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Introduction

Motivation

Recent advances in the growth of epitaxial oxide thin films have fostered a steady in-
crease of research on perovskite oxide heterojunctions, which are now produced with
unprecedented quality. Applications of these systems in the field of electronics [1], pho-
tovoltaics [2] and photocatalysis [3] strongly rely on the capability to master band gap
engineering on the atomic scale in ultra-thin interfaces. Strontium titanate (SrTiO3, STO)
is the substrate of choice commonly used in the production of all-oxide heterostructures
[4], as in many cases these systems display a two dimensional electron gas (2DEG) con-
fined at the interface, such as in the LaAlO3/SrTiO3 junction [5]. The band offsets at
the interface determine on which of the constituent materials the 2DEG will be confined
[6], and provide additional information on the degree of confinement as well [7], so the
study of the band alignment in oxide-based heterostructures is of crucial importance.
Novel properties and functionalities can be achieved upon substitution of LaAlO3 with
other oxide materials, an example being the BiFeO3 perovskite. In fact, BiFeO3 is a mul-
tiferroic material [8], and a complete control of the BiFeO3/SrTiO3 heterostructure may
allow the tuning of the 2DEG at the interface through the application of an external elec-
tric or magnetic field, which can indeed control the surface polarization. The growth
of non-perovskite oxide materials on a SrTiO3 substrate expands the range of possible
applications. Indeed, a 2DEG is observed also in the Al2O3/SrTiO3 junction, which
show electron mobilities greater than those previously measured in perovskite-based
heterojunctions [9]. Despite in many structures the 2DEG is not observed, different in-
teresting applications can still be obtained, such as in the CuO/SrTiO3 heterostructure,
which is a promising material for the production of solar cells [10] and for photoelec-
trochemical water splitting applications [11]. Usually, such heterostructures are grown
by PLD (pulsed laser deposition), MBE (molecular beam epitaxy) and less commonly by
sputtering deposition. However sputtering is fast, cheap, and produces samples with a
large practicable area, and high quality films, suitable for device fabrication, can be ob-
tained through the use of an off-axis sputtering geometry [12]. The main objective of this
work is to demonstrate the growth of high quality BiFeO3/SrTiO3, Al2O3/SrTiO3 and
CuO/SrTiO3 heterostructures by off-axis sputtering, and to provide a detailed analysis
of the interface properties. The band alignment at the interface is thus measured and
discussed for each of these materials.
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2 Contents

Thesis overview

The present thesis is organized in five chapters. In the first chapter the band alignment
at oxide interfaces is reviewed. The most common methods to experimentally track the
band alignment at the interface are presented, and the band alignment configurations at
the LaAlO3/SrTiO3 heterointerface are shown. Furthermore, other conducting and in-
sulating STO-based all-oxide heterostructures are also considered. In the second chapter
the experimental details are provided, and a short description of the main experimental
techniques used is reported. In the third chapter a detailed description of the SrTiO3

substrate is provided, and the analysis of surface and bulk defects by resonant photoe-
mission techniques is discussed. In the fourth chapter the growth of BiFeO3 is calibrated
upon deposition on Si, and the BiFeO3/SrTiO3 interface is accurately studied. In the last
chapter non-perovskite SrTiO3-based interface are investigated, namely Al2O3/SrTiO3

and CuO/SrTiO3. A complete characterization of the interfaces is presented, from the
growth process to the measurements of the band alignment.



CHAPTER 1

Band alignment at heteroepitaxial perovskite oxide
interfaces

1.1 Introduction

A key focal point in modern condensed matter science is the study of the exotic phenom-
ena which can arise at the interface between two oxide materials, such as the formation
of a two-dimensional electron gas (2DEG) at the interface between the wide-gap insula-
tors lanthanum aluminate (LaAlO3, LAO) and strontium titanate (SrTiO3, STO) [5] [13]
[14] [15] [16] [17] [18] [19]. The oxides junction properties are crucially dependent on the
energy bands alignment at the interface, corresponding to the conduction band offset
(CBO) and the valence band offset (VBO) between the two materials. Thus the analysis
of the electronic structure and band alignment at oxide heterostructure interfaces is nec-
essary for a complete understanding of these interesting phenomena; indeed a complete
and fine control on these properties would favor the production of novel oxide elec-
tronic and photovolatic devices [20] [21] [22] [23] [24] [25]. The band offsets are however
not known a priori, but must be measured experimentally and eventually compared to
theoretical predictions obtained through simulations.

The study of band alignment in oxide heterostructures is a critical step in the evalua-
tion of the electrical and optical material properties. The VBO study provides important
information about the current transport, potential distribution and quantum carrier con-
finement at the interfaces, and thus determines the performance of the devices which
use these peculiar phenomena [26]. The band alignment determines the height of the
barrier for hole and electron transfer through the interface [27] and can depend on the
possible presence of interface dipoles which can modify the band alignment diagram
consistently with their orientation. Accordingly, the band alignment can be tuned by the
introduction of additional charges at the interface, with the consequent formation of a
dipole due to induced screening charge [28] [29].

In the field of oxides, the main applications of band offset engineering are the 2DEG
confinement control, all-oxide photovoltaics and photocatalysis; and the direct evalu-
ation of the band alignment is usually performed through X-ray photoelectron spec-
troscopy (XPS) measurements. It should be pointed out that in XPS measurements the
VBOs can vary slightly with the photon energy, thus adding an additional parameter
which should be tuned in VBO studies in order to determine the correct interface elec-
tronic structure [30]. Regarding photovoltaic applications the possibility of a band flat-
tening induced by photocarriers should also be taken into account [31]. The band offset
at the interface determines on which of the constituent materials the 2DEG will be con-
fined, and provide additional information on the degree of confinement as well. In fact,
electrons are located in the side of the interface whose energy of the conduction band is
lower than the one of adjacent materials. The 2DEG is usually assumed to be confined
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4 1.2 Band alignment configurations

near the interface in a triangular potential well [32], as will be discussed further later in
this work.

The band alignment of an oxide heterostructure is strongly sensitive on the struc-
tural properties and interface composition [29] [33] of the materials involved, such as
strain [34], grain orientation [35], surface atomic termination [36], oxygen vacancies [31],
chemical ligands at the surface [37], film thickness [38], and interdiffusion [39]. Even the
presence of a single interface monolayer of secondary phase may induce a strong varia-
tion in band offsets [40], thus high-quality samples are needed for the study of the band
alignment of a heterojunction.

The aim of this chapter is to discuss the band alignment of all-oxide perovskite het-
erojunctions where top perovkite layer is grown mainly on SrTiO3 substrates. In Section
1.2 the possible band alignment configurations are discussed, while the experimental
and theoretical methods for the evaluation of the band alignment are reported in Section
1.3. In Section 1.4 the determination of band alignment in 2DEG systems is discussed.
Finally, in Section 1.5 the discussion is brought beyond the materials that display the
2DEG at the interface, by considering non-perovskite layers grown on SrTiO3. Examples
are drawn from all-oxide photovoltaics and photocatalysis system that to some extent
can provide new ideas to engineer novel oxide heterojunctions.

1.2 Band alignment configurations

The band alignment characteristic of an heterojunction can be classified into three main
configuration schemes, as shown in Figure 1.1: (1) Type I (or straddling) heterojunction,
(2) Type II (or staggered) heterojunction, and (3) Type III (or broken-gap) heterojunction.
In a type-I heterojunction, the VBO and CBO of the two materials have opposite sign,
while in a type-II heterojunction, the VBO and CBO signs are identical. A type III het-
erojunction is a peculiar case of the type II band alignment, where the valence band of
one of the constituent materials overlaps the conduction band of the other material at
the interface, thus forming two gaps which show no superimposition [26].

Figure 1.1: Schematic representation of the different band alignment configurations, determined
by the conduction band (CB) and valence band (VB) offset of the two materials.

The formation of a type I heterojunction induces a concurrent confinement of both
electrons and holes inside one of the constituent materials (Figure 1.2 (a)), thus render-
ing the heterostructure suitable for high-efficiency luminescence and optoelectronic de-
vices, an example being the Co3O4/SrTiO3(001) interface [20]. A type I heterojunction
is necessary for the employment of a material as a transistor gate dielectric. In fact, in a
straddling band alignment the gate leakage is predicted to be negligible, while hetero-
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junctions with a small CBO show a remarkable leakage current across the interface, an
example being SrTiO3-Si based devices [41]. A remarkable application of a type I junc-
tion is the creation of a 2DEG at the interface due to the transfer of electrons (which is
related to the possible presence of an internal electric field) from the material with the
higher-conduction band edge into the conduction band of the oxide on the other side
of the interface (Figure 1.2 (b)). The electrons are then spatially confined in one of the
constituent materials [42], as will be seen more in detail in Section 1.4.

When a type II band alignment occurs, electrons are transferred in one side of the
junction, and holes are collected at the other one (Fig. 1.2 (c)). This results in electrons
and holes confined in different layers, and this carrier separation can be exploited in pho-
tovoltaic applications. Indeed a type II alignment is more suitable for the production of
photovoltaic devices than a type I interface, since only indirect transitions between holes
and electrons confined in different materials are possible, while a type I band alignment
usually shows worse performance in terms of a faster electron-hole recombination and
a smaller radiative lifetime following an external photon excitation [20]. However, in a
type II band alignment the effective energy gap for interface recombination (distance be-
tween the VB of one material and the CB of the second one) is smaller than the band gaps
of the two materials, and this may result in a increased recombination rate and reduced
open-circuit voltage [33], thus a careful band alignment analysis is usually needed.

Figure 1.2: (a) Schematic representation of the charge confinement in a type I heterojunction. (b)
Two-dimensional electron gas generation in a type I heterojunction. (c) Confinement of electrons
and holes in different materials in a type II heterojunction.

1.3 Methods to determine band alignment

The band alignment at the interface between two materials can be investigated by sev-
eral analytical and theoretical methods. X-ray photoelectron spectroscopy (XPS) is one
of the main experimental techniques employed for the analysis of the band alignment,
due to the possibility to directly probe the valence band of a material. The valence band
offset (VBO) in an heterojunction can thus be evaluated by two main independent meth-
ods. The first one involves the decomposition of the valence band spectrum of the het-
erostructure, by performing a linear combination of pristine materials VB spectra [43].
Alternatively, the band alignment can be determined by the study of energy differences
in core level pairs between the heterostructure and constituent materials [31]. Addition-
ally, with XPS it is also possible to directly measure the Fermi energy position and thus
its distance to the valence band maximum (VBM). The presence of a built-in potential
or a band bending at the interface should be taken into account in order to evaluate the
band alignment correctly. These properties can be estimated by analyzing the presence
of a valence band weight in the gap or at the chemical potential, and looking for signs
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of any asymmetry or spectral change in emission angle-dependent measurements [9].
Notched bands have been indeed one of the focus issues in LaAlO3/SrTiO3 and related
heterointerfaces, and the effects of notches in x-ray photoemission core levels have been
carefully considered by several authors [9] [43] [44] [45]. These effects will be thoroughly
discussed later in this chapter (Section 1.4).

Figure 1.3: Methods to determine the band alignment in an heterojunction. (a) Valence band
spectrum of a 5 u.c. LaAlO3/SrTiO3 heterostructure and its decomposition into the individual
LaAlO3 and SrTiO3 contributions. The black lines indicate the determination of the VBM energies.
Adapted from [31]. (b) X-ray induced core level spectra of SrTiO3 recorded during the interface
formation with SrZrO3. The Ti 2p and Zr 3d peaks should be used to determine the band align-
ment. The SrZrO3 thickness is given in nm. Adapted from [46].

1.3.1 Linear combination method

In this method the VB for the heterojunction is reproduced by a linear combination of
VB spectra for the bulk constituent materials, which thus interpolate the experimental
data measured for the heterojunction (Figure 1.3 (a)) [31]. The relative energy shift and
intensity are introduced as fitting parameters to be determined, where the intensities
take into account the thickness of the film. The fitting procedure determines the relative
energy shift in the constituent materials valence bands, and enables the evaluation of
the valence band maximum (VBM) at each side of the junction. The VBM can be directly
determined from the intersection between a linear extrapolation of the VB leading edge
and the zero-intensity constant background [47], which takes into account for the finite
resolution of the spectrometer. Evidently, the VBM value is very sensitive to the position
of the leading edge point chosen to obtain the regression line [48]. However, this linear
method has been proven to yield correct VBMs with an accuracy of about ±0.1 eV [47].
The conduction band maximum (CBM) of each material can be subsequently determined
by considering the respective band gap.
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1.3.2 Core levels method

The method proposed by Kraut et al. [49] is based on the assumption that the spectrum
of a heterojunction is the superposition of the separate spectra of each constituent layer.
In the heterostructure, the valence bands maxima are aligned with a certain offset; how-
ever, the energy separation between core levels and the VBM edge in principle doesn’t
change. The valence band offsets at the interface are thus evaluated by the analysis of
the binding energy difference between two specific core-level peaks which should be
present only in a single layer of the heterojunction, such as Zr 3d and Ti 2p core-levels
for the SrZrO3/SrTiO3 interface (Figure 1.3 (b)) [46]. The energy difference between a
core level and the respective VBM has to be determined in both bulk materials, and the
same core levels energy position have to be evaluated in the heterojunction, accordingly.
From these data is possible to calculate the valence band offset through the following
expression:

V BO = (EPeak1 − EV BM1)A − (EPeak2 − EV BM2)B − (EPeak1 − EPeak2)A/B

where the A/B subscript denotes the heterostructure, EV BM1 and EPeak1 are the valence
band maximum and the binding energy of the selected core level evaluated for the first
bulk material (A), while EV BM2 and EPeak2 are measured on the second bulk material
(B). In the last term of the equation EPeak1 and EPeak2 are evaluated in the heterojunction.
Three samples are thus necessary for the complete evaluation of the band alignment: two
bulk, homogeneous films to determine the energy position of a core level with respect to
the VBM, and the respective heterostructure to determine the selected core level offsets.
In addition, it is essential to measure the separate core level binding energies with at
least an accuracy of ± 20 meV in order to archive a maximum ± 100 meV error for the
valence band offset, which is determined through several differences and sums of these
measured binding energies [30].This method is often used to probe the band alignment
of oxide heterointerfaces [50] [51] and, in particular of the LaAlO3/SrTiO3 junction [52]
[53] [54].

1.3.3 Calculations

Although this review is mainly focused on the experimental results of band alignment,
it is important to point out the importance of the theoretical calculation as a support of
the experimental analysis. Indeed, several authors studied the band alignment through
first-principle calculations and helped to archive a better description of the interesting
phenomena underlying oxide heterojunctions [29] [32] [44] [55] [56] [57] [58].

Usually the band alignment at an interface between two materials is obtained by ini-
tially performing calculations for the first bulk material and second separately, in which
the VBM and CBM are evaluated referenced to the bulk average electrostatic potential.
As a second step, the average electrostatic potentials at the two sides of the junction are
aligned by carrying out a calculation for the resulting interface. In this case, the differ-
ence between the average electrostatic potentials of the two bulk materials is evaluated
in a region far enough from the interface [59]. Complications in the simulation of the
correct band alignment are mainly due to the presence of strain phenomena or the for-
mation of a 2DEG. Furthermore, the presence of additional electrons generate a dipole
that can shift the bands used for the calculated alignment [6]. The band alignment across
an interface can be also displayed through the calculation of the local density of states
(LDOS) projected on the central unit cell of the heterojunction for all the materials in-
volved [29].
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1.3.4 Alternative methods to determine band alignment

Transitivity Rule - The transitivity rule determines the band alignment in an heterojunc-
tion through the comparison with the already known band offsets of two heterostruc-
tures, whose constituent layers are a common material and the two components (one
located in the first heterostructure, and the other located in the second) of the hetero-
junction which band alignment must be determined. In other words, the transitivity
rule makes use of the band offsets at the junction between A and B materials and be-
tween B and C materials, and add them up in order to obtain the band offset between
materials A and C [60] [61]. However, the transitivity rule is demonstrated to be inap-
plicable in the general case, as the error in the band offset evaluation can be greater than
0.5 eV [55].

Electron Affinity Rule - An alternative estimation of the energy band alignment can
be obtained from the electron affinity rule [62], which is based on the vacuum level align-
ment at the interface. The valence band and conduction band offsets are determined
through the analysis of the differences in ionization potential and electron affinity, re-
spectively. However the band alignment predicted by the electron affinity rule can show
a strong deviation due to the possible formation of dipoles at the interface [63].

1.4 Applications on solid state physics, SrTiO3-based interfaces

1.4.1 The LaAlO3/SrTiO3 heterostructure

The formation of a two-dimensional electron gas (2DEG) at the interface between the
two wide-gap insulators LaAlO3 (LAO) and SrTiO3 (STO) [5] represents one of the more
discussed topics in the field of solid state physics. The insulator to metal transition of
this heterostructure is found to occur when 4 unit cells or more of LAO are grown on a
STO substrate [15] and only if the substrate displays an uniform TiO2 termination [64].
The origin of the 2DEG is highly debated, and the three more supported hypotheses
are: the electronic reconstruction between the film and the substrate (due to the growth
of the polar LAO on the non-polar STO) [65], the formation of oxygen vacancies in the
substrate during the growth [66], and the intermixing between film and substrate [52].
In particular the band alignment determines which side of the heterojunction hosts the
2DEG, and if the band offset magnitude is sufficient to produce a charge confinement [6].
In this case, the band edge position can be analyzed in detail through resonant photoe-
mission techniques (Figure 1.4), since resonant photoemission spectroscopy (RESPES)
measurements are more interface-sensitive with respect to standard photoemission with
a laboratory X-ray source, which is more bulk-sensitive due to the higher kinetic ener-
gies collected. In resonant photoemission the valence band spectra are collected by res-
onantly enhancing the spectral weight of selected elements in the valence band region.
This occurs when the incoming photon energy is tuned to the absorption threshold of
the selected element. For instance, the valence band alignment of LaAlO3 and SrTiO3

is determined by selectively enhancing the valence band edge of LaAlO3 and SrTiO3 by
collecting RESPES data at the La M-edge and Ti L-edge respectively. The demonstration
of the possibility to probe buried Ti states at the interface [67] fostered a number of stud-
ies aimed to study the band structure of the buried states [68] [69] [70], and also offered
the possibility to carry out an interface sensitive evaluation of band alignment through
soft X-ray electron spectroscopies.

The unusual electronic properties of the LAO/STO interface are linked to the band
bending at the STO side, which produces a notched structure in the conduction band
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adjacent to the interface where surface charges tend to accumulate (Figure 1.2 (b)). The
properties of a potential band bending within the STO substrate have been studied in-
tensively by density functional theory (DFT) calculations, which predict a bending of
the conduction band minimum [44] ranging from 180 meV [71] up to 500 meV [9], cor-
responding to a electrostatic confinement of mobile carriers within 3-5 unit cells into the
substrate. The resulting in-gap spectral weight is due to Ti 3d electronic states, whose
bands host the 2DEG electrons at the interface [56].

Figure 1.4: Comparison of La 4f and Ti 3d valence band resonating contribution with Ti d-DOS
DFT calculation performed on a STO bulk crystal and La f-DOS DFT calculation performed on a
LAO film. Adapted from [43].

The profile of the notched structure can be analysed by directly probing the shift
of the VBM with the variation of the film thickness (Figure 1.5 (d)) or take-off angle,
which introduce a different probing depth in XPS measurements. Alternatively, the band
banding can be studied by the analysis of asymmetric line shapes of core levels, since
the bending of the valence band corresponds to a shift of the core-level binding energies.
In this case, the measured spectral features would consist of a superposition of peaks
whose binding energy change in function of depth; as a result, an asymmetric peak shape
with a larger FWHM (respect to pristine material) can be measured [52] (Figure 1.5 (a)).
Furthermore, this band bending is only observed in conductive LAO/STO interfaces
(obtained from the deposition on TiO2 terminated STO substrates, Figure 1.5 (b)), while
insulating interfaces show a flat-band behavior (Figure 1.5 (c)). The band bending is also
influenced by the interaction with a tip in the analysis of band alignment by STM [72]
[73], which can even bring the CB on the STO side below the Fermi level [74]. The band
bending is difficult to determine experimentally, and the existence and the depth of the
SrTiO3 potential well is still discussed in literature. An upper limit of 1 ± 0.1 eV was
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estimated by photoemission measurements [43], and typically a band bending of 0.25 ±
0.07 eV is claimed for the LAO/STO interface [45]. However, other works show that,
within experimental error (± 0.06 eV), there is no detectable band bending within the
STO [52] [75], possibly due to intermixing phenomena [76].

Figure 1.5: (a) Schematic representation of the effect of band bending in the STO substrate on the
Sr 3d XPS peaks line shape. The peak from each SrO layer is shifted in energy according to the
bending potential Ebb(z). Adapted from [9]. Band bending in SrTiO3 of the Ti2p XPS core level for:
(b) TiO2-terminated metallic and (c) SrO-terminated insulating LaAlO3/SrTiO3 heterostructures.
(d) Resulting plots of the band-bending induced energy shift of the Ti 2p XPS peaks as a function
of the LaAlO3 film thickness. Adapted from [45].

Figure 1.6: (a) Polar catastrophe: the junction between a non-polar material (STO) and a polar
material (LAO) leads to an electric potential which diverges with thickness. (b) Electronic recon-
struction model: the transfer of half an electron from the LAO surface to the interface induces
a finite potential and avoids the polar catastrophe. Adapted from [65]. (c) Spatially resolved
scanning tunneling spectroscopy analysis performed on the LAO/STO heterostructure. The band
alignment results in a built-in electric field (E) in the LAO layer. The amorphous SrRuO3 (SRO)
buffer layer is necessary to prevent tip crash in STM measurements. Adapted from [74].
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In the electronic reconstruction scenario, the STO can be subdivided in TiO2 and SrO
charge neutral planes, while the LAO can be subdivided in LaO and AlO2 polar planes
(Figure 1.6 (a)). Thus in order to avoid a polar catastrophe the interfacial LaO layer
should donate 0.5e− for each unit cell (Figure 1.6 (b)), which thus flow to the interface
due to the large conduction-band offset characteristic of the LAO/STO heterojunction.
The electrostatic potential within the LAO layer is represented by the slope of the LAO
bands, and should be in principle flat if no charge is transferred through the interface.
However, in order to corroborate the electronic reconstruction model, a built-in electric
field in the LAO layer is theoretically necessary [57] [77] and detected in few studies
[74] [78] (Figure 1.6 (c)). The presence of an electric field in the LAO layer was how-
ever excluded by spectroscopic measurements [4] [31] [43] [52] [53]. Indeed, the elec-
tronic reconstruction theory would have several consequences which could be detected
by photoemission measurements, such as the broadening and binding energy shift in
the LAO core levels, or the presence of LAO valence band states crossing the chemical
potential, due to the presence of a potential gradient within the LAO film. Despite those
features are unobserved experimentally, the flat band situation can be still theoretically
explained by the presence of oxygen vacancies in the LAO film [44] [79]. This picture
indeed restores the electronic reconstruction scenario with the introduction of oxygen
vacancy-induced empty defect states, which replace the hole states of the metallic LAO
surface band [68].

Figure 1.7: Band alignment at the LaAlO3/SrTiO3 interface as reported by several authors.

The band alignment at the LaAlO3/SrTiO3 interface has been widely investigated by
several authors in literature. The values for the VBO reported vary to a certain degree,
with several groups claiming a type I interface [44] [53] [56] [58]. Other groups come to
the contrary results, and a type II interface was obtained [31] [76] [80]. Situations with
a relatively small value for VBO are also reported (the VB maxima of LAO and STO are
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almost aligned), where the discrimination between a type I and a type II junction can be
affected by some degree of uncertainty (estimated as ± 0.2 eV) [4] [43] [45]. These results
are summarized in Figure 1.7 and in Table 1.1.

Author VBO (± 0.2 eV) Alignment Band Bending
Berner et al. [31] 0.35 Type II Yes
Qiao et al. [80] 0.17 Type II No
Treske et al. [4] 0.00 - Yes
Yoshimatsu et al. [45] 0.00 - Yes
Drera et al. [43] -0.10 Type I Yes
Segal et al. [53] -0.35 Type I -
Popović et al.* [58] -0.90 Type I -
Pentcheva et al.* [56] -0.15 Type I -

Table 1.1: Band alignment results at the LaAlO3 and SrTiO3 interface as reported by several au-
thors. The band alignments obtained through calculations are marked with a *. In some cases the
discrimination between a type I and a type II junction can be affected by some degree of uncer-
tainty, so the heterojunction type is not reported. The presence of a band bending at the interface,
whenever discussed, is also reported.

This remarkable inconsistency in band alignment configuration could be due to the
different deposition methods (mainly pulsed laser deposition and molecular beam epi-
taxy) and growth conditions employed. In order to obtain an agreement in the band
alignment a growth protocol is thus needed.

1.4.2 Beyond the LaAlO3/SrTiO3 interface: other SrTiO3-based heterostructures dis-
playing a 2DEG

The existence of a two dimensional electron gas in the LAO/STO heterojunction trig-
gered a wide search for different materials which could display this intriguing property,
mainly thin films grown on STO as a common substrate. For instance, a 2D conductive
layer has been detected in PrAlO3, NdAlO3, NdGaO3 and LaGaO3 [81] epitaxial layers
on STO.

The research for new heterostructures is often evaluated through calculations [32].
The 2DEG was indeed predicted for the GdTiO3/SrTiO3 (GTO/STO) heterojunction,
where the band bending necessary for a charge confinement is observed for every GTO
film thickness considered [57]. A material which share a similar band alignment with
the GTO/STO (the difference in their valence-band offsets is within 0.1 eV) is the YTiO3

on SrTiO3 (YTO/STO) heterojunction. Janotti et al. [6] showed that both these interfaces
display an excess of electrons, which will be confined on the STO substrate. However
the resulting 2DEG is characterized by different densities at the interface respect to the
LAO/STO heterostructure. The band gap for many perovskite oxide materials is pro-
vided by calculations in the work of Bjaalie et al. [32] (Figure 1.8), where the possible
formation of a 2DEG in heterostructures made by a combination of various perovskites
is discussed. In this case, separate calculations for the constituent bulk materials are ini-
tially performed in order to obtain the VBM and CBM respect to the average electrostatic
potential of each material, then these electrostatic potentials are aligned by carrying out
a calculation for the heterostructure.

The 2DEG in STO-based junctions is found experimentally in many materials, includ-
ing those with non-perovskitic overlayer, such as the epitaxial interface with γ-Al2O3

(GAO) studied by Schütz et al. [9]. Here, a type I band alignment was measured and
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the relative valence band offset at the GAO/STO interface was ≈600 meV. Furthermore,
a downward band bending was detected, which results in the CBM of STO crossing the
chemical potential near to the interface. The 2DEG is also found by Treske et al. [4] in
the LaGaO3/SrTiO3 and NdGaO3/SrTiO3 heterojunctions, which display a STO band
bending similar to the one observed in the LAO/STO heterostructure. Indeed, a down-
ward interface band bending of 0.4 eV is revealed by XPS measurements carried out
at different emission angles, with the consequent generation of a confining potential in
the STO substrate at increasing overlayer thickness. The conduction band thus bends
downwards, crosses the Fermi level energy and hosts the 2DEG. A built-in electric field
is not observed in these heterostructures, and the valence band maximum of the thin
film layers are aligned to the valence band maximum of the STO substrate. These results
are consistent with the electronic reconstruction model triggered by defects, where the
charge transfer to the interface is provided by surface donor states. The 2DEG is pre-
dicted by band alignment measurements also in the BaSnO3/SrTiO3 heterointerface [7],
where the observed type II band alignment show a BaSnO3 (BSO) CBM lower in energy
than that of the STO substrate, resulting in a carrier confinement within the BSO film.

Figure 1.8: Calculated band gaps for various perovskite oxide materials. The VBM of STO was
used as the zero of energy. Adapted from [32].

In some works the conductivity was not found, an example being the LaCrO3/SrTiO3

(LCO/STO) heterostructure studied by Chambers et al. [82]. In principle, the electronic
reconstruction model predicts that with an increasing film thickness the electrostatic po-
tential within the LCO film should also increase; and thus the valence band maximum
of the LCO film should cross the STO conduction band minimum. The electronic charge
should thus be confined within the STO substrate, generating a conductive phase at
the interface. However, the type II interface obtained is insulating for each LCO film
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analyzed, included films whose thickness should be enough to activate the electronic
reconstruction.

The band alignment found at the interface between many oxides materials and a STO
substrate is summarized in Figure 1.9 and in Table 1.2. Most of the perovskite oxides
display a low valence band offset (usually less than 0.5 eV) with the SrTiO3 substrate,
with an exception being the BiFeO3 (VBO = 0.9 eV), and such interfaces usually host
a two-dimensional electron gas. A 2DEG is also predicted in the heterojunction with
the Mott-insulators GdTiO3 [83] and YTiO3 [6], which display a valence band (lower
Hubbard band) almost aligned with the conduction band of STO; this characteristic is
due to the peculiar electronic properties of Mott insulators.

Figure 1.9: Band alignment between various oxide materials and SrTiO3 as reported by several au-
thors. Most of the heterostructures display a Type II band alignment. The authors of the different
band alignments are reported in Table 1.2.

Though the formation of a 2DEG at the ABO3/SrTiO3 interface cannot be discrimi-
nated just with the band alignment analysis alone, this analysis is important to predict
on which side of the junction the possible 2DEG will be confined. The level of charge
confinement can also be directly evaluated, since a larger conduction band offset induces
a better carrier confinement [7]. For example, in the study of Comes et al. [36] the band
offsets between the alloy perovskite (LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) and STO is dis-
cussed. The large conduction band offset between STO and LSAT clearly demonstrates
that for any STO-based heterostructures grown on LSAT, electrons will not diffuse into
the LSAT, and a band bending is excluded by a Ti 2p line shape analysis. The conduc-
tion band offset is between 2.4 and 2.8 eV, thus any itinerant electron in the system will
be confined to the STO and any electronic contributions from the LSAT can be safely
discounted.

The 2DEG was also found at the heterojunction between SrTiO3 and many other per-
ovskite material, such as LaTiO3 [88], LaVO3 [88], PrAlO3 [89], NdAlO3 [89], YAlO3 [90],
DyScO3 [91], KTaO3 [92] and CaZrO3 [93]. Other similar studies report an insulating in-
terface for LaMnO3 [92], LaYO3 [90], BiMnO3 [94], and non-perovskitic La2O3 [90] and
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Material Authors VBO (± 0.2 eV) 2DEG
BaSnO3 Chambers et al. [7] -0.30 -
PbTiO3 Lebedev et al. [55] 0.38* Yes [84]
BaTiO3 Lebedev et al. [55] 0.01* -
CaTiO3 Lebedev et al. [55] 0.09* -
SrZrO3 Schafranek et al. [46] -0.50 Yes [85]
LaGaO3 Treske et al. [4] 0.00 Yes [4]
NdGaO3 Treske et al. [4] 0.00 Yes [4]
BiFeO3 Schafranek et al. [86] 0.90 Yes [87]
LaCrO3 Chambers et al. [82] 2.50 No [82]
GdTiO3 Janotti et al. [6] 2.69* Yes [83]
YTiO3 Janotti et al. [6] 2.61* Yes [6]
γ-Al2O3 Schütz et al. [9] -0.60 Yes [9]

Table 1.2: Band alignment results between various oxide materials and SrTiO3 as reported by
several authors. The band alignments obtained through calculations are marked with a *. The
presence of a two-dimensional electron gas at the interface, whenever discussed, is also reported.

Y2O3 [90] upper layers. Unfortunately for these systems an accurate band alignment is
still lacking in literature, and therefore they cannot be further considered in this review
of band alignment.

Figure 1.10: Band alignment between various non-perovskitic oxide materials and SrTiO3 as re-
ported by several authors. The authors of the different band alignments are reported in Table 1.3.
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1.5 Beyond all-perovskite junctions

It is interesting to observe that the 2DEG physics in LAO-STO has triggered several stud-
ies where the top-most layer is not a perovskite (Figure 1.10, Table 1.3). In addition to
the γ-Al2O3, a recent study has presented the possibility to grow MoO3 on STO, where
remarkable effects of charge transfer have been evidenced due to the large work function
difference between SrTiO3 and MoO3 [95]. An unexpected type I band alignment was
instead detected at the interface between Co3O4 and SrTiO3, where the simultaneous
confinement of holes and electrons in the Co3O4 layer allows the use of the heterostruc-
ture in luminescence and optoelectronic devices [20]. Other interfaces have also been
studied, such as the ZnO/SrTiO3 (type I) [27] and SnO2/SrTiO3 (type II) [96].

Material Authors VBO (± 0.2 eV)
MoO3 Du et al. [95] 1.08
Co3O4 Qiao et al. [20] 1.7
ZnO Lallart et al. [27] 0.62
SnO2 Ke et al. [96] -0.85
TiO2 Chambers et al. [97] -0.06
γ-Al2O3 Schütz et al. [9] -0.60

Table 1.3: Band alignment results between various non-perovskitic oxide materials and SrTiO3 as
reported by several authors.

These studies show that thinking beyond all-perovskite heterointerfaces can bring
new suggestions to tailor the band gap alignment in all-oxide heterojunctions. The main
field of inspiration can be all-oxide photovoltaics and photocatalysis.

All-oxide photovoltaics strongly relies on the capability to control and engineer the
band gap alignment, as the performance of an all-oxide heterojunction solar cell is greatly
affected by the band alignment at the heterointerface. To understand the charge trans-
port in the device, the band alignment at the junction between the two constituent ma-
terials is thus of crucial importance.

The band alignment in this case is often studied by the analysis of ultra-violet pho-
toemission spectroscopy (UPS) data, an experimental technique commonly used for the
characterization of photovoltaic devices. In contrast, quite few papers have been re-
ported on the study of band alignment by UPS in LAO/STO and related materials. The
main difficulty for this materials is represented by the strong charging effects, as dis-
cussed by Siemons et al. [98], where the authors resorted to use Nb:STO substrates to
overcome charging effects.

One of the most interesting oxide materials for all-oxide photovoltaics is the cuprous
oxide (Cu2O). Cu2O-based photovoltaic devices are however characterized by a low
open circuit voltage, and this underperformance is mainly due to the excessive conduc-
tion band offset between Cu2O and the n-type material partner chosen for the hetero-
junction. For instance, the TiO2/Cu2O junction has a large (up to 1.4eV) conduction band
offset which causes a loss in photovoltage [99]. A promising material to replace TiO2 in
the heterojunction is Ga2O3, which offers a small conduction band offset and thus re-
duces recombination phenomena at the interface [33]. This band alignment brought to
the record in open circuit voltage for Cu2O-based cells [2] [39].

An accurate band alignment scheme between Cu2O and SrTiO3 is still lacking in liter-
ature, albeit the formation of the heterojunction is supposed to change the valence band
offset and improve the separation of photogenerate charge carriers [100]. Indeed, the
band alignment at the Cu2O/SrTiO3 interface should trigger improved properties re-
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spect to other Cu2O-based devices, such as enhanced photoelectrochemical water split-
ting performance [100] and photocatalytic activity [101].

In heterojunctions with a type II (staggered) band alignment an accurate control of
the separation and transport of photoexcited charge through the interface is possible.
Here, the driving force for carrier migration is provided by the electric potential. An
interesting phenomena related to this situation is the enhanced photocatalytic activity
detected in the mixed-phase of anatase and rutile TiO2 with respect to the pristine sep-
arated materials [3]. This effect is probably due to charge migration, whose direction is
however highly debated [102]: many works suggest that the electrons flow from rutile
to anatase [103] or anatase to rutile [104]. The charge transfer direction is strictly related
to the sign of the valence band offset at the interface (Figure 1.11). Indeed, the bandgaps
of rutile and anatase TiO2 are 3.03 and 3.20 eV, respectively, and a type II band align-
ment is usually claimed [105]. When the VBO between rutile and anatase is positive
the alignment would favor the migration of photogenerated electrons from the anatase
side of the junction to rutile, and the transport of holes from rutile to anatase [106]. Al-
ternatively, other photoemission studies have reported the opposite situation, placing
the conduction band minimum of anatase below that of rutile [107]. Kullgren et al. [108]
tried to explain this inconsistency through a band offset induced by OH−/H+ molecules
adsorbed on the surface. This open debate however demonstrates that the current band
alignment models at the junction between rutile and anatase needs to be improved in
order to fully explain the bidirectional migration observed for electrons.

Figure 1.11: Two proposed valence and conduction band alignment mechanisms for the
anatase/rutile interface. (a) Type-II (rutile). (b) Type-II (anatase). Red arrows indicate the flow
of electrons (holes) in the conduction band (valence band). Blue and orange dots represent elec-
trons and holes, respectively. Adapted from [105].

In SrTiO3-based heterojunctions the conductive phase formation is strictly related to
the presence of a TiO2 termination plane, and thus the STO-anatase band offset is a criti-
cal factor for the determination of the heterostructure properties. This band offset is dis-
cussed in the work of Chambers et al. [97], where various sample were obtained through
different preparation methods, and where a band offset ranging between −0.06 ± 0.05
and +0.16 ± 0.05 eV is reported. In this case the two materials display the same band
gap and a near aligned band structure, so electrons and holes are unlikely to become
confined in the STO substrate and don’t contribute to surface photocatalytic processes.





CHAPTER 2

Experimental details

2.1 Sputtering deposition

2.1.1 Sputtering process bases

The sputter deposition is a physical vapor deposition method which is widely used in
industrial application, due to the low production costs, reproducible and fast growth
(with a typical growth rate of 1-10 Ås−1 [109]) of large-area thin films. With a proper
setup and deposition geometry calibration, sputtering can produce high-quality epitax-
ial films, often at a lower cost than other growth techniques [12].

Figure 2.1: (a) Schematic representation of the sputtering process, along with the parallel emission
of secondary electrons from the sample surface. Sputtered particles are marked with a *. (b)
Schematic representation of the geometry employed in off-axis sputtering deposition.

The sputtering is a process which occurs whenever a particle strikes a material with
enough energy to remove an atom from the surface (Fig. 2.1 (a)). The incident particles
are generally ions because they can be accelerated towards the material by an electrical
potential. Usually argon ion gas is used as the sputtering medium, since it’s a plentiful
heavy rare gas with a low ionization potential. The inert nature of argon also inhibits
compounds from being formed at the sputtered surface. In sputtering deposition the
Ar+ ions are accelerated towards a cathode (target) representing the source of coating
material, and the accumulation of atoms which are blasted off the target onto a nearby
substrate induces the film growth.
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An electrical potential is thus applied between the target (cathode) and the anode,
and this generates a low pressure glow discharge (plasma) between the electrodes. A
grounded cylindrical protecting shield, placed around the target material, is used to pre-
vent a discharge formation in undesirable areas. A continuous flow of ions collected
from the plasma must be guaranteed in order to sustain the discharge. Luckily sputter-
ing deposition is also characterized by a generation of secondary electrons due to the
collision of ions on the target surface. These secondary electrons are accelerated by the
cathode potential, and ionize gas atoms within the plasma, producing thus the addi-
tional ion flow necessary to maintain the discharge active [110].

2.1.2 Sputtering of oxide materials: RF sputtering

When the sputtering target is an insulator, the sputtering process induced by the argon
ions results in an accumulation of positive charge on the target surface. This charge may
grow to the point that the bombarding ions are repelled and the sputtering process will
stop. In order to make the process continue the polarity of the target must be reversed to
attract enough electrons from the discharge to eliminate the surface charge. In order to
attract the electrons and not repel the ions necessary for sputtering, the frequency must
be high enough to reverse before the direction of the ions are affected. Usually a radiofre-
quency (RF) source with a frequency of 13.56 MHz is used, a band assigned to industrial
production by the Federal Communications Commission [110]. In this frequency region
the electrons are effectively attracted to the target following the electric field switching,
whereas the ions (which have an higher mass than the electrons) are only affected to the
time-averaged field.

The main disadvantages of RF sputtering are the need for electromagnetic shields,
necessary to block the RF radiation propagation in undesirable areas, and the require-
ment of a complex matching network. RF power supplies are indeed designed to drive
a load of a given impedance, which usually don’t match with the one characteristic of
the sputtering plasma. Therefore, a matching network with variable capacitors is neces-
sary to tune the overall impedance of the system, which thus becomes equivalent to the
driving source impedance [12].

Figure 2.2: Schematic representation of the magnetic field orientation in a circular planar mag-
netron cathode. Adapted from [111].



Experimental details 21

In order to enhance further the efficiency of the RF sputtering system a magnetron
can be used. The magnetron generates a static magnetic field parallel to the target surface
to force the secondary electrons to flow in a direction perpendicular to both the magnetic
field and the electric field, which is normal to the surface. By tuning the magnetic field
this E × B drift can become closed on itself, and the resulting current loop confines
secondary electrons in a ring shape (Fig. 2.2) [111]. This configuration enhance the
number of ionizing collisions for each electron in the plasma [110], and the collision
of secondary electrons with other gas atoms or electrons reduces their kinetic energy,
increasing the density of the plasma in the ring-shaped region [111]. The introduction
of a magnetron system enhances the deposition rates (10 times the DC diode) with less
substrate heating, due to a lowered substrate electron bombardment [110].

2.1.3 Parameters influencing the sample quality

The quality of the thin films grown by sputtering deposition is strictly dependent on
many parameters which can be established in the deposition, and a small variation of
one of these parameters can greatly alter the final properties of the grown sample, in
terms of crystallinity, chemical composition (due to the possible formation of secondary
phases) and eventually magnetic and electric properties. In the following sections, the
parameters chosen for the achievement of high quality thin films are discussed.

Sputtering power

The sputtering power directly determines the sputtering rate; indeed at very low in-
cident ion energies (up to 30 eV) there is very little sputtering, and with an excessive
energy (more than 50 keV) many ions become trapped or implanted within a damaged
target. In order to obtain high quality thin films the knock-on energy regime (40 to 1000
eV) is desirable, since this ion energy range supports the dislodge of hundreds of atoms
and favors erratic collisions, which improve the sputtering rate.

Target considerations

In certain cases volatile elements can be present in the sputtered species (such as Bi in
theBiFeO3 material) and in order to achieve a stoichiometric film growth it is necessary
to use non-stoichiometric targets (with excess of Bi, Bi1.1FeO3). The target used in
sputtering deposition must be as dense as possible in order to avoid the ejection of large
particles, which can produce inhomogeneous films. The heat produced in the target
during the deposition is generally dissipated through the bonding with a water-cooled
copper plate [110].

Background gas pressure

For the purpose of ensure the flow of sputtered particles from the target to the substrate
and in order to maintain the discharge, the deposition chamber must be evacuated at an
operating pressure of 10−2 − 10−3 mbar. The gas pressure must be low enough to avoid
chemical reactions between low level contaminants present in the deposition chamber
(water vapours, oxygen, nitrogen, ...) and the sputtered atoms in transit from the target
to the substrate, which would produce secondary phases or impurity inclusions [111].



22 2.2 Atomic force microscopy

Substrate heating

Most oxide materials display growth modes that are extremely dependent on the depo-
sition temperature. The heating of a substrate in sputtering deposition can be achieved
in different ways, such as the use of resistive block heaters, where the temperature is
transmitted by thermal contact between the heater and a directly connected substrate.
In radiative heating, instead, the substrate is heated by radiation produced by a heating
element placed at a certain distance from the substrate.

Sputtering geometry

In order to obtain high-quality epitaxial thin films, is usually necessary to deal with
an off-axis geometry, where the substrate is placed 5-20 cm back from the central axis
of the chamber (Fig. 2.1 (b)), with the sputtered particles main direction orthogonal to
the plane of the substrate. The main advantage for the use of an off-axis deposition
geometry is to reduce resputtering mechanism, which occurs when already deposited
material is ejected from the growing film because of the collision with energetic sputtered
particles. Indeed, in off-axis geometry only thermalized atoms with an uniform energy
distribution can be deposited on the substrate, because these particles are subjected to
many collisions with other sputtered particles before the interaction with the substrate
(which is placed out of the main stream). As a consequence, a more homogeneous film
is obtained [12].

2.2 Atomic force microscopy

2.2.1 Introduction

The Atomic Force Microscopy (AFM) technique allows the measurement of the surface
topography of a sample, evaluated from the variation in interaction forces between the
sample surface and a tip placed on a flexible cantilever (Figure 2.3). Variations in the
surface topography of the sample lead to a deflection of the cantilever, thus producing
a variation in the reflection of a laser beam which hits the cantilever upper side. The
changes in the reflected laser beam positions are measured by a four-quadrant photodi-
ode, and could thus indirectly probe the variations in the sample topography. However,
in common AFM analysis, a feedback control unit keeps a constant cantilever deflec-
tion, obtaining an image with constant interaction force. The variation in the force while
scanning leads to changes in the tip-sample distance, providing the topography. The
tip-sample distance is thus a critical factor, and a vibration isolation system should be
implemented in the experimental setup. In this technique the vertical deflection resolu-
tion is on the order of fractions of a nanometer, thus allowing the detection of surface
steps with the height of one atom [112]. The lateral resolution of few nanometers charac-
teristic of this technique enables the detection of features in all three dimensions. A small
area of the sample surface can be raster scanned through changes in the deformation of
a piezoelectric material placed under the sample holder. Different piezos are commer-
cially available with different possible xy scan areas (ranging between 1µm × 1µm and
200µm × 200µm) and z ranges (with a maximum of 15µm) [113].

The AFM setup can be employed in two different main operation modes, depending
on the distance between the AFM tip and the sample: contact mode and non-contact (or
oscillatory) mode. In contact mode the tip is in direct mechanical contact with the sample
surface thus providing highest sensitivity achievable in AFM, with the drawback of pos-
sible tips breakage and sample damages, especially in fragile specimens such as organic
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and biological samples. In non-contact mode the sensitivity can be improved through
the so-called semi-contact mode (or tapping mode), where the cantilever oscillations are
forced with a resonance frequency characterized by an amplitude of 10-100 nm. In this
way the tip gets periodically in contact with the sample surface throughout the lower
semioscillation [114].

Figure 2.3: Schematic representation of the atomic force microscopy setup.

The tip-sample interaction forces are mainly due to Van Der Waals, electrostatic, hy-
drophobic, hydrophilic, and capillary effects [113]. The sum of this forces is described by
the Lennard-Jones potential, with its characteristic jump-to-contact which happens when
the attractive forces (at large tip-sample distances) become repulsive (at small distances)
[114]. The interaction is strictly dependent on the tip shape, which is multiatomic at its
apex (with a curvature radius ranging between 1 and 50 nm), and should be as sharp as
possible in order to avoid artifact signals originating from the convolution with the tip
shape.

One of the main advantage of atomic force microscopy is that a vacuum environment
is not necessary, thus AFM measurements are usually carried out in air, and good images
can be achieved also in water or other liquids. Very little sample preparation is thus
needed. The main drawbacks are that scans can be slow (on the order of ten minutes)
and the possible contamination-induced tip wear, which changes the surface interaction.

2.2.2 Piezoresponse force microscopy

Piezoresponse Force Microscopy (PFM) is an upgrade of the atomic force microscopy
technique [115], which enables the detection of the local piezoelectric deformation in a
sample surface caused by an applied electric field. PFM is a versatile, easy-to-handle,
non-invasive method for the detection and imaging of piezoelectric and ferroelectric do-
main patterns in air environment with a lateral resolution of a few nanometers [116] and
without the necessity of an accurate sample preparation.

In a piezoelectric material (Figure 2.4 (a)) a surface polarization charge arises as a con-
sequence of an applied external mechanical strain and vice versa, while in a ferroelec-
tric material (Figure 2.4 (b)) the spontaneous polarization can be switched and reversed
through the application of an external electric field [117], in the form of an hysteresis
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loop. All ferroelectrics are also piezoelectric: when an electric field is applied to a fer-
roelectric material, the material expands if the electric field is parallel to the material’s
polarization, and contracts if anti-parallel. PFM can be then used for imaging ferroelec-
tric domain patterns if an hysteresis loop is recorded on a specific piezoelectric domain
[118]. The shape of the hysteresis loop signal is however highly affected by artifacts
which originate from surface charge injection and current flow [119], and these phenom-
ena must be considered in order to prevent the detection of artifact ferroelectric signal in
non-ferroelectric and non-piezoelectric materials.

Figure 2.4: Schematic representation of the difference between a piezoelectric and a ferroelectric
material.

Figure 2.5: (a) AFM topography image of a BiFeO3 thin film. (b) PFM magnitude. (c) PFM phase.
(d) scheme of the applied bias. Each picture covers 4µm × 4µm. Adapted from [120].
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The PFM experimental setup is an AFM system upgraded for the PFM operation
with the introduction of a function generator and a lock-in amplifier [115]. An alter-
nating voltage, with amplitude V and frequency f , is applied to the tip by the function
generator and the consequent oscillations of the cantilever are read through the lock-in
amplifier. A simultaneous topography acquisition is also feasible, with the drawback
of possible residual topographic features in PFM data. Indeed variations in tip-sample
contact stiffness during the topographic scan induce variations in the AFM cantilever
resonance, and thus can generate artifact features in PFM contrast. The cross-talk be-
tween piezoelectric and topographic signals can be prevented through the use of a low
pass filter, typically placed in front of the feedback [121].

The theory at the base of PFM is very simple [122]: the strain Sj developed in a
piezoelectric material by an applied electric field Ei is described by a simple equation:
Sj = dijEi, where dij are components of the piezoelectric tensor (with the unit of m/V).
The longitudinal piezoelectric constant, d33, is determined in PFM by measuring the dis-
placement (∆z) of the sample along the applied field (E3). Indeed ∆z = d33V , assuming
as approximations S3 = ∆z/z0 and E3 = V/z0, where V is the applied voltage and z0
is the thickness of the sample. Furthermore, the detection of the PFM signal needs an
alternate voltage V = VACcos(ωt) applied to the tip, so: ∆z = d33VACcos(ωt + θ), and
the longitudinal piezoelectric constant d33 is readily determined. The quantities evalu-
ated in PFM analysis are thus the magnitude and the phase of the piezoelectric response,
which provide information about the intensity of the deformation and the orientation of
the piezoelectric domains respectively.

In PFM-based lithography [120] is also possible to produce sub-µm sized domains on
the surface of a ferroelectric material using the AFM tip as an electrode (Figure 2.5). Sev-
eral experiments on PFM-based lithography have been performed, where the formation
of domains is demonstrated for samples thickness ranging from a few 10nm (thin films)
to 1mm (bulk samples).

2.3 Photoelectron spectroscopy techniques

2.3.1 X-ray photoelectron spectroscopy

The X-ray Photoelectron Spectroscopy (XPS) technique is based on the interaction be-
tween a sample and a X-ray beam, which results in the emission of electrons from the
surface of the sample. The emitted electrons then pass through transfer lenses, are col-
lected by an analyzer and finally the electron kinetic energy is measured by a detector
(Figure 2.6 (a)). In this work, an hemispherical deflection analyzer is used and photoelec-
trons are subjected to a pre-retardation stage, which decelerate all electrons to a given
kinetic energy (called pass energy) prior to the entrance into the analyzer [123]. Indeed
within the analyzer photoelectrons are deflected by the potential difference applied to
the concentric capacitors, and only the electrons which enter the analyzer with a given
kinetic energy can reach the exit slit and be measured by the detector. Furthermore, the
presence of a retardation stage allows the measurements of the photoelectrons with a
fixed pass energy and thus a fixed energy resolution.

However only a small portion of the electrons excited by the X-ray source are pho-
toemitted, since inelastic scattering between the atoms of a specimen and electrons trav-
eling from the bulk to the surface can reduce the electrons kinetic energy, which can
thus be less than the energy necessary to guarantee photoemission. The mean depth of
electron emission in XPS is thus as small as a few atomic layers [124], and the analysis
is carried on electron emitted from the topmost 3-4 nm. Thus XPS is a surface sensitive
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technique, which can be exploited for the study of the surface physical and chemical
properties. In order to study the surface properties of a material, atomically clean sur-
faces are then needed [123]. A sample with reduced surface environmental contamina-
tions can be obtained relying on an ultra-high vacuum environment (p ≤ 10−9mbar),
which also allow the transfer of photoemitted electrons from the sample to the analyzer
without collisions with gas particles present in the air. This vacuum regime can be easily
obtained through a combination of rotary and turbo-molecular pumps.

Figure 2.6: (a) Schematic representation of the experimental setup used in XPS analysis. (b)
Schematic representation of the photoemission process, along with the parallel emission of Auger
electrons.

The basic equation which controls the photoemission process is: hν = Eb+EKin+ϕ,
thus the binding energy Eb of a photoemitted electron can be directly evaluated, as the
energy of the X-ray beam (hν) is fixed, the kinetic energy of the photoelectron Ekin is
measured by the detector and ϕ is a constant (Figure 2.6 (b), upper side). The ϕ term
include the work function of the material (potential barrier which must be trespassed in
order to escape the sample surface) and possible charging effects which are due to the
accumulation of charge on the sample surface. The ϕ constant can be determined by
the alignment of the position of peaks related to surface environmental contaminations,
which have a fixed binding energy position and are not involved in chemical bonds. The
X-ray source anodes more commonly used in XPS produce the Al kα (1486.6 eV) and the
Mg kα(1253.6eV ) lines, which enable a detailed analysis of the core levels of the sample
surface.

The binding energy of a photoemission peak carries information about the specific
energy level of the specific element from which the electron is photoemitted. Thus the
chemical composition of the surface can be evaluated, as an accurate quantification can
be obtained by the analysis of the area underlying the photoemission peaks, and the
chemical bonds can be determined through the analysis of possible shifts in the peaks
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positions and shape. Furthermore, the depth distribution of the elements within the
material can be evaluated by the study of angle-resolved photoemission spectra. Indeed,
the surface sensitivity of a photoemitted electron depends on the tilt angle θ, as the mean
escape depth of emission d is given by d = Λesinθ, where Λe is the photoelectron inelastic
mean free path characteristic of the material [124] (Figure 2.7 (a)). The intensity of a
photoemission peak arising from an electron emitted at a depth z is thus determined
by I(z) = I0exp[−z/Λesinθ] [125]. However, it should be pointed out that the escape
depth depends on the material and on the choice of the photon energy used for the
photoemission process (Figure 2.7 (b)) [126].

Figure 2.7: (a) Schematic representation of the variation in the emission depth with the introduc-
tion of a tilt angle. Adapted from [124]. (b) Experimental escape depth measured in various solids
(dark band) and in the most common semiconductors (markers). The energy of typical laboratory
sources is also specified through the upper labels. Adapted from [126].

Generally the interaction between the sample and the X-ray beam produces also sec-
ondary electrons, due to inelastic scattering processes, and Auger electrons [124]. Auger
electrons are emitted when an electron vacancy within the core levels induces an elec-
tronic transition which produces the energy necessary to an additional electron emission
(Figure 2.6 (b), bottom). The Auger electron energy is determined by the energy dif-
ference between the photoemission-induced core vacancy state and the two-hole state
which is produced by the Auger emission [127]. Auger electrons are thus characterized
by a fixed kinetic energy, which doesn’t depend on the energy of the X-ray source, and
are easily recognizable. The inelastic scattering of emitted electrons induce a step-like
background in the resulting photoemission spectra.

2.3.2 X-ray photoelectron diffraction (XPD)

X-ray Photoelectron Diffraction (XPD, Figure 2.8 (a)) is an experimental technique which
studies the angular dependence of XPS spectra. Indeed, the variation of the polar angle
θ (Figure 2.8 (b)) induce changes in the intensity of the XPS peaks characteristic of an
ordered crystal (Figure 2.9 (a)), since the interference between the directly emitted elec-
tron wave and the secondary electron waves which undergo scattering processes induce
diffraction effects. In this way a XPD slice is obtained (Figure 2.9 (b)), and a full stere-
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ographic projection (Figure 2.9 (c)) is obtained through the variation of the azimuthal
angle ϕ. This XPD interference pattern allows the determination of the local crystalline
structure around the emitter atom, since the local environment produces characteristic
scattering processes and thus specific interference patterns. XPD is capable to detect fea-
tures on the atomic scale, and can be used for the analysis of the long-range crystal order
of the sample down to a monolayer [128]. Furthermore, XPD analysis is performed on a
core level, and thus a detailed analysis of chemical bonding and crystal structure respect
to a specific element is possible.

Figure 2.8: (a) Schematic representation of the interference process at the basis of XPD analysis.
Adapted from [123]. (b) Geometry characteristic of polar and azimuthal scans.

Figure 2.9: (a) XPD modulation obtained from the variation of Bi4f XPS peak intensity with the
change in polar angle (azimuthal angle fixed at ϕ = 0◦). (b) Resulting XPD slice at ϕ = 0◦. (c) Full
stereographic projection, obtained through the variation of the azimuthal angle.

In order to obtain quantitative information XPD experimental data can be compared
with theoretical simulations. However single scattering calculation results usually pro-
duce an excess in forward focusing (θ = 0◦) intensity, due to the topmost atoms which
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focus the emission in the forward scattering direction, while in the practical case the
scattering arising from subsequent atoms tend to defocus the signal [128]. Thus fea-
tures due to scattering phenomena from a finite cluster around the photo-electron source
aren’t sufficient for a complete description of the photoelectron diffraction process, and
Kikuchi arches, arising from Bragg-related scattering by lattice planes of a long range
periodic structure, should be also considered. The Kikuchi lines are in connection with
a given low-index set of crystal planes and should be predominant for photoelectron
kinetic energies larger than 1 keV, when the forward scattering process diminishes. The
main XPD features are thus placed at the superposition of Kikuchi bands originating
from different low-index planes of the crystal [124]. Multiple scattering calculations
should thus be used in order to take into account for the large number of scattering
events.

X-ray photoelectron diffraction can be employed in advanced analysis, such as the
determination of the properties of adsorbates on the sample surface. Indeed with an
accurate analysis the adsorbate structure, orientation and site position on the sample
substrate can be determined [129]. Other applications include the study of the ferroelec-
tric polarization state orientation in a material [130], the determination of small lattice
distortions around the emitter, spin-dependent effects and magnetic dichroism [131].

2.4 Synchrotron-based techniques

Synchrotron radiation is a specific form of electromagnetic radiation which is emitted
whenever a charged particle which travels at relativistic speeds is forced to follow curved
trajectories by external magnetic fields. This radiation is exceptionally intense and shows
an energy which ranges in the electromagnetic spectrum from the hard X-rays to infrared
region.

In order to produce synchrotron radiation electrons are accelerated up to the MeV
range by a linear accelerator and then up to the GeV range by a booster ring. The elec-
trons then enter into an evacuated circular accelerator called storage ring, where they can
be accelerated again by the radio frequency fields produced by RF cavities, which com-
pensate the loss of energy due to the radiation emission. In this way a stationary circular
trajectory is obtained and the synchrotron radiation is produced by insertion devices,
such as wigglers or undulators. The insertion devices consist of a periodic structure of
magnets with alternate poles, which force electrons to oscillate perpendicularly respect
to the circular trajectory, emitting synchrotron radiation in the process. The bending ra-
dius and number of magnets determine the intensity and the brightness of the emitted
radiation [132].

Synchrotron radiation shows many peculiar properties: high intensity, a narrow an-
gular collimation, high polarization, brightness and collimation. In particular, the pos-
sibility to tune the beam energy over a continuous spectral range allows the use of the
radiation for interesting experimental techniques, such as resonant photoemission, X-ray
absorption and dichroism.

2.4.1 Resonant photoemission

The resonant photoemission process is characterized by an intensity enhancement of
photoemission peaks with the variation of the photon energy.

Resonant photoemission is based on the interaction between direct photoemission
(Figure 2.10 (a)) and parallel phenomena where the excitation of intermediate core states
and the subsequent decay by autoionization processes produce a final state identical to
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the one obtained by direct photoemission [127]. Indeed the absorption of X-ray radiation
can excite an electron to the resonant bound state (Figure 2.10 (b)), leaving the system
charge neutral until an Auger-like deexcitation transition induce the emission of the elec-
tron previously excited (Figure 2.10 (c)). Thus a single valence vacancy is obtained, and
this electronic state shows an energy equivalent to the one observed in the direct pho-
toemission of a valence electron [133]. The resonant photoemission signal is mainly due
to the interference between the direct photoemission and the core-hole assisted transi-
tion, and this interference induces a variation in the spectra intensities with the change
in photon energy, which is characterized by Fano-like profiles [134].

Figure 2.10: Schematic representation of: (a) direct XPS photoemission, (b) X-ray absorption, (c)
autoionization decay. The interference between the two equivalent final states produces the reso-
nant photoemission signal.

Symmetry selection rules are at the basis of this process, which can thus be used
to determine the symmetry properties of the analyzed electronic states [127]. Resonant
photoemission can be employed for the study of the atomic origin and symmetry of va-
lence electron states, for the identification of the orbital symmetries, and for the analysis
of possible dynamic properties [127].

2.4.2 X-ray absorption spectroscopy

When X-rays of intensity I0 interact with a sample, a certain part of the intensity is ab-
sorbed depending on the sample thickness d and the energy E of the incident photons.
The transmitted intensity It is determined by the Beer’s law: It(d) = I0e

−µ(E)d and the
X-ray absorption coefficient µ(E) is determined by µ(E) ≈ ρZ4/mE3, where ρ, Z and m
are the density, the atomic number and the mass of the material, respectively. The ab-
sorption coefficient thus decreases when the photon energy increases, however when the
photon energy is sufficient to photoemit an electron a new photon channel is available
and the absorption coefficient drastically increases [135]. This sharp element specific
transition is called absorption edge and when the photon energy is increased further the
absorption coefficient start to decrease again until a new absorption edge is reached. The
X-ray absorption signal can be measured through the analysis of the transmitted inten-
sity; however when the sample transmission is large or when the total absorption is only
slightly influenced by the signal of interest, the absorption coefficient can be measured
by fluorescence processes [136].
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The absorption of X-ray photons by a material induces an excitation of electrons in
unoccupied bound states (Figure 2.11 (a)), and photoemission arises when the energy
exceeds a certain threshold. The absorption coefficient is thus increased for particular
photon energies which correspond to the difference in energy between the starting core
level and the excited electronic state [135]. Different absorption edge are associated with
different atoms within the studied material, and to an excitation transition into an unoc-
cupied electronic level. The nomenclature of x-ray absorption edge is therefore related
to the core orbital of origin (Figure 2.11 (b)), where K edges refers to excitation which
originate from the innermost 1s electron, while L edge refers to transitions from 1s and
2p core levels (L1 and L2,3 respectively) and the M edge is associated to excitations from
3s and 3p states (M1 and M2,3 respectively) [137].

Figure 2.11: (a) Schematic representation of the absorption process. (b) Low-resolution XAS spec-
trum for Pb, where the three major transitions (K, L, and M edges) can be recognized. Inset: higher
resolution showing the split in the L edge. Adapted from [136]. (c) Position of the NEXAFS and
EXAFS regions. Adapted from [135].

The electrons photoemitted due to the interaction with the X-ray beam are associ-
ated to a wave which is scattered by the atoms present in the material under study. The
quantum-interference between the directly emitted and the scattered waves produces
the fine structure of the absorption coefficient, since this interference varies with pho-
ton energy [137]. The absorption spectrum can be separated into two regions: the near
edge X-ray absorption fine structure (NEXAFS) and the extended X-ray absorption fine
structure (EXAFS) regions (Figure 2.11 (c)). The NEXAFS region is also called X-ray ab-
sorption near edge structure (XANES) and features due to the transition into unoccupied
electronic states are located in this region, so the chemical bonding can be easily stud-
ied in NEXAFS analysis [138]. Furthermore, the sensitivity on multiple scattering effects
allow the analysis of the crystal phase of the sample [139]. Differently, in the EXAFS
region (E ≥ 30eV ) the electrons are excited into a continuum state, which is related on
the displacement of atoms around the absorption site, and is no long dependent on the
chemical bonding. Thus in EXAFS analysis a study of the coordination number, dis-
tances between constituent atoms and disorder induced by structural displacement and
thermal variations can be performed [137].

2.4.3 X-ray dichroism

A dichroism effect happens when a variation in X-ray absorption spectral features inten-
sity is observed with the change in the polarization of the incident radiation. If these
effects are obtained employing linearly polarized radiation, a X-ray linear dichroism
(XLD) signal is achieved (Figure 2.12 (a)), while if a magnetic field is applied to the sam-
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ple and the radiation is circularly polarized a X-ray magnetic circular dichroism (XMCD)
is obtained (Figure 2.12 (c)).

Figure 2.12: (a) X-ray linear dichroism (XLD) arising from the differential bond orientation in
polyimide films respect to the electric field of incident radiation. (b) X-ray magnetic linear dichro-
ism (XMLD) due to differential orientation in the antiferromagnetic axis of NiO(100) films respect
to the electric field of incident radiation. (c) X-ray magnetic circular dichroism (XMCD) arising
from the magnetic moment unidirectional orientation in a Fe metal sample respect to the photon
helicity. Adapted from [140].

The use of circularly polarized radiation allows a spin-dependent analysis of X-ray
absorption data, because the angular momentum of circularly polarized photons can be
transferred to the emitted photoelectrons. In this way the magnetic moment can be eval-
uated by measuring the difference in the number of d holes characterized by up and
down spin, as in most of the ferromagnets (such as Fe, Co and Ni) the magnetic behav-
ior is determined by the properties of d valence electrons [141] and by the imbalance
between spin-up and spin-down holes. The maximum effect is obtained for parallel and
antiparallel direction between spin and magnetization [140].

Circularly polarized X-rays are particularly incisive for the analysis of materials with
a net magnetic moment, such as ferromagnets or ferrimagnets [140]. In XMCD analysis
the direction of the magnetic moment can be studied exploiting the angular dependence
of this technique, since the intensity of the signal is proportional toK ·M , whereK is the
propagation vector of X-ray radiation [142]. The size of atomic magnetic moments and
the possible anisotropies in charge, spin and angular momentum can also be studied by
XMCD [143].

X-ray linear dichroism can instead be used for the analysis of the orientation of
molecular orbitals, and thus of the chemical bonds properties. Linear dichroism ob-
tained from X-ray absorption data can also be used for the analysis of the orbital occu-
pancy difference between the t2g and eg orbitals. Furthermore it has been demonstrated
that in LSMO thin films tensile strain favors the occupancy of x2 − y2 orbitals, while a
compressive strain favors the occupancy of 3z2 − r2 orbitals, thus XLD can be used for
the analysis of stress phenomena at the surface of a sample [144].

In a sample with no net magnetic moment (spin up and spin down equally present),
the local atomic spins can align along a preferential magnetic axis creating a magnetic
anisotropy, which can be probed by X-ray magnetic linear dichroism (XMLD) (Figure
2.12 (b)). A XMLD study can thus be really a powerful tool for the analysis of antiferro-
magnets [145]. XMCD and XLD techniques sensitivity allow the analysis of single inter-
faces [146], and the high sensitivity of XMCD allow the detection of very small magnetic
moments (≈ 0.005µB/atom) [142].



CHAPTER 3

Strontium titanate

3.1 Introduction

Strontium titanate (SrTiO3 or STO) is a model perovskite oxide with a large impact in
science and technological application. STO exhibits lots of interesting properties ranging
from being a paraelectric insulator [147] to a ferroelectric induced by epitaxial strain
[148] to a metal [149] or even to a superconductor if suitably doped [150]; moreover, it is
one of the most common substrates for epitaxial oxides growth and thus can be used as a
substrate for complex heterojunctions systems [81] [151]. Other interesting applications
of STO include the use as insulating layer in random-access memories [152], gate oxide
[153], immobilization material of nuclear waste [154], catalyst for the photoelectrolysis
of water [155] and electrode in oxide fuel cells [156]. The recent possibility to grow
STO epitaxially on Si (100) [157] enables the production of FETs with STO gate oxides,
which can thus introduce ferroelectric, superconducting, or magnetoresistive properties
in these devices.

When the STO is used as a substrate for the deposition of thin films an accurate
substrate termination is needed, since commercially available STO substrates usually
display a mixed SrO and TiO2 termination. A TiO2 termination is needed in order to
induce the insulator to metal transition at the LaAlO3/SrTiO3 interface [64], and the re-
sulting step-like morphology favors an homogeneous epitaxial growth of the thin films.

STO transport properties are tightly bound to the presence of defects, oxygen va-
cancies and to external mechanism, such as elemental doping, light exposure and inter-
face effects. In SrTiO3 single crystals, oxygen vacancies are the main defects and locate
mainly at surface, while Ti interstitials are the minor defects and locate in the bulk [158].
There are three main ways to create oxygen deficient STO: by annealing at high tem-
perature (600-1400◦C) in vacuum [159] [160], by Ar-ion bombardment [161] [162], and
through the deposition of inherently oxygen reduced thin films, such as LaAlO3 (LAO)
films [66]. Vacuum annealing at 650◦C induce an oxygen vacancy density increase near
the surface and a reduction of Ti interstitials density in bulk [158].

The oxygen vacancies defects are well known to influence greatly the electrical prop-
erties of STO, changing the insulating behavior of stoichiometric STO into a n-type con-
ductor for oxygen vacancies concentrations exceeding 1015 cm−3 [162]. These vacan-
cies are believed to act like donors since when oxygen defects are present, electrons are
released into the conduction band with a mobility greater than 104 cm2 / V s at low
temperatures [163], among the most prominent in any oxide [164]. Vacancies are also
responsible of defect-induced ferroelectricity [165], defect-driven variations in thermal
conductivity [166] and blue light emission [167] [168].

The physical properties of STO can also be tailored by cation substitution. For ex-
ample, Nb (substituted on the Ti site) [169], La (substituted on the Sr sites) [170] and
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Sb (substituted on the Ti site) [171] dope SrTiO3 to give an n-type metallic conductivity,
introducing also superconductivity at lower temperatures [150]. Additionally, p-doped
STO can be achieved by Sc [172] and In doping [173].

In conductive STO-based heterostrucures, such as in the two dimensional electron
gas (2DEG) at LaAlO3/SrTiO3 interface (LAO/STO) [5], it is often difficult to separate
the different doping sources. While the proposed mechanism for 2DEG onset is strongly
focused on LaAlO3 polarity [65], which should result in an electron doping at the surface
without structural defects, alternative mechanism have also been proposed. In particu-
lar, oxygen vacancies [66], intermixing at the interface [52] or non stoichiometric La:Al
ratio have been invoked [174]. The identification and the explanation of the electronic
structure of the conductive phase is still an active topic of research.

In most cases, the STO transport and structural properties are marked by the pres-
ence of a small contribution of electronic states in its gap, which usually cannot be di-
rectly probed with standard photoemission technique (XPS or UPS). However, these Ti
related 3d states can be successfully probed by exploiting the photoelectron resonant en-
hancement at the 2p-3d absorption threshold. For instance, this method has been used
to probe in-gap states in LaAlO3-SrTiO3 heterostructures [67], superconductivity in Nb
doped SrTiO3−δ [150] and point defects in TiO2 [175] [176].

The objectives of this chapter are the study of a method to obtain a correct TiO2 ter-
mination of the STO surface, directed to the production of substrates useful for the de-
position of thin films, and the characterization of SrTiO3−δ for various oxygen substoi-
chiometry level (δ), carried out with resonant and standard photoemission spectroscopy
(ResPES and XPS) and X-ray absorption spectroscopy (XAS). The defect density has been
tuned by Ar+ sputtering, in-vacuum annealing (at 600◦C) and oxygen exposure cycles.
The scope of this work is to provide reference data, which can be used as a guideline in
order to discriminate oxygen vacancies and other structural defects from possible exter-
nal doping sources. Furthermore, the simultaneous combination of standard core-level
XPS, partial and total yield XAS and ResPES allows to access the electronic structure with
a specific probing depth, thus allowing to disentangle surface and near-surface defects.

3.2 Experimental details

The SrTiO3 termination study is carried out with an etching treatment similar to the one
proposed by Koster et al. [177]: the as-received SrTiO3 (100) MaTecK substrates are ul-
trasonically soaked in distilled water for 10 minutes, in order to induce the formation of
Sr-hydroxide compounds on the surface. These surface compound can be easily elim-
inated by a selective etching of ≈ 30 seconds with a NH4F-buffered HF solution (BHF,
1.25:8.75). The etching time is determined by an experimental analysis, which reveal
that a longer etching exposition produce acid-induced pits on the surface of the sub-
strate. The etching remnants are removed by ultrasonically soaking the substrate again
in distilled water for 10 minutes. Additional hydroxide compounds are not produced
since water doesn’t react with TiO2 terminated layers. The sample is then dried with
a nitrogen-flow, and recrystallization of the surface is obtained by annealing the sub-
strate at 950◦C for 1 hour. The possible environmental and annealing-induced dust grain
which can contaminate the surface are eliminated through an additional nitrogen flow
treatment. The substrate termination and subsequent analysis is performed at the Sur-
face Science and Spectroscopy Laboratory of the Università Cattolica (Brescia, Italy). The
sample is analyzed through atomic force microscopy (AFM) measurements, which have
been collected by a NT-MDT Solver Pro instrument, operated in semi-contact mode,
and through X-ray photoelectron spectroscopy (XPS) and X-ray photoelectron diffraction
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(XPD), which are carried out with the Al K α line (hν = 1486.6eV ) of a dual-anode PsP
X-ray source and a VG Scienta R3000 electron analyzer operating in transmission mode.
In particular, the XPD measurements have been collected by exploiting the analyzer an-
gular mode, which allows the simultaneous spectra acquisition in a ±10◦ angular range
in the polar direction.

In order to analyze the effects of surface and bulk defects the properties of the SrTiO3

(100) MaTecK substrates are tailored by several treatments (Table 3.1): 1 kV Ar+ sput-
tering cycles are used in order to generate surface defects, keeping the bulk crystal still
insulating. Then, a vacuum annealing at high temperature (T > 600◦C) allows to create
bulk oxygen vacancies, making the entire substrate conductive. The exposure to molec-
ular oxygen during the substrate cooling induces the re-oxidation of the surface, also
favoring the oxygen migration to the surface. The sample conductivity is not evaluated
directly by transport measurements, but is deduced by the lack of an energy shift of the
measured photoemission spectra, which is usually present in an insulating sample due
to the accumulation of surface charge. Finally a 600◦C annealing followed by Ar+ sput-
tering generates defects both at surface and in bulk crystal, preventing the migration of
oxygen to the surface and resulting again in a conductive sample.

Treatment Sputtering Annealing Defects Conductivity
A 1kV Ar+ - Surface Insulating
B - 600◦C Bulk Conductive
C 1kV Ar+ 600◦C Surface,Bulk Conductive

Table 3.1: Labels of the various treatments applied on the SrTiO3 substrate. The different Ar+

sputtering intensities and annealing temperatures are specified. The resulting defects and sample
conductivity are also reported.

The NEXAFS, X-ray absorption, X-ray photoelectron spectroscopy (XPS) and reso-
nant photoemission (ResPES) spectra have been measured at the ALOISA beamline of
the Elettra synchrotron in Trieste (Italy). The peculiar ALOISA analysis chamber geom-
etry allows to simultaneously collect total yield XAS, Auger channel partial yield and
photoemission spectra with specific take-off angles, thus with variable probing depth.
For instance, in the ResPES setup, photoemission is measured in the sample normal di-
rection while XAS in partial yield is collected with a 60◦ take-off angle. The beamline
works in a grazing (≤ 8◦) incidence geometry, with p-type polarized X-rays; photon en-
ergy resolution was better than 0.25 eV while the final photoemission resolution was 0.3
eV.

3.3 Substrate termination

XPS analysis reveals that upon BHF termination the STO substrate maintains the cor-
rect stoichiometry, with a Ti:Sr ratio (1:0.95) similar to the expected 1:1 result. Thus the
acid treatment doesn’t induce an excessive alteration of the chemical composition of the
sample surface. Furthermore, the surface morphology is improved upon substrate ter-
mination, as can be seen in the AFM topographic measurements performed before and
after the treatment (Figure 3.1). Indeed, a clear step-like surface is observed as a result
of the combined acid and heating treatment.

In order to further verify the quality of the treatment performed, the XPD result of
the terminated sample is compared to the one measured for a commercially available
TiO2-terminated SrTiO3 substrate (Shinkosha, JP), as reported in Figure 3.2.
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Figure 3.1: AFM measurements of a STO substrate performed (a) before the termination treatment
and (b) after the termination.

Figure 3.2: XPD results obtained from the Sr 3d XPS peaks analysis, evaluated for a STO substrate
terminated through a combined acid and annealing treatment and for a commercially available
TiO2-terminated SrTiO3 substrate. Measurements were performed with a fixed azimuthal angle
(ϕ = 0◦).

The XPD results are very similar for the two analyzed samples, thus confirming the
high-quality of the substrates terminated through a combined acid and annealing treat-
ment, which are thus a good template for the epitaxial growth of oxide thin films.
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3.4 Defects analysis

The resonant photoemission and XAS data collected after the sequential treatment steps
are reported in Fig.3.3. Detailed angle-resolved XAS and XPS core-level spectra are given
in Fig.3.4.

Figure 3.3: Data collected after the different treatment steps on the SrTiO3 substrate. In (a), (c) and
(e) the resonant photoemission spectra of the shallow core and valence band peaks are reported.
In (b), (d) and (f) the constant initial state and partial yield XAS spectra collected on the SrTiO3

substrate are shown. A magnified in-gap spectrum is also reported. The SrTiO3 XAS, adapted
from Ref.[67], is reported for reference.

The sputtering of the SrTiO3 substrate generates surface defects, which spectroscopic
signature is the formation of a near-Fermi structure in the resonant photoemission spec-
troscopy spectra at resonance (red circle in Figure 3.3 (a)). Strontium titanate is a strong
insulator, and the accumulation of surface charge during the photoemission measure-
ments induces a shift of the photoemission peaks, which is not constant as the photon
energy is swept across the absorption edge (Figure 3.3 (b), blue line). As a result, a data
post-processing was mandatory to recover the aligned map (Figure 3.3 (b), red line).
Each photoemission spectrum has been normalized to the O 2s (at BE ≈ 20 eV) shallow
core peak area; such normalization is justified by the localized nature of Ti core-hole
which lead to the final autoionization process in ResPES. After this normalization is car-
ried out, the VB (BE = 3 - 9 eV) resonances becomes detectable. Additionally, a weaker
contribution of resonant electronic states in the STO gap (hereafter referred as in-gap
states) is clearly visible (orange circle in Figure 3.3 (a)). In order to analyze the XAS fea-
tures related to in-gap states, constant initial state (CIS) measurements have been also
collected. Given the strong intensity of resonant process for Ti atoms, such CIS can be
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effectively compared to standard XAS spectra. This comparison is shown in Figure 3.3
(b).

Pure SrTiO3 XAS spectrum collected in total-yield mode (green line) can be consid-
ered in this case as the reference for the non defective crystal. Such spectrum is composed
by seven peaks and can be easily calculated with Ti4+ atomic multiplet in an octahedral
ligand field [178]. The second sharp XAS peak (hν = 460.8 eV) is usually split in two
components when the octahedral symmetry is lowered, such as in tetragonal rutile TiO2

[175]. A good representative XAS of surface defect states can be also obtained by in-gap
state CIS spectrum (black line), in which an additional resonating peak can be observed
at hν ≈ 459.0 eV. These electronic states can be obtained only by Ti3+ atomic configura-
tion. Instead, resonant state in the VB are mostly due to the O 2p - Ti 3d hybridization
[175] and should be measured in any STO sample. In fact, the CIS spectrum collected on
the main VB (red line) follow closely the shape of crystalline STO. However, the small
asymmetry of the second resonance peak (stressed by the red marker) already points out
the presence of structural defects, which may alter the Ti octahedral coordination. Re-
sPES in this case is expected to show the same surface sensitivity of partial yield Auger
detection. Standard XPS can not be performed due to charging effects.

Figure 3.4: NEXAFS spectra at (a) Ti L-edge and (b) O K-edge, performed after the first sputtering
treatment (A), after the first annealing and oxygen exposure step (B) and after the final combined
sputtering and annealing treatment (C). (c) Ti 2p and (d) Sr 3d X-ray photoemission spectroscopy
peaks are reported for treatment B and C.

The main effect of high temperature annealing (Fig.3.3 (c)) is to induce an highly de-
fective bulk, which relieves the charging effects. The oxygen exposure helps the surface
re-oxidation, at least in the range of X-ray electron spectroscopy measurements (few
nanometers). A weak in-gap electronic structure can still be detected; its intensity re-
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duction can be observed also with the related CIS, shown in Figure 3.3 (d) (black line,
please note the scaling factor). Both partial yield XAS (yellow line), VB and Ti 3p CIS
are in agreement with a nearly undefected SrTiO3, with a small (but detectable) resid-
ual of defect state stressed by the red marker. Such small VB resonances contribution
marks a clear difference between structural and electrostatic charging effects; in fact,
in LAO/STO a much stronger in-gap state intensity can be observed, although VB CIS
spectra does not show any visible sign of structural defects.

Photoemission spectrum from Ti 2p core level (blue line in Figure 3.4 (c), collected at
hν=700 eV) doesn’t show any sign of Ti3+-like states, which should give a contribution
at the lower BE side of Ti 2p3/2 peak. The actual depth of the residual defect state origin
can be tracked out with the help of angle-resolved XAS spectra, given in Figure 3.4 (a).
In fact, the grazing incidence (70◦ from the sample normal) partial yield XAS (orange
line) is consistent with sample A results and shows a strikingly different shape from the
one collected at normal emission (red line). Defect state should then be confined near to
the STO surface (under the first layer), by considering the probing depth of either XPS
and ResPES measurements.

Figure 3.5: (a) Valence band spectrum at the Ti3+ maximum resonance and (b) on-off resonance
subtraction evaluated for the different treatments applied on the SrTiO3 substrate. The spectra
characteristic of the LaAlO3/SrTiO3 heterostructure are reported as a reference.

Finally, vacuum annealing at 600◦C followed by an Ar+ sputtering step results in a
sample showing both surface and bulk crystal defects. Indeed, studies on ion sputtered
and subsequent annealed STO (100) surfaces [161] show that the bombardment depletes
the surface in O and Sr with respect to Ti, and the annealing doesn’t restore the surface
stoichiometry (even though a well-ordered surface is detected), mainly due to the for-
mation of Ti3+ ions associated to oxygen vacancies. After this combined treatment step
a large in-gap CIS intensity arises (Figure 3.3 (f), black line), which is comparable to the
results observed after the first sputtering treatment. Thus the amount of defects features
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revealed by ResPES (Figure 3.3 (e)) are mainly related to the sample surface defects. The
main valence band (Figure 3.3 (f), red line) CIS shows less Ti4+ character than the partial
yield XAS (red ticks), due to larger probing depth of partial yield XAS than valence band
ResPES, as can be seen in the grazing NEXAFS results reported in Figure 3.4 (a). XPS Ti
2p spectrum shows the expected additional Ti3+ features (Figure 3.4 (b)) and also Sr 3d
display an overall larger broadening due to the increased structural disorder (Figure 3.4
(c)).

The O K-edge XAS of oxidized surface is compatible with STO in literature [142], and
surface defects results in a relevant XAS profile XAS broadening. Finally, the valence
bands Ti3+ contribution is evaluated for the different treatments applied on the SrTiO3

substrate. The resulting VB spectrum at the Ti3+ maximum resonance is reported in
Figure 3.5.

The SrTiO3 spectra reported in Figure 3.5 are aligned to the VB Ti 3d - O hybridized
states resonance maxima, only for comparison, and the LaAlO3/SrTiO3 reference is
adapted from Ref.[43]. The LaAlO3/SrTiO3 and SrTiO3 valence states apparently dis-
play a large offset (α) due to the LaAlO3 states contributing to the VB [43]. The distance
of VB and Ti3+ states (β) is larger in LaAlO3/SrTiO3 heterostructure because of the dif-
ferent type of doping mechanism. In the SrTiO3 case, even with the correct binding
energy, in-gap states do not lie at the Fermi Edge (γ). Spectral weight of feature δ is
sharper in the SrTiO3 with surface defects, while in LaAlO3/SrTiO3 the valence band
resonance is similar to re-oxidized SrTiO3, suggesting a similar physical origin (i.e. a
comparable number of defects).

3.5 Conclusions

In conclusion we demonstrated that etched SrTiO3 substrates show a surface topogra-
phy and XPD signal similar to those observed in commercially available high quality
TiO2-terminated substrates. Resonant photoemission data on defected SrTiO3 crystals
show an enhanced near-Fermi signal for the samples with surface defects as compared
to the re-oxidized sample. CIS spectra on valence band and in-gap states can be ef-
fectively used to identify the Ti bonds type and defects density, with a stronger Ti3+
weight for defected surfaces and with the expected enhancement for grazing angle mea-
surements. Doping mechanism from SrTiO3 defects results in different in-gap spec-
tra respect to LaAlO3/SrTiO3 heterostructures, and the valence band measurements in
LaAlO3/SrTiO3 are compatible with the CIS of a re-oxidized STO surface.



CHAPTER 4

Bismuth ferrite

4.1 Introduction

4.1.1 Growth and characterization

Multiferroic materials, which can simultaneously display ferroelectricity, ferromagnetism
(or antiferromagnetism) and ferroeleasticity, have already attracted much attention due
to the promising multifunctional device applications [179]. In particular, multiferroics
properties can be exploited in magneto-electric sensors [180], ferroelectric random ac-
cess memories [181], photonic crystal devices [182], spintronics applications [183] and
solar cells [184]. Since most of these materials are oxides and belong to the perovskite
structure group, multiferroics could be also combined in complex heterostructures junc-
tions, which are now opening the field of oxide-based electronics [14, 185].

The bismuth ferrite (BiFeO3) is the only room temperature single-phase multiferroic
material, with high ferroelectric Curie temperature (TC = 1103 K) and Neel temperature
(TN = 643 K) [8]. The BiFeO3 thin films are usually grown by PLD (pulsed laser deposi-
tion) [86], MBE (molecular beam epitaxy) [186] and by sputtering depositions [187, 188],
which offer several technical advantages. The sputtering deposition is fast (typically 1-
10 Å s −1 [109]), cheap and produces samples with a large practicable area; for these
reasons, is one of the most common deposition techniques used in industrial applica-
tions. In order to be suitable for devices production, sputtered polycrystalline films must
display characteristics similar to those shown by epitaxial layers, both in term of local
crystal structure, low secondary phases inclusions and, of course, multiferroics proper-
ties.

In order to obtain high quality films, a fine tuning over the growth conditions, such
as the gas composition and pressure in the deposition chamber [189], the sputtering
power [190] and the substrate temperature [191], is required. Several optimal temper-
atures have been claimed in literature, spanning from low (400◦ C [188, 189, 191]) to
high (500-700◦C [184, 189, 190]) ranges; additionally, BiFeO3 film properties can be tai-
lored by post-growth treatment, such as O2 annealing, for which only few works are
reported in literature [190, 192]. As a rule of thumb, a low growth (or annealing) temper-
ature should result in smooth, amorphous films, while high temperatures should lead
to high roughness, due to the nucleation of BiFeO3 and secondary phases crystals. A
good balance of morphology and crystalline order must be found. Stoichiometric sput-
tering is usually achieved from a BiFeO3 target with 10% excess Bi (Bi1.1FeO3), prepared
by sintering the constituent oxide mixture powders of Bi2O3 and Fe2O3 [8, 191]. Any-
way, while the crystalline order of thick films can be easily detected by X-ray diffraction
(XRD) measurements, a quantitative evaluation of the film stoichiometry through X-ray
photoemission (XPS) is missing in literature; this fact may be due to the lack of a proper
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XPS measurements calibration, which has to be performed through an appropriate data
analysis on a well characterized analyser [193].

In the first part of this chapter, a detailed characterization of BiFeO3 thin films grown
on Si substrates by RF magnetron sputtering is reported, carried out with a large set
of spectroscopic and microscopic techniques (XPS, µ-Raman, X-ray diffraction, atomic
and piezoresponse force microscopy) for various growth temperatures and post-growth
treatments. In particular, the well calibrated XPS data can be used as a reference for an
accurate stoichiometry detection of Bi/Fe ratio, supported by imaging techniques. For
the optimal growth regime, an additional X-ray absorption spectroscopy and X-ray mag-
netic circular dichroism (XAS and XMCD) analysis is also shown, with the aim to under-
line possible small differences with respect to other iron oxides spectra and to prove the
film antiferromagnetism.

4.1.2 Interface investigation

The second part of this chapter is focused on the interaction at the interface between
BiFeO3 films and SrTiO3 substrates, which is of fundamental interest since the physics of
oxides interfaces is one of the most promising research field for materials engineering. In
fact, the discovery of a two-dimensional electron gas (2DEG) [5] at the interface between
lanthanum aluminate (LaAlO3, LAO) and strontium titanate (SrTiO3, STO) has disclosed
relevant perspectives in the physics of oxide-based junctions. Perovskite structures re-
search strongly depends on the availability of clean procedure for substrate termination
and on reliable growth method for high-quality epitaxial thin films, mainly pulsed laser
deposition (PLD) [194] and molecular beam epitaxy (MBE) [45]. Apart from LaAlO3,
many other polar (A3+B3+O6−

3 ) perovskite materials have also been considered; for in-
stance [81], a 2D conductive layer has been detected also in PrAlO3, NdAlO3, NdGaO3

and LaGaO3, suggesting a rather universal mechanism for the conductivity onset.
Among perovskites with trivalent cations, bismuth ferrite (BiFeO3, BFO in short) is

a promising candidate material for epitaxial ABO3/STO heterojunctions, with the ad-
ditional properties of being a multiferroic. While bulk crystals display a rhombohe-
dral symmetry [8], epitaxial growth results in a strained orthorhombic structure [195],
which still shows multiferroicity. BFO properties could then be used to permanently
tune the 2DEG carrier density through ferroelectric domain modulation techniques, such
as piezoresponse force microscopy (PFM). STO is the substrate of choice for BFO growth,
due to the good matching of cubic lattice parameter (≈ 3.9 Å) [196]. However, in order to
investigate its multiferroic properties, in most cases BFO is grown on conductive doped
Nb:STO crystals [86], or on epitaxial buffer layers such as SrRuO3 [184].

So far, only few [151, 197] studies have been devoted to the bare STO/BFO interface
and to possible novel heterojunction effects. In fact, a conductive layer has been mea-
sured by means of cross sectional AFM [87], although the authors suggest a cationic in-
terdiffusion as a probable source of conductivity. An experimental, direct measurement
of the sheet resistivity or the carrier density is still lacking in literature.

To achieve heteroepitaxy, the sputtered BFO films should display an excellent qual-
ity, in term of crystal structure, homogeneity and absence of secondary phases. In this
sense sputtering is considered a rough deposition technique, which in general results
in low-quality films. Moreover, sputtering also lacks accurate in-growth characteriza-
tion techniques, as opposite of PLD in which reflection high-energy electron diffraction
(RHEED) can be used to monitor the growth process; as a result, counting the absolute
number of deposited layer can be difficult. The feasibility to achieve epitaxial growth by
RF sputtering has already been proved (see e.g. Koster et al.[12] and Ziegler et al.[198]).
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However, the epitaxial growth of BiFeO3 on properly terminated SrTiO3 by RF sputter-
ing has been so far virtually neglected.

The objective of the second part of this chapter is then to demonstrate the heteroepi-
taxial growth of ultrathin BFO films on STO (001) by means of RF-sputtering, suitable to
X-ray spectroscopies interface investigation and to test X-ray photoelectron diffraction
(XPD) as an effective tool to track the transition from amorphous to epitaxial ultrathin
layers. The band alignment at the interface is finally evaluated.

4.2 Experimental Details

The BiFeO3 thin films have been grown by RF magnetron sputtering on Si (111) sub-
strates for the first part of the chapter and on TiO2-terminated STO (001) substrates for
the second part, from a 2” target made of a sintered Bi2O3/Fe2O3 mixture. The sputter-
ing power was 120 W for the deposition on Si and 80 W for the deposition on STO, with
an Ar flux in the 1.9 - 2.3 sccm range and a 8.5 x 10−3 mbar pressure.

For the growth and characterization section the film thickness has been set to be about
100 nm, according to calibrated sputtering rates. Film crystallization has been achieved
either with post-growth annealing in air and with in-growth direct heating. Good ad-
hesion of BiFeO3 on Si substrate has been obtained through the removal of surface SiO2

with HF etching (for the RT deposition) and with in-vacuum high temperature flash
annealing.

The BFO/STO interface investigation needs a substrate termination which has been
achieved through HF buffered solution treatment, following the method described by
Koster et al [177]. Several films have been grown at different deposition temperatures,
ranging from RT up to nearly 700◦C. In order to trigger the epitaxial growth an off-
axis deposition geometry has been selected, which reduces the re-sputtering mechanism
and allows for a more homogeneous energy distribution of the deposited material [199,
200]; as an additional test, two films have been grown in normal and partially off-axis
geometry (sample normal tilted of 70◦ from the deposition axis).

The XPS data have been performed with the Al Kα line (hν=1486.6 eV) of a non-
monochromatized dual-anode PsP X-ray source and a VG Scienta R3000 electron ana-
lyzer operating in transmission mode. In X-ray photoelectron diffraction (XPD) mea-
surements the angle between X-ray direction and analyzer axis is fixed at 55.4◦. Single
XPD spectra are collected by rotating the sample polar angle (θ) by step of 5◦, exploiting
the analyzer angular mode [193], which allows for the simultaneous acquisition of XPS
data in a ±10◦ range in the the polar direction. Full stereographic images are collected
by performing single XPD spectra acquisition for various azimuthal angles (φ) in the -
5◦,95◦ range at step of 2.5◦ each. Data are subsequently 4-fold symmetrized to obtain the
full image. Each component of Bi 4f spin-orbit doublet spectra have been measured and
subtracted with a Shirley-type background.

Multiple scattering XPD calculations have been performed with the EDAC calcula-
tion software [201]. Convergence in angular momentum expansion and scattering order
have been carefully checked. Because of the high Bi 4f kinetic energy (≈ 1320 eV) as ex-
cited by Al Kα source, a large cluster (> 1300 atoms) calculation was needed; however,
the scattering order requirements were partly reduced by the relatively low electron in-
elastic mean free path, due to the BiFeO3 high density. A total of six Bi atoms emitters,
placed at a different depth in the cluster, have been included in the calculation. Both a
cubic and rhombohedral [185] BiFeO3 perovkites structures have been considered (the
parabolic clusters are shown in Figure 4.9 (d) and 4.9 (e), respectively); in both cases the
cubic cell parameter has been fixed to the STO value (3.95 Å). An additional oscillation
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dumping correction have been included in order to mimic the presence of surface carbon
contamination, due to sample transfer in air to the analysis chamber. Calculated XPD im-
ages in this work have been represented on the same angular grid of experimental data
for a better comparison.

Atomic and piezoresponse force microscopy (AFM and PFM) have been collected
by a NT-MDT Solver Pro instrument, operated in semi-contact mode for morphology
measurements and in contact mode (with a conductive, Pt coated tip) for the PFM mea-
surements. Micro Raman (µ-Raman) data have been collected with an In-Via confocal
Renishaw microscope, with a lateral resolution of 1 µm at 100x magnification and a 633.3
nm He-Ne laser source.

The film growth and XPS, XPD, AFM/PFM and Raman analysis have been carried
out at the Surface Science and Spectroscopy Laboratory of the Università Cattolica (Bres-
cia, Italy). The X-ray diffraction (XRD) data was collected at the Chemistry for Tech-
nologies Laboratory of the University of Brescia, using a Bruker D8 grazing incidence
diffractometer, with a Cu Kα X-ray source. X-ray absorption spectroscopy (XAS), lin-
ear dichroism (XLD), magnetic dichroism (XMCD), and resonant photoemission (Re-
sPES) measurements have been carried out at the CNR-BACH beamline at the Elettra
synchrotron facility in Trieste (Italy). The magnetic dichroism experiments have been
carried out at a temperature of 4 K, with a magnetic field in the range of ±5 T.

4.3 BiFeO3 on Si - Growth and characterization

The labeled samples list with growth or post-growth temperatures (TG and TPG) is given
in Table 4.1; samples B and C have been grown at room-temperature (RT) and sub-
sequently annealed in air at the specified TPG temperatures, while samples D, E and
F have been grown on substrates heated at TG. Table 4.1 also includes the estimated
roughness and average crystal size obtained from AFM data of Figure 4.1. In particular,
the average lateral sizes have been obtained by a statistical analysis carried out on more
than one hundred particles for each film; the resulting distribution full width half maxi-
mum is around 25% of the average value in each case. Sample A (RT deposition, without
post-growth treatment) is amorphous, thus in this case crystal size statistic has not been
performed.

Label TG TPG Roughness Crystal Size Fe:Bi ratio
(◦C) (◦C) (nm) (µm)

A RT - - amorphous 0.93
B RT 300 0.67 0.033 0.81
C RT 500 16.46 0.057 0.61
D 500 - 8.59 0.14 0.84
E 550 - 39.81 0.35 0.99
F 600 - 54.54 0.45 1.21

Table 4.1: Sample labels with growth or post-growth annealing temperatures (TG and TPG, re-
spectively); in the fourth and fifth column, average roughness and crystals average lateral size
deduced from AFM (Figure 4.1) are summarized; in the last column, Fe:Bi stoichiometry ratio
deduced by XPS analysis of Fe 2p and Bi 4p3/2 core-level peaks (Figure 4.3) is reported.

In general, the crystallite average size and the film roughness are increasing with the
temperature. RT depositions (Sample A) results in a remarkable smooth and amorphous
film, while a mild annealing at 300◦C (Figure 4.1 (d), Sample B) already leads to the
nucleation of small nanometric aggregates. However, the growth of pristine BiFeO3
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crystals is triggered only for temperatures larger than 500◦C, consistently with reports
in literature [202, 203].

Figure 4.1: AFM topographic analysis carried out on BiFeO3 films with different growth tem-
peratures ((a) 500◦C, (b) 550◦C, (c) 600◦C). AFM data on post-growth annealed films ((d) 300◦C,
(e) 500◦C) are also reported. (f) 3D plot of image (c). (g) AFM topographic scan compared with
the PFM images (h, PFM magnitude) and (i, phase) collected simultaneously on the BiFeO3 film
grown at 550◦C. Each image covers an area of 10×10 µm.

Both in-growth and post-growth annealed films thus exhibit a polycrystalline struc-
ture; however, the same treatment temperature (500◦C, Sample C and D) induces notable
differences of the surface morphology. The in-growth process (Figure 4.1 (a), Sample D)
results in an almost homogeneous distribution of nanocrystals, while the post-growth
annealing (Figure 4.1 (e), Sample C) leads to a mixture of large clusters (vertical struc-
tures) and smaller nanocrystals resulting in a larger average roughness.

The film homogeneity is strongly reduced for the highest growth temperature consid-
ered (600◦C, Figure 4.1 (c), Sample F), due to the formation of vertical structures (Figure
4.1 (f)) which leads to an overall roughness of ≈ 54 nm. This pillar-like growth is also
marked by a local preferential orientation; vertical crystal nucleation likely follows the
template induced by the early BiFeO3 crystal layer in contact with the Si substrate. In
this case, the crystal lateral size obtained by AFM is less reliable, since each crystal can
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be connected to others.
The growth at 550◦C (Sample E) shows an intermediate behavior, displaying both a

good crystallinity and homogeneity. AFM alone can not be used to rule out the presence
of Bi2O3 or Fe2O3 secondary phases; however, with the use of a conductive probe, it is
possible to track the sample piezoelectric response (i.e. the local morphology modifica-
tion) due to the voltage applied by the tip in AFM contact measurements.

An example of the PFM analysis is shown in the last row of Figure 4.1. Due to the
polycrystalline morphology, we do not expect a direct observation of single piezoelectric
domains; however, with PFM it is possible to analyze the different piezoelectric response
due to the various orientation of each single crystallite. Figure 4.1 shows a PFM (Figure
4.1 (h)-(i)) /AFM (Figure 4.1 (g)) scan for Sample E. The PFM contrast is given by the
signal oscillation amplitude and phase at AFM detector, proportional to the tip deflec-
tion. Both the PFM magnitude (Figure 4.1 (h)) and phase (Figure 4.1 (i)) images provide
a good contrast; the latter, in particular, highlights large crystal groups with a markedly
different piezoelectric response orientation. By considering the differences between mor-
phological (Figure 4.1 (g)) and PFM data, we thus ascribe the measured image contrast
to a real piezoelectric response and not to an imaging artifact. Similar PFM results have
been obtained in several different film areas. Since both Fe2O3 and Bi2O3 phases are
not expected to display piezoelectricity, we thus conclude that the deposited films are
mainly composed by BiFeO3.

Figure 4.2: µ-Raman analysis survey (sample labels in Table 4.1). Panel (a), µ-Raman spectra;
predominant features are marked in red (BiFeO3), black (clean silicon) and in blue (Fe2O3). (b)
Optical image in true colors (5x magnification) of the Sample F. Reference positions for panel (a)
spectra are also shown. (c) µ-Raman map (100x magnification) of the Sample C; contour lines are
obtained from the spectral intensity in the 90-200 cm−1 range. The BiFeO3-poor (rich) areas are
marked with blue (yellow) lines. Corresponding spectra are shown in panel (d).

The crystalline order has been further verified by µ-Raman analysis. Raman spectra,
shown in Figure 4.2 (a), clearly display the BiFeO3 signal, superimposed to the Si back-
ground (black line), for temperatures larger than 500◦C, while for lower temperatures
the spectra display broadened and smaller BiFeO3 peaks. It should be pointed out that
these spectra are comparable to other similar films in literature [204], and should not
be compared with single crystal BiFeO3 Raman results [205]. The intensity of 110-190
cm−1 features is enhanced at larger temperatures; however, true-color optical images
(Figure 4.2 (b)) consistently display the formation of large crystals, analogous to the ver-
tical structures detected by AFM at large annealing temperature. Moreover, the spectra
collected in optically different areas (F1 and F2 labels in Figure 4.2 (a)-(b)) of the sample
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grown at 600◦C (Sample F) are markedly different; the spectra collected in area F2 (pink
line in Figure 4.2 (a)), show new features at 220-250 cm−1, 280-295 cm−1 and 395-420
cm−1, which are expected in α-Fe2O3. Similar large crystallite can be clearly detected
in optical images of Sample C; in this case, a detailed Raman mapping (Figure 4.2 (c))
reveals the presence of large BiFeO3 crystals (selected spectrum collected on C2 mark is
shown in Figure 4.2 (d)), lying on a disordered background (C1 mark). However, in this
case α-Fe2O3 features are never detected.

The stoichiometry ratios have been evaluated through XPS analysis of Fe 2p and Bi
4p3/2 XPS core levels, shown in Figure 4.3. The spectral shape and the binding energy
of Fe and Bi core levels are identical to Bi3+ and Fe3+ ionic state reported in literature
[206], for any thermal treatment; however, the peak area intensity, normalized to Fe
2p3/2 core level, display substantial differences. An absolute quantitative analysis has
been carried out, performed after a proper data processing (satellites removal and cali-
bration of the analyzer transmission function) and with the use of relativistic sensitivity
factors [193]; the latter are mandatory, due to the bismuth high atomic number. Quan-
tification results reveal deviations from the 1:1 Bi-Fe expected ratio (Table 4.1), which
can be ascribed to residual impurity phases, such as Fe2O3 and Bi2O3. Each sample
displays a slightly excess of bismuth with the exception of the 600◦C growth, which
shows a Fe excess which is likely due to a Fe2O3 segregation, compatible with the µ-
Raman analysis. In this case, the different inelastic background of Fe 2p (red arrow in
Figure 4.3) suggests the secondary phases to be segregated at the surface. Notably, the
sample grown at 550◦C displays a nearly optimal 1:1 ratio; angle resolved XPS measure-
ments (not shown here) display the same stoichiometry ratio at large XPS take-off angle
too, thus proving the absence of surface segregation for the entire XPS probing depth
range. By comparison of XPS, AFM and Raman results we thus conclude that, in or-
der to achieve adequately homogenous single-phase BiFeO3 thin films, a 550◦C growth
temperature should be adopted for Si substrates.

Figure 4.3: Fe 2p and Bi 4p3/2 XPS spectra (sample labels in Table 4.1). Spectra have been normal-
ized to the Fe 2p3/2 peak area.

An additional grazing incidence XRD analysis has been carried out on the optimally
grown sample (Figure 4.4). Each expected peak (with the expected fine splitting) for
the rhombohedral BiFeO3 structure can be found; the only additional peak, located at
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2θ = 29.5◦, can be ascribed to the silicon substrate. The contribution of secondary phases
such as α-Fe2O3, γ-Fe2O3 and Bi2O3 are absent, thus proving the good film quality.

Figure 4.4: XRD data (incidence angle: 1◦) obtained from the BiFeO3 sample grown with a sub-
strate temperature of 550◦C.

Figure 4.5: XAS and XMCD data obtained from the BiFeO3 sample grown with a substrate tem-
perature of 550◦C. The XAS data is compared to the BiFeO3 and α-Fe2O3 spectra, adapted from
[207] and [208] respectively.

Finally, the XAS spectrum obtained from the sample grown at 550◦C (Figure 4.5,
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black and red lines) is comparable with data in literature and is rather similar to the
Fe2O3 one (green line, [207]). In fact, the distorted octahedral coordination of Fe3+ ions
in the oxygen cage in the structure of BiFeO3 should be nearly identical to the Fe2O3 one,
especially in polycristalline samples which are not influenced by epitaxy-induced strain.
However, a small peak on the pre-edge feature (hν=708.2 eV , black marker) can be found
in epitaxial BiFeO3 spectra (blue line, [208]), thus suggesting high quality deposition de-
spite the simple growth method. The overall smaller peak width of our measurements
also testify the good film quality. Moreover, XMCD (X-ray Magnetic Circular Dichroism)
measured at ± 5 T (Figure 4.5, blue area) shows a nearly absent signal (despite the large
applied magnetic field, see e.g. for comparison [209]), which confirms the antiferromag-
netism. With these findings, each expected multiferroic properties is thus proved in this
BiFeO3 film.

4.4 BiFeO3 on SrTiO3 - Interface analysis

In order to perform an accurate interface analysis a high-quality sample is needed, and
a characterization step of the grown film is thus necessary. The Bi:Fe stoichiometry has
been obtained through the analysis of Fe 2p and Bi 4p3/2 core levels, with the method
shown in the previous section; the thickness analysis has been carried out on Bi 4f and
Sr 3d photoemission peaks. By analyzing AFM images, XPS quantification and XPD
results, stoichiometric epitaxial growth has been achieved in the 540-580◦C temperature
range. Such results are consistent with the optimal growth conditions for polycrystalline
BFO reported in the previous section [210].

Figure 4.6: AFM topographic images of BiFeO3 films with different temperature and geometry.
(a) Amorphous sample, grown at room temperature (area 1×1 µm). (b) Semi off-axis geometry at
500◦C. BFO films grown in off-axis geometry at (c) 500◦C, (d) 580◦C, (e) 615◦C and (f) 650◦C. Each
image beyond the first covers an area of 5×5 µm.



50 4.4 BiFeO3 on SrTiO3 - Interface analysis

In Figure 4.6 the AFM characterization of the BiFeO3 films topography for different
growth geometries and temperatures is shown. Growth temperature lower than 500◦C
results in amorphous BFO films; for example, the AFM image of a room-temperature
BFO film deposited on TiO2 terminated STO is shown in Figure 4.6 (a). It should be noted
that this film has been grown with identical deposition parameters of optimally grown
epitaxial samples (Figure 4.6 (c)) and shows the same thickness on XPS analysis. The
film thickness, as estimated by XPS, is indeed 3.41 ± 0.05 nm for each film, compatible
with a coverage of 9 BiFeO3 cubic unit cells. Deposition time (140 s) has been kept fixed
for each film. While AFM alone often does not allow to discriminate the epitaxial degree
in ultrathin overlayers [211], in this case the image of Figure 4.6 (a) is markedly flatter
and featureless as compared to epitaxial data.

AFM images collected on partial off-axis growth (20◦ tilt of sample holder respect
to normal emission) at the ideal temperature show the superposition of flat, ordered
areas and isolated crystals; such morphology is possibly due to the rather high energy
of some of the sputtered atoms, which may damage the substrate and induce seeds for
nanocrystal growth.

The growth of secondary phases can also be observed in high-temperature (≥ 550◦C)
BFO growth. The increase of the SrTiO3 substrate temperature during the deposition
results in the formation of nanocrystals with a 40 nm lateral size for the sample grown
at 580◦C (Figure 4.6 (d)), a 54 nm size for the sample grown at 615◦C (Figure 4.6 (e))
and a 121 nm lateral size for the sample grown at 650◦C (Figure 4.6 (f)). From the XPS
analysis the stoichiometry of the film was found to be different for the four samples; the
nearly ideal 0.98 Fe:Bi ratio characteristic of the optimal sample (grown at 550◦C, Figure
4.6 (c)) was increased up to 1.28 for the sample grown at 650◦C. The excess of Fe atoms
thus suggests the presence of Fe2O3 nanocrystals. Such findings are consistent with the
expected optimal growth temperature range for BFO; similar results have been reported
on polycristalline samples [210] grown with RF sputtering.

The comparison between the AFM images of properly TiO2 terminated STO and epi-
taxial BFO film, deposited at 550◦C, is shown in Fig.4.7.

Figure 4.7: AFM topographic images of (a) TiO2 terminated SrTiO3 (001) substrate and (b) BiFeO3

film grown on SrTiO3.

The STO substrate (Figure 4.7 (a)) displays regular terraces of an average width of
108 nm and a step height of 3.8 ± 0.1 Å, corresponding to a miscut angle of 0.20◦. AFM
of deposited film (Figure 4.7 (b)) displays an epitaxial terraces coverage, with the same
width and step height of the substrate. Though small holes due to incomplete upper
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layer reconstruction can be observed, our result is particularly remarkable by consid-
ering the lack of real-time growth control provided by RHEED in conventional PLD or
CVD deposition. Furthermore, the optimal Bi:Fe ratio mitigates the possible presence of
surface segregation of secondary phases.

The final proof of the epitaxial order of the films has been obtained by means of XPD
(Figure 4.8), carried out by evaluating the Bi 4f XPS area while rotating the sample polar
angle in the [010] plane. As a reference, similar XPD spectra have been collected on Sr
3d core levels of the bare STO substrate; in fact, Bi and Sr should share equivalent lattice
sites and in the high kinetic energy regime the XPD modulation is mostly due to forward
scattering.

Figure 4.8: (a) XPD analysis of Bi 4f XPS peak area from a BiFeO3/SrTiO3 heterostructure for dif-
ferent growth conditions (data obtained from Sr 3d of STO substrate is also shown as a reference).
The main XPD peaks are marked with ticks. The spectra are collected by sweeping the sample
polar angle in the (010) substrate plane, with a fixed azimuthal angle (ϕ = 0◦). Experimental (b)
and simulated (c) full XPD stereographic patterns.

The data reported in Figure 4.8 (a) display how XPD can be used as a characteri-
zation tool of thin film epitaxial growth. As expected, the XPD spectrum (blue line) of
amorphous BFO, deposited at room temperature, shows a relatively flat dispersion, with
an overall modulation originating from the XPS attenuation for different electron take-
off angles. Deposition on non-terminated STO substrate with an appropriate growth
temperature still results in a nearly featureless XPD dispersion (grey line), with the ap-
pearance of peaks at 0◦ and 45◦ due to a partial ordering in the Bi cubic structure. Such
result proves the capability of XPD as a tool for growth quality assessment, as it can catch
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partial ordering and epitaxiality in the growth process. Similar results are obtained for
the sample grown at RT and subsequently annealed at 550◦C (green line), which shows
a comparable long-range crystal order. Sample grown in a partial off-axis geometry on
TiO2 terminated STO (red line) still results in a disordered film (see Figure 4.6); how-
ever, a larger number of separated peaks can be seen in the XPD signal, as a results of
the higher degree of film epitaxiality. Finally, in off-axis growth geometry (yellow line),
a large number of XPD features, which show a good matching with the position of XPD
peaks obtained from the STO substrate (black line), can be easily resolved, thus confirm-
ing the epitaxial growth.

In the case of fully epitaxial film, the XPD stereographic image (Figure 4.8 (b)) is
also reported. Data have been collected in a 0◦-90◦ azimuthal angle range and then
symmetrized to obtain the full image. Such results are in a remarkable agreement with
simulations for a simple BFO cubic structure (Fig.4.8 (c)), although bulk BFO display a
rhombohedral structure [196] and orthorhombic reconstruction have been reported [195]
in strained thin, epitaxial BFO/STO.

Figure 4.9: (a) Multiple scattering XPD calculations for the cubic BFO perovskite cluster shown
in panel (d). (b) XPD calculation result for the rhombohedral BFO cluster shown in panel (e). (c)
Simulation results of panel (b) after 4-fold symmetrization, carried out to mimic XPD results on
multiple domain sample. (f) Main cubic perovskite Kikuchi arches (red lines) superimposed to
experimental Bi 4f XPD image.

In order to analyze the effects of distortions within the thin films, simulations are per-
formed also with a distorted cluster and are compared to the cubic case. The distorted
cluster calculations (Figure 4.9 (b)) clearly shows strong asymmetries, as compared to
cubic one (Figure 4.9 (a)); such deformations are typical of multiferroic materials and
are linked to a specific ferroelectric domain orientation. In our case, the probing area
is defined by the analyzer focus (1 mm2) and thus, whenever present, several domains



Bismuth ferrite 53

could be measured simultaneously. Thus, a better approximation of expected data has
been obtained by applying 8-fold symmetry to the calculated XPD image (Figure 4.9 (c)).
A closer comparison of the two calculations (Figure 4.9 (a) and Figure 4.9 (c)) reveals
small differences close to normal emission (θ = ±15◦), which could suggest a better
agreement of the cubic structure simulation with the experimental data (Figure 4.9 (f)).
However, by performing a proper least-square fitting procedure, it has not been possible
to discriminate the two phases, due to additional features which become more evident at
larger polar angles. For instance, superimposed to multiple scattering modulation, addi-
tional Kikuchi arches [131] are also observed. Such features, due to electron reflection on
specific crystal planes, are expected in relatively high energy (≥ 1 keV) diffraction exper-
iments. The predicted direction of Kikuchi arches in a cubic symmetry perovskite (red
lines in Figure 4.9 (f)) are in perfect agreement with experimental data. The combination
of the large probing area and the presence of Kikuchi features (only partly reproduced by
the calculations) prevented in this case the discrimination of distorted and cubic struc-
ture; however, the applicability of XPD (even on a fixed azimuthal angle dispersion) as
a tool for epitaxial order identification is still valid. Full phase discrimination could be
feasible in thicker films, by performing a full 2π azimuthal angle dispersion on a single
domain sample.

Figure 4.10: (a) XAS spectrum of Ti L3,2 and Bi N5,4 edges; red lines mark the expected positions
for possible Ti3+ features. Inset: Bi 4d and Ti 2p (black arrow) XPS peaks. (b) XAS (left axis) and
XLD (right axis) of Fe L3,2 edge spectra for epitaxial BiFeO3 thin film.
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In STO based heterojunctions a typical proof of the presence of the 2DEG is given by
small distortion of Ti 2p core-level photoemission spectrum [43]. In this case, however, Bi
4p core-level are superimposed to Ti 2p (Figure 4.10 (a), inset), preventing the application
of this method. We resorted then to X-ray absorption spectroscopy (XAS) (Figure 4.10 (a))
to verify the oxidation state of Ti and Fe ions; Ti L3,2 edge XAS spectrum is consistent
with a completely oxidized Ti4+ state, with no obvious residual Ti3+ spectral features
[43]. Fe L3,2 edge is also consistent with the expected 3+ oxidation state. Moreover, a
clear dichroism (XLD, Figure 4.10 (b)) is observed by switching from in plane to out of
plane X-ray linear polarization; such result is consistent to previously reported results
in BFO literature [212] and provides an additional proof of the epitaxial nature of the
overlayer, since XLD can not be observed in disordered polycrystals.

The presence of the 2DEG can also be demonstrated by the analysis of in-gap struc-
tures probed by resonant photoemission (ResPES) measurements carried on the Ti L3,2

edge [67]. However, the 4 nm thick films analyzed aren’t suitable to such an accurate
measurement, which require thinner films in order to fully take advantage of the res-
onance enhancement. Furthermore, the insulating behavior of BiFeO3 induce a strong
charge accumulation on the sample upon synchrotron irradiation, which induce a strong
shift and broadening in the measured photoemission peaks, and can thus make more
difficult to deal with the resonant photoemission analysis. The ResPES analysis of the el-
ements constituent the films is still feasible, and a resonant photoemission study carried
on the Fe L3,2 edge is reported in Figure 4.11.

Figure 4.11: (a) Resonant photoemission analysis carried at the Fe L3,2 edge with a horizontally
polarized source on the valence band of the BiFeO3/SrTiO3 heterostructure. (b) Comparison be-
tween: A - On resonance valence band measured with a horizontally polarized source; B - Pre
edge valence band measured with a horizontally polarized source; C - On resonance valence band
measured with a vertically polarized source; D - Resonant photoemission study of the FeTiO3 va-
lence band, adapted from [213]; E - Refernce Fe3+ valence band spectrum with highlighted crystal
field contributions, adapted from [214].

Resonant photoemission measurements of the valence band carried on the Fe L3,2
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edge show an enhancement of the eg components for data collected with a horizontally
polarized source respect to the vertically polarized one (Figure 4.11 (b)). Furthermore,
the presence of a small feature near to the Fermi level in the pre-edge region suggests
the presence of a Fe2+ contamination, since such a structure isn’t predicted for a Fe3+
valence band spectrum [214]. This peculiar feature could be due to small intermixing
phenomena, which can produce an ilmenite-like local coordination (characterized by a
Fe2+ oxidation state) through the substitution between Fe and Sr at the interface. The
small structure is indeed detected in the resonant photoemission analysis carried out on
a FeTiO3 sample [213].

Figure 4.12: XPS analysis of the band alignment. (a): Linear combination of the BiFeO3 and SrTiO3

signals, which produces the fit (dashed line) of the signal of the BiFeO3/SrTiO3 heterointerface.
Inset: detail of the normalized valence bands with measured VBM markers. (b): Resulting band
alignment. The position of bare STO bands are reported for comparison (red dashed lines).

Finally, the band junction profile has been studied through XPS valence band analysis
shown in Figure 4.12. In order to obtain the valence band maxima (VBM) shift, BFO/STO
heterointerface valence band has been interpolated by the linear combination of thick
(100 nm) polycrystalline BFO and clean STO spectra; the same method has been applied
to LAO/STO case [43]. As a result, an accurate displacement map of occupied states
position relative to the Fermi level can be obtained; the energy position of empty bands
can then be estimated by considering the gap values reported in literature [215, 216]. In
this case, the relative BFO/STO distance can be easily evaluated through the position
of well-resolved core levels (Sr 4s, Bi 5d3/2 and Bi 5d5/2, at a binding energy of 38.0 eV,
29.7 eV and 26.7 eV, respectively). The resulting band alignment scheme is equivalent to
the one measured on a BiFeO3 film grown by PLD [86], which accordingly display the
correct electronic properties.

It should be also noted that the deposition of epitaxial BFO results in a large displace-
ment of STO VBM (0.75 eV) with respect to the bare STO surface (red dot lines in Figure
4.12 (b)). Such shift drives the substrate conduction band minimum closer to the Fermi
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level and thus can ultimately favor the formation of a 2DEG. In fact, the same effect has
been previously observed in LAO/STO and in other heterostructures, grown by PLD,
CVD or sputtering [9]. However, in 2DEG system the conductive layer is matched by
an additional STO conduction band notch crossing the Fermi level at the interface [43],
which couldn’t be probed by standard photoemission techniques. Thus, although the
sign of the band shift is compatible with a scenario observed in conducting perovskite
heterointerfaces, this band profile alone does not provide a proof of 2D conductivity.

4.5 Conclusions

In the first part of this chapter we report the successfully growth of BiFeO3 over crys-
talline Si through the RF magnetron sputtering technique. Several thin films have been
characterized with a large set of experimental probes. The optimal substrate tempera-
ture for the deposition is found to be 550◦C; in this condition, a smooth, polycrystalline
film is obtained, which shows both strong antiferromagnetism and piezoelectricity. Re-
ported XAS spectra evidences small features that can be used to distinguish the BiFeO3

from the similar Fe2O3 spectra. Moreover, the XPS analysis shown in this work allows to
precisely evaluate the Bi:Fe stoichiometry ratio, which is usually a difficult experimental
task. Temperature controlled growth is more reliable than room-temperature deposition
followed by post-growth annealing, especially in terms of homogeneity, although a sim-
ilar crystal order can be recovered. This inexpensive, repeatable and fast growth method
can thus be suitable for large scale applications of BiFeO3 in new devices.

In conclusion, in the second part of the chapter we proved the feasibility of high-
quality epitaxial growth of BiFeO3 thin films on SrTiO3 by means of off-axis RF sput-
tering, suitable to interface investigation through photoelectron spectroscopy. Given
the intrinsic difficulties in the use of typical growth characterization techniques such as
RHEED, Raman and XRD, we resorted to AFM and photoemission to assess the growth
quality. In particular, XPD has proven to be an extremely powerful technique for the
determination of epitaxial character in ultrathin overlayer. In optimally grown samples,
each photoelectron diffraction peak and Kikuchi bands can be easily measured, thus al-
lowing us to recognize the sample as perfectly epitaxial; consistently, it is shown that RF
sputtering can be tuned to grow ultrathin oxide heterostructures with a crystalline qual-
ity comparable to that displayed by laser-ablation techniques. X-ray absorption spectra
confirm the expected Ti4+ and Fe3+ oxidation states. The valence band analysis of epi-
taxial films shows a strong shift of STO conduction band minimum towards the Fermi
level, which could ultimately favor the appearance of 2D conductive states; such mech-
anism, which correspond to a strong n-type doping, can be recognized as a common
feature [4] of perovskite epitaxial interfaces.



CHAPTER 5

Non-perovskite/SrTiO3 interfaces: Al2O3/SrTiO3 and
CuO/SrTiO3

5.1 Introduction

The discovery of a two-dimensional electron gas (2DEG) in the LaAlO3/SrTiO3 het-
erostructure [5] has triggered a wide search for interfaces capable to host a 2DEG, mainly
perovskite-based heterojunctions [32]. However, the 2DEG was also found in the γ-
Al2O3/SrTiO3 interface [9], opening the possibility to found a 2DEG in structures where
the top-most layer is not a perovskite. Furthermore, the growth of non-perovskite layers
on SrTiO3 can be exploited for the production of all-oxide photovoltaics [33] and pho-
tocatalysis system [3]. These applications are influenced by the heterostructure band
alignment, which determines the carrier flow direction through the interface and possi-
ble charge confinement effects [27]. The growth of non-perovskite films on SrTiO3 can
thus provide ideas to engineer novel oxide heterojunctions.

In this chapter, two non-perovskite materials are studied, namely Al2O3 and CuO.
For both these structures a growth and characterization analysis is reported, and the
band alignment at the interface is discussed.

Al2O3 displays a wide band gap (≈ 8.0 eV), and is thus commonly used in devices
as an insulating layer material. Furthermore, the lattice parameter of γ-Al2O3 (7.911 Å)
is approximately twice the one characteristic of SrTiO3 (3.905 Å) [217], thus an epitaxial
growth of a γ-Al2O3 layer on a SrTiO3 substrate is easily achievable. The Al2O3/SrTiO3

interface can host a 2DEG which is usually attributed to the formation of oxygen vacan-
cies [90]. Such a 2DEG shows electron mobilities greater than those previously observed
in perovskite-based heterojunctions, and a thickness-dependent insulator to metal tran-
sition similar to the one observed for the LaAlO3/SrTiO3 heterostructure is reported [9].
The polar properties of the Al2O3 layer should induce an interface polar discontinuity,
and thus a built-in electric field and a potential gradient through the film. However, in
the work of Schütz et al. [9] such a gradient was not observed. A bending of the SrTiO3

bands which form a 600 meV deep potential well is still reported, and the presence of
this notched structure enables the confinement of electrons within 3-5 unit cells under
the interface.

The Al2O3 is mainly grown on SrTiO3 by pulsed laser deposition (PLD) [9] [217]
and atomic layer deposition (ALD) [90] [218]. The growth of Al2O3 on SrTiO3 by RF
sputtering has already been demonstrated in the work of Ueno et al. [219], where the film
is used as a gate insulator for field effect transistor applications. An accurate interface
analysis and band alignment for sputtered Al2O3/SrTiO3 heterostructures is still lacking
in literature. The first part of this chapter is then focused on the study of these topics.

Cupric oxide (CuO) shows many interesting properties, such as a transition from a
paramagnetic to an antiferromagnetic phase at ≈ 230 K, and a spin reorientation at 212

57



58 5.2 Experimental Details

K, which results in alternating Cu spins with an antiferromagnetic order along the [101]
cubic direction [220]. Furthermore, CuO is a promising material for the production of
solar cells, because of its electrical and optical properties (band gap of 1.2-1.7 eV) [10].
Cupric oxide, differently from typical transition metal oxides, shows a monoclinic crys-
tal structure [221], despite a tetragonal structure can be obtained upon epitaxial growth
on a SrTiO3 substrate [222]. This highly symmetric phase of CuO could show an inter-
play between the electron-phonon coupling and Jahn-Teller distortions [223]. Another
important application of CuO is in photoelectrochemical water splitting, since the per-
formance of the CuO/SrTiO3 heterostructure is increased respect to that of similar het-
erostructures, such as ITO/SrTiO3 and ITO/CuO junctions. In fact, due to improved
conductivity, CuO/SrTiO3 shows a superior photocurrent density and photoconversion
efficiency respect to pristine materials [11].

In the second part of this chapter the growth and characterization of sputtered CuO
thin films is discussed, where the final objective is the analysis of possible interface phe-
nomena.

5.2 Experimental Details

The Al2O3 and CuO thin films have been grown by RF magnetron sputtering on Si (100)
substrates for the calibration of deposition parameters, and on TiO2-terminated STO
(001) substrates for the interface analysis, from 2” sputtering targets. The sputtering
power was 120 W for the depositions on Si and 80 W for the depositions on STO, with an
Ar flux in the 1.9 - 2.3 sccm range and a 8.5 x 10−3 mbar pressure. Film crystallization has
been achieved either with post-growth annealing in air and with in-growth direct heat-
ing. Good adhesion on Si substrate has been obtained through the removal of surface
SiO2 with in-vacuum high temperature flash annealing.

The STO TiO2 termination has been achieved through HF buffered solution treat-
ment, following the method described by Koster et al [177]. In order to trigger the epi-
taxial growth an off-axis deposition geometry has been selected, which reduces the re-
sputtering mechanism and allows for a more homogeneous energy distribution of the
deposited material [199, 200].

The XPS analysis has been performed with the Al Kα line (hν=1486.6 eV) of a non-
monochromatized dual-anode PsP X-ray source and a VG Scienta R3000 electron ana-
lyzer operating in transmission mode. In X-ray photoelectron diffraction (XPD) mea-
surements the angle between X-ray direction and analyzer axis is fixed at 55.4◦. Single
XPD spectra are collected by rotating the sample polar angle (θ) by step of 5◦, exploiting
the analyzer angular mode [193], which allows for the simultaneous acquisition of XPS
data in a ±10◦ range in the the polar direction. Full stereographic images are collected
by performing single XPD spectra acquisition for various azimuthal angles (φ) in the
-5◦,95◦ range at step of 2.5◦ each.

Atomic force microscopy measurements have been collected by a NT-MDT Solver
Pro instrument, operated in semi-contact mode. Micro Raman (µ-Raman) data have
been collected with an In-Via confocal Renishaw microscope, with a lateral resolution of
1 µm at 100x magnification and a 633.3 nm He-Ne laser source.

The film growth and XPS, XPD, AFM and Raman analysis have been carried out at
the Surface Science and Spectroscopy Laboratory of the Università Cattolica (Brescia,
Italy).
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5.3 Al2O3 on SrTiO3

In order to calibrate the deposition parameters, such as the substrate temperature and
the growth rate, the Al2O3 thin films have been initially grown on Si (100) substrates.
Two films are grown, at room temperature (RT) and at 600◦C respectively, and the film
grown at 600◦C is subsequently annealed in air at 750◦C and 900◦C. The film grown at RT
is amorphous and shows no AFM features, while the annealing induces the formation
of surface crystals (Figure 5.1), whose dimension increases with annealing temperature.
The sample roughness is simultaneously slightly reduced (Table 5.1), probably due to
the formation of overall flattened large crystals.

Figure 5.1: AFM topographic analysis carried out on Al2O3 films with different post-growth an-
nealing temperatures ((a) 600◦C, (b) 750◦C, (c) 900◦C). Each image covers an area of 10×10 µm.

Substrate T Roughness Crystal Size Al:O ratio Thickness
(◦C) (± 0.01 nm) (± 1 nm) (± 0.1 nm)

Si RT - amorphous 0.81 20
Si 600 0.24 40 0.86 20
Si 750 0.15 85 - 20
Si 900 0.14 104 0.89 20

SrTiO3 600 0.06 - 0.43 1.7
SrTiO3 600 0.10 - 0.12 0.4

Table 5.1: Sample list with the substrates and annealing temperatures considered; in the third and
fourth column, average roughness and crystals average lateral size deduced from AFM (Figure 5.1
and 5.3) are summarized. For the samples grown on SrTiO3 the crystal size is not reported since
the films cover smoothly the SrTiO3 terraces. In the fifth and last column, Al:O stoichiometry ratio
and film thickness deduced by XPS analysis are reported.

Despite an highly ordered crystalline structure is usually preferable, the post-growth
annealing induces an oxygen loss within the sample, as can be seen in the stoichiometry
quantification reported in Table 5.1 and in the Al 2s and Al 2p XPS peaks shift (Figure
5.2), which increases for higher annealing temperatures. In fact, the presence of oxygen
vacancies in the film can change slightly the charging effects of oxides under XPS irradi-
ation, which produce the shift in XPS peaks position. It should be pointed out that the
O 1s XPS peak used for the stoichiometry evaluation consists on a chemically bonded
component and a part due to environmental oxygen contamination; the stoichiometry
related to the bulk-like oxygen fraction is thus less than the quantity estimated in Table
5.1. Anyway, all the sample grown on Si show a strong excess of Al, since the stoichiom-
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etry exceeds the 0.66 expected ratio.

Figure 5.2: (a) Al 2s and (b) Al 2p XPS peak spectra. The spectra are normalized and aligned
respect to the C 1s environmental contamination XPS peak. A pronounced peak shift can be ob-
served when the annealing temperature is increased.

Figure 5.3: AFM topographic analysis carried out on: (a) SrTiO3 (001) substrate, (b) and (d) Al2O3

films grown with a 1.7 nm film thickness, (c) Al2O3 films grown with a 0.4 nm film thickness.
Image (a) and (b) cover an area of 5×5 µm, while image (c) and (d) cover an area of 10×10 µm.
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In order to obtain a sample with both a good surface crystallinity and chemical sto-
ichiometry we then deposited Al2O3 thin films on SrTiO3 with a 600◦C substrate tem-
perature. The resulting films show an homogeneous growth along the SrTiO3 substrate
terraces (Figure 5.3), where the step length and height are maintained upon deposition
(≈ 100 nm and 3.8 ± 0.01 Å, respectively). The 0.4 nm-thick film shows many surface
clusters which alter the step length, probably present because of an incomplete etching of
the substrate surface. The films grown on SrTiO3 show no more an excess of aluminum,
but the presence of an oxygen component due to the SrTiO3 substrate can invalidate
the stoichiometry analysis. Indeed, the O 1s XPS peak characteristic of the 0.4 nm-thick
film (not shown here) should be dominated by the SrTiO3 contribution, and thus the
stoichiometry quantification results in a poor Al:O ratio.

Both the films grown on SrTiO3 show a good epitaxial growth since the XPD results,
obtained from the tilt-induced variation of the Al 2p XPS peaks area (Figure 5.4 (b)),
show a number of peaks comparable to the ones observed in the SrTiO3 substrate signal.
Furthermore, a Al2O3 film grown by atomic layer deposition (ALD) shows a nearly ab-
sent XPD signal, and this demonstrates the higher epitaxial order of Al2O3 films grown
by RF sputtering.

Figure 5.4: (a) Ti 2p XPS peak spectra, measured on the film grown by RF sputtering and on a
film grown by ALD. A spectra measured on the SrTiO3 substrate is reported as a reference. A
black arrow marks the energy position where the Ti3+ states should arise. (b) XPD slice results,
measured through the Al 2p XPS peaks on the film grown by RF sputtering and on a film grown by
ALD. The XPD result obtained from the Sr 3d peaks of the STO substrate is reported as a reference.
Measurements were performed with a fixed azimuthal angle (ϕ = 0◦).

A spectroscopic signature for the possible presence of the 2DEG in a SrTiO3-based
heterostructure is the formation of Ti3+ oxidation states. These states can be probed in
resonant photoemission measurements as in-gap features [43], and can be also observed
as a small shoulder at lower binding energy in the Ti 2p3/2 standard XPS peak [54]. The
Ti3+ feature can be barely seen in the sample grown by ALD (Figure 5.4 (a)), while the
film grown by RF sputtering doesn’t show any Ti3+ signal (is equivalent to the SrTiO3
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case). Thus RF sputtered films could thus be less suitable for the growth of heterostruc-
ture which can host the 2DEG as compared to ALD. A similar situation was observed by
Dildar et al. [224] in sputtered LaAlO3/SrTiO3 heterostructures, where a set of deposi-
tion conditions suitable to produce a conductive interface wasn’t found, and the junction
could not be rendered conductive neither by post-annealing treatments.

Finally, the band alignment is reported in Figure 5.5. The valence band maxima
(VBM) shift is obtained by the interpolation of the Al2O3/SrTiO3 heterointerface va-
lence band with the linear combination of thick (20 nm) polycrystalline Al2O3 and clean
SrTiO3 spectra. The energy position of conduction bands can then be evaluated by con-
sidering the gap values reported in literature. The type I band alignment is consistent
with the one observed by Schütz et al. [9], while the valence band offset in our measure-
ments is 0.29 eV, less than the 0.60 eV reported. This suggests that there can be many
difference between the PLD-grown film and our film grown by RF-sputtering, possibly
in crystal structure and strain.

Figure 5.5: XPS analysis of the band alignment. (a): Linear combination of the Al2O3 and SrTiO3

signals, which produces the fit (dashed line) of the signal of the Al2O3/SrTiO3 heterointerface. (b):
Resulting type I band alignment.

5.4 CuO on SrTiO3

In order to obtain high-quality CuO/SrTiO3 heterostructure we initially calibrated the
deposition temperature through the growth of CuO films on silicon substrates, and then
we grew a set of CuO/SrTiO3 heterostructures with different film thickness (estimated
by XPS analysis calibration). The AFM analysis reveals that the film grown at RT already
displays many CuO clusters (Figure 5.6 (a)), which form a partially ordered polycrys-
talline structure when the film is grown with a substrate temperature of 600◦C (Figure
5.6 (b)). For this film, the XPS analysis reveal an excess of Cu (Table 5.2), which is compat-
ible with the formation of the Cu2O compound. Thus a substrate temperature of 500◦C
is chosen for the deposition on STO, which enables a more homogeneous distribution of
surface crystals (Figure 5.6 (c)). The high roughness and crystal size measured for the
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films grown on Si decrease upon deposition on STO, and are further reduced for thinner
films (Figure 5.6 (d-f)). Indeed, the 4.3 nm-thick film (hereafter labeled ‘Thin’, Figure 5.6
(e)) displays smaller crystals which start to displace homogeneously along the STO ter-
races, and an epitaxial CuO layer is obtained for the 2.7 nm-thick film (hereafter labeled
‘Ultrathin’, Figure 5.6 (f)).

Figure 5.6: AFM topographic analysis carried out on CuO films with different growth conditions.
(a) CuO grown on Si at RT. (b) CuO grown on Si at 600◦C. (c-f) Films grown on STO at 500◦C with
decreasing film thickness (see Table 5.2). Each image covers an area of 5×5 µm.

Substrate T Roughness Crystal Size Cu:O O2C Thickness
(◦C) (± 0.01 nm) (± 1 nm) Ratio Ratio (± 0.1 nm)

Si RT 5.28 94 0.97 46% 110.0
Si 600 7.30 380 1.94 34% 110.0

SrTiO3 500 0.85 59 1.36 27% 42.0
SrTiO3 500 0.59 31 1.28 30% 18.0
SrTiO3 500 0.18 11 1.27 21% 4.3
SrTiO3 500 0.09 - 0.99 17% 2.7

Table 5.2: Sample list with the substrates and annealing temperatures considered; in the third and
fourth column, average roughness and crystals average lateral size deduced from AFM (Figure 5.6)
are summarized. For the ultrathin (2.7 nm) sample grown on SrTiO3 the crystal size is not reported
since the film covers smoothly the SrTiO3 terraces. In the fifth and sixth column, data obtained
from the XPS analysis is reported, namely Cu:O stoichiometry ratio and O2 contamination (O2C )
percentage respect to the total O2 peak area. In the last column film thickness deduced by XPS
analysis is reported for each sample.

The stoichiometry is improved upon deposition of thinner films, with a Cu:O ratio
approaching the 1:1 expected value. The obtained ratio is however strictly related to
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the possible presence of O2 environmental contamination. In this case, XPS can be used
for the quantification of the O2 contamination percentage with respect to the total O2

content (Table 5.2), as the contamination produces an additional XPS peak at higher
binding energies (Figure 5.7 (a)), which can be separated from the component involved
in chemical bonding through a simple peak fitting procedure. Despite the contamination
content is reduced for thinner films, the Cu:O ratio measured is not totally accurate, since
part of the O 1s peak area is due to the oxygen present in the SrTiO3 substrate.

Figure 5.7: (a) O 1s spectra collected for different CuO films grown on Si and SrTiO3 substrates.
(b) Ti 2p XPS peak spectra, measured for the thinner film and for the SrTiO3 substrate.

Figure 5.8: (a) µ-Raman spectra collected from CuO thick films grown on Si and on SrTiO3; pre-
dominant features are marked in pink (CuO), orange (Cu2O), grey (Si) and in black (SrTiO3). Ra-
man spectrum collected from the CuO sputtering target is reported as a reference. Reference peak
position for CuO and Cu2O spectra are adapted from [225]. (b) Comparison between µ-Raman
spectra collected from the CuO/SrTiO3 heterostructure and from the SrTiO3 substrate.
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The substrate XPS peaks can be really useful for the analysis of interface properties,
since the presence of a 2DEG is usually related to the formation of Ti3+ states in the Ti
2p XPS spectrum. Such states are however unobserved in our samples, and the peaks
shape suggest a completely oxidized Ti4+ interface (Figure 5.7 (b)).

The absence of impurity inclusions within the CuO films is studied by Raman spec-
troscopy (Figure 5.8 (a)). The Raman spectrum of the target used for the sputtering
deposition is consistent with the CuO Raman peaks available in literature [225], and the
deposition of CuO on Si results in a similar spectrum, with the addition of new peaks
related to the substrate. The film grown on Si at 600◦C shows a reduced signal arising
from the substrate, but a new peak arises at ≈ 640 cm−1, consistent with the forma-
tion of Cu2O inclusions predicted by XPS quantification. Finally, the growth of a CuO
thick film on SrTiO3 shows a Raman spectrum which is dominated by features related to
the SrTiO3 substrate. However in the direct comparison between spectra collected from
the CuO/SrTiO3 heterostructure and from the SrTiO3 substrate (Figure 5.8 (b)) a few
differences arise, which can be ascribed to the deposition of a CuO film without Cu2O
inclusions. The chemical composition analysis of the deposited thin films must however
be further analyzed by XPS measurements.

Figure 5.9: (a) Cu 2p spectra collected for different CuO films grown on Si and SrTiO3 substrates.
(b) Detail of the changes in intensity and shape of the Cu 2p3/2 XPS peak spectra, collected from
films grown on SrTiO3 substrates with different thickness. For quantification details see Table 5.3.

The Cu 2p XPS peak analysis (Figure 5.9 (a)) confirm that the growth of CuO at 600◦C
produces a Cu2O impurity inclusion, since the overall peak shape is comparable with the
Cu 2p XPS spectra characteristic of Cu2O [226]. The annealing of this sample at ≈ 450◦C
in oxygen atmosphere (pO2 = 1 × 10−6mbar) enhances further the Cu2O contribution,
resulting in a flattening of the charge-transfer peaks. The off-axis sputtering deposition
of CuO on SrTiO3 at 500◦C results in a spectrum shape and peaks intensity similar to
the one observed for the film grown at room temperature. However, the growth of thin-
ner films (Figure 5.9 (b)) affects the charge-transfer contribution and change the distance
between satellites (B) and main lines (A, Table 5.3). The measured value of ∆E (peak
distance) and IA/IB (peak intensity ratio) can be used to determine the Coulomb inter-



66 5.4 CuO on SrTiO3

action Q, the energy distance between unhybridized one-hole states (∆) and the mixing
matrix element of the Hamiltonian (T , Figure 5.10) [227]. These parameters can be used
for the evaluation of the energy gap (Eg) characteristic of the system as Eg scales with ∆
[228]. This analysis results in a gap which increases of about 0.2 eV as the film thickness
decreases.

Thickness IA/IB ∆E ∆ Q
(± 0.1 nm) (eV) (eV) (eV)

42.0 2.3 8.07 1.28 8.00
4.3 1.9 7.81 1.43 7.98
2.7 1.7 7.71 1.47 8.02

Table 5.3: Variation of the peak intensity and position for CuO films grown on SrTiO3 with dif-
ferent film thickness, as evaluated from the XPS analysis (Figure 5.9 (b)). The sum of the intensity
of the two peaks at ≈ 930 eV (IA) is compared to the one of the two peaks at ≈ 940 eV (IB). The
area-weighted average of the two peak position at at ≈ 930 eV is compared to the one of the peaks
at ≈ 940 eV in order to obtain the distance ∆E. Resulting values for Coulomb interaction Q and
energy distance between unhybridized one-hole states (∆) are also reported.

Figure 5.10: Variation of the Coulomb interaction Q and of the energy distance between unhy-
bridized one-hole states (∆) respect to the mixing matrix element of the Hamiltonian (T ), plotted
using experimental values of ∆E and IA/IB . Values obtained from copper dihalides, plotted in
blue, are adapted from [227]. Values for 2.7 nm, 4.3 nm and 42.0 nm thick films are plotted in light
blue, red and violet respectively.

The epitaxial order of CuO films is probed by X-ray photoelectron diffraction (XPD)
measurements (Figure 5.11 (a)). The XPD spectrum of the thick film grown on Si at 600◦C
shows a featureless background produced by the intensity attenuation of XPS peaks with
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the increase of tilt angle. The growth on a SrTiO3 substrate triggers the appearance of
XPD peaks, even for the thickest sample (≈ 42 nm), which is less intense due to the
higher roughness (see Table 5.2). This result, combined with AFM images, demonstrate
the deposition of high-quality and epitaxial CuO films by RF sputtering. Full stereo-
graphic images have been acquired both for Cu 2p and Sr 3d XPS peaks, which give
information about the film and the substrate, respectively. A detailed analysis reveal
that the structure of the CuO film can’t be monoclinic, because a XPD peak arises at
φ = 45◦. A cubic reconstruction is also excluded, since the peak which arises at θ ≈ 45◦

in the Sr 3d stereographic pattern (Figure 5.11 (b), yellow marker), characteristic of a
cubic phase, show a different θ position for the Cu 2p image (Figure 5.11 (c), yellow
marker). The CuO film is thus in a tetragonal phase, and the difference in the feature at
θ ≈ 45◦ suggest a unit cell with a square base area of 3.9x3.9 Å, and an unit cell height of
≈ 5.7 Å.

Figure 5.11: (a) XPD analysis of Cu 2p XPS peak area from a CuO/SrTiO3 heterostructure for
different film thickness. The spectra are collected by sweeping the sample polar angle in the (010)
substrate plane, with a fixed azimuthal angle (ϕ = 0◦). (b) Full stereographic images obtained
from the Sr 3d XPS peak analysis. (c) Full stereographic images obtained from the Cu 2p XPS peak
analysis.

Finally, the band alignment at the CuO/SrTiO3 interface is analyzed. The valence
band maxima (VBM) are obtained by fitting the valence band spectrum of the hetero-
junction with the linear combination of the spectra characteristic of pristine parent com-
pounds, which allow a fine alignment of their relative energy position (Figure 5.12 (a)).
The evaluation of the VBM for the CuO thick film is strongly influenced by a small shoul-
der near the Fermi edge which is still ascribable to the CuO film. Indeed such a structure
doesn’t display a sharp drop in intensity, so the determined leading edge position dis-
play an uncertainty of ± 0.15 eV. Taking into account this uncertainty and the possible
variation of energy gap with film thickness, the conduction band (CB) of CuO can be
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almost aligned to the CB of the SrTiO3 substrate, and the band alignment results always
in a Type I junction.

Figure 5.12: XPS analysis of the band alignment. (a): Linear combination of the CuO and SrTiO3

signals, which produces the fit (dashed line) of the signal of the CuO/SrTiO3 heterointerface. (b):
Resulting type I band alignment.

5.5 Conclusions

In conclusion, we demonstrated the epitaxial growth of Al2O3 and CuO thin films on
SrTiO3 by RF sputtering, both by AFM and XPD analysis. Films with a good stoichiom-
etry, as probed by XPS analysis, have been obtained for both materials. In particular,
annealing in air of Al2O3 films results in oxygen deficient samples, thus a direct anneal-
ing during deposition is preferable. For CuO, a deposition temperature of 600◦C induce
the formation of Cu2O inclusions, as probed by µ-Raman and XPS analysis. In XPS
measurements the Ti3+ features, which are usually related to the formation of a 2DEG,
aren’t observed for either sample. The band alignment at the interface is reported for
both heterostructures, and a type I band alignment is observed in both cases. The higher
conduction band maxima of Al2O3 respect of SrTiO3 can trigger the confinement of a
2DEG within the substrate, while the CuO/SrTiO3 junction suggest a possible confine-
ment of mobile charge within the CuO film. Also, for heterostructures which host the
2DEG a low valence band offset is usually observed, and the high (1.79 eV) VBO at the
CuO/SrTiO3 interface further suggests an unlikely 2DEG formation.



Conclusions

In this work we demonstrated the possibility to grow high-quality epitaxial oxide films
on SrTiO3 substrates by RF sputtering. The epitaxial growth is analyzed both by AFM
topographic images and XPD results. Indeed, XPD has proven to be an extremely pow-
erful technique for the determination of epitaxial character in ultrathin overlayers. The
possible defect doping mechanism of the SrTiO3 substrate by annealing and sputtering
are discussed, and the formation of in-gap states, along with a strong Ti3+ oxidation
is reported. The growth of BiFeO3 by RF sputtering is strongly dependent on deposi-
tion temperature, and an homogeneous, smooth and polycrystalline film is obtained for
a substrate temperature of 550◦C. Furthermore, the films show the correct stoichiom-
etry and multiferroic properties. For the growth on SrTiO3, a small Fe2+ inclusion is
detected by resonant photoemission measurements, which is probably related to inter-
mixing phenomena, which can produce an ilmenite-like local coordination. For all the
grown materials, temperature controlled growth is more reliable than room-temperature
deposition followed by post-growth annealing, especially in terms of homogeneity. Fur-
thermore, the post-growth annealing induces the formation of oxygen defects in Al2O3

films. BiFeO3, Al2O3 and tetragonal CuO films are thus grown epitaxially on SrTiO3 by
the employment of off-axis sputtering geometry. Ti3+ oxidation state features, which are
the signature of the presence of a 2DEG at the interface, aren’t detected in either het-
erostructure analyzed. RF sputtered films could thus be less suitable for the growth of
heterostructure which can host the 2DEG compared to ALD or PLD. Despite conductiv-
ity is not directly evaluated for our samples, this situation may confirm the observations
of Dildar et al. [224], where sputtered LaAlO3/SrTiO3 heterostructures were not con-
ductive and could not be rendered conductive by post-annealing treatments. The band
alignment at the obtained oxide heterojunction show that the deposition of BiFeO3 and
CuO films results in a large displacement of STO VBM (0.75 eV) with respect to the
bare STO surface. Such shift drives the substrate conduction band minimum closer to
the Fermi level and thus can ultimately favor the formation of a 2DEG, since a notched
structure which crosses the Fermi level can arise in 2DEG-based interfaces. The absence
of such a shift can be one of the sources for the absence of conductivity and Ti3+ states
in sputtered Al2O3 films. Usually, in conductive oxide interfaces the 2DEG is confined
in the SrTiO3 substrate, which is related to a lower conduction band minimum in the
SrTiO3 side with respect to the overlayer. The opposite situation measured, and the high
(1.79 eV) VBO at the CuO/SrTiO3 interface suggest an unlikely 2DEG formation in this
heterostructure. The band offset within CuO/SrTiO3 are however strongly dependent
on the thickness of the films, since the band gap can vary of ±0.2 eV, and a completely
different band alignment may arise when thinner films are considered. The presence
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of a 2DEG at the BiFeO3/SrTiO3 interface cannot instead be discriminated by the band
alignment alone.

Possible future directions are related to the growth of electrical contacts at the inter-
face between SrTiO3 and the overlayer. Transport measurements are indeed needed in
order to demonstrate the presence of a 2DEG at the interface, and to verify the possi-
bility to obtain a conductive interface also in heterostructures grown by RF sputtering.
Upon detection of a 2DEG further synchrotron-based measurements would be needed
for the analysis of in-gap states. This analysis would need high quality ultrathin films
(≈ 1-2 nm) in order to fully take advantage of the Ti resonance at substrate states. The
final step of this research would be the production of novel multifunctional applications,
such as BiFeO3-based devices where the 2DEG properties could in principle be tuned by
the application of external electric or magnetic fields.
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J. Stöhr, and M. Samant. Coherent and incoherent processes in resonant photoe-
mission. Appl. Phys. A, 65:159–167, 1997.

[128] A. Pancotti, N. Barrett, L. F. Zagonel, and G. M. Vanacore. Multiple scattering
x-ray photoelectron diffraction study of the SrTiO3(100) surface. J. Appl. Phys.,
106:034104, 2009.

[129] D. P. Woodruff. Adsorbate structure determination using photoelectron diffrac-
tion: Methods and applications. Surface Science Reports, 62:1–38, 2007.

[130] L. Despont, C. Lichtensteiger, F. Clerc, M. G. Garnier, F. J. Garcia de Abajo, M. A.
Van Hove, and P. Triscone, J. M.and Aebi. X-ray photoelectron diffraction study of
ultrathin PbTiO3 films. Eur. Phys. J. B, 49:141–146, 2006.

[131] A. Winkelmann, C. S. Fadley, and F. J. Garcia de Abajo. High-energy photoelec-
tron diffraction: model calculations and future possibilities. New Journal of Physics,
10:113002, 2008.

[132] S. Mobilio, F. Boscherini, and C. Meneghini. Synchrotron Radiation - Basics, Methods
and Applications. Springer, 2015.
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