valentieband naar de LAO geleidingsband aan het LAO//LTO
grensvlak inderdaad afhankelijk is van de dikte van de LAO toplaag. Echter, de
verandering is slechts 0,03 eV per monolaag, veel lager dan de bandverschuiving
van Σ = 2,2 eV. Bovendien is deze verandering onafhankelijk van de doping, in
tegenstelling tot de Ti3+ fractie. Deze optische bandverschuiving is dus puur een
eigenschap van de LAO toplaag. De krachten op de LAO toplaag zorgen voor een
verschuiving van de kationen en anionen, die vervolgens interne dipolen vormen.
Uit de optische bandverschuiving is af te leiden dat de gemiddelde dipool per mo-
nolaag LAO 0,06 eÅ moet zijn. Dit komt overeen met een verschuiving van de
ionen van 1,5 %, vergelijkbaar met de verschuiving van 1,1 % in de c-richting ten
gevolge van het verschil in roosterconstantes tussen LAO in bulk en dunne-film
vorm. Deze overeenkomst lijkt te bevestigen dat de bandverschuiving een gevolg
is van de structurele vervorming en niet van de verplaatste elektronen.

Hoewel in het LTO/LAO systeem de opsluiting van de elektronen vooral te danken
is aan het verschil in bandkloven, voor het LAO/STO systeem zijn het puur de
elektrostatische krachten die de elektronen aan het grensvlak binden. Een zorgvul-
dige analyse van reeds gepubliceerde literatuur geeft twee belangrijke resultaten.
Ten eerste is er een kritieke depositiedruk van 1·10−6 mbar. Bij lagere drukken
wordt de geleiding gedomineerd door zuurstofvacatures, bij hogere drukken door
doping van het grensvlak. Ten tweede, de elektronenmobiliteit neemt af voor hoge-
re depositiedrukken. Deze afname wordt veroorzaakt door de gelijktijdige afname
van de diëlektrische constante van STO. Een lagere diëlektrische constante bete-
kent dat de elektronen dichter bij het grensvlak komen te zitten waar de grotere
dichtheid aan defecten de mobiliteit onderdrukken.

De kritieke depositiedruk en de druk tijdens het afkoelen geven een schets van een
druk-temperatuur fasediagram. Bij hoge temperatuur en lage depositiedruk zorgen
de eerste plasmapulsen ervoor dat de reductie van het STO wordt geactiveerd.
Boven de kritieke druk of bij lagere temperaturen vindt later in het groeiprocess re-
oxidatie van het STO plaats. Gecombineerd zorgen de reductie en oxidatie voor de
verschillende eigenschappen bij verschillende drukken. De chemische en structurele
kwaliteit van het substraat bëınvloedt deze processen ook, oftewel substraten van
verschillende leveranciers kunnen verschillende resultaten geven.

177



Het model voor de doping in het LAO/STO systeem dat op het moment in de
literatuur besproken wordt, vereist een bandverschuiving in het LAO die tot op
heden niet is waargenomen. Een alternatief structurele-polarisatie model heeft
geen bandverschuiving nodig aangezien structurele en elektrostatische krachten
aan het grensvlak een lokale polarisatie in het STO creëren. Deze polarisatie zorgt
voor een lokale verlaging van de bandstructuur in het STO, waarna elektronen
van donor-defecten in het STO in deze potentiaalput gevangen worden en een
geleidende toestand vormen. De resultaten van LAO//STO heterostructuren ge-
fabriceerd op verschillende types substraten, en daaraan gekoppeld verschillende
polarisatietoestanden, lijken dit model te bevestigen.

Complexere multilaag-structuren maken het mogelijk om LaO//TiO2 grensvlak-
ken te fabriceren zowel door het deponeren van LAO op TiO2-getermineerd STO
als door het deponeren van een monolaag LTO op SrO-getermineerd STO. Hoewel
deze twee methoden theoretisch een identiek grensvlak zouden moeten creëren, in
werkelijkheid hebben ze andere eigenschappen. LAO//STO grensvlakken hebben
een weerstand met een ∼ T 2 afhankelijkheid, terwijl LTO grensvlakken zich als
variable-afstand hopping isolatoren gedragen. Röntgen fotoelektron spectroscopie
metingen tonen aan dat beide grensvlakken elektronen op de titanium ionen ge-
doopt hebben. Dat de beide elektrische transportmechanismen dezelfde activatie-
energie hebben, geeft aan dat de elektronen aan hetzelfde type donoren gebonden
zijn. Het verschil in geleiding kan in het structurele-polarisatie model verklaard
worden door het verschil in polarisatie aan het grensvlak vanwege de extra LTO
laag.

Met behulp van een monolaag LTO kunnen multilaag-structuren met twee
LaO//TiO2 n-type grensvlakken gemaakt worden. Het LTO grensvlak in deze
STO//LTO//LAO//STO multilaag vormt geen tweede geleidingspad, maar is al-
leen een reservoir van extra elektronen. Eén voordeel van deze structuur is dat het
tweede grensvlak afgeschermd wordt van de omgeving, waardoor de eigenschappen
van de grensvlakken onafhankelijker worden van de behandeling van het sample
na de fabricatie. Dit vergroot de mogelijkheden voor systematisch onderzoek aan
dit systeem.

De transporteigenschappen van deze dubbele-grensvlak multilagen lijken erg op
die van heterostructuren met maar één LAO//STO grensvlak. De elektronendicht-
heid is thermisch geactiveerd en de elektronenmobiliteit heeft een 1/T 2 tempera-
tuursafhankelijkheid vergelijkbaar met een Fermi-vloeistof. Net als de multilaag-
structuren met zowel een n-type (LaO//TiO2) en een p-type (AlO2//SrO) grens-
vlak is de elektronendichtheid afhankelijk van de afstand tussen de twee grensvlak-
ken. Interessant genoeg is deze afhankelijkheid tegenovergesteld voor deze beide
structuren: voor de np multilaag neemt de elektronendichtheid toe met de afstand,
voor de nn multilaag neemt de elektronendichtheid juist af.

Een model waar het tweede grensvlak respectievelijk elektronen invangt (p-type)
of afgeeft (n-type) kan dit verschil verklaren. Wanneer de grensvlakken dicht
bij elkaar zijn, kost het verplaatsen van elektronen van het ene naar het andere
grensvlak weinig energie. Als de afstand tussen de grensvlakken toeneemt, neemt
ook de energie toe en zal er minder verplaatsing van elektronen plaatsvinden. Voor

178



een np multilaag betekent dit dat minder elektronen van het geleidende grensvlak
naar het p-type grensvlak verplaatst worden, dus de elektronendichtheid neemt toe
naar de limiet van een half elektron per eenheidscel. Voor een nn multilaag worden
er minder elektronen naar het geleidende grensvlak verplaatst worden waardoor
de elektronendichtheid afneemt naar dezelfde limiet. In beide gevallen is de energie
van de binding aan het tweede grensvlak ongeveer 0,4 eV.

Metingen van de magnetoweerstand en elektronendichtheid vs. temperatuur bij
lage temperaturen lijkt te laten zien dat er twee groepen ladingsdragers zijn. Eén
groep heeft een hoge mobiliteit maar een lage elektronendichtheid. De andere
groep heeft een lage mobiliteit, maar de elektronendichtheid is twee ordes groter.
De ladingsdragers met een lage dichtheid hebben een hele lage activatie-energie van
ongeveer 1 meV, terwijl de ladingsdragers met een hoge dichtheid de gebruikelijke
activatie-energie van ongeveer Ea = 6 meV hebben. Deze dubbele populatie is
waarschijnlijk gerelateerd aan de kubisch-naar-tetragonale fase-overgang van STO
rond 105 K, aangezien in een kubisch kristal meerdere geleidingsbanden niet mo-
gelijk zijn.
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