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Introduction

Introduction

Before 1970, the most exciting challenge in ferroelectrics was modelling ferroelectric
phase transitions and discovering new ones [1]. The focus changed after 1988 [2], when thin
films were developed and first integrated into semiconductor chips at the nanoscale through
ferroelectric random access memory devices, thin film capacitors and tunable microwave
devices. For instance, in memory applications, where several kilovolts are required to switch
the polarization of a large single crystal from up (+1) to down (-1) state, it requires only a few
volts in thin film of ~100nm thickness, making them suitable for memories with low voltage
supply.

Unfortunately, the functional properties of ferroelectric thin films are strongly
degraded as the film thickness is decreased like enormous reductions in dielectric constant,
significant broadening of the Curie anomaly (peak in dielectric constant with respect to the
temperature), and increase of the leakage current. The origins of such “size effects” have thus
been intensively studied in this context but remains, however, considerably debated [3].

One of the most important effects contributing to such size dependence has been well
ascribed to the presence of interfaces [4]. They can be extrinsic to the material (e.g.
film/electrode interfaces) or intrinsic to the materials (e.g. grain boundaries, surfaces). The
knowledge of the chemical and electronic nature of such interfaces becomes therefore very
challenging regarding their influences in functional properties of thin films. This thesis work
begins at this stage.

Typical experimental approaches to study ferroelectric thin film properties are usually
based on electrical characterizations, e.g. current —voltage characteristics or impedance
spectroscopy. However, such macroscopic methods are rather limited to identify the interface
properties mentioned above due to the interdependence of parameters. In addition, the
microscopic properties cannot be directly accessed from such experimental approach. One of
our objectives is to make use of in-situ photoemission spectroscopy (XPS) to investigate the
chemical and electronic properties of ferroelectrics thin films at their surfaces and interfaces
with the substrate and the top electrode. XPS has been widely used for many years to study
semiconductor interface formation and is applied in the present work on perovskite-structure
titanate materials (ATiO3). Such XPS investigations of ferroelectric films were only rarely

performed and no systematic study of the influence of dopants is available to date.
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Recently, photoemission spectroscopy has proven to be an important analytical
technique to study the near surface/interface chemistry of ATiO; compositions in the bulk
form [5] or in thin film form [6] but the literature presents a contradictory and unclear picture
as deduced from core-level photoemission spectra. This is mainly due to the different surface
preparations, which have been used prior to the measurement to obtain a clean surface. For
instance, it has been shown that cleaning ATiOs surfaces by ion sputtering produces a non-
stoichiometric surface region introducing new features in photoemission spectra making the
data interpretation ambiguous. In this context, the surface preparation is a crucial step to be
able to observe the intrinsic surface properties.

Our photoemission studies were thus carried out in-situ between thin film preparations
and surface analysis step at the Darmstadt Integrated System for Material research (DAISY-
MAT) thereby avoiding surface contaminations during the experiments without the use of
etching step. The work follows a previous thesis on the properties of (Ba,Sr)TiO; (BST) thin
films and interfaces by R. Schafranek [7]. While his work was performed on non-ferroelectric
materials, the present work extents the systematic to the ferroelectric BaTiO3 composition. In
addition, another thesis performed at the ICMCB by V. Reymond [8] on BST films and
BST/dielectric multilayers have shown that interfaces have key contribution to the dielectric
losses. Our problematic is thus to understand the defect states and electronic structure at

interfaces using photoemission spectroscopy with in-situ sputtering deposition.

The first chapter of this thesis is composed of three sub-sections. The first one
introduces briefly the ferroelectric properties in bulk materials with a particular emphasis on
the different mechanism of polarization. Then, the second part describes the consequences of
doping effect on the electrical properties. This sub-section is a key to introduce the influence
of point defects in the macroscopic properties of ferroelectric materials induced by doping,
e.g. via the Positive Temperature Coefficient of Resistivity (PTCR) behaviour [9]. An
important part of this thesis is indeed focused on the comparison between surface properties
of undoped and Nb-doped BaTiO; (donor dopant). Afterwards, stoichiometry changes in the
near surface region observed under annealing treatments are also described since we have
investigated the effect of extensive thermal annealing on chemical composition of our BaTiO;
thin films. Finally, the last part of this chapter describes the main differences encountered in

thin films compared to ceramics or single crystal materials which are our basic motivation.
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The second chapter reports the main characterization methods and thin films
preparation used along this study. Thin films have been deposited using R.F magnetron
sputtering and mostly characterized by photoelectron and impedance spectroscopy. This
chapter is mainly describing the typical informations which can be extracted from the

photoemission spectra in ATiO3 oxides.

The third chapter contains the major results of the thesis which are discussed through
five sections. The first section is related with surfaces of sputtered BaTiOs thin films and
interface studies of metal contact formation with typical top and bottom electrodes. Using in
situ XPS, we have evidenced the formation of interface barrier which depends on many
parameters like the type of metal used for the electrode formation or the thermal treatment.
We also show that the interface properties are highly sensitive to the amount of donor dopants
which can be either in the BaTiO; films or in the substrate. We confirmed that platinum is not
a good contact for donor doped BaTiOs; while indium provides a good ohmic contact for
PTCR system. After having investigated the contact formation, we show in section 2 the
actual dielectric properties of such stacks. Then, the third section describes in details surface
segregation phenomena observed in donor-doped thin films which are compared with typical
behaviour of donor-doped ceramics. Such surface segregation resulting from the
compensation of heterovalent substitution has been largely mentioned in the literature [10].
We show here that XPS is able to directly probe such segregation. The fourth section is also
comparing thin film and bulk surface properties when subsequently annealed. It has been
demonstrated that stoichiometry change occurs in the near-surface region under thermal
treatment. Finally, the last section will discuss the much debated barium features typically
observed in photoemission spectroscopy which is still largely discussed. This fifth section is

voluntary lastly placed since its discussion is mainly speculative.
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Chapter 1. Ferroelectricity in bulk materials

1.1 Ferroelectricity in bulk materials

Dielectric materials have a strong influence on the evolution of electrical engineering,
electronics, and information technology. They are typically crystalline or amorphous
inorganic as well as organic compounds and polymers [1]. They are used as bulk materials
and, most often, as thin-films. Ferroelectric materials are a sub-division class among
dielectrics (fig. 1.1.1). Therefore, in this part the dielectric properties are going to be recalled

first and the ferroelectric properties will be described later for bulk compounds.

Pyroelectric
Ferroelectric

e.g. eg. | eg N )
Quartz| ZnO BaTiO}/';/""

g
-

Figure 1.1.1: Sub-classes of dielectric materials
with some key materials.

1.1.1 Dielectric Polarization

Dielectrics are insulating materials that are used because of their polarizability enabling
increased charge storage in capacitors. They do not conduct electricity due to the very low
density of free charge carriers. Spontaneous polarization results from the separation of the
barycentres of positive and negative charges. If this separation is induced by an external
electrical field, it is called dielectric polarization or polarizability.

In contrast, conductors such as metals do conduct electric current because of free mobility of
the electrons within the lattice. If no charges are present in the material, conductivity requires
that the charges can enter and leave the material and therefore contribute to the conduction
phenomena through the conduction band level. Thus, we clearly see that a good dielectric (or
good insulator) should have a relative high band gap to obtain low equilibrium charge carrier

density and high injection barriers at the contacts.
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This chapter will start with a brief description of the macroscopic and microscopic dielectric

polarisation [2].

1.1.1.a  Macroscopic and microscopic polarization

In accordance to the Poisson equation, the source of the dielectric displacement D is given by

the density of charges p:

divD=p (1.1)

Equation (1.1) shows that electric displacement can be considerably increased from charges in

the materials.

Based on this relation, the global charge neutrality of matter within an external field is

described by:

D=¢gE+P (1.2)

€y E represent the vacuum contribution induced by the externally applied electric field, P is
the electrical polarization of the matter. It is important to note that P can be induced by
pyroelectric polarization, piezoelectric polarization, ferroelectric polarization or dielectric

polarization (by an external electric field).

For a pure dielectric material, the polarization is proportional to the electric field in linear

approximation by:

P=¢gyE or D=¢¢E (1.3)

Here, the material properties are:

Xe 18 the electrical susceptibility,

& 1S the relative dielectric constant with g, = 1 + g,

For many dielectrics, y. and ¢, are field-independent. However, large electric fields can lead to

strong non-linear dielectric properties. Therefore tunable dielectrics are achieved. From the

10
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device point of view, this property (tunability) is particularly interesting as the capacity to
store charges can be tuned by varying the voltage [3]. We can note that in ferroelectric

materials, the variation in ¢, leads to a hysteresis behaviour as shown in Figure 1.1.2.

(a) (b) (©)

&
&
&

Epias Epias Ebias

Figure 1.1.2: Bias field dependence of the dielectric constant of (a)
typical dielectric, (b) tunable dielectric and (c) ferroelectric material.

We are now going to discuss the correlation between the macroscopic polarisation P and the
microscopic properties of the material. The macroscopic polarisation P is the sum of all

individual dipole moments p, with their density N,. The contribution can be described by:
P=> N,pa (1.4)
a

If we consider a single (polarizable) particle, and if the particle is put into an electric field, the

dipole moments are induced by the local electric field Ejo. at the dipole site:

P =N, o Ejoc (15)

a is the polarizability of an atomic dipole. In condensed matter, the electrostatic interactions
between the microscopic dipoles make the local electric field different from the external

macroscopic one E,, i-e, Ejoc # Ea:

Eoc = Ea + z Edipole (1.6)

Therefore, the local field is higher than the macroscopic field inside the dielectric due to

contribution of all dipoles.

So far, another field has been voluntary neglected since dipoles were only considered parallel

oriented along the applied electric field. This hypothesis is true for example when the

11
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dielectric structure is face-centered cubic. Thus, the barycentre of positive and negative ions is
uniform in all the directions (isotropic contribution) assuming that field induce by the atoms
Eaoms = 0. We are going to see for ferroelectric materials, e.g. BaTiOs, Eatoms can not be
neglected anymore even in the cubic phase due to strong directional dependence of the
oxygen neighbourhood (strong anisotropy) [3].

One of the first reasons is related to the nature of the covalent Ti — O bonds and most
specifically, to the nature of charge coordination in TiO¢ octahedra. In a perfect cubic
structure, the oxygen ion electronic orbitals are perfectly spherical. The distances between
these charges and the charges surrounding the Ti are all the same, see figure 1.1.3 (a).

But in real BaTiOs cubic structure, it has been shown from diffraction experiments [3] that
titanium atoms are not located in the center of the oxygen octahedron but are displaced in the
{111} direction and jump between eight equivalent sites (b). This effect is highly anisotropic
and is created within the crystal through long-range interactions which lead to the formation
of long dipole chains in the Ea¢oms direction (c).

The covalency model in perovskites has been well described by H. Thomann [4] to explain

such intrinsic anisotropy of oxidic perovskite network.

s i atoms e i atoms;'é 0

L O0” (c)

<4+
0

Etotal - Z Na Eatoms

Figure 1.1.3: TiO¢ octahedra arrangements for (a) ideal covalent TiO
bonds, (b) nonideal covalent TiO, (c) long-range contribution inducing

an appreciable E¢ota)
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1.1.1.b Mechanism of Polarization

Let us now deal with the behaviour of a dielectric material in alternating electric field. When a
constant electric field is applied on the electrodes, the polarizable species within the
dielectrics are oriented to the same field direction. If an alternating electric field (e.g.
sinusoidal wave) is applied, the same species are going to follow the polarity change but with
a certain relaxation time. There are as much relaxation times as number of polarizable species.
Therefore, the dielectric response is not instantaneous but time dependant. To express this

mathematically, the relative dielectric permittivity is written as a complex function:

€= ar'+ i sr” (1.7)

The real part Sr’ characterizes the ability to store charges in the dielectric, and the imaginary
part Sr” is the contribution of charge dissipation (dielectric loss). We clearly see that an ideal

capacitor will have a high ar' value (High-K is commonly used) and low dielectric losses.
Dielectric losses are usually described by the loss tangent:

e
tan § = — 1.8
an s (1.8)

T

Away from resonances, it should be emphasized that the loss factor (tan o) is caused by two
contributions:

- the dipole reorientation,

- the residual leakage current of the non-perfect insulator.
Therefore, it is important to distinguish both contributions and they can be separated
experimentally because of their distinct frequency and temperature dependence. For instance,
the residual leakage current (or conductivity) contribution is well-known to occur at low

frequency and high temperature. At low frequency, the loss factor can be described as follow:

o
tand = —— 1.9
0. (19)

r

Thus, the relative dielectric permittivity expressed in (1.7) can be described more precisely as:

8r=8r,+i(8r”+ E) (1.10)
()

Where 6 denotes the conductivity at low frequency and o pulsation (® = 21f).

13
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At higher frequencies, we can distinguish four contributions to the total polarisation of a
dielectric material. They are discussed below. Each one contributes to the dielectric response
but in different frequency regimes since they involve different polarizable species. The
dispersion of the real and imaginary part of the dielectric function is schematically plotted in
Figure 1.1.4. The relation between the real and imaginary part is evidenced in every frequency

range. The conductivity reported previously is indicated by the arrow in the imaginary part.

Atoms Electrons

=

g

5 Space

g Charge

%
1 ______________________________________
0

¢ (imag. part)
e
—

—

—

—

10° 10* 108 102 10
frequency [Hz]

Figure 1.1.4: Frequency dependence of real (top)
and imaginary (bottom) part of the dielectric
function. The narrow indicates the conductivity
contribution.

Space charge polarisation (10° — 10* Hz) could exist in dielectric material if the density of
charge carrier is not homogeneously distributed. The most common case is the pn junction in
semiconductor devices since the p-doped and the n-doped region induce charge depletion at
their interface [5]. The space charge can also occur at the metal/dielectric interface, at grain
boundaries in ceramics and domain walls in ferroelectrics. Thus, interfaces play a crucial role
in the space charge effect but this extrinsic polarisation is much more pronounced if charged
defects are localised at these interfaces. Therefore, space charge polarisation can be
predominant in the dielectric properties if both free charges and interfaces are gathered. This

polarization is also known as Maxwell-Wagner polarization.

14
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Dipolar polarisation (10* — 10® Hz) characterizes the alignment of permanent dipoles as a
function of the applied polarity. An electric field generates a preferred orientation for the
dipoles, while the thermal fluctuation perturbs the dipole alignment. The average degree of
orientation is a function of the applied field and the temperature. The mathematical expression
is given by the so-called Langevin function:
Pd:coth(y)—1 with yZ& (1.11)
y kT
P4 describes the polarization of the dipoles, p indicates the permanent microscopic dipole
moment, E, defines the applied electric field, k denotes the Boltzmann constant and T the
absolute temperature in Kelvin. By plotting P4 versus y, the polarisation shows saturation at

very high field but is proportional to E for lower values.

Ionic Polarisation (Atoms): If the dielectric is described by ionic bonds, the displacement of
positive and negative ions under electric field generate ionic polarisation (e.g. NaCl). As a
result, when lattice vibrations or molecular vibrations induce relative atomic displacements,
the centres of positive and negative charges might be in different locations. These center
positions are affected by the symmetry of the displacements. When the centers do not
correspond, polarizations arise in molecules or crystals. This polarization is called ionic
polarization. Ionic polarization may induce ferroelectric transition as well as dipolar
polarization. Because Ionic polarization is induced by lattice vibrations (phonons), the
resulting dielectric dispersion is resonant at the phonon frequency, at variance from the two

previous cases of relaxation.

Electronic Polarization: exists in all materials. It is based on the displacement of the
negatively charged electron shell against the positively charged core. This displacement
occurs due to the equilibrium between restoration and electric forces. Electronic polarization
may be understood by assuming an atom as a point nucleus surrounded by spherical electron
cloud of uniform charge density. In a solid, the resonance frequencies correspond to electronic

inter- and intraband transitions.

The depolarization field (Eqepo): If a ferroelectric material is polarized, a compensating
depolarization potential across the material take place to ensure that the whole system is

equipotential. This mechanism occurs differently if electrodes are sandwiching the
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ferroelectric or not. Therefore, two situations can be envisaged. The case of unsandwiched
ferroelectric and stacked ferroelectric, respectively illustrated Fig. 1.1.5 in (a) and (b). In the
first case, polarization charges + P reside on opposite faces to the electric dipoles. The

magnitude of the electric field created by these charges is:

P
EyE

Edepol = (112)

T

where P is the ferroelectric polarization, €, is the vacuum permittivity and & is the relative
permittivity of the ferroelectric material discussed above. Eg4poi Opposes large ferroelectric
polarization because it grows in proportion to P. (a) is thus the situation for uncompensated

polarization charges. Ferroelectrics are often studied in capacitor structures (b).

compensating

charge
______ —-P Pl — — — — — —
+ 44
Edepol.

S e il — P +P| + + + + + + )
compensating
charge

a) b)

Figure 1.1.5: (a) A depolarization field (Egepo.) arises in an isolated
ferroelectric, due to uncompensated polarization charges (P) on opposite
faces of the material. (b) Metal electrodes provide a source of compensating
charges, which cancel Egepol.

When metal plates are placed on opposite faces of the ferroelectric, the polarization charge
attracts charges of opposite polarity from the metal. If it is possible for compensating charge
(into the metal) to move into close proximity to the ferroelectric surface, Egepot can be
eliminated. For these compensating charges, the ability to move toward the interface is
directly related to the electron screening length (ESL) in the metal [7]. Therefore, electrode
with low carrier density (low ESL), can result in insufficient charge near the
ferroelectric/electrode interface, leaving a residual depolarization field [8]. Oxide electrodes,
known for reducing ferroelectric fatigue [9], would not be optimal for thin devices due to their
finite electron screening length [10]. Elemental electrodes like Pt or Au over StRuOs or Nb-

doped SrTiO3 were found to exhibit better screening properties of the electrodes [11].
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In the next paragraph, we are going to see an example from literature on ferroelectric thin
films showing that it is delicate to distinguish between intrinsic and extrinsic origins of

polarization.

Let us now deal briefly with relaxation phenomena through dielectric model (especially

Debye model and Maxwell-Wagner model) used to indentify the polarization origin.

1.11.c Relaxation Phenomena

Debye relaxation [12] is a very simple model where only two polarizable species are assumed
in the dielectric. Thus, the dielectric parameters will undergo a single relaxation time t which
denotes the transition time between one species and the other one. Both are contributing to the
dielectric response but at different frequencies. Let us take the example of a ceramics
including two possible dielectric contributions; one from grain boundaries and the other from
the grains. Each contribution is usually represented using the impedance diagram (-Z’’ vs.
7’), see figure 1.1.6 (b). They can also be represented by an equivalent circuit also depicted in
Figure 1.1.6. Both contributions can be easily distinguished with the impedance diagram but

the relaxation process between them can only be evidenced using the Cole-Cole diagram [13]
by plotting 8r” Vs. Sr’. Finally, it is important to note that if only one species is considered in
the dielectric, no mechanism of relaxation has to be expected (see figure 1.1.6 (a)).
The Debye relaxation is usually expressed in the complex permittivity € of a medium as a
function of the field frequency o:

€, -&

8(0)= & + (1.13)

Where &, is the high frequency permittivity, & is the low frequency permittivity (static) and t
describes the characteristic relaxation. In the case of a pure Debye relaxation the plot of ar'

and Srwvs. the frequency is recalled figure 1.1.7.
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Figure 1.1.6: Impedance diagrams (top) and Cole-Cole diagrams (bottom) for one
polarizable specie in the dielectric a) and typical Debye relaxation with two
polarizable species b). Impedance diagram is not an appropriate plot to observe the
relaxation process.

Maxwell Wagner (MW) effect is commonly involved if a material is -electrically
heterogeneous. This dispersion occurs because of the charging of the interfaces within the
material. This phenomenon does not arise from dielectric relaxation in the bulk phases of the
material (which might also be present), but is a consequence of the boundary conditions on
the fields at the interfaces between phases. Interfacial effects typically dominate the dielectric
properties of doped-BaTiO; [14], when free charges induce by doping are located at the
interfaces (grain boundaries, domain walls, electrodes). The typical Maxwell Wagner
behaviour is plotted in figure 1.8. In a MW system, the real part is the same as in Debye
relaxation. Analysis of the real part of relative permittivity is therefore not useful for
identification of interfacial polarization effects. On the other hand, analysis of the imaginary

permittivity does distinguish Debye from MW behaviour.

18



Chapter 1. Ferroelectricity in bulk materials

i = =
= <« ] MW g
T | e P
iy ' @ @
@ ! < c
g i S &
= | £ E
w : — |, ~
1 J w
' /
1 - e
frequency [a-u] frequency [a-u]
Figurel.1.7. Frequency Figurel.1.8.  Form of the
dependence of real and imaginary Imaginary permittivity response
part for the case of Debye-type expected from both Maxwell
relaxation process. Wagner and Debye models

In particular arwl—> 0 as f 0 in a Debye system, whereas in a MW system ar"|—> o (see
figure 1.1.7 and 1.1.8). We note that some authors underrate such low frequency behaviour.

Typical discussion on interfacial polarization is presented below.

We now show one example of MW relaxation in an integrated ferroelectric. Thin-film
capacitors in which the dielectric layer is composed of superlattice of BaggSry,TiO3 and
Ba,SrosTiO3, have been studied using impedance spectroscopy [15]. Giant permittivity of
intrinsic origin (motion of domain walls) was claimed in this paper. At low frequencies,
permittivities as high as 420 000 were measured (figure 1.1.9). Nevertheless, dielectric
analysis performed at lower frequency, reported by O'Neil et al. [16], have revealed an
increase of the imaginary part in agreement with Maxwell Wagner polarisation (see figure
1.1.10), most probably due the numerous interfaces in this superlattice structure. Change in
carrier mobility in defect zone can therefore enhance considerably the permittivity properties
and MW behaviour cannot be ruled out to explain giant permittivity values often observed in

superlattices structures.
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frequency [16].

We have given here a short description of different polarization mechanisms in dielectrics.
The entire spectrum from the dc response to the optical frequencies was covered. The dc and
low-frequency response are dominated by displacing charged ions or space charges within the
materials. For higher frequency, only the electrons are able to follow the rapid changes of the
electrical fields. We saw that the dielectric polarization can have different origins which are
sometimes difficult to distinguish. Impedance spectroscopy can be used to probe such
mechanisms but a broad temperature/frequency range of investigation is often necessary to
discriminate the contributions.

We are now going to consider dielectric crystals which show a spontaneous electric
polarization and in which both crystallographic states and temperature can influence this

intrinsic polarization.

1.1.2 Ferroelectric Polarization

This section is focused on dielectric crystals which show a spontaneous electric polarization.
Phenomenology of Ferroelectrics, temperature dependence and electrical properties will be
discussed. Among the different ferroelectrics, we will focus on the oxide materials. The topic

of this paragraph has been largely covered in many textbooks such as [17,18].

Barium titanate, the first ceramic material in which ferroelectric behaviour was observed, is
the ideal system for a discussion of the phenomenon from the point of view of crystal

structure and microstructure. Figure 1.1.11 displays the crystal structure of cubic BaTiOs.
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Upon cooling from high temperatures, a solid state phase transition occurs during which the
positive and negative ions displace with respect to the other, leading to tetragonal
deformation. Due to the change of the barycentre of positive and negative charges (Ti'"
moves towards one of the six O” neighbours), a spontaneous polarization (oriented to the
tetragonal axis) appears. The permittivity value is also drastically modified at the transition

temperature (T, ~120°C): it increases well above 10 000 as depicted on figure 1.1.12. If the

inverse of susceptibility (g, )" is plotted as a function of the temperature, a linear relation is

obtained within the cubic phase with (€, )" reaching zero below the transition temperature

(T.). Additional phase transitions occur as well for lower temperature (Rhombohedral and

Orthorhombic).

There are several directions for ferroelectrics research and applications [19]: substrate-film
interfaces and high strain states, finite size effects, nanotubes and nanowires, core-shell,
electrocaloric devices, ferroelectric random access memories (FERAMSs), tunable capacitors,
dynamic random access memory (DRAM) capacitors, electron emitters, weak-magnetic field
sensors and super-capacitors. Tunable thermistor properties in semiconducting ferroelectrics
are also used in PTCR applications (Positive Thermal Coefficient of Resistivity) [20], in
which the drastic change of resistivity (~ 8 decades) in dependence on temperature is one of

the most important non-linear properties in physics of solid state materials.
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Figure 1.1.11. Unit cell of cubic Figure 1.1.12. Real part of the permittivity
BaTiO; (perovskite structure). The vs. temperature for BaTiO;. The inverse of
central Ti*" ion is surrounded by six the permittivity is also plotted. T, denotes the
02' ions in octahedral Conﬁguration. transition temperature and Tc—w the Curie'

Weiss temperature.
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The present section includes the following sub-sections:

e We are going to see first some thermodynamics of ferroelectrics showing their
anisotropic properties as a function of the temperature (structure, lattice constants,
spontaneous polarization and relative permittivity), and ferroelectric domains.

e Thereafter, we will briefly discuss the Landau-Ginsburg phenomenological model
used to explain the phase transition at a macroscopic level.

e Then, we will have a look on basic compositions and size effects commonly studied in

bulk materials.

1.1.2.a Thermodynamics

Spontaneous polarization is necessarily related to the crystal symmetry. Ferroelectric crystals
can be classified in several families according to their: (i) structures, (ii) Curie temperature
values and (iii) spontaneous polarisation values. These crystallographic considerations are out
of the scope of this work but a detailed report is available thanks to the work of Walter J.
Merz [21]. Here are some typical ferroelectric structures extracted from the Kittel book [2] as
the Rochelle salt [22], FeTiOs; [23] commonly recognised as an ilmenite structure,
pyrochlore crystal structure like La,Zr,0; and the archetypical structure named perovskite

structure as CaTiOs or BaTiO; [24].

The spontaneous polarization of a ferroelectric crystal can be reoriented by an external
electric field modifying the crystallographic configuration and thus, the barycentre of positive
and negative charges. We have to note that the analogies with ferromagnetic materials
(polarisation/magnetisation, dielectric permittivity/magnetic susceptibility, etc...) have
defined the term: Ferroelectricity [22]. But this analogy remains limited since the
polarisation requires lattice distortion and magnetisation does not. The coupling between the
crystallographic configurations and the external electric field, lead to the well known
hysteresis loop which occurs when ferroelectric states are switched. The hysteresis loop of a

single crystal and that of a ceramic are shown in figure 1.1.13.
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Figure 1.1.13. Blue: Hysteresis
loops for a single crystal of
BaTiO;. Red: Polycrystalline
BaTiOs . [17]

For the single crystal loop, the almost vertical portions of the loop are due to the reversal of
spontaneous polarization induced by domain reversal and growth. The almost horizontal
portions represent saturated states in which the crystal is in a single domain state. Typically,
the coercive field at room temperature is 0.1 MV.m™" and the saturation polarization is 0.27
C.m™ for BaTiO; [17]. In poly-crystal ferroelectric materials, e.g. ceramics, we have to keep
in mind a statistical orientation of the grains. The coercive field is thus higher (more energy is
necessary to switch these poly-domains) and the saturation as well as remanent polarization
are lower than for a single crystal (all the grains are not entirely oriented in the polarization
direction).

To consider the various properties of ferroelectric materials, barium titanate will only be

discussed to define the anisotropic properties as shown in figure 1.1.14.

The phase transition in barium titanate is of first order (see figure 1.1.12), and as a
consequence, there is a discontinuity in the polarization, lattice constant, dielectric constant as
evidenced on figure 1.1.14. This first order behaviour is also evidenced by a small thermal
hysteresis of the transition, which depends on many parameters such as mechanical stress,
crystal imperfections, or impurities. Upon cooling from high temperature, the following
sequences occur: cubic to tetragonal structure (spontaneous polarization in the [100]
direction), orthorhombic structure (polarisation along the [110] direction) and finally, a

rhombohedral structure (polarization is in the [111] direction).
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When a ferroelectric single crystal is cooled below the phase transition temperature,
ferroelectric domains appear. These domains define regions of homogeneous polarization
separated by walls of well defined geometry. Figure 1.1.15 is a typical micrograph showing
the domains in a single grain [28]. Ferroelectric domains are not necessarily defined by a
grain and several grains can have the same crystallographic orientation, thus contributing to
form a unique domain. Domain walls typically appear along specific crystallographic planes
which satisfy the mechanical compatibility conditions. In order to avoid internal stress, these
domains or twins can only be arranged one against each other in certain ways to form domain
walls, which can be of = 180° or & 90°, giving rise to well defined structures. Now, let us see
an example of domain formation in thin films. Recently, investigation of strain effect, which
arises mainly from the mismatch of lattice parameters and from different thermal expansion
coefficients between thin films and substrate, has become increasingly important due to its
great influence on the domain formation for ferroelectric thin films [29,30,31]. Figure 1.1.16
displays a typical investigation on domain configuration for thin films of BaTiO; on tensile

substrates [29] showing poly-domains configurations, currently observed in such structure.
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Nowadays, one of the main scientific challenges is to identify the effects produced by
applying an external electric field, i.e, does it induce intrinsic or extrinsic effects [32].
Intrinsic effects consider the deformation of the unit cell, whereas extrinsic effects consider
the displacement of domain walls. The distinction between both contributions is sometimes

not straightforward [33].

Figure 1.1.15: Single Figure 1.1.16: Plan-view HRTEM images for 200nm (a) and
representative  grain within a 400nm (b) BTO thin films deposited on Si. Inset of (a) shows the
polycrystalline ceramic. The core suggested schematic al/a2/al/a2 poly-domains configurations.
region shows ferroelectric In addition, with increasing BTO thickness, both the width of
domains from tetragonal phases of domains and domain walls are increased due to size effect. After
BaTiOs after [28]. [29].

Very recently, an artificial magneto-capacitance coupling has been established which is taking
the advantage of the interaction between domain wall dynamics and charged defects to induce
such coupling [34]. Indeed, we have to point out that domain walls in oxide materials (bulk or
thin film) can localise free charges which might induce conductive behaviour in originally
insulating materials [35], leading to novel routes towards potential nanoelectronic

applications.

We just described some thermal properties in ferroelectric materials (anisotropy, temperature
dependence, ferroelectric domain and domain wall). They are driving the electrical properties
(permittivity, tunability, polarisation, resistivity), and can be considerably affected if defects
are introduced (see chapter 1.2) and/or if the material considered is in thin film form (see
chapter 1.3). Let us now summarize the different phenomenoligical models commonly used to

describe the ferroelectric phase transitions.
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1.1.2.b Theoretical models

There are several theoretical approaches which “partially” describe the phase
transition in ferroelectrics materials. A phenomenological model has been established by
Landau and Ginzburg [36] introducing the polarisation P as an order parameter. Cochran [37]
has developed the soft mode approach of displacive phase transition, involving optical
vibration modes. Then, the shell model [38] was used to consider the anisotropic
polarizability of the oxygen O”, which explained several features of ferroelectrics but did not
provide an explanation for the differences between BaTiOs, PbTiO; and SrTiOs. Nowadays,
ab-initio calculations are employed to provide an in-depth analysis of orbital hybridization
states [39], electronic density mapping [40] and interfacial effects responsible for
destabilizing the ferroelectric state in ultrathin-film devices [41].

In the present paragraph, we are going to describe the theory of the Ferroelectric Phase

Transition through the Landau-Ginzburg model.

Ginzburg-Landau Theory

The model describes the thermodynamics of the ferroelectric phase transition. In physics, this
mathematical expression has been also used to model superconductivity or magnetism. It
describes some of the phenomena of phase transitions without explaining the underlying
microscopic mechanism. But the theory is very useful to understand macroscopically the
polarisation change near the phase transition temperature (T.). Close to the phase transition,
the Gibbs energy P (Polarisation and Temperature related) may be expanded in powers of the

order parameter P:

P =Py +aP>+bP*+ cP°— P.E (1.14)

Where a =k(T - T, )

If b > 0, the transition is of second order phase transition (e.g. BaTiOs), and if b < 0 the
ferroelectric transition is a first order phase transition (e.g. LiTaOs3). We underline that the
phase transition covered by this model is restricted to the paraelectric/ferroelectric transition.
Figure 1.1.17-a) schematically displays the free energy F for different temperatures as a
function of the polarisation for both first and second order transitions. By inspecting graph a),

we clearly see a difference between first and second order. When T >>T., only one
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equilibrium position is possible for the free energies at P=0, identifying the paraelectric state.

But for temperatures closer to the transition, the first order exhibit several intermediate states

in contrast with the finite values reached by the 2" order. There is a direct consequence on the

polarisation behaviour in dependence on temperature where the first order transition is much

more abrupt (see graph (b)). This results from the co-existence of several stable states (P=0

and P#0). Plotting the inverse of the permittivity vs. the temperature (graph (c)) with the

linear extrapolation reaching zero below T., gives the Curie-Weiss temperature (Tc.y).

Between T, and T..y, secondary minima at finite polarizations become visible. When T = T,

we reach the situation where all three minima of the free energy are at the same level. “Up”

and “Down” indicate both stable ferroelectric states used to store electrical information. In

d .. .
2"%rder transition, T, and T.., are superimposed.
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Figure 1.1.17: a) Free energy of a ferroelectric with a second-order phase transition (blue) and with a first
order phase transition (red) at different temperatures. T, denotes the phase transition temperature and T, is
the Curie-Weiss temperature. b) Normalized Polarization for first and second order materials. ¢) Inverse of the
permittivity for both order.

The Landau model does not take into account: (i) inhomogeneous field in the matter, (i) is

not applicable on finite solids and (iii) do not give microscopic information on the

ferroelectricity.
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Closing Remarks

Dielectric and Ferroelectric polarization, has just been described in the case of ideal materials
(free of defects). Nevertheless, all these properties (e.g. transition temperatures) can be
drastically modified by heterovalent or isovalent substitution [14], whether unwanted or
intentionally included. For instance, appropriate amount of niobium in BaTiOs; change
drastically its resistivity from 10'® Q.cm to 10> Q.cm at room temperature [20]. The next
paragraph will thus focus on charge defects induced by doping and their influence on
electrical properties. Thereafter, the stoichiometry influence will also be discussed regarding

the near-surface region where dramatic changes are observed.
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1.2 Stoichiometry and charged defects in
ferroelectrics

The addition of small quantities of impurities in an insulator or semiconductor has a dramatic
effect on its conductivity. It is, of course, such extrinsic effects that are the basis of silicon
semiconductor technology [6]. Ferroelectric materials are also sensitive to point defects [42].
Their electrical properties can be drastically modified by “extra charges” as can be seen on
figure 1.2.1 for niobium doped BaTiOs. In such ceramics, substitution of 0.02 weight percent
of Ti*" with Nb>" results in a strong decrease of the room temperature resistivity by more than
4 orders of magnitude. High resistivity is partially recovered on crossing the ferroelectric
transition temperature at about 400K. Such behavior, known as Positive Temperature
Coefficient of Resistance (PTCR) [20], shows that electronic state of impurities is very
important in ferroelectrics. However, as in many oxides, the amount of residual defects is
orders of magnitude higher than in silicon crystals (100 ppm instead of 0.001 ppm). The term
“high purity” is thus not applicable in oxide materials like ABOs ferroelectrics. In addition,
they are often highly resistive at room temperature. Therefore, the study of semiconductivity
in oxides has necessarily been carried out at high temperatures (> 500°C) making the setup
design and the establishment of equilibrium more difficult. This paragraph will first deal with
some typical doping effects and the consequences of free charges in electrical properties of
ferroelectrics. We will finally describe the near-surface region of ABOs; materials, also

submitted to stoichiometry change, as observed under annealing treatment.

undoped

Nb-doped
........

Resisitivity (Q.cm)

300 350 400 450 500 550
TIK]

Figure 1.2.1: Resistivity change in BaTiO;
ceramic induced by doping effect (Nb°* 0,02
wt%). The jump of resistivity is starting at
the Curie temperature [20].
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1.2.1 Introduction

The discussion will most largely cover substitution of aliovalent cation impurities and their

effects on the defect chemistry of BaTiOs in particular on the generation of free charges.

Isovalent cations have no first order effect on such charges (i.e. the charge neutrality is not

disturbed), and the anionic substitution is extremely rare.

First of all, we shall briefly see the conservation rules involved in the substitution mechanism,

the typical jargon definition and the defect notation. We have to mention that extensive

studies in defect chemistry of oxides have been done by D.M. Smyth [42].

These rules may be summarized as follows:

If an ion is replaced by a different ion of the same valence, it is called Isovalent
substitution (e.g. Sr*"/Ba’"). It is Heterovalent or aliovalent when the valence is
different (e.g. La’*/Ba®").

Substituted cations are classified as acceptor centers if their charge is less than that of
the cation they replace (e.g. Fe’*/Ti*"), and donor centers if they have a greater charge
(e.g. Nb*"/Ti*"). In any case, the resulting charge must be electrically neutral (e.g,
through O” gain/loss or generation of free electrons/holes).

Dopant cations must have a very close oxidation state and ionic radii compared to the
cation they replace (e.g. La*" is too large to replace Ti*" on the B-site).

If the amount of impurities introduced in the perovskite structure is less than 1%
atomic concentration, doping can be considered. For higher content, we commonly

used the term substitution.

A wide variety of defect notations have been suggested in the literature but the self-consistent

symbols proposed by Kroger and Vink [43] have been finally accepted as the most useful.

The notations can be described as follows:

What

What:

charge
where

Which defect species (ion or a vacant site denoted by V).

Where: Indicates the lattice site occupied by the defect.
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Charge: Indicates the charge difference between the defect and the substituted ion. A dot is
used for an extra positive charge, and a slash denotes an extra negative charge.

"nn

For instance, V; denotes a Ti vacancy leading to four extra negative charges which have to

be compensated, for instance via the loss of two oxygen: 2V {j.

In the following paragraph, we are going to describe two consequences of such doping in the
electrical properties: (i) the “positive temperature coefficient of resistivity” (PTCR) effect,
which is refereeing to the large increase of resistivity observed in doped BaTiOs in the
vicinity of the Curie temperature (see fig. 1.2.1 above), and (ii) colossal dielectric properties
observed in CaCusTi1401,, where the equilibrium between Cu2+, Cu' and oxygen vacancies
may play the same role of charged defects and induce a colossal increase of the permittivity
but from extrinsic origin, i.e.; not from the bulk property. Both points will be useful in the
course of this thesis since an important part of the work is devoted to the study of doping
effect in BaTiOs thin films (see later I11.3.2 and I11.3.4). Finally, we will provide a description
of the surface and the near surface region of stoichiometric perovskites at elevated
temperature. The literature has indicated a rather complex behavior of the surface on
prolonged annealing in the temperature range where conductivity increases. If the situation
seems to be well documented for bulk materials, the results are much more speculative for

thin films. This point will also be described in chapter I11.3.2

1.2.2 Positive temperature coefficient resistivity (PTCR) in donor doped BaTiO3

In 1955, Haayman, Dam and Klasens [44] found that BaTiO; can be transformed into a
semiconductor by using Verwey’s controlled valency method. The method consists of
replacing partly Ba®" ions by large trivalent ions like La’", or Ti*" ions by small pentavalent
ions like Nb°" or Sb>". In all cases, the “extra positive charges” of the foreign ions change
drastically the resistivity properties of BaTiOs, especially at the Curie temperature. Studies of
both single crystals and ceramics of samarium-doped BaTiO; [45] with identical compositions
have shown that the PTCR effect is only present in polycrystalline material and thus related to
grain boundaries. Some authors claim the non-necessary donor dopant additives to obtain a
PTCR effect since grains and grain boundaries can be differently oxidized under certain

circumstances [46]. The most accepted model to explain macroscopically the PTCR effect has
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been established by Heywang [20] assuming a specific potential profile at surfaces and

interfaces. The main results are summarized in fig. 1.2.2 and fig. 1.2.3.
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Figure 1.2.2: Resistivity versus temperature Figure 1.2.3: a) Energy level diagram near a
characteristics of BaTiO; containing various grain boundary after Heywang [20] for
dopants. Ceramic and single crystal profiles are doped BaTiO;. The interface states induce a
also compared. Different electrodes can change high Schottky barrier (®g,) when T > T..

the resistivity profile, especially at low b) Schematic model of core-shell structures
temperature. The conductivity property is also on partial reoxidation due to slow cooling in
shown for undoped BaTiOj; highly reduced. air after [46]. Here, donor dopants are

assumed not essential to induce Dboth
semiconductivity and PTCR due to
modifications to the oxygen content of the
ceramics.

It is evident that the PTCR anomaly, absent from the doped single crystal, is restored in the
ceramic of identical composition [45]. Also, from room temperature up to the Curie
temperature, the resistivity of the ceramic is about three orders of magnitude larger than that
of the single crystal. Thus, only the presence of grain boundaries can account for these
differences.

The Heywang model (see fig. 1.2.3 (a)) assumes the presence of potential barriers (i) at metal

contacts and (ii) at grain boundaries, both induced by surface/interface states which can be

32



Chapter 1. Stoichiometry and charged defects in ferroelectrics

thermally activated. But as the jump of resistivity takes place precisely at the Curie
temperature, coupling between ferroelectric polarization and interface states is obvious. The
polarization charges (T < T,) in the ferroelectric phase could compensate the interface states
at the grain boundaries (acceptor states). Therefore, these ferroelectric charges could cancel
the potential barrier regions along the grain boundaries, resulting in a low resistivity. The
resistivity jump at the transition temperature is then resulting from the release of such
compensation.

This model has provided a good starting point for analysis and modeling of PTCR behavior in
macroscopical view but the most interesting problem connected with this model is the nature

of the interface states.

As for any semi-conductor interfaces, the first step is to understand the conductivity
properties at both sides of the interface, which in the case of BaTiO; ceramics is the grain
core conductivity. We are going to see now the proposed defect chemistry to explain the
origin of semiconductivity. This topic has attracted a lot of interest and is still a matter of

debate [48,49].

Since donor (La’") doping has been intensively reported in the literature, we are going to
focus the description on La-doped BaTiOs;. Different mechanisms can be identified to
understand the charge imbalance involved in doped BaTiOs. The following defect reactions
encountered in La-doped BaTiO; are using the notations of Kroger—Vink (KV), presented
above. These notations only involve reactions to respect the charge neutrality in the ideal
network (crystal) without taking into account the realistic system (grains + grain boundaries).
The PTCR effect occurs in such system (polycrystalline materials). These notations do not
inform on the new location of the displaced elements to maintain the charge neutrality. For
instance, if a titanium vacancy is created to unbalance the extra charges, the new location of
the expelled titanium will not be indicated in the (KV) notations, but only the vacancy site.
The expelled Ti might form an extra-phase at the grain boundaries or interstitial defect
(unlikely in perovskite structure). In fact, experimental investigations are required to complete
these theoretical notations. But they at least provide a good starting point to study the defect

chemistry of donor doped BaTiOs (ionic or electronic disorder).

4Bag, + Ti}; < 4Lag, + Vi (2.1)
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(2.1) indicates that Ti vacancies act as the charge-compensating defect (ionic compensation).

3Bag, « 2Lap, + Vg, (2.2)
(2.2) indicates that Ba vacancies act as the charge-compensating defect (ionic compensation).
Bag, < Lag, +¢’ (2.3)

(2.3) indicates that injection of “extra” electrons could counter balance the valence mismatch
between Ba®" and La’" (electronic compensation). Therefore, the conductivity is drastically

increased, the number of charge carriers being equal to the La concentration, i.e, [Lag, ]=n.

Another reaction can increase the conductivity also by charges releasing. However, this next

mechanism does not involve doping to occur (which might also be present):

Oy % Oy+ Vi +2¢ (2.4)

(2.4) indicates a reduction reaction that produces oxygen vacancies and free electrons

(electronic compensation). First-principles calculations performed by Erhart et. al. [50] have

shown that doubly charged oxygen vacancies (V) are accountable for n-type conduction

under oxygen-poor conditions. We want to point out that (i) the black curve in Fig. 1.2.2 [46]
is resulting from such reaction and more important (ii) reducing conditions are also favorable
to compensate the donors by electrons. But since the maximum oxygen non-stoichiometry of
pure BaTiOs is only 0.07 at % at 1000°C (BaTiO;99s) [51], it is difficult to account for
compensation (2.4) at higher donor dopants concentration. Therefore, reaction (2.4) cannot
totally cancel reaction (2.1) and (2.2) is expected to occur at higher concentration range, as

explained in the next paragraph.

The dependence of room temperature resistivity of donor-doped BaTiOs as a function of
dopant concentration (figure 1.2.4) has been intensively debated [48,49,52]. This behavior is
poorly understood, but is usually explained as a change of compensation mode from

electronic to ionic depending on the doping concentration as schematized in Fig. 1.2.5. For
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small amount of dopants, the releasing of electrons drops the resistance according to Eq. (3).
An increase of the charge carrier density can also be obtained under oxygen-poor treatment
(reaction (2.4)), but the curves plotted in Fig. 1.2.4 have been obtained under oxidizing
conditions. Therefore, only (2.3) can account to explain the resistivity decreasing. At higher
concentration, we observe an increase of the resistivity. This is usually explained by an ionic
compensation mechanism according the (KV) notations: Eq. (2.1) and/or (2.2). Ionic

"m

vacancies (Vg and/or Vg,) might be assumed to be created to counter-balance the extra

charges. Thus, one should expect to observe extra-phases at the grain boundaries resulting
from the doping incorporation in the network. In the light of these assumptions, we are now
going to describe the state of art, often very contradictory. This will be useful in the chapter

I referring to the results obtained in our donor doped thin films.

10° -
£ 10° - = -
c S,
2z 107 2z
= =
B 107 @
n n
5 ” & electronic ionic compensation:
1077 g e doped 53] 7| compensation: > eq. (2.1) &/or (2.2)
| N\b” doped [20] = equation (2.3)  + extra phases?
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Figure 1.2.4: Resistivity of BaTiO; Figure 1.2.5: Schematic diagram
ceramics as a function of La / Nb showing the change of resistivity vs.
concentration. A resistance minimum doping content and possible mechanism
is observed with increasing the amount of compensation involve in each region
of dopant. Also observed with other of semiconductivity.

dopants as Y, Sm, Gd, Ho, Nd.

The following paragraph is referring to the region where only ionic compensation is assumed
(increase of resistivity). At the very beginning [52,54—57], Vy; has generally been considered
to be an unlikely defect because of its high effective charge that corresponds to a major
disruption of the chemical bonding of the crystal. Thus, early theory [52,54—57] have
assumed the formation of Vg, in the grains and, consequently, the formation of BaO phases

at the grain boundaries. Therefore, a separated phase (BaO) is formed to accommodate the
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doping incorporation following the reaction (2.2). Another theory, also assuming the presence
of Vg, has been proposed [54] in which the resulting BaO (no specific form has been given)

does not represent a separate phase but a structural accommodation in an ordered fashion
within the grains. This could happen in the way that Sr;Ti,07 and Sr4Ti30; are formed by
ordered layers of SrO between perovskite type SrTiO; layers of various thickness denoted
Ruddlesden Popper (RP) phases [58]. Thus, following these models, the compensation of
donor-doped BaTiO; is by the barium vacancy for high doping concentration. The
accommodation of BaO (model I) and RP phases (model II) in the structure are sketched in

Fig. 1.2.6.

Ba-deficient
(grains)

Ba-rich (grain

= boundaries)
grain

Model (1) Model (11)

Figure 1.2.6: There are two proposed models to accommodate the barium vacancies: Left : (BaO)
formation at the grain boundaries (separated phase). Right: Ruddlesden Popper phases which are the
result of BaO intercalation between the perovskite blocks for different order of intercalation
(different n).

However, such RP phases are only speculated since no experimental proof have been given in
doped BaTiO;. Furthermore, the solubility and mode of incorporation for BaO in BaTiOs
were studied by X-ray powder diffraction by Hu et. al. [S9] using scanning and transmission
electron microscopy, electron probe microanalysis, and equilibrium electrical conductivity
measurements. The presence of barium orthotitanate, Ba,TiO4, as a second phase for samples
containing >0.1 mol% excess BaO was confirmed by direct microscopic examination. There
was no evidence to support the incorporation of excess BaO into BaTiOs by a Ruddlesden-
Popper (RP) type of superlattice ordering mechanism (Model (II) in Fig. 1.2.6).

If RP phases seem to be very unlikely, the formation of Vj,accompanied by Ba-rich

"

precipitation were therefore assumed to occur since V1; would be energetically unfavorable.
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Contradictory results have been published later [60] with the help of transmission electron
microscopy (TEM), which have indicated that the compensating defects in donor-doped

BaTiO; are titanium vacancies (V). Surprisingly, very small amounts of Ti-rich secondary

phases (BagTi;7040) have been observed at the grain boundaries resulting from a Ti expulsion
from the grains. This result has been supported later by different authors [see e.g. 61,48].

We are now going to discuss the compensation mode at lower donor concentrations since the
electronic compensation mode (reaction (2.3)) is also discussed [46,48,62]. The controversy

can be summarized as following:

- Point 1: Donors are charge-compensated by Ti vacancies under all circumstances
(reaction (2.1)), i.e. electrons never serve as the major charge-compensating species
(reaction (2.3) never occurs). The semiconductivity at low dopant concentrations is
only induced by loss of oxygen due to the high temperature firing commonly used in
solid state reaction (typically, ~1300°C). In fact, this semiconductive character is only
induced by reaction (2.4). In addition, partial reoxidation can occur at grain boundaries

during cooling [46,62]. See also figure 1-4 (b).

- Point 2: Electrons are in fact a major charge-compensating defect over a wide range of
conditions, and the conductivity is due to an electron concentration that is directly
resulting from the donor concentration [49]. Thus, at low donor concentrations,

reaction (2.3) is dominant.

Let see how the first point (rejecting reaction (2.3)) has been experimentally suggested.

West et al.[62] have prepared La-doped BaTiO; ceramics at low donor concentrations using a
sol-gel route with final firing at 1100°C. According to these authors, this rather low
temperature allowed them to avoid the oxygen loss occurring during the high temperature
firing commonly employed in solid state chemistry. Fig. 1.2.7 reports the resistivity behavior
vs. temperature for both sample preparations (sol-gel and solid-state reaction). Obviously, the
resistivity of the samples sintered at low temperature is several orders of magnitude higher
than those of the samples prepared at higher temperature. Therefore, compensation only by
titanium vacancies is claimed. But, we have to note that the density of this ceramic (prepared
by sol-gel) is much lower (~ 75%) than the one prepared by solid-state route (> 95%).
Therefore, the porosity might influence the apparent resistivity observed. In addition, the

electrical measurements have been performed until 1200°C, which is a higher temperature
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than the firing one. In addition, the incorporation of the donors might be different for the

different preparation techniques.

Let see now how the second point (assuming reaction (2.3)) has been experimentally
determined [49]. The reliability of the measurement is based on the assumption that each
added oxygen ion (O”) will neutralize two La>" dopant ions, e.g. LaO; s vs. BaO it replaces.
Thus, a direct (and proportional) relation between the amount of oxygen and the amount of
dopant has been speculated.

In that works, the authors have measured the weight change between the oxidation and the
reduced states for a given doping concentration (one sample). They did it for different doping
concentrations (different samples) using thermogravimetric measurements under the same
conditions for each duplicate samples [54]. The reversible weight change was precisely that
expected for weight gain or loss of oxygen that is the charge equivalent to the donor content,
as shown in Fig. 1.2.6. The electrons have then become the main charge compensating defect

due to the reduction. Thus, the free carrier concentration is directly coupled with the doping

content.
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Figure 1.2.6:. The reversible weight change Figure 1.2.7: Resistivity data for sol-gel and
between oxidized and reduced BaTiO; doped with solid-state preparation on La-doped BaTiO;
various concentrations of La’". The line is the ceramics. The doping content (0.003% at.C.)
calculated weight change for gain or loss of the corresponds to the electronic compensation
“extra” oxygen in the donor oxide. The results region. High resistivity is observed for sol-gel
suggest that the conductivity arises from an electron sample, suggesting (i) that La must be entirely
concentration that is directly coupled to the donor. compensated by titanium vacancies even for
Adapted from [54]. low donor concentration, (ii) samples prepared

by  solid-state = reaction are  oxygen
nonstoichiometry. Adapted from [62]
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The discussion about the charge compensation mode in donor doped BaTiOs is thus very
perilous. Concentration of dopants, oxygen partial pressure and temperature used during the
firing, must be systematically mentioned for realistic comparison. The Kroger—Vink (KV)
notations can be used to express the type of disorder but is not a self consistent notation to
understand the entire systems (bulk + grain boundaries). The experimental results discussed

above have provided complementary informations to understand the different mechanism:

- At low donor concentrations, the samples are semiconducting. It seems that reaction
(2.3) occurs. The couple Ba**/La*" provides the free electron density proportionally to

the doping content until a certain threshold.

- At higher donor concentrations, the resistivity increases due to a decrease of charge
carrier concentration. This lowering of charge carrier density is obtained by ionic

"

compensation (most likely V7; (reaction (2.1)) and consequently, Ti-rich phases at the

grain boundaries under the following form: Ba;<La,Tii.x403 + TiOsccondary phase- But
under oxygen-poor sintering conditions, the threshold between electronic/ionic
compensation can occur at higher doping content than for oxidizing conditions
[60,63]. This is mainly due to the contribution of reaction (2.3) + reaction (2.4) which
provides enough electrons to compensate the donor. But since the maximum oxygen

non-stoichiometry is limited to 0.07 at %, for reduced materials, Vy; + Ti-rich phases

still occur in the higher concentration range [60,61,64].

In summary, the electrical properties of donor-doped BaTiOs are not entirely understood. By
using macroscopical model, we clearly see that interfaces (electrodes, grain boundaries) play
a major role in the non-linearity observed. Interface states induce Schottky barriers (and thus
high resistivity) under heating. This abrupt jump of resistivity takes place at the Curie
temperature demonstrating the coupling between phase transition and PTCR effect. Studies of
the chemical and electronic nature of interface states are thus a key to understand the
mechanism of compensation. However, such detailed investigations are still missing and this

is strong motivation for the present work. Our results will be described in the Chapter 111.3.4
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since surface and interface spectroscopy have been largely used in this thesis to study BaTiO;

in thin film form (Nb-doped and undoped).

Let us show now another consequence of charged interfaces in perovskites. During the last
decade, many materials with so-called “giant” permittivity have been investigated. We will
show in this part that free charges may be stored at inner interfaces leading to extrinsic

colossal permittivity.

1.2.3 Giant-dielectric phenomenon in CaCu3Ti4O1, (CCTO)

In 2000, Subramanian et al [65] reported a high permittivity of ~12,000 in CCTO ceramics
which, when measured at 1 kHz, remained constant between 100K and room temperature.
The authors also reported a drastic decrease in the room temperature permittivity with
increasing measuring frequency or decreasing temperature. These results are reported below,

Fig. 1.2.8 under iso-frequency profiles.
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Figure 1.2.8. Iso-frequency dependence of the
real part of the dielectric response of CCTO. The
loss factor is also reported. Colossal permittivity
is clearly measured with large loss (>1). Reported
by [64].
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Since the original report by Subramanian et al., there has been substantial debate about the
origin of this very large permittivity (180 papers in 7 years). In the early stages, few intrinsic
mechanisms were proposed [see e.g. 66] in which a dipolar mechanism was assumed (Ti*"
displacement in the oxygen octahedral). This intrinsic model was finally ruled out shortly
after, especially thanks to the investigations of Sinclair et al, [67]. In this work, impedance
spectroscopy was used to reveal a succession of two semicircles. Such behaviour is often
found in ceramic materials, whose dielectric response at low frequencies is dominated by
grain boundaries (e.g. Fe-doped BaTiO3). These results are explained with an “internal barrier
layer capacitor” (IBLC) model: semiconducting grains + insulating grain boundaries (similar
to the model presented on 1.2.3 (b)) leading to Schottky barrier formation at these interfaces.
Impedance plots (-2’ vs. +Z’) are appropriate (see fig. 1.2.9) to distinguish both
contributions (grain / grain boundaries). The dispersion of the giant permittivity has been also
reported (Fig. 1.2.10) at the same temperature evidencing a clear Debye-like behaviour.
Furthermore, the imaginary part (¢’’;) increase strongly at low frequency denoting a Maxwell-
Wagner effect. However, it should be noted that electrical measurements does not allow
identification of the physical origin of the observed semicircles. The first semicircle could be
due to grain boundaries, twinning boundaries (domain walls), and interfaces with electrodes.
Although the extrinsic mechanism seems to be well accepted, the question related to the
physical origin of this interfacial polarisation is not fully established. Up to now, it is not
possible to definitely conclude which of the above developed scenarios is correct. Like the
PTCR effect, models are limited by the unsatisfactory knowledge of charged defects at

interfaces.

Finally, we just saw through the CCTO system that interfaces (grain boundaries, domain walls
or electrodes) play again a major role in the dielectric properties. If the applications of CCTO
in modern electronics seem to be limited (large loss and weak permittivity at frequency
beyond megahertz), this material represents at least an educational system to see the
consequences of such depleted interfaces on the dielectric properties of oxides. Improving the
control of interfaces in advanced ceramics could considerably help for applications in

integrated devices.
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Figure 1.2.9: Impedance complex Figure 1.2.10: Isothermal
plot at 110K for CCTO materials. dispersion of the dielectric
The inset square denotes the permittivity at 100K for CCTO.
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[67].

The first two paragraphs (PTCR and CCTO related) were mainly focused on surface and
interface defects inducing colossal change in electrical properties. In the next paragraph, we
are going to “highlight” the importance of oxidation and reduction of BaTiOs in the near

surface region.

1.2.4  Stoichiometry change in the near-surface region

The surfaces of ABOs perovskites have been intensively studied, especially for bulk materials
at elevated temperature [69-71]. Indeed, the equilibrium conductivity study of such oxides is
generally performed between 750 and 1200°C under a broad range of oxygen activity.
Therefore, in order to reach the thermal equilibrium and solid/gas equilibria, long dwell times
are requested (up to several hours). This protocol must be repeated for each partial pressure
under variable temperature making the experiment particularly long (typically, several days of
continuous heating are necessary).

Consequently, the materials gain or loose oxygen as it is expected but the cationic distribution
(A and B site) can also be drastically modified between bulk and surface, modifying thus the

original surface stoichiometry. This will be the topic of this paragraph.
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In the last few years, it has been recognised that chemical reconstruction in the near surface
region can occur under extensive thermal treatment. Cation segregation and solid state
reactions cause a chemical heterogeneity in the surface layer with the formation of so-called
A-cation rich Ruddlesden-Popper (AO(ABOs),) and B-cation rich Magneli type (B,O2n.1)
phases [72-73] depending on the thermal treatment. The situation can be summarized Fig.

1.2.11.

Figure 1.2.11: Schematic
illustration ~ of the  chemical
heterogeneity in the surface region
of a ABO; crystal induced by
oxidation or reduction thermal
treatment at elevated temperature.

Oxidation Reduction

Si| AOx(ABO3)n B20, BO, BO2
S2| Bm(O2m-1 AOD=(ABO3)n
B ABQC3

SrTi0O; has been particularly studied since it does not exhibit a ferroelectric domain structure
which influences the surface topography; it is paraelectric and crystallises in simple cubic
structure for a wide range of temperature. We are thus giving several examples using the

SrTiO; system as reference for discussion.

a) Surface reactions in oxidizing atmosphere

Heating SrTiO; in oxidizing atmosphere increases [VSI] at the SrTiOs surface according to

the defect reaction of the cation sub-lattice:
Srsxr + 26’ + 1/2 02 > Vé'r + SrOSecondary_phase (2.5)
Sr ions will diffuse outwards from the bulk to the surface, where they can react with gaseous

oxygen and form SrO-rich surface phases. Szot et al. [69] have observed a continuous

accumulation of SrOy on SrTiO3(100) surfaces in the case of oxidizing conditions. Sr surface
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segregation and growth of SrOy secondary phase on SrTiO; surfaces under oxidizing
conditions have been also confirmed by many groups [74-76]. The amount of the formed
surface SrO, layers increases with the doping level of heterovalent dopant (La’ or Nb** ...)
since the extrinsic donor dopants could create more Sr vacancies and enhance Sr diffusion in
the solid [75] following equation (3).

Finally, Rahmati et al. [76] also shown that the density of surface SrO-rich islands depends on
SrTiOs surface orientations. The island density decreases in the sequence of (100), (110) and

(111). The main results are presented in Fig 1.2.12.

Figure 1.2.12: (a) AFM measurements of (100) surfaces prepared at 1000°C for (1) 24h
and (2) 120h. The data give evidence of microcrystal which are attributed to SrO phase. It
seems that regular microcrystal is formed due to the agglomeration of dropetlike features
[68]. (c) optical micrographs from polycristalline STO with different orientation of the
grains [75].

The formation of [VSI] has been suggested to be accompanied by growth of Ruddlesden-

Popper (RP) phases: (AO(ABO3),) in the subsurface region which act as a source for the
excess of Sr in the surface region [69]. Meyer et. al., [77] have shown that under static electric
field, reversible structural changes occurs in the near surface region of SrTiOs single crystals.
Formation of Ruddlesden-Popper phases of composition SrO(SrTiOs), were evidenced using
Wide-Angle X-ray Scattering (WAXS). The RP phases order (n) has been tuned under
different voltages after relaxation time of about 250 min at every level of electric field at

room temperature.
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b) Surface reactions in reducing atmosphere

In reducing conditions, oxygen may desorb from the surface:
0y « Vg +2e7+ %0, (2.6)

The reduction leads to an increase of [V’O'] at the surface. Thus, the concentration of

compensating [VSr] subsequently increases resulting in Sr migration from the surface to the

bulk. Consequently, Ti enrichment can be assumed (and Sr-deficiency) on the surface. It has
been demonstrated that reducing SrTiO; surfaces in vacuum above 900°C causes formation of
Ti-rich surface phases, including Ti-rich phases of TiO and Ti,O [69], TiO; [72], Ti,0s
islands [78].

1.2.5 Closing Remarks

Up to now, only bulk materials have been considered. Doping and grain boundary effects on
electrical properties were presented through both PTCR and colossal permittivity materials.
The role of interfaces has been emphasized in term of charged defects influencing the
electrical properties. Stoichiometry change under thermal treatment was also described
showing again the importance of surfaces in ABO; compounds. For a given composition, the
situation in thin film materials is different. For instance, (i) the phase transition
paraelectric/ferroelectric is very difficult to observe with a classical impedance spectroscopy
approach (ii) the doping effect does not seem to change so drastically the electrical properties
and (ii1) the consequences of large thermal treatment on surface stoichiometry, have not been
really studied in thin film materials. In the next paragraph, we are going to describe (i) the
major extrinsic effects encountered in thin films (e.g. strain, size, interface...) and (ii) discuss
the preliminary results about surface and interface studies of ATiO; thin films which have

been the starting point for our investigations.
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1.3 Ferroelectricity in thin film materials

A basic characteristic of all ferroelectric materials is the hysteretic behaviour relating
polarization P and applied field E,. If we apply a large E, to the specimen, numerous domains
can be lined up in the same direction. For instance, in memory applications, we can switch the
polarization of the entire crystal from up (+1) to down (0) by reversing E,. In a large single
crystal this would require voltages of several kilovolts, which would be impractical for a
commercial device. For a thin film of 100 nm thickness, it requires only a few volts. Thus the
development of practical ferroelectric devices is closely linked with progress in thin films
technology.

However, thin film processing is not always straightforward. With the available deposition
techniques, ferroelectric memories are already suitable but the reliability remains a key issue.
For instance, one of the most common approaches to measure the transition temperature of a
ferroelectric material is to measure the dielectric constant and loss. However, in thin films,
there are significant complications probably due to surface/interface effects (see Fig. 1.3.1).
This paragraph will describe the main differences encountered in thin films compared to bulk
ceramics or single crystals; Size effects (e.g. thickness dependence) and interface effects (e.g.
metal-ferroelectric junction) will be described. The second part of this paragraph will deal
with the electrical properties of BaTiOs thin films deposited on different bottom electrodes.
Some recent investigations will also be described as they open a new field of study in

ferroelectric thin films.
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1.3.1 Grain size effects

It 1s first important to notice that thin films may differ in some substantial ways from bulk
ceramics or single crystals of the same composition. The grain size is one of the effects
involved in this difference. The purpose of this paragraph is thus to describe the consequences
of grain size reduction to macroscopic properties.

In bulk BaTiO; ceramics, the grain size has a strong effect on the low frequency permittivity
as shown in Figure 1.3.2. The permittivity is rising with decreasing grain sizes below approx.
10um [79]. It is also clear from the graph (a) that grain size has no observable effect on the
ferroelectric transition temperature. The higher permittivity for smaller grain size may be due
to mechanical compression, inducing a preferred domain orientation. Thus, the subsequent
stress can increase the polarizability in a preferred direction (single crystal-like). On the other
hand, when the grain size increases, the stress is relaxed by the large size (polycrystalline-
like), leading to a drop of the apparent permittivity. Grain boundary effects are also often
invoked to explain the drop of permittivity [80,81]. However, the paraelectric state above the
Curie temperature should also be affected by a low permittivity interfacial layer, which is not
observed.

BaTiO; thin films show typically much lower permittivities than ceramics. But a significant
increase of room temperature permittivity with a change from granular to columnar grain
morphology is commonly observed, as show in (b) and (c). In contrast to BaTiO; bulk
ceramics, which exhibit a clear paraelectric / ferroelectric phase transition, only a broad
maximum in the permittivity vs. temperature curve is observed for polycrystalline thin films
with a strong decrease of the maximum temperature (100K instead of 400K) . A diffuse phase
transition (DPT) is commonly used to describe this phenomenon. In addition, the BaTiO; thin
films do not show a ferroelectric hysteresis at room temperature suggesting that thin films of
BTO behave as a superparaelectric material (since 1997 however, several publications are
reporting ferroelectric hysteresis at room temperature for fully epitaxial BTO thin films. This

will be described in the next paragraph).

47




Chapter I. Ferroelectricity in thin film materials

a (b (c)

L 1200 ), , —
12000 + BaTiO, i ¢ ‘_‘i.:. .;::r. s
w1 _ 1.5um | b e M ’*‘
Grain size f 800t o S
8000 : \ e
s o PR
t e s
4000 400F T

[ ¥ "“"“'H, =

9 L ne-graired s ..— =

1 1 | 1 | [ SO S T S W S I Y

2000 300 400 0 100 200 300 400  QESETEE
Temperature [K] Temperature [K] Gt =

Figure 1.3.2: Temperature dependence of the permittivity for (a) bulk ceramics with different grain
size after [79] and (b) thin films with different grain sizes. (c) show the microstructure of the
corresponding films after [1].

1.3.2 Interface effects

Because capacitors are often the largest components in electronic circuits, extensive efforts
are directed at reducing their size through the use of high-permittivity (i.e. high-storage
ability) insulators such as perovskites, which should provide more capacitance per unit area.
Unfortunately, most of the experiments on thin-film capacitors (e.g. SrTiO;, BaTiOs,
(Ba,Sr)TiO3) have yielded capacitance values that are orders of magnitude smaller than
expected [82]. The microscopic origin of this reduced capacitance, which is often discussed in
terms of a low-permittivity interfacial “dead layer”, is not well understood. Experimentally,
the thickness of the “dead layers” seems to be about 5-10 nm or more [83-87], whereas first
principles calculations give a much smaller value of about Inm [88-90]. In some works a
tetragonal interface layer is found at all temperatures, even above T, [60,61], where in others
it is cubic even below T, [83,84]. In fact, the structure of the surface layer can be rather
complex and depends on processing conditions [91]. Whether such a dead layer exists at all,
and if so, whether it is an intrinsic property of an ideal metal-insulator interface or a result of
processing, which introduces defects and strain, are controversial questions [92]. This
paragraph will describe the main experimental results available in the literature referring to
the “dead layer” effect. Then, we will focus our discussion on bottom electrode / thin-film

interfaces, which are much more influent than the top electrode.
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The experimentally observed reduction in effective permittivity is usually expressed in terms
of regions of low interfacial capacitance C;, at the electrode-ferroelectric interfaces, acting in

series with the nominal (bulk) ABO; capacitance Cy, to give a lower overall capacitance Co:

+ +

1 1 1
— — — (1.3.1)
G ¢ G G
Figure 1.3.3 shows the inverse of the apparent capacitance at zero bias as a function of film
thickness, at temperatures of 25, 100, 150, and 200°C. Results for a sample thickness of 12nm

are included [93].
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The intercepts of the various curves are approximately independent of measurement
temperature, while the slopes vary quite strongly. In this model, the permittivity of the dead
layer is thus assumed to be temperature and field independent (consistent with the term “dead

layer™).

At present, two competing models for the interfacial layer exist. The first one is based on the
finite electrostatic screening length in the metal supporting the idea of an intrinsic dead layer
[94]. However recent experiments have shown that, by using free-standing single-crystal
lamella instead of standard epitaxially grown films, bulk-like behaviour can be obtained even
for lamellae as thin as 75 nm [95] as shown in Fig. 1.3.4. These results suggest that dead
layers in thin films could arise from growth-induced defects, strains and grain boundaries
rather than from the intrinsic properties of the interface. Several groups have shown that truly
epitaxial growth can indeed significantly sharpen the form of the peak in dielectric constant

against temperature, and raise the peak dielectric constant closer to single crystal values than
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has previously been thought possible [96,97]. Results for different deposition conditions are
given in Fig. 1.3.5.
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Figure 1.3.4: BaTiOs: Above the observed Figure 1.3.5: Inverse of the permittivity as a
Curie anomaly, the dielectric response of thin function of temperature, measured at zero
lamellae  (75nm)  exhibit  Curie-Weiss bias and 1 MHz frequency for thin films
response, with T., below T. After [95]. grown at different temperatures (T,) , after
Electrodes: Au. [97]. System: Pt/BTO/Pt.

It can be seen from figure 1.3.5 that all the films show Curie-Weiss behaviour above 400 K
(growth temperature: T,). But the apparent Curie-Weiss temperature is considerably affected
by the growth temperature of the film. Usually, it seems to be difficult to obtain T, film =
T..w ceramic, for a given composition. This change of T.,, without a change of the slope
(Curie-Weiss constant) was ascribed to the columnar nature of such films.

To complicate things further, the effect of the electrode material is even less clear [98]. For
instance, Scott et al. [99] have pointed out the substantially better electronic screening
provided by elemental metals, resulting in dead layer-free capacitors. However some works
[96] suggested that the high ionic contribution to short range polarizability provided by
electrodes such as SrRuO; or LaNiO; should yield improved screening; several experiments
on thin (Ba,Sr)TiOs or BaTiO; films seem to support this argument [96,100-104].

Recently, fully ab initio calculations of the dielectric properties of SrRuOs/SrTiO3/SrRuO;
and Pt/SrTiOs/Pt nanocapacitors have been performed by Spaldin et al. [92]. They found that
the dead layer effect is reduced by almost a factor of four for electrodes made of elemental
metals (e.g. Pt) as electrodes. These results suggest that electrodes with shorter electronic
screening length, such as Pt or Au, should be the best candidates for reducing the dead layer.

But again, these calculations report an opposite trend to many experimental groups, since the
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superior perovskite-perovskite epitaxial quality brings the measured interfacial capacitance
close to negligible values. In summary, the macroscopic origin of the reduced capacitance
layer is not well understood. At least since ferroelectric materials are good insulators, the
majority of carriers are injected from the electrode and therefore, the metal/film contact
formation is a crucial point and might influence the macroscopic properties.

In Si-based technology, the metal contact on heavily doped-Si (most of the devices) forms an
Ohmic contact as it is required for every semiconductor device in order to drive current in and
out of the device. On the contrary, for the usual applications of ferroelectrics (capacitors) it is

desirable to have the largest barrier possible to avoid residual leakage currents (see below).

Schottky barrier formation at metal-ferroelectric junctions

In the following, the ferroelectric film will be considered as a large band gap semi-conductor.
The barrier heights of metal-semiconductor or metal-insulator systems are, in general,
determined by both the metal work function and interface states [5]. In a simple model (in
which interface states are not taken into account), the metal work function W, drives the
metal-ferroelectric junction properties. If the metal work function is greater than the electron
affinity y of the ferroelectric, a potential barrier @, (for electrons) is formed at the interface.
On the other hand, if the electron affinity of the ferroelectric is greater than the metal work
function, an Ohmic contact should be formed (@, = 0 eV). In this model, the barrier height is

simply:
Dp=Ws—yx (1.3.2)

The situation is summarized Fig 1.3.6, where interface states are neglected and the
ferroelectric (semiconductor) is assumed to be n-type doped. The latter assumption will be
shown to be reasonable for BaTiO;. Work functions of some typical electrode materials are

given Table 1.
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EV&C
Electrode Work function
Eo material UZ)
Pt [5] 5.6 eV
Ew S Au [5] 51eV
Dielectric RuO, [105] 6.1 eV
Figure 1.3.6: Energy-band diagram Table 1: Work function of selected
for typical rectifying (non-ohmic) candidate = materials used as
contact between dielectric and metal. electrode.

Interface states have been neglected in

this schematic layout. E,,. indicate the

vacuum level. Others notations are

indicated previously in the text.

The bottom electrode for ferroelectric films has to fulfil several conditions. It must remain
conductive even after the thin film deposition and must not react with the film. It should also
have a sufficiently high work function to limit the leakage current as discussed previously.
Noble metals such as Pt are the most suitable candidates from the point of view of chemical
inertness and high work function. However, the available Pt substrates are most often [111]
textured (polycrystalline). Therefore, with such platinized wafers, it becomes difficult to grow
fully epitaxial films. As the electrical properties are strongly improved for high epitaxial
quality films, this is a considerable limitation. However, some authors are able to grow very
nice epitaxial films onto epitaxial Pt [97]. But this requires an individual Pt deposition prior to
the ferroelectric film deposition. This might not be reasonable for industrial applications. As
alternative bottom electrodes, conducting oxides such as RuO,, IrO,, SrRuOs;, Nb-doped
SrTiO; might be suitable.

Until now, interface states have been neglected in the metal-ferroelectric junction. The band
bending regime occurring in the dielectric (see figure 1.3.6) was so far only the consequence
of charge transfer between the dielectric and the metal to equilibrate the Fermi energy.
Usually, we define this model as the Schottky limit (Ideal Schottky barrier) practically
involved in most of ionic semiconductors such as ZnS and Al,O;. However, it has been
known for a long time, see e.g. [106,107], that for elemental (Si, Ge) and III-V compound
semiconductors (e.g. GaAs), the Schottky-barrier formation is essentially independent of

metal work function (see figure 1.3.7) but rather pinned by electronic states in the forbidden
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gap. These electronic states can be either intrinsic

(metal-induced-gap-states  [108,109,110]) or

extrinsic  (defects introduced

semiconductor surface due to the metal deposition [111]), both are discussed below.

Fn &V)

Figure 1.3.7: Schottky barrier energies
of  various metals on n-type
semiconductors plotted versus
electronegativity (y,) of the metal. For
each material, slope S of the reference
line is inversely proportional to the
extent of Fermi-level stabilization at the
semiconductor/metal interface [107].

at

to the metal-semiconductor junction

the

The role of interface states is outlined in Fig. 1.3.8. The left graph shows a situation of an n-

type semiconductor with surface states. The surface states are associated with charge

neutrality level. The significance of the charge neutrality level is that if the Fermi energy level

at the surface or interface coincides with the charge neutrality level, the net charge in the

surface/interface states is zero. If the Fermi level is above E.y, the surface/interface charge is

negative (acceptor like) and if Er is below Ey it is positive (donor like). To establish overall

charge neutrality, the n-type semiconductor develops an upward band bending, which is

associated with a positive space charge, which balances the negative surface charge. The

situation is slightly more complex at an interface, because a charge in the metal has to be

added to the space charge and to the charge in the interface states to obtain overall charge

neutrality.
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Figure 1.3.8: Energy-band diagram for typical semiconductor (or dielectric) with surface states. (a)
without metal junction and (b) with metal junction. The interfaces states lead to a lowering of the
Schottky barrier due to charge transfer between these states and the metal inducing interfacial dipole on
the vacuum level.

The model describing intrinsic interface states in the band gap of the semiconductor has been
first introduced by Heine in 1965 [108]. Louie et al. have later demonstrated metal-induced
gap states using density functional theory [110]. As an example, Figure 1.3.9 shows the local
density of states for the Metal/GaAs system, displayed for four regions. Each region contains
one atomic layer. The interface is indicated by the red dashed lines (boundary between C and
B). The pseudopodential method reveals metal-induced states in the GaAs band gap for the

first atomic layer.
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Figure 1.3.9: Local density of states for the Figure 1.3.10: Index of interface
Metal/GaAs interface. The red dashed line behaviour S from Kurtin et. al. [107]

indicates the junction and MIGS are evidenced
in the GaAs forbidden gap with the green
circle. After [110].

The charge neutrality level (Ecn) is directly related to the MIGS and intimately connected to
the electronic band structure of the semiconductor. It can be considered as a fundamental
material parameter in the Schottky barrier determination. Calculations of charge neutrality
levels using branch point energies have been provided by Tersoff [112] and Ménch [113] and
by Cardona and Christensen using dielectric midgap energies [114]. The importance of charge
neutrality levels for the barrier formation of ferroelectric materials has been pointed out by

Dawber and Scott [99].

The limit of very high concentration of surface/interface states, which corresponds to full
Fermi level pinning where the surface/interface Fermi level position and the thus also the
barrier height are determined by the energetic position of the charge neutrality level, has been
evidenced by Bardeen in 1947 [106] and is often termed as the Bardeen limit. In most cases,
the density of interface states is moderate and the barrier heights will be established
somewhere between the Schottky and the Bardeen limit. To express this mathematically, an
index of interface behaviour S is used, with S = 1 corresponding to the Schottky limit and S

= 0 to the Bardeen limit. The index of interface behaviour S corresponds to the slope
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d®y/dW¢ in Fig. 1.3.7. This slope depends on the ionicity of the semiconductor as pointed out
above and displayed in Figure 1.3.10. On this empirical curve, two trends can be observed: (i)
S is expected to be close to the unity for ionic semiconductor (ii) and small (~0.1) for covalent
semiconductors as Si and GaAs [107].

The model of Cowley and Sze [115] is a phenomenological approach to calculate the
dependence of the Schottky barrier height (®y) in dependence on metal work function and

density of interface states. In this model, the barrier height is given by the following equation:

2
Dy =[S (Wy— 1) + (1-S)(Eg~ Do) — AD ] + {%S -5,
C C sc?
[ C(@n -0+ (1-S)(By - ®g). g -5 (E-kyT)+77 ]”2} (133)

where Wy is the metal work function, y is the semiconductor electron affinity, A® is the image
force Schottky barrier lowering which depends on the magnitude of the electric field, and
&=E — Er is the Fermi level position in the bulk of the dielectric. We have to note that when
S=1 (ionic semiconductor), the Schottky barrier calculation is expected to mainly dependent

of metal work function. The two parameters S and C are given by:

£ 2qeNyd?
= ="
g; +qd;N; €

where €; and ¢ are the interface and bulk dielectric permittivity, d; is the thickness of the
interface layer separating the interface states of the semiconductor from the surface charge of

the metal, Ny is the bulk doping density, and N; is the density of the semiconductor gap states.

Using this model, we can plot the dependence of Schottky barrier height on (i) the doping
level N; and (ii) the interface states &; in SrTiO; with Pt electrodes (figure 1.3.11) [116].
Schottky barrier formation on SrTiOs has been intensively studied [116,117,118] as it is a
model ionic compound with high permittivity, easily available in single crystal form, it can be

doped, e.g. using Nb, to obtain conducting samples and it is not ferroelectric.
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Figure 1.3.11: Schottky barrier heights in dependence (a) on the doping level Ny or (b) on surface
densities of interface states N,. Both N, and N; are successively used as a parameter. (a) and (b) are plotted
for the SrTiO;/Pt interface [116]. For the Pt work function and the SrTiO; electron affinity, we have used
the values of ®@,=5.6 eV and y=4.2 eV, respectively.

Following Figure 1.3.11, a variation of the Schottky barrier can occur by changing the doping
concentration or the density of interface states. From (a), it is clear that for low doping
concentrations, the interface states are expected to play a major role in the barrier height
whereas figure (b) shows that for low interface states densities, Ngq will strongly modify the
Schottky barrier height.

These graphs are very useful to identify the origin of Schottky barrier height variation, which
can occur after a change in defect concentration (N;j) or change in doping concentration (Ng).
Schafranek et al. [116] have shown on SrTiO;:Nb single crystals with Pt contact a
dependence of the Schottky barrier height for different thermal treatments
(oxidation/reduction). Photoelectron spectroscopy has revealed a change in defect
concentration (oxygen vacancies and Ti’" states) responsible for the barrier height change

from 0.5 eV under reduction treatment to >1.2 eV after oxidation.

1.3.3 Electrical properties of BaTiOs thin films vs. bottom electrodes

Heteroepitaxial BaTiOs thin films grown on conducting Nb-doped SrTiO;, SrRuO; and Pt

substrates have been intensively studied to measure their electrical properties. Polarization vs.
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voltage hysteresis loops were measured with three different substrates combinations by Abe et

al. [119] as shown Fig. 1.3.12 for BaTiOs thin films.

‘E_ gg (c) on SrTiOs-Nb ;g {b) on PtMg0 gg (a) on Srnuoafs_r:rio,
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Figure 1.3.12: [119] : Ferroelectric hysteresis loops measured for heteroepitaxial BaTiO; films grown on
(a) SrRuO;/SrTi0s, (b) Pt/MgO and (c) Nb-doped SrTiOz. BTO thickness 410nm. Top electrode: Pt

Typical ferroelectric hysteresis loops are clearly observable on (a) SrTiOs/SrRuO; and (b)
MgO/Pt substrates. However, when BaTiOj3 is deposited onto (c) SrTiO3:Nb substrates, only a
residual loop is observed (Diode-like behaviour). This trend has been confirmed by many
groups [120,121,122]. The drastic change in the ferroelectric properties might be explained by
the properties of the SrTiO3:Nb/BaTiOs interface. We will provide evidence that the interface
will indeed allow for a large electron injection current (low Schottky barrier), making difficult

the polarisation measurements (see the Chapter 11.3.1.3).

1.3.4 New trends

Ferroelectric thin films and superlattices are currently the subject of intensive research
[123,124,125] partly because of the changes in the ferroelectric properties as the thickness of
the ferroelectric materials is reduced. In superlattices composed of layers of PbTiO; and
layers of SrTiOs, Dawber et al. have shown an anomalous increase of the tetragonality with
the lowest PbTiO; volume fraction as shown in Figure 1.3.13. They attribute this behaviour to
a new phenomenon: an interfacially induced form of improper ferroelectricity. It is related to
rotation of oxygen octahedra, which 1is conversely responsible for a non-polar
antiferrodistortive (AFD) ground state (see figure 1.3.14). But this model, do not take into
account the possible contribution of interface field resulting from charged defects. It has been

shown long time ago[126] that the application of a static electric field (E) results in a
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temperature shift of the maximum of permittivity (T(gmax) < 10 K for E = 0 kV/cm and T(€max)
= 40 K for E = 5.18 kV/cm). This was explained in terms of electric field induced
ferroelectricity which can occur in ultrathin films. Such an electric field effect was
successfully demonstrated very recently [127] with the help of x-ray absorption near edge
structure (XANES) analysis. The experiment has revealed a clear shift of the Ti-K absorption
edge energy under electric field, attributed to a change of the Ti valence state. Therefore,
application of a static electric field to a STO crystal results in a redistribution of oxygen
vacancies in the near surface region resulting in Ti** states [127].

If we transfer these considerations to the superlattice structures (Figs. 1.3.13 and 1.3.14), we
cannot exclude the following possibility: during vacuum deposition, some charged defects
might occur at each interface of the multilayer (likely oxygen vacancies). For the very low
coverage of PTO volume fraction (where AFD behaviour was reported), the charged defect at
the interfaces could induce an electric field high enough to modify the polarization of the
SrTiOs layer. We have to note that the typical concentrations of oxygen vacancies in

ferroelectric thin films is about 10'7 cm™ — 10*' em™ [128].
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Figure 1.3.13: Polarization as a function of Figure 1.3.14: Schematic view of the
the PTO volume fraction in STO/PTO PbTiO3/SrTiO; superlattices and atomic
superlattices. Note that the polarisation seems motion associated to antiferrodistortive
to increase for low PTO volume fraction. (AFD) mode. After [123].
After [123].
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Very recently, electrical investigations have been reported on almost freestanding single
crystal BaTiO; that had been cut to thin film dimensions using focused ion beam (FIB)
[129,130] (see Figure 1.3.15 (a) and (b)). Therefore, these BTO lamella (~ 100nm thick) are
free from epitaxially induced strain from the substrate and are ideal for investigation of
intrinsic properties. Remarkably, electrical and phase transition behaviour were found to be
bulklike (c). Thus, this experimental approach gives an opportunity to systematically evaluate
the effects of individual elements, which are suspected to contribute to the dramatic
differences in functional response between bulk and thin films. Nevertheless, we also have to
note that gallium etching induces Ga implantation in the lamellae. Thermal annealing has thus
been performed in oxygen to repair the damage and expel the implanted Ga (see Figure 1.3.15
(d)). Additional experiments need to be performed to quantify the damage caused by focused
ion beam processing (noted that the recorded capacitance value is abnormally low (femto-

Farad) on (¢)).

Capacitance (fF)

Temperature (K)

Figure 1.3.15: Different stages of a FIB process to fabricate a BaTiO; lamella for cross-sectional view: (a)
schematic drawing. (b) FIB image of a lamella titled at 45 for a better viewing. (c) measured capacitance
(filled data points) and loss tangent (unfilled data points) for BaTiO;, annealed in oxygen (black squares) and
nitrogen (red circles). (d) show TEM images of the annealed lamella, showing the expected Ga as clusters. (a)
and (b) are reported from [130] whereas (c) and (d) are extract from [129].

1.3.5 Conclusion

We have seen that interface defects may contribute to the band alignment at the
ferroelectric/electrode interfaces as in any metal/semiconductor contact. This can be of strong
consequence for the investigation of the ferroelectric properties. Moreover, as for any oxides,

the near surface region includes a large amount of charged defects which can even change the
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structure and polarisation of ultratin films. These two interface contributions are thus to be
deeply investigated. This is the main goal of the present work on the basis of in-situ XPS

investigations of sputtered ferroelectric films.
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Chapter II. Experimental characterization methods and films preparation

2. Experimental characterization methods and films
preparation

In this chapter, the emphasis is on the Photoelectron Spectroscopy (PES), which was used
throughout the work as the main characterization method. A brief description on the electrical
measurement setup will also be given as well as of the sputtering deposition technique which

has been used for films preparation.

2.1 Introduction

The key functional properties that make ferroelectric materials so attractive in the first place,
i-e. the large permittivity, are almost degraded in thin film form, as introduced in the first
chapter (§1.3). The chemical composition and electronic structure of surfaces and interfaces
play a major role in these degradations. Even for bulk materials, the macroscopical properties
are drastically affected by interfaces like grain boundaries, domain walls or electrodes (see
§1.2). After a large number of deep investigations, the near surface/interface chemistry of
perovskite titanates structure (ATiO;) remains poorly understood. X-ray photoelectron
spectroscopy (XPS) has been proven to be an important analytical technique to study the near
surface/interface chemistry of ATiO; compositions in the bulk form [1-11] and in thin film
form [12-17]. This surface analysis has been typically used to investigate the contact
formation with metal deposition [7,8,12,13,17,19] or more simply, to study the surface
properties [1-6,9-11,14-16,18,20,21]. As a clean surface is required to study the intrinsic
properties, various experimental processes have been used to obtain clean surface conditions
during the experiment. Argon ion sputtering (IB), or Argon ion sputtering combined with
annealing (IBA) were undertaken [1,2,3,5,16,17], vacuum fracture[6,9], in-situ scraping [10],
acid treatment [18] as well as in-situ deposition [8,13,19] were performed prior to the
measurement to obtain a clean surface. Some reports do not even mention any special pre-
treatment [12,14,15,20,21]. The literature thus presents a contradictory and unclear picture of
the electronic structure of ATiOs surfaces as deduced from core-level photoemission spectra
[9]. In fact, the surface properties of ATiO; compounds can be rather complex and depend on
processing conditions used to clean the surfaces [22]. For instance, if ion sputtering can

effectively remove surface contaminations, it will also lead to disruption of chemical bonds
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and therefore will create a high density of point defects and even extended defects on the
investigated surface [2]. Therefore, great care is necessary to decide which species are

affected or not by the surface cleaning step.

In addition, conducting samples are required for photoemission measurements. Since ATiO;
ferroelectric stoichiometric compounds are usually insulators, charging effects can occur
during the X-ray illumination. Typically, a low-energy flood gun is used to reduce surface
charging [9,11]. But in some cases, the charging is too high to be fully compensated (e.g. for
bulk materials) restricting the field of investigation. Charging can also be inhomogeneous
along the investigated surface, leading to broadened and/or asymmetric peak shapes. Thermal
annealing under reducing condition [1,2,6] or doping [4,8] might be suitable to obtain

conducting ceramics to overcome the charging problem.

In this context, in-situ sample deposition is thus a straightforward way to prepare clean
surfaces without the use of cleaning step. Thin film materials are also particularly convenient
since the thickness is generally not large enough to induce surface charging (however, the
substrate must be conducting). The emphasis of this paragraph is to describe the experimental
approach used during this PhD work and particularly to explain what are the typical
information collected. Thereafter, we will briefly describe the R.F magnetron sputtering
method for thin film deposition. Finally, the setup used for dielectric measurements will be

shown.

2.2 Photoelectron spectroscopy

Kai Siegbahn and his group have developed several significant improvements of
photoelectron spectroscopy, which also often called Electron Spectroscopy for Chemical
Analysis (ESCA). He received in 1981 the Nobel Prize to acknowledge his extensive efforts.
Nowadays, Photoemission spectroscopy is a common technique for chemical surface analysis

and extensively described in the literature [see e.g.22,23,24].
2.2.1 Information collected

Photoemission is based on the photoelectric effect (also termed Hertz effect), in which
electrons are emitted from matter after absorption of photons such as X-rays. To achieve that,

the energy of the photon required to extract the electron from the matter has to excess the
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work function of the material. In addition, the kinetic energy of the collected electron must
remains unaffected during the photoemission process. Thus, photoemission experiments are
typically performed in ultra-high-vacuum (UHV) system, i.e. below 107 Pa. Indeed, in
vacuum, the mean free path of the emitted electron is large enough for them to travel through
an energy analyzer to a detector without scattering. In fact, the analyzer collects two kinds of
electrons from the sample: (i) the primary electrons contributing to the chemical and
electronic information and (ii) ineslatically scattered electrons contributing to the background
intensity (secondary electrons). Both contributions can be appreciated in Fig. 2.2.1. For the
primary electrons, the measured kinetic energy is directly coupled to their inelastic mean free

path as sketched in Fig. 2.2.2 [25].

Primary e’
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© ®
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Figure 2.2.1: Typical Sr 3d XPS Figure 2.2.2: Inelastic mean free path of electrons
spectra recorded on SrTiO; material. in solids. This relation is also called “bathtube
The background line (red) is the curve” [25].

result of secondary electrons

collection.

The electron binding energy (BE) of each of the emitted electrons can be determined as

following:
E binding = hv — E ginetic — P sp (2.2.1)

where E pinging 1S the binding energy of the electron with respect to the Fermi energy of the
spectrometer system, hv is the energy of the X-ray photons being used, E yinetic 1S the kinetic
energy of the electron measured by the instrument and @ ¢, is an instrumental parameter

(work function of the spectrometer). As an electrical contact is established between the
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sample and the spectrometer during the measurement, their respective Fermi energies (Er) are
aligned if the sample is conductive. Therefore, all the recorded binding energies are
referenced to sample’s Fermi level (the same between the sample and the spectrometer). This
is particularly useful to know the position of the Fermi level (Er) since any chemical change

will be quantifiable thanks to this reference (E pindging (FL) = 0 €V).

Typically, three kinds of measurements are performed during the surface analysis: (i) the
survey spectrum which is used to identify all the chemical elements present at the surface, (ii)
the recording of core levels at their characteristic binding energies which are tabulated, e.g., in
the XPS handbook [24] and (iii) the valence band spectrum which provides important
information on the Fermi level position, particularly useful to quantify the semiconducting
character (p-type, n-type). Typical survey, core levels and valence band (VB) spectra are

reported in Fig. 2.2.3 for a BaTiOs thin film.

Ba 3d Ti2p O1s VB
1/2
)
©
';: |IIII|IIII|II|IIIII|IIIII|IIII|III|III|I|I|I|I|
5 785 780 775 462 456 532 528 8 6 4 2 0
[
Q
£ = Ba 3d
-
i~

' I ' I ' I ' I ' I ' I ' |
1400 1200 1000 800 600 400 200 0

binding energy [eV]

Figure 2.2.3: XPS core-levels (top) and survey (bottom) of a BaTiO; thin film
recorded with monochromatized Al Ko radiation. The survey spectrum is
typically used to determine all the elements present at the surface whereas
detailed spectra (top) are used for fine analysis of chemical state, composition
and electronic structure. As discussed above, 0 eV refer to the Fermi energy
position.
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With the core levels presented above, one can quantify the chemical composition of the
observed surface. The relative composition (e.g. Ba vs. Ti) can be determined after
background substraction of the secondary electrons (see Fig. 2.2.1). Different mathematical
approaches can be used for the subtraction, for example with the methods described by
Shirley [26] or Toogard [27]. After background subtraction, since the integrated intensity of a
photoemission line depends on the atomic concentration of the respective elements, the
stoichiometry can be determined. It is also important to note that the intensity of a
photoemission line depends (i) on the geometry of the spectrometer and (ii) the measured
element. Atomic Sensitivity Factors (ASF) have been defined to include (i) and (ii).
Therefore, each element possesses its own ASF, related to the spectrometer being used. ASF
are usually given by the manufacturer of the surface analysis system. For homogeneously

distributed elements A and B, the relative concentrations are given by:

n, 1,.ASF,

a

n, I,.ASF,

(2.2.2)

where 7 is the concentration of the respective element and / the intensity of the photoemission
line. Schafranek et al. have shown that stoichiometry calculations from XPS measurements
can differ from those measured by Rutherford Backscattering Spectrometry RBS [28]. In fact,
accurate absolute stoichiometry determinations by photoemission require well-known
standard samples, which are often impossible to obtain. However, photoemission is well
suited to detect changes in composition , for instance in dependence on sample treatment. It
can be particularly useful to measure compositions with different take-off angles, in order to
reveal a possible chemical change in the very near surface region as smaller take-off angles
lead to a higher surface sensitivity. As exemplified in Fig. 2.2.4, we can observe a change on
the Ba 3ds, spectra. This result shows a typical change in the Ba-coordination between
surface and bulk. The details of the change will be discussed § 3.4. However since the
decomposition of the Ba3d line in two components will be reported at several places in this
manuscript, we specify now the notations that will be used. The lower energy component
which is resulting from bulk barium will be called Bal while the higher energy part which is

stronger for the barium located at the near surface will be named Ba 2
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2.2.2 XPS in ATiO; compounds

The valence band (VB) emission presented Fig. 2.2.3 shows a well-known two peak structure
extending approximately 8 eV below the Fermi Energy (FE) level (FE = 0 eV). This typical
emission has been observed at SrTiOs single crystal [9,29], ceramic and single crystals of
BaTiOs [1,2,30], single crystals of KNbO; [30], and thin films of (Ba,Sr)TiO; [8,13,19]. To
facilitate the discussion, the valence band (VB) emission of Nb-doped SrTiO; single crystal

Figure 2.2.4: Ba 3ds), core
level spectra of a clean
BaTiO; surface. Different
takeoff angle have been
used as schematized on the
left side. At low angle
(surface), the light-grey
component is much more
pronounced

and BaTiOj thin film are reported in Fig. 2.2.5 with the annotations A, B and VBM.

VB - XPS

VBM gro

BaTiO;

Nb:SrTiO5

binding energy [eV]

76

spectra

Figure 2.2.5: XPS valence band
of SrTiO;:Nb single
crystal and BaTiOj; thin film. Two
well-defined
denoted A and B and discussed in
the text. The VBM positions are
also reported.

structures are
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B corresponds to the O 2p nonbonding states, while A denotes the bonding between the O 2p
and Ti 3d states [6]. We thus clearly see that the valence band is mainly of oxygen 2p
character and show a significant degree of covalent character in the Ti 3d — O 2p bonding,
which is expected in ATiO; compounds [31]. Since SrTiO;:Nb is single crystalline and
highly conducting, the peak structure is more pronounced than for the polycrystalline, low

conducting BaTiOj thin film.

The valence band maxima (VBM) of the spectra are determined by linear extrapolation of the
leading edge of the valence band emission as the zero of binding energy corresponds to the
Fermi level position. Since the optical band gap of SrTiO; and BaTiOs is ~ 3.2 eV [32], a
VBM value recorded around 3 eV, indicate a n-type semiconducting character (Fermi Energy
position close to the conduction band). The VBM value recorded with its presented
Nb:SrTiO; sample (VBM s10) exhibit a value of 3.1 eV, in good agreement with the expected
semiconducting character. At the surface of the shown BaTiOs thin film, the measured VBM
sro 18 located at 2.4 eV, denoting a more resistive character. The VBM position will be
largely discussed in the course of the manuscript, for instance in dependence of thermal

treatment. (see § 3.3).
2.2.3 Typical experiments

In photoemission, samples can be prepared ex-situ, i.e. prepared outside the vacuum system
and inserted in the analysis chamber. Therefore, a surface treatment is required to clean the
surface. During this PhD work, in-situ experiments have been performed; the preparation
chamber (or deposition chamber) was directly connected to the analysis chamber by an ultra-
high vacuum sample transfer system. The layout of this system which is operated by the

surface science group at TU Darmstadt is sketched in Fig. 2.2.6.

O analysis Figure 2.2.6: Layout of the
X-ray @ preparation integrated ultra-high vacuum system
combining a multi-technique surface
analysis  system including a
photoelectron spectrometer for XPS

magnetron and UPS. Several chambers for thin
sputtering

.. load lock

films deposition are connected to the

manipulator
system, like magnetron sputtering
organic deposition used during this PhD.
MBE
MBE and
MOCVD electrical
analysis

magnetron
sputtering
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With such setup, the surface properties of BaTiO; thin films have been studied in dependence
of thermal treatment and sputtering deposition conditions (see II1.3.1.1 and II1.3.4).
Furthermore, interfaces between two different materials (e.g. Substrate/film or film/metal)
have also been measured using a step-by-step deposition approach (see I11.3.1.2 and I11.3.1.3).
We are now going to briefly describe the sputtering deposition technique which has been used

for thin film growth.

2.3 Magnetron sputtering deposition

This section concentrates on magnetron sputtering. Sputtering is the removal of atomized
material from a solid due to energetic bombardment of its surface layers by ions or neutral
particles. Prior to the sputtering procedure, a vacuum of less than ten millionth of an
atmosphere must be achieved. From this point, a closely controlled flow of an inert gas such
as argon is introduced. This raises the pressure to the minimum needed to operate the
magnetrons, although it is still only a few ten thousandth of atmospheric pressure. When
power is supplied a negative voltage of typically ~ 50/100V or more is applied to the target.
This negative voltage attracts high speed positive ions (e.g. argon) to the target surface.
Usually, when a positive ion collides with atoms at the surface of a solid an energy transfer
occurs. If the energy transferred to a lattice site is greater than the binding energy, primary
recoil atoms can be created which can collide with others atoms and distribute their energy via
collision cascades. The situation is summarized in Fig. 2.3.1.a. Sputtering of a target atom is
just one of the possible results of ion bombardment on a surface. The other possibilities are
summarized in Fig. 2.3.2.b. Aside from sputtering, the second important process is the
emission of secondary electrons from the target surface. These secondary electrons enable the

discharge to be sustained.
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Figure 2.3.1: (a): Sputtering of a target atom (grey) by ion bombardment (red) resulting
in collision cascades and backscattered particles. (b): summarized the other possibilities
also occurring in a sputtered material. The emitted secondary electrons enable the
discharge to be sustained.

During the sputtering process a magnetic field can be used to trap secondary electrons close to
the target. The electrons follow helical paths around the magnetic field lines increasing the
probability for ionizing collisions with neutral gas atoms near the target. Thereby the gas
pressure can be reduced, leading to a higher deposition rate. The sputtered atoms are neutrally
charged and so are unaffected by the magnetic trap. The conventional planar magnetron has
been designed such that a looping magnetic field round the inner and outer magnet pole

confines the plasma in a closed loop on the target surface, as exemplified in Fig. 2.3.2.

water cooling target backing plate

sputtered

target
magnetic field
lines
) 0\ ' Figure 2.3.2: Schematic diagram of
' a planar magnetron. The magnetic
T T field lines trap the secondary
helical paths of electrons due electrons  increasing thus the
to the magnetic field lines sputtering yield.
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Since BaTiOs is an oxide, it is necessary to inject in the plasma a gas mixture of argon and
oxygen (reactive mode sputtering (RMS)) in order to obtain stoichiometric deposition. The
resulting film properties are affected by several factors such as the sputtering power, the work
pressure, the composition of the gas (Ar vs. O,), the position of the substrate with respect to
the target and mainly the substrate temperature [33]. These factors depend on each other and
the optimum deposition parameters have to be found prior to the experiment. The influence of

sputtering deposition conditions on the BaTi0s surface properties are discussed in I11.3.1.1.

During this PhD, the films have been mostly sputtered under on-axis configuration, i.e., with
the substrate facing the target (see figure 2.3.3). With such geometry, resputtering from the
film surface can arise from fast ions collisions complicating faithful composition transfer
from the target to the film. In ATiO; compounds, Ti excess has been frequently reported in
sputtered thin films due to preferential Ba resputtering or re-evaporation [34-36]. The
Institute of Condensed Matter Chemistry of Bordeaux (ICMCB) has recently been equipped
with a sputtering deposition chamber in off-axis configuration (see Fig. 2.3.3). This technique,
developed at Stanford University [37], places the target at 90° to the substrates plane reducing
thus the effect of the ion resputtering. The resputtering effect occurs particularly when volatile

elements are deposited like Pb in Pb(Zr,T1)O3; compositions [38].

on-axis off-axis
_ Flgure 233 Left On-axis
I .° St h? configuration. Due to fast ions
° | ° .. .
° resputtering ‘. - collisions, re.sputtermg effe(.:t
° /v S effect occurs. Right: off-axis
substrate “ geometry reducing the growth

rate and thus the energy transfer
collision on the substrate

heater

heater

We have also deposited BaTiOs and (Ba,Sr)TiOs thin films using the off-axis sputtering
system geometry. The dielectric properties of thin films sputtered under on/off-axis conditions
are compared in section I11.3.2. In the following paragraph, the dielectric setup for impedance

spectroscopy is reported.
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2.4 Impedance spectroscopy setup for thin films

Metal/Insulator/Metal (MIM) capacitor structures have been used to perform the electrical

characterization. With such a geometry, one can easily deduce the permittivity value

following:

Ct
e = 223
s (2.2.3)

where ¢, is the relative permittivity of the film, C its capacitance, ¢ the film thickness, S

the surface of the electrode and &,represents the vacuum permittivity. The Pt top electrodes

are deposited of room temperature using rf magnetron sputtering through a 12-hole mask after
etching to previously clean the surface. Typically, two kinds of measurements can be carried
out: (i) at room temperature using a probe tip station; the electrical connection between the
impedance analyzer and the films is achieved through a Karl Siiss wafer holder including two
tips that can be pressed to the metal electrodes, and (ii) under variable temperature, using a
home-made cell connected alternatively to a membrane-pump and helium so that no humidity
could affect the measurement, (see Fig. 2.4.1). In both cases (i) and (ii), the dielectric
properties (capacitance and dielectric losses) are measured using an HP4194A impedance

analyzer with a frequency which can be swept between 100Hz and 10MHz.

Heater High Potential (HP) Pump (p) Helium
Ag wire
Pt + Ag paste —
Film Cell

Low Potential (LP)

Substrat
Thermocouple ——— liquid
Ag paste nitrogen
reservoir

Figure 2.4.1: Sketch of the cell used for thin films impedance spectroscopy. On the right side, the cell has
been plunged into liquid nitrogen for measurement. The contact with the top and the bottom electrodes are
showed in details on the left side. The hatching area represents the volume investigated.
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Chapter 11

Results and discussion

This Chapter 111 is composed of 5 sections as follow:

Brief description

3.1

3.2

3.3

3.4

3.5

Surface and interface properties

The first section describes (i) the influence of sputtering conditions in surface
properties of sputtered BaTiO; thin films, (ii) contact formation with top electrode
and, (iii) contact formation with bottom electrode.

Dielectric properties and microstructure

After having investigated the electrode/film contact formation in the previous section,
we show in section 3.2 the actual dielectric properties of such stacks.

Surface segregation in Nb-doped BaTiOj3 thin films

The electrical properties of donor-doped BaTiOj3 are first compared between thin films
and ceramics according the literature. The results are much more contrasted in thin
film form. We suggest that dopant segregation at the surfaces can occurs as probe in
our sputtered thin films.

Surface layer of BaTiOs; thin films under oxidation condition

This section also compares thin film and bulk surface properties when subsequently
annealed. It has been demonstrated that subsequent stoichiometry change occurs in
the near-surface region under thermal treatment.

The Ba components

This last section is discussing the Ba components observed in the photoemission

spectra. Typical splitting of Ba levels have been observed and debated in the
literature. We compile the major results of this PhD related to this question.







Chapter III. Influence of sputtering deposition parameters on surface properties of BaTiO;

3.1 Surface and interface properties

3.1.1 Influence of sputtering deposition parameters
on surface properties of BaTiO;

In this section the influence of sputtering conditions of BaTiOj; thin films on their properties
are investigated with the help of photoemission spectroscopy (XPS) and X-ray diffraction
(XRD). Target to substrate distance, oxygen content, substrate orientations, and doping
concentrations were used as parameters. Fermi level position, surface stoichiometry and core-
level emissions have been studied in dependence of these parameters. Finally, the surface
properties of Nb-doped SrTi0; single crystal will also be described since they are well-known

to be suitable as bottom electrode.

3.1.1.1 BaTiO;3 deposited onto polycrystalline Pt

In order to find the optimal deposition parameters to obtain stoichiometric and crystallized
BTO thin films, sputtering has been performed under several conditions and characterized
with XPS and XRD. This approach is particularly fruitful to tune the parameters in function of
the observed surface properties.

Thin film depositions were carried out by radio-frequency magnetron sputtering using
ceramic targets of 2 in. diameter, a power of 25 W (power density = 1.22W/cm?), a total gas
pressure of 0.5 Pa, an Ar/O, gas mixture of 99/1 (1% O), a substrate temperature of 650°C at
varying substrate to target distances (5, 7, 9 and 10 cm). Figure 3.1.1.1 shows typical XRD
patterns of BTO thin films deposited onto platinised (111) Si wafers with different target to
substrate distances. The patterns give evidence that the films are free of parasitic phases
whatever the distance. In addition, no preferential crystallographic orientations can be
observed as expected with deposition on polycrystalline substrate. It is clear that the target to
substrate distance does not induce fundamental change in the structural properties. However,
electronic and chemical surface properties analyzed by XPS have been drastically modified

for the same samples as shown in Fig. 3.1.1.2.
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normalized intensity [a-u]

The valence band maximum (VBM) position with respect to the Fermi energy (Er) is plotted
versus substrate to target distance for several gas mixture ratio (Ar/O;) in Figure 3.1.1.2. The
oxygen content is indicated in percent in the graph with respect to the total gas mixture. Thin
films measured with XRD measurements are reported in the graph (red). A clear Fermi energy
shift toward lower values is observed when increasing target to substrate distance. In addition,
similar tendency is observed under increased oxygen content which also induces a downshift

of the Fermi level. This strongly suggests a reduced state when sputtering is performed at low

Pt/BaTiOs
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Figure 3.1.1.1: XRD diffraction
patterns of BTO deposited onto
polycristalline Pt(111) at different
target to substrate distances. No
preferential ~ orientations  and
absence of extra-peak can be
observed. Therefore, deposition at
varying distances does not induce
significant  change in  the
microstructure.

Figure 3.1.1.2: Valence band maximum (VBM) with respect to the Fermi energy (Ef)
evolution in function of target to substrate distance. Er decreases for higher distances
and higher oxygen content used during sputtering. This lowering indicates a decreasing
of charge carrier density at the surface inducing a shift in the Fermi level as sketched on
the right side.
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For the highest target to substrate distance (10cm) and for anomalously high oxygen partial
pressure, XRD results have shown the occurrence of parasitic phases mainly from Ba-rich

origin ( Fig. 3.1.1.3).

Figure 3.1.1.3: XRD diffraction
patterns of BTO deposited onto
polycristalline ~ Pt(111)  with
different oxygen contents.
Numerous extra peaks appear
when the oxygen content is
increased. %0, is thus more
influent than substrate to target
distance on the film
microstructure  properties. The
parasitic phases are mainly Ba-
rich related in good agreement

normalized intensity [a-u]

7 %02 with our stoichiometry
calculations derived from XPS
(see Fig. 3.1.4).
2.5 %02 ® BaTiO;
[ [ [ [ |
20 30 40 50 60

angle 26 [°]

If the Fermi energy position is shifted under different sputtering conditions (fig 3.1.1.2), the
chemical compositions derived from photoemission spectroscopy are also submitted to
modifications as shown in Fig. 3.1.1.4. The cationic (Ti/Ba) ratio has been plotted versus the
target to substrate distance for different oxygen contents. Clear Ti-rich surfaces are observed
at low distances. The Ti-excess can be reduced by increasing the distances and for high
oxygen content. Ba-rich surface has even been obtained at 10cm with 20% of O,.
Resputtering or re-evaporation effect is often involved [1-3] to explain the observed Ti-excess
for undoped ATiO; compositions. For small target to substrate distance, the sputtered species
reach the substrate with high kinetic energy. This probably leads to preferred resputtering of
Ba leaving thus a titanium excess of 10—20% most probably located at the grain boundaries.

Thus, simultaneous adjustment of distance and oxygen content are necessary to obtain thin
films free of parasitic phase and reasonable surface stoichiometry. We note that ex-situ XPS
with Ar ion sputtering for surface cleaning can hardly be used for such composition analysis
since the defects created during the cleaning step preclude a right integration of the Ti XPS

lines.
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The Fermi level position can also be plotted as a function of the oxygen partial pressure
during deposition (Fig.3.1.1.5). Er is mostly modified at low oxygen concentration (less than
7%). Again, the creation of surface charges leading to the up-shift of the Fermi level is
ascribed to resputtering effects which are reduced on increasing oxygen partial pressure. This

lower resputtering of Ba ions results from the lower mean free path of ionised Argon ions in

oxygen-rich p
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24—
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B 5cmBTO

02 [%] content during sputtering

Figure 3.1.1.5: Valence band maximum (VBM) with respect to the Fermi energy (Eg) evolution
in function of the oxygen content used during sputtering. Er decreases for higher oxygen content.

I I
5 10 15 20

Figure 3.1.1.4: Cationic ratio (Ti/Ba) versus
target to substrate distance. A clear Ti excess
is observed at low distance and low oxygen
content whereas Ba excess is found for
subsequent oxygen content at 10cm.

The situation is summarized through a schematic energetic band diagram.

Up to now, we have seen a clear dependence of electronic and chemical surface properties
under different sputtering conditions. By varying the substrate to target distance (d), we did
not observe any significant change in the structural parameters. However, decreasing d leads
to Ti surface enrichment and shifts the Fermi level towards higher values (denoting n-type

character). Depositions performed at high oxygen partial pressure give rise to parasitic phases

88




Chapter III. Influence of sputtering deposition parameters on surface properties of BaTiO;

attributed as Ba-rich phases in good agreement with the observed Ba excess derived in in-situ
XPS. Reasonable surface stoichiometry can be achieved using a substrate to target distance of
10cm with an oxygen content of 2.5 %. These parameters were thus used as typical

deposition conditions in the following of this report.

3.1.1.2 Intrinsic BTO and Nb-doped BTO deposition

In bulk materials, one can substantially decrease the resistivity of ATiOs compounds using
donor dopant (e.g. Nb>*, or La’"), as discussed in section 1.1.2. In this context, one can expect
different Fermi level positions between pure BaTiO; and donor-doped BaTiO3; samples. Such
electronic level tuning is usually inferred indirectly from macroscopic experiments on bulk
samples. The present section is aimed at showing directly these effects in thin films. We have
shown above that photoemission spectroscopy is particularly powerful to locate the Fermi
level by recording the valence band (VB) emission. Consequently, Nb-doped BaTiO; target
has been sputtered to obtain semi-conducting thin films and to compare the surface properties
of intrinsic BTO and Nb-doped BTO. It will be the topic of section III1.3.3 to show all the
details of such Nb doping effect on electronic levels. However, since influence of substrate
orientation is studied in the next paragraph for Nb-doped BTO thin films, we show now the

overall difference between pure and Nb-doped BTO thin films (see Fig. 3.1.1.6).

Pt/BaTiO; Pt/BaTiO; :Nb STO/BaTiO; and STO/ BaTiO5:Nb
y N A A
E E E
CB CB CB
a i £
VBM =
D(E)
H_/
Ti Ti Ti
—=1.1 —=0.8 — =12
Ba Ba Ba

Figure 3.1.1.6: Fermi level position for pure and Nb-doped BTO thin films deposited onto
Pt(111) and STO:Nb(100) using the optimised deposition conditions determined in the first
paragraph. For Pt/BTO thin film, the Ep values are derived from the previous paragraph.
However, Pt/BTO:Nb exhibit higher Fermi level due to doping effect (see 111.3.3). For STO:Nb
crystal substrates, no change is observed in the Fermi level on Nb doping of the films.
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Nb-doped BaTiO; target with 0.05 wt% niobium concentration was sputtered using optimised
deposition conditions determined in the previous paragraph (10cm, 2,5% O,, 650°C, 5 Pa).
For Si/Pt substrates, we observe an increase of the Fermi level for BTO:Nb as expected for n-
type doping. However similar depositions onto single crystal of SrTiO3;:Nb do not produce
any change in the Fermi level. The films exhibit a strong n-type character whatever their Nb
content as evidenced by the Fermi energy position located just below the conduction band.
This difference between Si/Pt and SrTiOs:Nb substrates is quite important since the latter are
often used in the literature as reference for the large scale use of Si/Pt wafers. These results
are commented in details in section II1.3.3. The purpose of the present paragraph was rather to
introduce the substrate influence which induces obviously different surface properties for
identically sputtered BaTiO; films with and without Nb doping. To attempt a clarification,

different substrate orientations were compared for sputtered thin films of BTO:Nb.

3.1.1.3 Influence of substrate orientation

We have compared BTO:Nb films deposited onto STO(111) and (100) as well as Pt(111) and
(200). The corresponding XRD patterns for all the films are shown on Fig. 3.1.1.7.
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Figure 3.1.1.7: XRD patterns of BaTiOs:Nb thin films deposited onto single crystals of SrTiO;:Nb and
polycrystalline Pt for different orientations. BTO films are highly oriented with respect to STO orientations
whereas thin films deposited onto Pt do not show any preferential orientations as expected for
polycrystalline substrates. As shown in the inset, small amount of Ba,TiO4 and BaTi O}, extra phases are
observed for STO substrate. No extra peak has been found for Pt substrates.
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Thin films deposited onto STO are well oriented with respect to the substrate whereas
polycrystalline Pt does not induce any preferential orientation. We stress that discussion about
the orientation effect on the electronic levels will be more explicit for the textured thin films.

The different core-levels and valence band emissions are shown in Fig. 3.1.1.8. Different
valence band maximum values are observed. As shown previously, STO:Nb substrate induces
higher Fermi level than Pt substrate when identically oriented. The corresponding shift is seen
as well in all the core levels but the shift occurs only in the second barium components for
STO:Nb substrates. As already mentioned this second barium component located at higher
binding energy stems from Ba ions situated at the film surface and these are sensitive to the
SrTiO;:Nb substrate orientation while the bulk Bal located at lower binding energy are not.
Clear oxygen shoulders are observed for (111) orientations. The more pronounced the oxygen
shoulder is the weaker the second barium component (Ba2) is. The tendencies of the spectra
demonstrate a dependence of the core levels emissions on substrate orientation. This is

particularly visible on textured thin films obtained with STO:Nb substrate.

STO —

Ba3dsy, Ols Ti 2ps)» VB Pt —

N

(100) (100)
(111)

(200)

normalized intensity

| | | L L L | | | |
784 782 780 778 776 532 530 528 461 460 459 458 457 10 8 6 4 2 0

binding energy [eV]

Figure 3.1.1.8: Ba3ds),, O 1s, Ti 2ps;, and VB emissions for BaTiO;:Nb thin films deposited onto SrTiOs;:Nb
single crystal (111) and (100) oriented (black curves) and polycrystalline Pt (111) and (200) oriented (red
curves). The amplitude of the spectra have been normalized to reveal the change in line shape and binding
energy. Oxygen shoulder is evident for samples (111) oriented.

Since surface chemistry variations from one film to the other may change the valence band as
well as core-levels, the surface stoichiometry was determined. Table 1 indicates the cationic
ratio (Ti/Ba) extracted from the XPS lines of figure 3.1.1.8. For fully disoriented films, the
cationic ratio remains unchanged independently of the Pt orientation and a clear Ba-excess is

observed as shown in the previous paragraph. However, Ba-excess and Ti-excess are
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respectively found for (111) and (100) SrTiO5:Nb orientations. In both cases, the surface Ba2
component is observed but its intensity is higher for (100) oriented films which have strong Ti
excess. The oxygen shoulder shows exactly the reverse trend, being smaller for Ti-excess
(111) films. In good agreement with the XRD patterns, Ti excess is derived from XPS
calculation when a Ti-rich phases is detected as well as Ba excess can be observed when Ba-
rich phases are found. However, whatever the cationic excess (Ba or Ti), the splitting between
the two Ba components is still visible. No extra-phases were found for sputtered thin films

onto Pt but an amorphous phase can not be ruled out.

Table 1 — Surface stoichiometry composition (Ti/Ba)

orientation STO substrate Pt substrate
(111) 0.77 0.8
(h00) 1.21 0.8

Since the link between Ba2 and O shoulder components and the surface stoichiometry is
ambiguous, we look in the next part for possible influence of the crystallographic orientation.

To clarify the crystallographic influence on the core levels in Nb doped titanates, we have
measured the surface properties of Nb-doped STO single crystal for (100), (110), and (111)
orientations. It would also be nice to perform similar experiments on Nb-doped BTO single
crystals differently oriented but such samples are not easily available. We will thus investigate

here the oxygen shoulder as a function of crystallographic orientation in SrTiO3:Nb crystals.

3.1.1.4 Surface properties of Nb-doped SrTiOj3 single crystals

a) Different crystallographic orientations

XRD patterns of Nb-doped STO single crystals with (100), (110) and (111) orientations are
shown in Fig.3.1.1.9. These samples were introduced in the vacuum system and annealed to a
moderate temperature (400°C, 0.05 Pa in oxygen, 1h00) prior to the measurement to remove

the usual hydrocarbon contaminations from the surfaces.
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Figure 3.1.1.9: X-ray
diffraction pattern of typical
Nb-doped SrTiOj; single crystal
used as substrate, with (100),
(110), and (111) orientations.
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The O 1s core levels for these 3 different orientations are presented in Fig. 3.1.1.10. The
spectra were normalized to underline the shape differences. It is clear that different
orientations induce different oxygen shoulder intensities with respect to the main O
component. In contrast, the valence band maximum (VBM) values remain unchanged for all
the crystals which shows that the free electrons energy levels do not depend on the crystal

orientation

Figure 3.1.1.10: O 1s and valence
VB band for Nb-doped SrTiO; single
crystals for (111), (110), and
(100) orientations. The spectra
have been normalized to their
maximum intensities. The Fermi
level is independent of
3.1eV crystallographic orientations but
the oxygen shoulder is obviously
L L L D L L DL higher for polar orientations.

534 532 530 528 10 8 6 4 2 0 -2

normalized intensity
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Cubic SrTiO; perovskite is paraelectric in broad range of temperature especially in our
operating measurement (Trom). There is thus no bulk ferroelectric polarisation that would
support the anisotropic shape of the oxygen shoulder. However, Noguera [4] has shown that
the topmost surface of SrTiOs includes polar terminations and is thus highly unstable.

For instance, along [110] and [111], the surface terminations are polar. As shown on figure
3.1.1.11, the (111) surface plane is made of SrO3*. However, Along [100], if formal charges

are assumed (Sr2+, Ti*", and 02'), both SrO and TiO, terminations are neutral. Even, without
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using these formal charges, SrTiO3;(100) and BaTiO3(100) have been referred as weakly
polar surfaces [5]. The (111) and (100) top lattice plane have thus very different polar states.

T[100] T[m]

SrO° ' Ol N o [ O O Sr034'

. N, _—
Tio, ',
, SI’O3 )

SrQ° N\ T

1
€ SrO;*
®=Ti C© -o ‘ = Sr

Figure 3.1.1.11: Structural representations of SrTiOj; in the cubic state. The (100) direction is
indicated in the left, while the (111) directions SrO;-terminated, is showed on the right side

As a consequence, the oxygen shoulders observed in the O levels in BaTiO3:Nb thin films of
different orientations may well be attributed to the same changes of surface polar state for
different crystal orientations. However, the comparison between SrTiOs:Nb single crystals
and BaTiOs3:Nb oriented films is limited. Even strongly textured, films are always made of
grains (or columns) and this microstructure undermined one to one correspondence with bulk
single crystals. Since the possible chemical segregation at the film surface was not 100%
ruled out in the former paragraph, we will now check the surface chemistry of SrTiOs;:Nb

doped single crystals.

b) Different niobium concentrations

As mentioned above, Nb-doped STO single crystals are largely used as bottom electrode for
thin films processing while keeping reasonable lattice matching with for example BaTiO;
films. However, we have not succeeded to measure the resistance of the SrTiO3:Nb crystals
using mechanical contact with conventional multimeter tips suggesting a rather insulating
surface layer.

We have thus studied the surface properties of SrTiOs; single crystal with different Nb
concentrations 0.05 wt% and 0.5 wt% corresponding respectively with a doping level of

1.710"cm™ and 1.7.10*°cm™. These concentrations are those given by the provider (Crystec)
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and Nb emission is clearly observed for the 0.5 wt% concentration as showed Fig. 3.1.1.12

while it is in the noise for 0.05 wt% (weight percent).

Nb 3d Figure 3.1.1.12: Nb 3d core levels
for Nb-doped SrTiO; single crystals
(a) with 0.05 wt% (a) and 0.5 wt% (b)

niobium concentrations. No niobium
could be detected for (b). A Nb
concentration of 0.8 wt% has been
(b) derived from the peak intensity in
good agreement with the nominal
Nb content given by the provider.

intensity [a-u]

212 208 204
binding energy [eV]

Ideal Fermi level position for oxide electrode is shown in Fig. 3.1.1.13 (a) in which Eg is
located in the conduction band. This behaviour is often named as a degenerate state [6] and is
suitable to provide sufficient charge carrier density for good electrical contact. However, we

do not observe such Fermi level position even by increasing the doping concentration (Fig
3.1.1.13 b).

a) ideal Fermi level position b) observed Fermi level position

Nb content in

.} degenerate state n-type / STO l

} Ty Uowte . 0.5 wt%
>32eV Gap
3.2eV 29eV
VBM = - . 2 VBM =X ______¥__

D(E) D(E)

Figure 3.1.1.13: Schematic energy band diagram illustrating a) an ideal
Fermi energy position for suitable electrode material. Er should be located
above the minimum of the conduction band to provide sufficient charge
carrier density. Instead, Er is measured below the conduction band level in
b).

The measured VBM are respectively 3.1eV and 2.9¢V for 0.05 wt% and 0.5 wt% doping
concentrations. They do probably not represent the Fermi level position in the bulk but in the
high doping limit, the Fermi level position at the interface should approach the Fermi level in
the bulk. Instead, we observe a decreasing of Er with increasing the Nb concentration. In this

context, different takeoff angle of measurements were used to elucidate if any chemical
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change could be observed between low and high angles, i.e., surface and bulk sensitive. The

cationic ratio Sr/Ti is shown in Fig. 3.1.1.14 with different takeoff angles

cationic ratio [Sr/Ti]

141 ——— Figure 3.1.1.14: surface stoichiometry of
m 05Nb (M(,‘fﬁ/o )°) single crystal of Nb-doped SrTiO; with 0.5

and 0.05 wt% niobium concentration. A
1.2 clear Sr enrichment is observed at the near-
surface region (low angle). Obviously, Sr
enrichment is more pronounced for higher
doping content. This might be a possible
m explanation for the low Fermi energy
0.8 | position observed in such a system.

[ |
20 40 60 80

take off angle of measurement [°]

1.0—H B

A clear Sr enrichment is observed at low angle when the geometrical configuration is surface

sensitive. This might be explained by two possible explanations:

This surface Sr enrichment may follow from the Nb>" substitution to Ti*" leading
to Sr** vacancies formation for charge neutrality. The expelled Sr could thus be
accumulated at the surfaces of Nb-doped SrTiO; single crystal. We however have
no direct evidence of Sr vacancies formation in the bulk but they have been
suggested in the literature [7,8]. Obviously Sr-enrichment is much more
pronounced for higher doping concentrations. We did not observe any change in
the O emissions for both niobium concentrations at a given takeoff angle. The

observed oxygen shoulder (discussed above) is thus not related with doping effect.

At single crystal surfaces, the photoelectron diffraction might lead to an
oscillating intensity when the emission angle is modified. For certain excitation
energies and emission angles, the intensity can also strongly depend on the
azimuthal orientation of the crystal, i.e. when the sample is rotated along its
surface normal. Thus it might be induces by anisotropic effect. Similar effect has

been observed in SrTiO; single crystal in the Sr 3p levels [9].
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3.1.1.5 Summary

We can summarize the results of this first sub-section as following:

= Varying the target to substrate distance does not induce significant changes in the
microstructure but affect considerably the Fermi level position as well as surface
stoichiometry. If thin films are sputtered with high oxygen content, Ba-rich phases
are formed in good agreement with the surface stoichiometry calculation.

= Nb-doped BTO thin films have higher Fermi level than undoped samples, which can,
however, only be observed on Pt substrates. Their surfaces are Ba-rich (10—20%)
whereas pure BTO exhibit typical Ti-excess (10—20%) of excess which can be
reduced by increasing the oxygen partial pressure and the target to substrate distance.

= When identically prepared samples are deposited onto polycrystalline Pt and single
crystal of SrTiO3:Nb, we observed higher Fermi level for STO:Nb/BTO system. This
is related to the different energy band alignment of the BTO film with the Pt and
STO, respectively.

= Different substrate orientations of STO:Nb affect the Ba and O emissions of
sputtered BaTiOs;. With [111] texture, the oxygen asymmetry is much more
pronounced whereas (100) orientation induces higher Ba2 component (located at
higher binding energy).

= For Nb-doped single crystals, the electronic level of O is also modified under
different crystal orientations. The higher is the surface polar character, the stronger is
the O shoulder. Therefore a correlation between the polarity of the surface and the
surface core-level features is raised.

= Important Sr-enrichment has been found at the near-surface region of SrTiO;:Nb
single crystals. The Sr excess is higher when increasing doping concentrations. No
change was observed in the oxygen levels at different Nb concentrations excluding a
correlation with the previous point and the observed Sr excess. The observed Sr
excess at the near surface region might explain by doping or anisotropic effect du to

small angle of measurement.
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3.1.2 Interface formation of BaTiO; materials
with top electrode

In this sub-section, photoemission studies of BaTiO; surfaces upon metal deposition are
presented. Thin films of BTO as well as Pt were sputtered with in-situ thermal substrate
preparation. During metal deposition a partial reduction of Ti occurs and a Schottky barrier
for electrons of ~0.6 eV is found.

Ceramics of Nb-doped BaTiO; have also been investigated with metal contact formation.
Identical Schottky barrier height is found regarding intrinsic BTO, but a band bending regime
occurs for Nb-doped BTO. The bending is assumed to be a direct consequence of doping
effect inducing charge depletion at metal/BTO interface. Finally, the metal contact formation
with Pt deposition is compared to indium deposition. For the latter, a negligible barrier height
has been found corresponding to an ohmic contact. Therefore, the contact nature has been
directly probed with the help of XPS, confirming previous electrical experiments which

showed that In is a good ohmic contact for n-type BaTiOs.
3.1.2.1 BaTiOs/Pt interface formation

Photoelectron spectra have been recorded during deposition of Pt onto BaTiOs thin films.
BTO was deposited with a thickness of ~100nm onto SiO,/TiO,/Pt coated Si wafer at the
beginning of the experiment using the deposition conditions described in the previous section.
With increasing Pt thickness the substrate core levels are gradually attenuated and the Pt
emissions increase. All substrate emissions decay exponentially with decay constants
corresponding to the inelastic electron mean free path of the individual lines as shown in Fig.

3.1.2.1. This shows that the Pt deposition is a layer by layer one.

0 nm 2.2 nm 45nm  thickness Pt [nm]

L0-ff ! =

0.8

0.6

0.4 —

Figure 3.1.2.1: Attenuation of the
substrate core levels and increasing of
the Pt peak intensity. All the emissions
change exponentially indicating a layer
T T T T T T T by layer growth mode of Pt onto BTO.
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deposition time Pt [s]
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To determine the Schottky barrier height of the BaTiOs/Pt interface, Pt is stepwise deposited
onto freshly sputtered BTO. After each deposition step, a full set of photoelectron spectra is
recorded. Since the sample transfer from the deposition chamber to the analysis chamber
takes only few minutes, surface contaminations are avoided during the entire experiment.
Figure 3.1.2.2 shows the valence band emissions of the BTO sample used for the experiment
as well as Pt valence band spectra in which a sharp Fermi edge is found at 0 eV as expected

for metallic Pt [10].

Figure 3.1.2.2: X-ray valence band
emission recorded from sputtered
BaTiO; thin film and the same film
covered with Pt layer of 4.5 nm. The
determination and position of the
valence band maxima is indicated
for BTO thin film.

2556V |

normalized intensity

| BlTO =
8 6 4 2 0
binding energy [eV]

To show the gradual evolution between these two extreme cases, photoelectron spectra
recorded during deposition of Pt on BaTiO; are shown in Fig. 3.1.2.3. The Pt thickness is
indicated in the graph in nm. The black emissions are derived from uncovered BTO thin
films, which are gradually attenuated in the course of the Pt deposition. Consequently the Pt
4f emission increases. Only a single Pt doublet is found with asymmetric shape and binding
energy of 71.0 eV typical for metallic platinum [10]. After deposition of 4.5 nm of Pt, the Ba
3dsp, Ti 2p, O 1s lines are completely attenuated. Except for a small shoulder at the low
binding energy side of Ti 2p and the high binding energy side of O 1s, no significant change
of the line shapes and half widths of the substrate emissions are observed during Pt
deposition. This indicates a largely non-reactive interface. At low coverage, the Pt 4f emission
has binding energies of up to 71.9 eV, which is considerably higher than for the thick Pt film
(71.0 eV). Such behaviour is frequently explained by incomplete screening of the core hole in
small islands [11] and is in good agreement with similar experiment performed with BST/Pt
[12]. There are noticeable changes in the Ba 3d line shape during the experiment. The
spectrum of uncovered BTO thin film exhibits the known Ba2 structure with a high binding
energy surface component as described in the previous section [13-15]. The energy separation
between both components decreases in the course of the Pt deposition as already observed

during BST/Pt interface formation [12,16]. The Ba 3d change will be largely discussed later

100



Chapter III. Interface formation of BaTiO; materials with top electrode

in the section II1.3.4 and is thus not described in the present section. It is assumed that this
change does not induce any active contribution to the Schottky barrier height since it is rather

an intrinsic property of the surfaces of BaTiO;.

Ti 2p O1s Pt 4f

intensity [arb. units]

I LI I LI I 1 LI I LI I LML I 1ll 1 I 1 1 1 I 1
784 780 776 468 464 460 456 532 528 76 72
binding energy [eV]

Figure 3.1.2.3: X-ray photoelectron spectra of a BaTiO; thin film surface in the course of Pt
deposition. The Pt thickness is indicated in nm. All spectra were referenced to pure metallic Pt
surface layer. The gray circles are highlighting the extra components in the Ti and O levels due
to Pt deposition as discussed in the text.

As evidenced by the gray circles in Fig. 3.1.2.3, the Ti 2p and O 1s exhibit asymmetric
emissions when BTO is covered by Pt. This behaviour is going to be described now and is

better evidenced below in Fig. 3.1.2.4 using normalization and shift in energy of the spectra.

*  2nm Pt Ti2p Pa— Ols Figure 3.1.2.4: Ti 2p spectra for
—— as grown — as grown uncovered BTO surface (red) and
—— Difference —— Difference covered with 2nm of Pt (blue). The

spectra are normalized in intensities
and shifted in energy to underline
the shape change. Pt deposition
induces asymmetric emissions for
both core levels

intensity [arb. units]

I
464 460 456 534 531 528

binding energy [eV]
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The Ti 2p spectra of uncovered BTO show symmetric emission whereas Pt deposition induce
small component at lower binding energy. This can be attributed to the presence of Ti’" states
[12,17] according to previous experiments. Simultaneously, the O 1s core level shows an
asymmetric shape after Pt deposition. This suggests again a correlation between Ti’"
occurrence and creation of oxygen vacancies. The change in the Ti level is in good agreement
with Schafranek et al.[12] but these authors did not observe asymmetric O core levels in the
course of Pt deposition.

To confirm the occurrence of such defects, thermal oxidation and reduction treatments were
performed in situ after 2 nm of Pt deposition. X-ray photoelectron spectra of BTO/Pt interface

after different preparation steps are shown in Fig. 3.1.2.5.

Ba 3ds), Ti2p 01s Pt 4f

Illll‘lllll IIIII-II IIIIIIIIIIII'
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binding energy [eV]

Figure 3.1.2.5: Photoelectron core level for (A) uncovered BTO deposition of ~100nm, (B) Pt
deposition of ~2nm, (C) annealing in 0.05 Pa oxygen at 450°C for 30min, (D) annealing in ultra high
vacuum (107 Pa) at 450°C for 30 min, and (E) second oxygen annealing using the conditions of (C).

As previously described, the Ba 3ds, Ti 2p, and O 1s emissions are attenuated after Pt
deposition whereas the Pt 4f is clearly observable. However, the BTO emission lines are
strongly increased in intensity and the intensity of Pt 4f level is decreased after annealing in
good agreement with previous experiments [12]. This is explained by the formation of three-
dimensional islands of the 2nm Pt film after thermal treatment [18-20]. The substrate
intensities increase again slightly after the second heating in vacuum (reducing). The
oxidizing thermal treatment also induces a shift of all BTO core levels to lower binding

energy, while the binding energies are increased after the reducing treatment. The shifts are
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evidenced by the dashed lines in Fig. 3.1.2.5. The shifts are clearly related with change in the
Schottky barrier due to oxidation step (discussed later).

By superimposing the Ti 2p and O 1s core levels between Pt deposition step and oxygen
annealing step, it becomes clear that the extra components observed in both levels disappear

after oxygen annealing as sketched in Fig. 3.1.2.6.

Figure 3.1.2.6: Ti 2p and O 1s
Ols spectra after Pt deposition (blue)
and oxidation treatment (red). The
extra component located at lower
binding energy is removed after
oxygen annealing confirming Ti*"
states after Pt deposition. The
same behaviour is observed for
the O 1s core level.

Ti 2p ® 2nmPt
® 2nm Pt
02 anneal. 02 anneal.
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Therefore, Pt deposition leads to the formation of oxygen vacancies as indicated from the
occurrence of asymmetric XPS spectra from the Ti 2p levels. The asymmetric O level seems
to confirm this assumption. The vacancy formation is attributed to chemical interaction with
the Pt layer [12]. The oxygen vacancies are removed after oxygen annealing as confirmed by
the symmetric O 1s and Ti 2p features. Additional reducing thermal treatment does not re-
establish Ti*" states and extra oxygen shoulder.

The evolution of substrate core level binding energies in the course of deposition is displayed
in Figure 3.1.2.7. Core level to valence band maximum binding energy differences are

subtracted for better comparison. The values are derived from the spectra in Fig. 3.1.2.3.
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Figure 3.1.2.7: Evolution of BTO core | 2.6 — 2.6
levels binding energy with increasing film ) - -
thickness for deposition of Pt onto BTO. A 2.4 — 24
Schottky barrier of 0.6 eV is extracted i |
from the present plot. 22 -y
| | | |
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Pt thickness [nm]
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No large shifts occur during Pt deposition but the remaining small shifts of all BTO core level
are parallel. This also indicates the absence of strong interface reaction. For the thick Pt layer,
the binding energies correspond to a valence band maximum of BE (VB) = 2.6 eV. Together
with the band gap of 3.2 eV, this corresponds to a Schottky barrier for electrons of 0.6 eV in
good agreement with values reported in the literature [12,13]. In addition, this Schottky
barrier height is increased to 0.8 eV after oxidation treatment as concluded by the core-level
shifts observed in Fig. 3.1.2.5 after oxidation treatment.

To briefly summarize this section, the interface formation of BTO/Pt has been investigated.
No strong chemical reactions were found. However, Pt deposition induces the occurrence of
oxygen vacancies leading to Ti’" states which can be removed by oxygen thermal treatment.
This induces direct consequences on the Schottky barrier height which is thus increased to 0.8
eV after oxidation treatment, in good agreement with similar experiment on BST [12].

The next section will deal with the contact formation of Pt onto Nb-doped BTO in order to

study the doping influence on the interface properties.

3.1.2.2 Nb-doped BaTiO3 /Pt

We have studied the interface formation of Nb-doped BaTiO; ceramics with a niobium
concentration of 0.2 wt%. This concentration corresponds to a semiconducting character as
described in section 1.2.1. The n-type behaviour is well confirmed by the valence band
emission recorded for the Nb-doped ceramic shown in Fig. 3.1.2.8, which exhibits a valence
band maximum of 3.13 eV as expected from n-type ATiOs; compounds [22,23] and already
shown on section III.1. The experimental approach to study the interface formation with Pt

deposition is similar than previously, i.e. using stepwise deposition steps.

VB

z 3s Figure 3.1.2.8: X-ray valence spectra
% M of uncovered Nb-doped BaTiO;
= L ceramic and covered with deposition a
3 Pt ~3.2nm thick.

N

= 0 3.13 eV

:

S T T T 1

8 6 4 2 0
binding energy [eV]

X-ray photoelectron spectra of a Nb-doped BaTiO; ceramic recovered by Pt deposition are

shown in Fig. 3.1.2.9.
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Figure 3.1.2.9: XPS spectra of a BTO:Nb ceramic in the course of Pt deposition. The indicated
numbers correspond to Pt thickness. The black spectra are related to the uncovered surface. The
dashed lines indicate the initial binding energy position prior to the Pt deposition and can be used
as a reference to reveal the shift induces by the covering.

Obviously, Pt deposition induces a shift of the BTO:Nb core levels to lower binding energies,
corresponding to a band bending . As in the case of undoped BTO thin film shown in the
previous section, Pt deposition induces Ti’" states and an oxygen shoulder as evidenced by the
gray circles. Therefore, this effect seems also to occur for bulk materials. The evolution of the
binding energies of the substrate core-levels in the course of increasing metal film thickness
are shown in Fig. 3.1.2.10. The gray points correspond to undoped BTO and are derived from
the experiment shown in Fig. 3.1.2.7. The blue dots are related to the Nb-doped BTO and are
derived from Fig. 3.1.2.9. By subtracting suitable offsets from the core-level binding energies,
we clearly see a decrease of the Nb-doped BTO core levels to finally reach those of undoped
BTO at higher Pt thickness. The “saturation” value observed in both samples is ~2.6eV.
Together with the band gap value of 3.2eV, this corresponds again to a Schottky barrier of
~0.6eV for undoped thin film and Nb-doped ceramic. However, the difference in the valence
band maximum values between both uncovered samples leads to different energy band

diagrams of intrinsic BaTiO3; and Nb-doped BaTiOs as schematized in Fig. 3.1.2.11.
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Figure 3.1.2.10: Evolution of core-level binding Figure 3.1.2.11: Experimentally determined

energies in dependence on deposition time of Pt on energy band diagrams for BaTiO;/Pt and

undoped BTO thin film and Nb-doped BTO ceramic. BaTiO5:Nb/Pt. The undoped film exhibits a

The binding energies are referenced to the position of flat band regime whereas a band banding

the valence band maximum of the BTO and Nb-doped appears at the interface with Nb doping. The

BTO by substracting corresponding offset values. barrier height in both cases is 0,6 eV.

Therefore, deposition of Pt onto intrinsic BTO does not induce a band bending as the Fermi
level position in the bulk and at the interface are identical, whereas deposition of Pt onto Nb-
doped BTO induces a band bending due to higher Fermi level in the doped substrate. This
result is in a very good agreement with the typical semiconducting character encountered at
low donor concentrations in BaTiOs as described in section 1.2.1. Indeed, when suitably
selected, a small amount of donor dopants (e.g. few ppm of Nb, La, Sm...) is able to induce a
macroscopic increase of conductivity [24] because of energy levels located relatively close to
the conduction band. As in any conventional n-type semiconductor, an upward band bending
causes depletion of conduction electrons thus leaving the charged donor states
uncompensated, which induces a space charge region. The space charge is provided by the
ionized Nbr; donors. The present result show direct evidence for such a space charge at the
BTO:Nb/Pt interface. The present XPS investigation is thus a microscopic confirmation of a
well known behaviour of BaTi03:Nb ceramics.

We have seen the contact properties at the interface between BaTiOs and noble metal such as
Pt. A clear non-ohmic contact (rectifying contact) has been evidenced with a Schottky barrier
height of ~0.6 eV independent on substrate doping and microstructure (films or ceramics).
Functional materials based on barium titanate can have their properties subsequently modified
by changing the metal used as electrode. For instance, in multilayered ceramic devices, it is

well known that noble metals such as Au, Pt, and Pd are not suitable as an internal electrode
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for PTCR ceramics (see section 1.2.1) due to the non-ohmic nature of the interface as in the
previous paragraph. This rectifying contact is indeed equivalent to high resistivity contact
which overcomes the sample resisitivity by several orders of magnitude [16]. Flaschen and
Van Uitert [26] made a low-resistance ohmic contact to ferrite and semiconducting titanate
ceramics with indium-gallium on the surface to avoid such a screening. Voltage-current
relation has been used to define the ohmic contact nature. Nowadays, indium-gallium alloy is
largely used [27,28] to ensure ohmic contacts to semiconducting ceramics. However, if it is
well established that metals with large oxygen affinity yield ohmic contact [29] (e.g. In, Zn,
Fe, Sn, Ni, and Cd) no direct experimental proof was given to probe such a junction.
Therefore, the next section will show that semiconducting Nb-doped BaTiOs ceramic covered

with In exhibit a negligible Schottky barrier for electrons.

3.1.2.3 Ohmic and non-ohmic contact with In and Pt top electrodes

In this study, indium was evaporated from a temperature controlled effusion cell using an
AlLOj; crucible. The vacuum during metal deposition was below 10 Pa in order to minimize
In oxidation by residual oxygen. The same ceramic of Nb-doped BaTiO; as used for the Pt
deposition was used in the present experiment using the uncovered face. The ceramic was
held at room temperature during In growth. Figure 3.1.2.12 shows X-ray photoelectron
spectra of O 1s, and In 3d core levels during In deposition. Pt deposition is also reported to
address a comparison between both kind of metal. In contrast to Pt deposition, indium does
not induce any binding energy shift of the BTO emissions. Ba and Ti levels are not reported
here since they behave like the O 1s level. This indicates a largely non-reactive interface. In
3d core-level emission line a small shoulder develops on the high binding energy side, as
indicated by arrows in Figure 3.1.2.12 and better evidenced in Fig. 3.1.2.13. This shoulder
disappears at higher coverage to induce almost symmetric core-level line in good agreement
with similar emission in the literature [30]. The observed shoulders can be attributed to a
small amount of In,O; formation. As no reduction of the substrate is evident (no Ti**
observed), the small amount of InyOs at the beginning of film growth might be related to
reaction of In with adsorbed oxygen or with oxygen from the residual gas in the vacuum
chamber. At higher coverage, this might not be observed due to superimposition with the

intense and asymmetric metallic In emission.
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Figure 3.1.2.12: O 1s, Pt 4f, and In 3d core levels recorded after stepwise deposition step. The Pt
thickness is indicated in nm whereas In coverage is indicated by the deposition time in min. The dashed
lines denote the initial binding energy of uncovered ceramic. We note that indium deposition does not
induce any binding energy shift in the course of the deposition in contrast with Pt coverage.

Figure 3.1.2.13: In 3d core-levels derived
from Fig. 3.1.2.12 at very low coverage.
Shoulders at higher binding energy are
observable. Oxygen shoulder decreases in
the course of In deposition.
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By looking at the initial position denoted by the dashed line, we can observe that indium
deposition does not produce any binding energy shift in the O 1s core-level in the course of In
deposition. Also no binding energy shifts are observed in the Ba 3d and Ti 2p core-levels (not
shown here). This behaviour is in contrast with the shift observed under Pt deposition and
gives clear evidence that In deposition on semiconducting ceramic of Nb-doped BaTiOs does
not induce a band bending. Due to the high Fermi level position in doped BTO, the absence of
a band bending indicates a negligible Schottky barrier height, which should give rise to ohmic
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contact properties. Furthermore, no noticeable Ti>" states were found after In deposition in
agreement with similar experiment of Cu onto SrTiOs also giving rise to ohmic contact
formation [8]. The results presented here are in excellent agreement with the literature in

which the contact properties have been determined by electrical measurements [29-30].

The present work presents an insight picture of ohmic contact formation to semiconductor
oxide materials using photoemission spectroscopy. The reduction of the BaTiO; by metal
deposition is evident from the Ti** species with Pt deposition but no reduced species could be
identified with In deposition. It was however expected that In rapidly formed In,Oj; especially
at low coverage when adsorbed in the oxide substrate giving rise to reduced species in the
BaTiO3:Nb. However, we did not observe such reduction in the Ti core levels. The situation is

briefly summarized in Fig. 3.1.2.14 for Pt and In deposition onto Nb-doped BaTiOs.

Pt contact Indium contact
CB /T 0.6 eV CB L 0ev
B S S = Fooo
31ev| Pt 32ev| In
/ A 4
VB VB
e Limited charge injection e  High charge injection
e High contact resistance e Low contact resistance
e  Weak density of defect states e High density of defect states

Figure 3.1.2.14: Schematized energy band diagram for Pt and In contacts with Nb-doped BaTiOs;. High
Schottky barrier height is required to reduce the charge injection from the electrode to the oxide. However
if a low interface resistance is desired, In deposition will be suitable to avoid resistance screening of the
bulk ceramic.

109






Chapter III. Interface formation of substrate / BaTiO;

3.1.3 Interface formation of substrate / BaTiO;

This paragraph describes the interface formation of BaTiOs thin films deposited onto Nb-
doped SrTiO; single crystal and platinised wafer. Thin films were identically prepared and
deposited simultaneously on both substrates. We focus here on the band offset, i.e. the relative
position of the energy levels on both electrodes/film interfaces. The energy band offset as well
as the Schottky barrier height are investigated in situ when thin films are deposited onto
bottom electrodes. These band discontinuities play indeed a fundamental role in the
determination of transport properties through electrode interfaces, which are a key for the

investigation of the dielectric properties.
3.1.3.1 Bottom Pt electrode / BaTiOs interface formation

BTO has been stepwise sputtered onto clean platinised Si wafer (111). Photoelectron spectra
recorded during deposition of BTO onto Pt are shown Fig.3.1.3.1. With increasing BTO
deposition the Pt 4f core level is gradually attenuated and the BTO emissions increase.
Substrate emissions decay exponentially indicating a layer-by-layer growth mode of BTO
onto Pt. Before each deposition, the sample was heated to 650°C during half an hour to reach
a complete thermalisation. To control the deposition rate, the sample could be set in front of
the target for an appropriate deposition time to obtain the desired thickness and then rotated
back. After cooling, the sample was transferred to the analysis chamber for measurement. No
change could be observed in the Pt 4f shape indicating obviously no formation of Pt-oxides
[31] during BTO growth.
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Figure 3.1.3.1: X-ray photoelectron spectra of a platinised wafer (111) in the
course of BaTiOs; deposition. The BTO thickness is indicated in nm. The dashed
lines denote the final binding energy (BE) position.

111



Chapter III. Interface formation of substrate / BaTiO;

Except for the Ba emission, no obvious changes in peak shape are observed in the O 1s, and
Ti 2p levels indicating the absence of reduction phenomena as evident for the top interface
experiment (see sub-section 3.1.2). A shift toward higher binding energies (BE) occurs in the
course of BTO deposition as evidenced by the dashed line indexing the final BE position. For
the uncovered state, a small oxygen emission is observed (see black spectra of O 1s level)
which is explained by oxygen chemisorbed on the Pt surface after the cleaning step. The
evolution of substrate core level binding energies in the course of deposition is displayed in

Fig.3.1.3.2 for undoped BTO.

Figure 3.1.3.2: Evolution of

Conduction Band undoped BaTiO; valence band

41 x VBM maximum binding energy with

| Ti2p A increasing film thickness for
307 |- o1s | Vv — 3.0 BTO onto Pt. The arrow
' ~Ba1 | ] indicates the corresponding

] dp=1eV i Schottky barrier height (dy)

deduced from the present graph.

EF - EVB [eV]

BTO thickness [nm]

By subtracting suitable offsets from the core-level binding energies, these represent the
evolution of the valence band maxima (VBM) binding energy with respect to the Fermi
energy. The offsets are determined after subsequent deposition of BTO (~60nm) defining the
reference. Therefore VBM position from undoped (~2.55eV) is reported and used as the
reference for the corresponding core-levels (Ti 2p, O 1s, and the main Ba component named
Bal). This procedure is convenient to observe the interface reaction occurring during the film
growth and to quantify the Schottky barrier height. Obviously, all the core-levels do not
exhibit parallel shift for a film thickness < 10nm indicating the effect of incomplete

development of the electronic structure. We also observe smaller Ti 2p—VBM and higher O

1s—VBM at very low coverage as observed in similar experiment on BST [12]. This indicates
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high reactivity of the oxygen at very low coverage. The Bal—VBM is not reported at low
thickness since the Ba emission exhibit a broader peak due to the presence of two components
(see Fig. 3.1.3.1). However, for the present spectrum, one can see binding energy saturation at
~10 nm thick (green line). The Schottky barrier then amounts to @, = 1 + 0.1eV when BaTiOs
is deposited onto Pt. Similar experiment has been performed using Nb-doped BaTiO; target
and identical Schottky barrier height was determined (not shown). Together with the previous
experiments performed with Pt onto BTO and Nb-doped BTO, one can discuss the energy
band diagrams for the entire stacks: Pt/BTO/Pt and Pt/BTO:Nb/Pt.

3.1.3.2 Intrinsic BaTiO3 and Nb-doped BaTiO3

The energy band diagrams experimentally determined are given below in Fig. 3.1.3.3. It
includes the interface experiments with top and bottom contact for intrinsic and Nb-doped

BTO compositions.

Pt BaTiO; : Pt Pt : Nb-doped BaTiO; :Pt

CB

eV i 1 eV
0.6 eV

0.6eV
CB

GAP=32¢eV

GAP=32¢V

+ donor doping

bottom
top

bottom
top .

Figure 3.1.3.3: Energy band diagrams for Pt/BTO/Pt and Pt/BTO:Nb/Pt thin film capacitors with
barrier heights derived from the results presented above. Doping induce space charge at the metal/film
interfaces as sketched by the energy band bending.

According to Fig. 3.1.3.3, the barrier heights obtained during the deposition of Pt onto BTO is
higher than those obtained during deposition of BTO onto Pt. By analogy to comparable
experiments in BST [12] this tendency is in good agreement with what is typically observed
for sputtered materials. In fact, reduced Ti’" states induce by oxygen vacancies were
evidenced during growth of Pt onto BTO and Nb-doped BTO and are not detected when BTO
and Nb-doped BTO are deposited onto Pt (present paragraph). These extrinsic interfacial
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defects (which can be cancelled after oxygen annealing) can induce the observed asymmetry
in the barrier heights between top and bottom contacts. The asymmetrical behaviour is
observed for both compositions. However, the doping effect seems to influence the interface
properties by inducing a band bending in the band alignment as sketched on the right side of
Fig. 3.1.3.3. This band bending is in fact a direct consequences of space charge depletion at
the Pt/BTO:Nb as well as BTO:Nb/Pt. As discussed in 1.1.2 and III.1.2.2, donor dopant (e.g.
Nb) increase the charge carrier density in ATiO; compounds resulting in lower resistivity.
These resulting free charges can thus accumulate at the metal/ATiO; interface inducing space

charge region at both side of the ferroelectric.

3.1.3.3 Heterojunction Nb:SrTiO3/BaTiO3

This paragraph reports the chemical and electronic properties and band offsets of STO/BTO
heterojunctions. Fig. 3.1.3.4 presents the STO/BTO interface cross-section using
Transmission Electron Microscopy (HRTEM). The SAED pattern (Selected Area Electron
Diffraction) indicates the single crystalline nature of BTO film

Figure 3.1.3.4: Typical cross-sectional scanning transmission electron microscopy of SrTiOs/BaTiO; system.
BTO thin film is singlecrystalline as evidenced by the inset SAED pattern

Note: The TEM investigations reported here have been performed by Oleg Lebedev from the
Electron Microscopy for Materials Research (EMAT) at Antwerp (Belgium).

114



Chapter III. Interface formation of substrate / BaTiO;

Figure 3.1.3.5: HRTEM pictures of
sputtered BTO onto single crystal of
Nb:STO. The growth is
accompanied by pseudo-periodical
misfit  dislocations along the
interface as indicated by the arrows.
Surprisingly, the magnification of
such dislocation clearly
demonstrates that both BTO and
STO are disordered. Indeed the core
dislocation is also located within the
STO substrate.

interface

As shown on HRTEM cross-section in Fig. 3.1.3.5, there are pseudo-periodical misfit
dislocations along the interface. These dislocations are obviously alternatively located at the
interfaces and more surprisingly, within the STO substrate with a periodicity of ~20nm.
Sample preparation has been performed using Focus-lon Beam (FIB) which can likely
produce extrinsic defects. However, the periodic character of such dislocations allowed us to
reasonably exclude an origin from the FIB preparation. It is also very unlikely to generate
such damage during the sputter deposition process as the deposited particles do not have
enough energy. These defects might be present prior to the BTO deposition but based on the
available data no conclusion on the origin of the dislocations is possible. From the present
pictures, except for the dislocations, one can moreover see that no Ruddlesden-Popper phases

or any extra-phases could be identified at the interface and along the BTO growth.
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Figure 3.1.3.6: X-ray photoelectron spectra of a SrTiO3;:Nb(100) single crystal in the course of
BaTiO; deposition. The BTO thickness is indicated in nm. The green spectra indicate the
uncovered state (nude STO). The Ba emissions exhibit two components which have been
deconvoluted and indexed in the spectra.

Photoelectron spectra recorded during deposition of BaTiOs onto Nb-doped SrTiO; single
crystal are shown in Fig. 3.1.3.6. Similarly to the interface experiment performed with Pt
wafer, BTO has been stepwise deposited onto STO and after each deposition step, Ba 3ds),,
Ols, Ti 2p, and Sr 3d levels spectra were recorded. The initial stage of the experiment
(uncovered state) can be identified by the green spectra (see Fig. 3.1.3.6). A layer-by-layer
growth mode of BTO can be assumed since the Sr 3d emission decay exponentially when
increasing BTO thickness. No pronounced change of the shape of O, and Ti levels occurs
indicating the absence of extrinsic defects as e.g. Ti’~ species. However, the Ba level
emission is drastically modified in the course of BTO deposition. At very low coverage only
the component located at higher binding energy (indexed Ba2 in the graph) appears. Then,
Bal occurs when increasing film thickness and become higher than Ba2 after subsequent
deposition of BTO. A detailed discussion of the Ba components is given in section 3.5.

The evolution of core-level binding energies in the course of deposition is displayed in Fig.
3.1.3.7. An appropriate offset of each core levels was applied to highlight each binding
energies change during BTO deposition. The values of each core levels shift is indicated in
the graph. Before deposition of BTO, the valence band maximum value of STO was recorded
at ~3.05eV after oxygen annealing for surface cleaning. After subsequent BTO deposition a
VBM of ~2.85e¢V + 0.05eV can be determined. The valence band offset is determined from

the difference of the valence band maximum binding energy of the SrTiO; substrate as given
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from the Sr 3d line and the BaTiOs film as given from the two Ba 3d lines for the thickness

range where both valence band maxima are visible. The corresponding thickness range used

for the valence band offset determination is indicated by the gray squares. This range also

corresponds to the thickness where Bal and Ba2 are following the same binding energy

evolution. Regardless of the doping of the SrTiO; substrate (inducing higher VBM), the Sr 3d

line and the Ba 3d line are at the same binding energies in the transition region indicated in

Fig. 3.1.3.7. Consequently, the valence band offset at the STO/BTO junction is determined as

0 eV. Similar experiment has been performed with Nb-doped BaTiOs target (Nb: 0.5 wt %)

and identical procedure was used to plot the BE change in the course of BTO:Nb deposition

in Fig. 3.1.3.8.
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Figure 3.1.3.7: Evolution of
BaTiO; valence band maximum
binding energy with increasing
film thickness for BTO onto
STO. The different shifts are
derived from Fig. 3.1.3.6. The
gray square indicates the
thickness range used for the
determination of the valence
band offset.

Figure 3.1.3.8: Evolution of
Nb-doped BaTiO; valence band
maximum binding energy with
increasing film thickness for
BTO:Nb onto STO. Identical
notation is used to indicate the
thickness  range for the
determination of the valence
band offset.
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For the Nb-doped sample a quasi similar band offset is extracted from the present plot. We
observe higher valence band maxima value for thick Nb-doped BaTiO; (~2.95eV =+ 0.05¢V)
compared to thick undoped BTO (~2.85eV + 0.05eV), in good agreement with doping effect
induces by donor dopant. We note however that the differences are much larger when BTO
and BTO:Nb are deposited onto Pt substrates as showed in section II1.3.3. The small
difference is a result of the determined band alignment and the doping of the SrTiO; substrate.
Figure 3.1.3.8 also indicates that Sr 3d line and Ba 3d line in the transition region are similar.
This also indicates no valence band offset between SrTiO; and Nb-doped BaTiO; similarly to
undoped BTO.

In addition, it appears that Ti2p—VBM is ~200—250meV larger in STO compared to BTO.
This suggests different electronic structures in BTO compared to STO with lower positive
charge on the Ti sites in BaTiO;. In addition, by comparing the XPS valence band emissions
of STO and BTO, we can also exhibit remarkable differences as shown in Fig. 3.1.3.9
between both titanium perovskites. The spectra were normalized and shifted in energy to
emphasize the differences. Typical shape observed in ATiO; compounds is recalled below

(see also 11.1.2.2.2).

Figure 3.1.3.9 Left:
Typical shape in ATiO; BaTiO; and SrTiO; Typical valence band
emission for  ATiO;

OZn — 2aTT.(§>§ compounds. Two well
y m D'{ﬁlerence distinct peaks are
Ti3d observable and indexed in

the  spectra. Right:
Observed valence band
emission of BaTiOj; thin
film and Nb:SrTiO; single
crystal. Both spectra have
been normalized and

subtracted to elucidate the
' difference in shape. They
. are discussed in the text.

binding energy [eV]

02p

normalized intensity

When well crystallized, the valence band emission exhibits typical well define peaks
containing nearly pure oxygen states (O2p) as well as (O2p + Ti3d) mixed states [32]. Both
contributions are indexed on the left side of Fig. 3.1.3.9. The main peak located at ~7eV
(dashed line) is clearly broader for BTO than STO. It means that hybridizations of O 2p

orbitals with Ti 3d states are larger in the case of BTO in very good agreement with partial
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density of states calculation [33,34] as well as covalency model in perovskites describe by H.
Thomann [35]. The well-known paraelectric states in a broad range of temperature for STO is
often explained by the bonding nature of Ti—O much more ionic compared to BTO showing
several ferroelectric transitions. The present data might be a direct evidence of the covalent
character for such system. Measurement of Nb-doped BaTiO; single crystal seems to support
the observed differences (not shown). Systematic studies of different ATiOs compounds

(CaTiO3, PbTiO3, KNbOs, etc...) are required to confirm this point.

According the above experiments, energy band diagrams for Nb-SrTiO3/BaTiO;/Pt can be
drawn. Band offset and Schottky barrier are reported according the XPS spectra recorded
during interface formation (see Fig. 3.1.3.10). The energy band diagram is highly asymmetric
with a Fermi level at the SrTi03/BaTiOs interface close to the conduction band as determined
in the present section. Usually, the doping level of the SrTiOs crystal used in the present
experiments (1.7:10"cm™) is expected to induce a Fermi level position above the conduction
band. In our XPS spectra, we observe lower Fermi level (Er — Eyg = 3.05 eV) after oxygen
annealing that we assumed to be related with lower surface doping. This explains the upward
band bending in the SrTiO3; band diagram see in Fig. 3.1.3.10. The origin of the low surface
doping is not understood (see also 111.3.1.1.4.b).

Identical junctions were studied by Junquera et al. [36] using first-principles density-

functional theory pseudopotential calculations. Their major results are indicated in Fig.

3.1.3.10.

Nb:SrTiO; BaTiO; , Pt — —
theoritical estimation

Pt STO BTO Pt

0.4 eV
0.9eV

0.5eV

GAP=32¢V

AEyp=0
h 4
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Figure 3.1.3.10: Left: Energy band diagrams for STO/BTO/Pt thin film capacitors with barrier heights
derived from the results presented above. The observed offset between STO/BTO junction is reported
(~0eV) and an upward band bending in the STO of 0.15 eV can also be observed due to low surface
doping. Right: Theoretically calculated energy band offset for similar system using first-principles
calculation [36].
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Junquera et al. have in fact determined the valence band offset of Si/SrO/SrTiO; as well as
Si/Ba0/BaTiO; interfaces. Their theoretical estimations showed in Fig. 3.1.3.10 are derived
from these two systems. A transitivity of the band alignment with respect to the Si where thus
assumed to estimate their STO/BTO band alignment. Similar band diagrams have been
determined by Amy et al. [37] between BaTiOs/Si and SrTiOs/Si depending on surface
treatment using x-ray photoemission spectroscopy. Their results under reduction are showed
in Fig. 3.1.3.11 for BTO/Si and STO/Si. The derived band offsets at STO/BTO junction is

indicated on the right side as deduced from an ideal transitivity of the band alignment through

Si.
SrTiO, annealed at 550 °C in O, BaTiO, annealed at 550 °C in O,
Derived band offset
N [0.30]
[0.58]
p-type Si STO p-type Si BTO STO BTO
2 e Ee— 048 e = —
Ev -0.48 E, 0.68
2.38 2.66
-2.86 E, -3.24 E, 1-03eV

Figure 3.1.3.11: Summary of the band alignment for BTO/Si and STO/Si interfaces from [37].

Assuming transitivity of the band alignment through the Si layer, one can deduce the valence band
offset at the STO/BTO interface.

Therefore, our experimentally determined energy band offset at the STO/BTO interfaces (~0
eV) is comparable with the indirect determination of Junquera et al. (~ 0.4 eV) and Amy et al.
(~0.3 eV).

The energy band diagram showed in Fig. 3.1.3.10 thus questions the electrical behaviour of
such stacks. As an ohmic contact is clearly established at the STO/BTO interface and a
rectifying contact at the BTO/Pt, one can expect strong asymmetry in the current voltage
(I—V) measurement. Abe et al. [38] have measured the current density of Pt/BTO/Pt and
STO:Nb/BTO/Pt stacks respectively. Their results are shown below in Fig. 3.1.3.12:

E E . )
g iggg E (C) on SrTIOxNb 2 " o on Pmgo Figure 3.1.3.12: Current density
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S oo f S st ";' v BaTiO; thin films. The top
E F .

£ 5 Buw ; E ok electrode is made of Pt for both
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10 20 30 40 stacks.
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Fig. 3.1.3.12 indicates that current density is substantially larger with STO:Nb substrate

compared to Pt substrate. In this measurement, the voltage has been defined as having a
positive polarity when a positive bias voltage was applied to the top electrode (Pt-cathode). In
this configuration and according the energy band diagram experimentally determined, the
electronic charge injection cannot be limited by the ohmic contact of the STO/BTO interface.

Thus the energy band diagram shown in Fig. 3.1.3.10 seems to be well appropriate.

3.1.3.4 Conclusion

We can summarize the main results as follow:

e No extrinsic defects were found at the Pt/BTO interfaces. Subsequent higher Schottky
barrier could be measured at the bottom contact (1eV) compared to the top contact
(0.6eV). This might be explained by the absence of defects at the bottom contact.

e Asymmetrical potential could also be identified for Nb-doped BaTiO;. Charge
depletion region inducing band bending was evidenced. The niobium acting as a donor
increases most likely the charge carrier density in the BTO generating charged
metal/BTO contact.

e HRTEM cross-sectional pictures have revealed periodical-misfit dislocations along the
interface STO/BTO. Surprisingly, the dislocations are sometimes located within the
STO substrate. No extra structures could be identified. The growth of BaTiOs onto
SrTiO; is epitaxial allowing consistent analysis of our XPS measurements.

e No strong interactions have been observed during growth of BTO onto Nb-doped
SrTiO; single crystal substrate. The Ba emissions exhibit two components, which are
modified in the course of BTO deposition. The component located at higher binding
energy (Ba2) initiate the growth at low coverage. Ti, and O levels were not found to
be profoundly modified. However, subsequent differences are observed in the valence
band emission between STO and BTO. The observed valence band emissions might be
correlated with the different covalent character of STO and BTO. At least, both oxides
are well-known to exhibit drastically different polarization states as a function of the

temperature.
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e No direct experimental determination of the band alignment between SrTiO; and
BaTiO; has been presented so far in the literature. A sharp interface with a zero
valence band offset has been experimentally determined at the STO/BTO interface

expected to form ideal ohmic contact.

After having investigated the electrode/BaTiO; contact formation in this section, we show in

the next section the actual dielectric properties of such stacks.
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3.2 Dielectric properties and microstructure

Catastrophic decrease of dielectric constant is typically observed in ferroelectric thin films
regarding their bulk parents (see 1.3.1). “Curies anomalies” in dielectric constant normally
seen in bulk material and single crystal are progressively suppressed, with (i) increase in
diffuseness, (ii) decrease of the dielectric anomaly temperature, (iii) and in some cases, full
suppression of ferroelectricity. This section will show that dielectric properties of thin films
can be considerably enhanced by improving their microstructure. To probe this, deposition of
BaTiO; and (Ba,Sr)TiO; thin films have been performed using two kinds of sputtering
method. Off-axis and on-axis sputtering geometries were thus employed for thin film
deposition. Then, microstructure studies (AFM, XRD) as well as dielectric properties have

been compared to correlate dielectric anomalies and microstructures.
3.2.1 Sputtering deposition under on and off-axis geometries

As described in chapter 11.2.2.4, sputtering parameters can strongly change thin films
stoichiometry as well as the degree of sample crystallinity [39]. When substrates are placed at
90° to the target’s azimuthal axis, Off-axis sputtering configuration is used. This kind of
configuration induces lower back-sputtering damage at the film surface since the resputtering
problem arising from fast ion is reduced [40] compared to conventional geometry where
substrate is facing the sputtered target (on-axis). In off-axis geometry, the deposition rate is
also strongly reduced resulting in better films cristallisation. The different configurations are

schematically sketched in Fig. 3.2.1 (also shown in chapter 11.2.2.4).

on-axis off-axis
_ Figure 3.2.1: Left: on-axis
[ '0 S e configuration. Due to fast ions
°e o . collisions, resputtering effect
. resputtering % o occurs. Right: off-axis
o . effect duci h h
il geometry reducing the growt
substrate  m—— rate and thus the energy transfer
VVVW\— - .
heater collision on the substrate.
JV\NV\'—
heater

In this section, both configurations were used for thin film deposition of BaTiO; and
(Ba,Sr)TiO3 compositions. Thin films deposited with off-axis technique were grown on (111)

oriented platinised Si wafer with a substrate temperature of 650°C, a gas pressure of 5Pa
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(99% Ar and 1% O,) and a power density of ~1W/cm? The growth rate using these
conditions was ~0.5 nm/min. The base pressure before sputter deposition was 10~ Pa. For the
depositions under on-axis configuration, we have used similar deposition conditions except
for a power density of ~2.5 W/cm® and a substrate to target distances of 7cm for BST and
10cm for BTO with planar geometry. These deposition conditions have been optimized to
obtain stoichiometric and crystallised thin films. Such parameters led to a deposition rate of
~1.9 nm/min, 4 times faster than transverse sputtering geometry. In the following sub-section,
it will be shown that such a difference in growth rate can drastically modify the

microstructure and dielectric properties of thin films.
3.2.2 Microstructure of polycrystalline thin films of BaTiO3

The surface morphologies for the different deposition techniques and for BaTiO3; composition
are shown below in Fig. 3.2.2. Two major tendencies are extracted from the present AFM
scanning. First, it appears that grain sizes are larger in the case of off-axis sputtered thin films.
We can estimate an average size of ~75nm and ~50nm respectively for BTO grains prepared
by off-axis and on-axis geometry. Then, higher roughness are observed for with larger grains

as a direct consequences from grain size effect as sketched below in Fig. 3.2.3.

CXTXS

off-axis | Pt(111) substrate Figure 3.2.2: Large grains induce

higher surface roughness. Similar

m observations are measured for both
compositions

on-axis | Pt(111) substrate

It would also be nice to measure the surface morphology for sputtered thin films of
(Ba,Sr)TiOs deposited under on/off-axis configuration but the comparison could not be clearly

established due to technical problem arising from the deposition step.
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Morphology — AFM scans

on-axis BaTiOs off-axis BaTiOs

Roughness (RMS): 2:8nm

0.0 nm

Figure 3.2.3: AFM pictures of the surface of BaTiOj; thin films deposited onto polycrystalline Pt(111) under
different sputtering geometries. The thicknesses are respectively ~300nm and ~200nm for on-axis and off-
axis depositions. These pictures give evidence that grain sizes are larger with off-axis condition (identical
scanning scale is presented for better comparison). Due to grain size effect, the roughness is consequently
flattened for smaller grain sizes.

XRD patterns for the different investigated systems are presented in Fig. 3.2.4. All
diffractograms were normalized to the Pt(111) diffraction peak to evidence the differences in
shape and intensity. All the films are polycrystalline and show the (100), (110) and (200)
perovskite peaks of the BTO (Left) and BST (Right) phases. The corresponding samples are
indicated in their respective frames. Off-axis sputtered films (red) alone display a strong (h00)
preferred orientation whereas on-axis method (black) do not induce particular preferential
crystallographic orientation. In addition, the narrowee full width at half maximum (FWHM)
for off-axis samples indicates larger crystallite size (i.e., lowering of germination sites) in very
good agreement with our previous AFM observations in BaTiOs. This also strongly suggests
bigger grains for off-axis BST than on-axis ones even if it can not be entirely confirmed due to
the lack of AFM results. Therefore, based on the following results, it is concluded that the
microstructure of BaTiO; and (Ba,Sr)TiOs thin films are subsequently improved (in term of
crystallite size) with off-axis sputtering geometry compared to conventional on-axis

deposition.
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Figure 3.2.4: 6—20 x-ray diffractograms of BaTiO; (Left) and (Ba,Sr)TiO; (right) thin films prepared
by both mentioned method. The spectra have been normalized to the Pt(111) Bragg refelections and
logarithmic scales were used to attest the absence of parasitic phases.

The microstructural properties have been studied and have revealed that lowering of the
growth rate promote the crystallization of the sputtered materials. Since our aim is to establish
a direct correlation between structures and dielectric properties, we have measured the
temperature dependence of the dielectric constant (eg) and the electrical loss at zero bias in a
broad range of temperature (-150°C to +150°C) at varying frequencies. The results are

presented in the next paragraph.

3.2.3 Dielectric properties of polycrystalline Pt/ATiO3/Pt capacitors (A=Ba & Ba,Sr)

The top and bottom Pt electrodes were connected to an HP4194A impedance analyzer as
described previously in chapter 11.2.2.5. The plot of the dielectric constant (er) as a function
of temperature is displayed in Fig. 3.2.6 for Pt/BTO/Pt stacks prepared with both sputtering
methods. A strong increase of the permittivity is observed at high temperature (T>100°C) and
mostly in the low frequency range (<100 kHz). Such behaviour is often attributed to
conduction phenomena occurring at high temperatures for thin film samples [41]. This
consequently explains the decrease of the dielectric constant when decreasing the temperature
due to “freezing” of the conduction mechanism (i.e., when no longer thermally activated).
Two major observations are extracted from the present plot. First, g is notably higher for

BTO off-axis sputtered (~370 at Tyoom and 100 kHz) compared to on-axis deposition (~260 at
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Troom and 100 kHz). Then, both samples exhibit a dielectric anomaly at high temperature
which is superimposed to the conduction phenomena. Both anomalies have been highlighted

in the spectra by gray squares.
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Figure 3.2.6: Relative permittivity (eg) versus the temperature for identical

composition of BaTiO; deposited under off-axis and on-axis geometries. Gray

square indicate dielectric anomaly around 120°C as discussed in the text.
Under rescaling,, we can reveal more closely these dielectric anomalies as presented in Fig.
3.2.7. The corresponding loss factor have also been reported since important information can
only be concluded by examining simultaneously dielectric permittivity and loss factor as
discussed in details in the first part of this manuscript (see chapter 1.1.1.1.b Mechanism of
polarization). Following Fig. 3.2.7, both dielectric anomalies become evident for both BTO
thin films. The observed anomaly is obviously much more well defined in shape and is also
frequency independent for the off-axis sputtered BTO compared to on-axis sputtered BTO. In
this latter case, the smaller crystallites observed in AFM and confirmed with XRD may alter
the dielectric maximum. In ceramics and thin films, the smearing of the dielectric anomalies

is usually observed because of reduced grain sizes.
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Figure 3.2.7: Magnification of the dielectric anomaly showed in Fig. 3.2.6 for both
deposition geometries. The corresponding loss factors are also reported showing good
agreement for true phase transition at least for off-axis sputtered thin films.
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Furthermore the dielectric anomaly appears at ~140°C in good agreement with typical Curie
temperature in single crystal or ceramic of BaTiOs (T,.=130°C). In addition, the loss factor
adopts almost similar tendency but has smaller maximum temperature than the dielectric
permittivity. This might be explained by the superimposition of both contributions
(conduction phenomena + phase transition). The conduction phenomenon is indeed frequency
dependent as evident from Fig. 3.2.6. Similar conclusion can not be entirely assumed for thin
film deposited under on-axis condition since the observed maximum is highly frequency
dependent for eg. To underline this frequency dependence, the same spectra have been shifted
along the permittivity axis in Fig. 3.2.8. It would also be nice to record additional data at
higher temperature to observe the Curie-Weiss behaviour by plotting the inverse of
permittivity in the paraelectric state (see chapter 1.1.3.2). However, technical limitations did
not allow increasing the temperature above 150°C since the sample holder was made of

Teflon.

Figure 3.2.8: Permittivity profiles
versus the temperature. The data are
derived from Fig. 3.2.7 and shifted
only the y-axis to evidence the
frequency dependence. From the
present plot, off-axis sputtered BTO
are clearly frequency independent
contrary to on-axis BTO dielectric
dispersion.
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Similar comparison has been performed for (Ba,Sr)TiO; thin films deposited with both
sputtering methods. The situation is summarized below in Fig. 3.2.9 for BTO and BST at 500
kHz..
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Figure 3.2.9: Comparison between thin films prepared is off/fon axis geometry for
both BaTiO; and (Ba,Sr)TiO; compositions with (Ba/Sr=60/40). Off-axis sputtered
thin films exhibit sharper profiles and higher permittivity than on-axis .deposition.

There is an excellent agreement with the Curie temperature expected for bulk materials for
BagSr49TiO; compositions (Tc=0°C). Therefore, it can be concluded that true phase
transitions occur in sputtered BST thin films with a permittivity which is considerably
improved using off-axis sputtering geometry in good agreement with the previous tendencies
observed for BaTiOs thin films. Thus, Curie-Weiss behaviour is plotted for BST thin films
since the amount of collected data above the maximum of permittivity is now sufficient to
extrapolate the Curie-Weiss temperature (T..,). The results are indicated in Fig. 3.2.10 for
thin films and typical behaviour encountered for bulk materials. The plot confirms
improvement of ferroelectric properties using 0ff-axis deposition even if they remain largely
below those observed in bulk materials. For instance, one of the most important features
observed in bulk materials is the temperature range separating the Curie (T.) and the Curie-

Weiss (T..w) of only few degrees. However, off-axis sputtered film exhibits rather T, >> Ty
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Figure 3.2.10: Left: (Ba,Sr)TiO; thin films sputtered with on/off-axis geometry. Curie-Weiss
behaviour is subsequently improved for off-axis deposition but remains largely below the bulk
value expected to occur at ~0°C for BagySryTiO3; composition in the bulk form. Right: Curie-
Weiss behaviour is indicated for bulk BTO in order to show that T, and T.., are expected to be
separated by only few degrees for ceramic or single crystal.
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Tunability (1) properties have also been compared between both kinds of depositions for BST

compositions. The results are displayed in Fig. 3.2.11.

Figure 3.2.11: Permittivity versus
applied electric field for Pt/BST/Pt
capacitors. At 200 kV/cm, the tunability
(1) of on-axis thin film is much lower
than the one obtained by off-axis
geometry as indicated in the graph.
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Here again, the ability to tune the permittivity by varying the electrical field is subsequently
improved with off-axis deposition. A quantitative comparison is indicated in the above graph

for a given electrical field.

3.2.4 Conclusions

To summarize, excellent correlations are evidenced between the results obtained with AFM,
XRD, and impedance spectroscopy. Off-axis sputtering deposition subsequently (i) enlarge
the crystallite, (i1) increase thin films texture, and (iii) improve ferroelectric properties as
compared to conventional on-axis deposition. Therefore, clear correlation between
microstructure and dielectric properties has been successfully demonstrated. However, further
investigations on BST crystallite sizes and texture are required to directly probe bigger grains
for off- axis sputtered BST thin films.

Nevertheless, the tendency of the results strongly suggests that interfaces such as grain
boundaries play a fundamental role in the polarization states of ATiO3; compounds since they
can be assumed in lower density for thin films containing larger grains.

Consequently, this is a strong motivation in the present PhD work to study interface

properties of such capacitor systems.
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3.3 Surface segregation in Nb-doped BaTiO; thin films

This section describes in-situ photoemission spectroscopy to investigate niobium doping in
polycrystalline BaTiOs; materials. Ceramics and single crystal have been measured for
comparison with thin films. Nb-doped BaTiOs; ceramics and Nb-doped SrTiOs single crystal
show higher Fermi level position regarding the films. This was confirmed by impedance
spectroscopy under variable temperature. Large amount of niobium is clearly observable at
surface but the amount of dopant is drastically reduced below the near-surface region, as
evidenced by depth profile. This surface segregation may arise from a low solubility of

niobium in sputtered BTO films which would explain the low conductivity of such

doped films.
331 Introduction

The influence of doping has been reported in details in section 1.2 for bulk ATiOs oxides. In

thin film form, the available results reported in literature are much more contrasted as shown

in Fig. 3.3.1.
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All thin films behave strongly different from the bulk, regardless of the preparation technique.
Large fluctuations are also observed among the films themselves. Samples prepared by Laser
Molecular Beam Epitaxy (L-MBE) [45,46] show extremely low resistivity ~ (10-10* Q.cm)
in contrast with sputtered films ~ (10%-10'2 Q.cm) [47]. The change of resistivity for films
grown by chemical vapour deposition (MOCVD) [43,44] is roughly comparable to the bulk,
but the minimum resistivity is only observable at higher doping concentrations. Therefore,
thin film properties strongly depend on the deposition technique used for samples preparation.
In this section a combination of in-situ X-ray photoelectron spectroscopy (XPS) and
impedance spectroscopy is used to understand the high resistivity of magnetron-sputtered Nb-
doped BTO thin films. We first determine the Fermi energy level position with respect to the
band edges and the chemical composition. For oxides, the Fermi level position observed by
XPS correlates well with electrical conductivity [49-51]. In the second part, permittivity and
loss factor were measured using impedance spectroscopy as a function of temperature,
confirming the lack of conductivity of our films. Finally, we will provide evidence that
niobium is not incorporated in large amount in the grains of the films but rather segregates to
the surface (and probably also to grain boundaries). Nb-doped BTO ceramics and single

crystal of STO samples have also been measured for comparison.
3.3.2 Semiconducting character

The valence band maxima (VBM) were determined by linear extrapolation of the leading
edge. The Fermi energy reference (0 eV) was calibrated using a sputter cleaned metallic Ag
reference standard. As described in chapter II, the Fermi energy position can indeed be
derived from the valence band (VB) emission. The different valence band spectra are

presented in Fig. 3.3.2.

Figure 3.3.2: X-ray valence band
spectra recorded from a) thin film of
undoped BTO, b) thin film of
BTO:Nb (0.05 wt%), ¢) thin film of
BTO:Nb (0.5 wt%),d) ceramic of
BaTiOs:Nb  (0.02 wt%), and e)
single crystal of STO:Nb (0.05
wt%). For b) and ¢) the amount of
Nb is related to the sputtered target
stoichiometry.

normalized intensity

binding energy [eV]
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The undoped film exhibits a VBM of ~2.55 eV whereas the film containing the highest
doping has a VBM of 2.84 eV. The Nb doped film has thus higher Fermi level position, as
expected for n-type doping. However, a typical n-type semiconductor sample should have its
Fermi level located close to the conduction band, as observed for Nb-doped SrTiOs [12] also
showed in Fig. 3.3.2. According to the band gap of BTO (3.2¢V), this would lead to a VBM
of 3 eV at least. Both doped films do not reach comparable high levels (2.84 eV and 2.73eV).
It appears that the doping in the films does not shift the Fermi energy significantly towards
the conduction band. Hence, the Nb doped films are expected to have a lower conductivity

level.
3.3.3 Impedance spectroscopy
To check the resistivity behaviour of our sputtered films, impedance spectroscopy has been

performed. Variation of the dielectric properties for two films is shown below in Fig. 3.3.3.

We note that thin films have been sputtered under on-axis geometry.
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Figure 3.3.3: Relative permittivity and loss factor vs. temperature at 100 Hz for undoped BaTiO;
thin film and Nb-doped BaTiOs;. No increase of conductivity for doped sample is observed at
high temperature.

At 100 Hz and room temperature, the undoped film exhibits a permittivity value around ~350,
much higher than the observed permittivity for the Nb-doped film (~200). Both profiles do
not show any obvious temperature dependence. The increase of loss factor and permittivity
observed at high temperature is a typical signature of thermally activated conduction
mechanisms as described in section (I1.2.2.). In the case of doped materials, this enhancement

should be higher than for the undoped composition. But no significant difference is observed
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at high temperature. The doped film appears to be even a better insulator (lower loss) as
compared to the undoped film. However, both films exhibit resistances of the order of 10'° Q
as computed from the impedance data. In bulk form, when suitably selected, a small amount
of dopants (e.g. few ppm of Nb, La.... in BaTiO3) is able to induce macroscopic increase of
conductivity [52] because of energy levels located relatively close to the conduction band. As
in any semiconductor, such charged states are well-known to accumulate at interfaces
inducing space charges. Because of the very small thickness of such depleted interfaces, the
apparent capacitance can be subsequently increased, especially at low frequency/high
temperature range [53]. There is thus a close link between the semiconductor behaviour of
doped BaTiOs; and an artificial increase of the apparent permittivity due to the additional
space charge capacitance. In our sputtered BTO:Nb films we see neither an increased
conductivity nor a strong apparent permittivity. This confirms the inefficient Nb doping in our
BaTiOs thin films since we were not able to measure the resistivity by 4-points techniques.
Both Pt and InGa electrodes were used but the observed resistivity was again too high to be
measurable. This agrees with the previously reported resistivity experiments in sputtered Sb

doped BaTiO; [47].

3.34 Surface niobium segregation

Evidence for the origin of the inefficient doping of magnetron sputtered BaTiO3:Nb films can
be obtained from the cation stoichiometry. As the concentration of dopant is very weak,
niobium doped single crystals of SrTiO; have been measured with our XPS setup as
reference. The surfaces were cleaned before photoemission measurements by in-situ thermal
annealing in an oxygen pressure of 0.05 Pa. Single crystals were purchased with different
niobium concentrations: 0.05 wt% and 0.5 wt% are the amounts given by the provider
(Crystec). As seen in Fig. 3.3.4, a Nb emission is clearly observed for the 0.5 wt% sample.
Using the sensitivity factors for the XPS setup and the appropriate molar mass, a Nb
concentrations of ~0.8 wt% is extracted from the peak intensities, in good agreement with the
nominal Nb content. No Nb could be detected for the 0.05 wt% Nb-doped STO crystal. Also
no niobium was detected on the conducting ceramic BTO sample, which shows a high Fermi

level position (see Fig. 3.3.2).

134



Chapter III. Surface segregation in Nb-doped BaTiO; thin films
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Evidently, the Nb content required to induce electrical conductivity is below the detection
limit for ceramic and single crystals samples. As indicated in Fig. 3.3.4., the amount of Nb is
~3 wt% for the films prepared from either 0.05 or 0.5 wt% doped targets. We are now going
to show that doping enrichment is confined to surfaces.

The substantial Nb contents measured at the surfaces by XPS might be caused by segregation
of Nb at the surface. To check if the dopant concentration is lower below the surface, depth
profile analysis has been performed. Fig. 3.3.5 displays the effect of ion-beam etching with 1
keV Ar' ions on the Nb 3d core level.

Figure 3.3.5: Nb 3d core level of
MbaOs sputtered Nb-doped BTO thin

W films in the course of Ar+ etching.
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The red spectrum represents the situation prior to the etching and the blue one corresponds to
the last etching step. The amount of niobium is drastically reduced after sputtering. The Nb
concentration observed after ion etching is less than 0.5 wt%. The binding energy shift of

~leV detected after the first etching step occurs in all core levels and can therefore be
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explained by a charging of the surface due to small amounts of Ar™ implantation rather by
chemical changes of the Nb species. The reduction of niobium concentration in the course of
sputtering indicates that Nb is not incorporated in large amounts in thin films but segregates to

the surface.

3.35 Discussion

Doping effect on electrical properties seems to be drastically different between thin-
films and their bulk parents. Our results show: (i) Different Fermi level position for sputtered
films and ceramic, (ii) dielectric properties of BaTiOs films not affected by niobium doping
and finally, (iii) niobium segregation at the surface for thin films. The measurements of
large grain materials (ceramic and single crystals) show that the dopant concentrations
below the detection limit of XPS can lead to strong shifts of the Fermi level. This
indicates a high doping efficiency and properly incorporated dopants. The situation for
sputtered thin films is strongly different. Although a large amount of niobium is observed, the
Fermi level positions measured in the films are only slightly affected by Nb doping. The
ineffective doping is attributed to a poor incorporation of Nb in the grains. The available Nb
largely segregates to the surface, and, most likely, also to grain boundaries. The presence of
impurity phases involving Nb segregation was also evidenced in Nb-doped BTO prepared by
MOCVD explaining the observed loss of epitaxy [44]. TEM was used in sputtered Mg-doped
BST to provide segregation evidence of MgO which was not observable in their XRD patterns
[56]. For ceramics samples, non-complete Nb incorporation inducing dopant segregation in
the grain boundary region was also successfully investigated [54,55]. The dielectric properties
of the BaTiO;:Nb films are also in agreement with poor Nb incorporation in the grains. Nb-
oxide is a good insulator with a low dielectric permittivity. It can induce an increase of the
resistivity and a decrease of the effective permittivity. This is exactly what has been observed
on comparing pure and Nb doped BaTiO; films. The lack of conductivity in our sputtered
films can thus be related to the segregation of Nb. However, the niobium segregation is not
fully understood. It may occur during the deposition process due to re-sputtering and re-
evaporation effects can occur [1-3]. The driving force for segregation may be related to
the effective oxygen partial pressure during deposition. This is indicated by the
observation that surfaces of Nb-doped films are Ba-rich while those of undoped films are
Ti-rich as also observed for (Ba,Sr)TiOs (see section I1.2.1). The enrichment of the A-site

cation (Ba) at the surfaces of donor doped perovskite is typically observed under oxidizing
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conditions as A-site vacancies act as compensating defects for donors [56,57].
However, such mechanisms require noticeable donor concentrations in the grains. Similar Ba
enrichment in sputtered BaTiOs thin films have been reported such as Ba,TiO4 phases with
Ho doping [58], Sb doping [47] and Nb doping [59]. The absence of extra peak in our XRD
patterns suggests that the observed Ba enrichment might form an amorphous phase.
Therefore, it seems that impurity phases are often observed in the literature for doped
thin films. Nevertheless, their involvement to explain the electrical properties difference
with bulk materials is rarely suspected. Further experiments are required to understand the
change in composition between undoped and doped films. The tendency for donor segregation

can not be ruled out to explain why no PTCR effect is observed in thin film samples.
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3.4 Surface layer of BaTiO; thin films under
oxidizing condition

In this section, deviations from stoichiometry and heterogeneous surface compositions of
BaTiOs textured thin films, BaTiOs:La ceramics, and SrTiOs:Nb single crystals are presented.
X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) have been used
to obtain information about the stoichiometry and uniformity of ATiO; [A=(Ba or Sr)]
structures after extensive thermal treatment. Surface deterioration has been observed and
drastic change of the cationic stoichiometry was measured in the near-surface region.

3.4.1 Introduction

As described in the first chapter (1.2.4), several well described mechanisms may affect the
stoichiometry near the surface of ATiOs; perovskites, such as segregation of AO under
oxidizing or reducing conditions, for instance well observed in single crystals of SrTiOs [60].
Similar behaviour has been reported for SrRuOs thin films [61], donor-doped SrTiOs single
crystals [62], undoped SrTiOs single crystals [63] and KTaOs single crystals [64]. Table I

summarizes the different observations and the methods used.

table 1

system investigated observations method ref

epitaxial thin film of significant excess of SrO upon XPS, AFM XRD 61

SrTiO5/StRuO; reduction and oxidation at the surface
donor-doped (La) formation of precipitates at the surface Optical images 62
SrTiO; single crystal after oxidation, depending on the microscopy

amount of dopant.
undoped SrTiO; single agglomeration of SrO precipitates after AFM 63
crystal prolonged annealing (120h)
undoped BaTiOs; reversible process of defect segregation XRD 64
ceramic and KTaO; after redox treatment.
single crystals

The formation of precipitates at the Optical 65

Nb-doped SrTiO;
ceramic

surface is depending on the surface
orientation of the corresponding grain.

micrograph, AFM
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This section will focus on oxidation study of Nb-doped and undoped epitaxial BaTiO; films.
Ceramics of La-doped (0.02 wt %) BaTiOs, and Nb-doped SrTiOs (0.05 wt %) single crystals
have also been studied for comparison with thin films. A correlation between the core-level
changes (mostly barium, strontium and oxygen core-levels) has not been reported so far. This

work will thus clarify the evolution of peak shape with respect to the thermal treatment.

3.4.2 Experimental approach

BaTiOs thin films were grown on conducting SrTiO;:Nb substrates under similar conditions
than those described in section II1.3.1.1. Sputtered undoped and Nb-doped BaTiO; thin films
(0.05 wt %) have been used to investigate the potential segregation and to eventually identify
an influence of doping, as reported for La-doped SrTiO; single crystals [62]. As recalled in
chapter I, La®" substitution at the Ba>" site of BaTiOs as similar effects on the conduction
properties as Nb " substitution at Ti*" site in BaTiOs; and SrTiOs. This is why BaTiO;:La
ceramics were also investigated here.

Thin-films, ceramics and single crystals were annealed under oxidizing conditions at 1000°C
during 16h ex-situ using a constant oxygen flux during the heating and the cooling (10K.min"
". After thermal treatment, the samples were introduced in the Ultra-High-Vacuum (UHV)
system for surface cleaning prior to the measurement. To achieve that, moderate thermal
treatment (450°C) were performed under oxygen partial pressure of pO,=0.05 Pa for the
oxidized samples. Preliminary experiments have shown that moderate temperature does not
modify the oxidation states of ATiOs; compounds but rather promote the removal of
hydrocarbons (see figure 3.4.1 and also [49]). After surface cleaning, the different samples
were in-situ transferred to the analysis chamber for photoemission measurements under
different take-off angles. We recall that ion bombardment was never used to clean the samples

during these ex-situ XPS experiments to prevent the Ti from reduction (Ti*" > Ti’").

O 1s Ba 3d5/2

clean

Figure 3.4.1: O 1s and Ba 3ds, levels of ¢
BaTiO; ceramic. The black spectra were
recorded without surface cleaning.
Moderate thermal treatment can remove
the surface contaminants and thus cancel
the extra component (disk).

normalized intensity

dirty

| | | [
536 532 528 784 780 776

binding energy [eV]
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3.4.3 Oxidation treatment and discussion

In order to study the potential segregation of ATiOs perovskite structures, the core-levels of
BaTiO; thin films, SrTiO; single crystal, and ceramics of BaTiOs; have been measured by
photoemission spectroscopy. This paragraph will describe the chemical and electronic
properties under prolonged thermal annealing under high oxygen partial pressure. Different
takeoff angle of measurements were used for thin films and single crystal analyses since their
flat surfaces are particularly suitable to determine the compositional profile. In contrast, the
angle dependence can not be employed for polycrystalline materials due to higher roughness.
Figure 3.4.2 show the Ba 3ds», O 1s, Ti 2p, and valence band (VB) spectra of Nb-doped
BaTiOs thin films. As a reference, the core-levels recorded before thermal annealing are also
reported and named as grown. The takeoff angles used during the data collection are also
aligned in the graph. All the reported spectra have been normalized to their maximum
intensities for comparison. Figure 3.4.2 shows the core levels of Ba 3ds; and Sr 3d of
undoped and Nb-doped BaTiOs thin films, polycrystalline La-doped BaTiOs, and Nb-doped
SrTiO; single crystal before and after oxidation treatment.

One can see in the Ba emission, two peaks denoted Bal and Ba2 on the spectra. They are

already present prior to the annealing.

BaTi03 t-f BaTiO3:Nb t-f SrTiO3:Nb s-c poly. BaTiO3:La

: Ba 3d5/2 Sr 3d
idized ! l
A—-w ' 20°
1dlzed : : 3

‘ 1.5eV
ldIZCd

as growth 1.1eV

Ba2

45°
1.5e

F

80°

normalized intensity

1.1eV
45°

1 T T 1 1 T T T T
784 782 780 778 776 782 780 778 776 138 136 134 132 130 784 782 780 778 776

it

binding energy [eV]

Figure 3.4.2: Ba 3ds;, and Sr 3d core levels spectra recorded for the different systems mentioned above
their respective frame at different takeoff angles. The intensities have been normalized to the maximum
peak for comparison. Ba2 (light gray) increases subsequently at the surface. Noted that Ba2 is particularly
important for Nb:BTO t-f. After oxidation, the binding energy difference Ba2 — Bal is increased to 1.5 eV
for BaTiO; composition. Clear Sr shoulder is visible at higher binding energy for STO s-c sample. No
changes have been observed in the Ti core-levels and are thus not reported.
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As evidenced in the spectra, the Ba spectra exhibit a second barium component (light gray).
As expected, oxygen thermal treatment increases the binding energy difference Ba2 — Bal to
1.5 eV (as growth = 1.1 eV for thin films). The same binding energy difference is observed
for oxidized La-doped BaTiOs ceramic after oxidation. Higher Ba2 intensity for the Nb-
doped thin film compared to the undoped film is evident from Figs. 3.4.2 and 3.4.3.

- [ ] Figure 3.4.3: Intensity ratio of
Eé 4 7 fim Mo Ba2/Bal for thin films at different
Q A as_growt takeoff angles, derived from the Ba
53 3] emission of Fig. 3.4.6 after
‘g oxidation. Ba2 is much higher at
= 27 low angle for Nb:doped BTO t-f.
s X For the as grown state, the intensity
Z 1 [ | ratio of Ba2/Bal is similar for doped
& y -4 1!J and undoped thin films and is
fé T T T T T T indicated by one blue dot.

= 20 30 40 50 60 70 80

angle [°]

The Sr 3d level also exhibits a second component at higher binding energies at low angle of
measurements. A second component of the Sr 3d level has also been observed by Baniecki et
al. on BST thin films [66]. But the mechanism leading to the Sr splitting might have a
different origin than the corresponding splitting of the Ba levels. Brookes et al. [67] have
demonstrated a surface core-level shift (SCLS) in the very-near surface region of SrTiO;
materials. In the Ba levels, the intensity of Ba2 is too high and remains largely visible at

higher angle, excluding a pure SCLS effect.

By inspecting the O 1s of the corresponding samples (Figure 3.4.4), it is clear that an oxygen
shoulder appears for all these samples at higher binding energy, especially at low angle where
the Ba2 component is dominant. This shoulder is strongly apparent for single crystal and
polycrystalline samples. The binding energy difference between these shoulders and the Ba2
component are found to be ~248.5 eV, corresponding to BaO bonding as shown for the Nb-
doped BTO in Fig. 3.4.5. It would also be nice to measure a standard SrO sample to quantify
the same binding energy difference between the oxygen shoulder and the second Sr
component visible at low angle. The surface enrichment of BaO is expected to modify the
cationic Ti/Ba ratio, particularly at low angle. In fact, this is exactly what we have observed,

as reported below in the table II.
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BaTiOg3 t-f BaTiOs:Nb t-f SrTiO3:Nbs-c poly. BaTiO3:La
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Figure 3.4.4: O 1s core levels for thin films, single crystal and ceramic of ATiO; materials. The
intensities have been normalized to the maximum peak for comparison. In all these samples, a clear
oxygen shoulder appears at higher binding energy under oxidation treatment. The doped materials have
higher O shoulders. The binding energy differences between the corresponding Ba2 positions and these
shoulders are similar to BaO bonding (248.5 eV), as discussed in the text.

Figure 3.4.5: Ba 3d5/2, and O
Is spectra recorded from Nb-
doped BTO sputtered thin films
after oxidation. Example is
taken from this sample to
highlight the energy separation
between Ba2 and the oxygen
shoulder corresponding to BaO
bonding.
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Table II — Cationic ratio Ti/Ba derived from XPS after oxidation

0 BaTiO; t-f  BaTiO;:Nb t-f SrTiO;5 :Nb s-c Poly. BaTiOs:La
80° 0.8 0.95 0.8 -
45° 0.8 0.9 0.8 0.6
20° 0.87 0.5 0.7 _
untreated :
; 1.1 : ;
450 1.2 0.8 0.8
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Table II gives evidence for noticeable Ba enrichment, especially at low angle of measurement.
Therefore, for thin films and polycrystalline La-doped BTO, we can assume that oxygen-rich
annealing is responsible to Ba enrichment at the surfaces via formation of BaO species.

We note that no Ti enrichment is observed at the surface of La-doped BaTiOs ceramic for the
untreated state as well as after oxidation. It might contradict the model of Ti-vacancy
compensation for La-doping as detailed in chapter 1.2.

The valence band spectra are presented in Figure 3.4.6. The observed tendency after oxidation
is a general lowering of the VBM binding energies, corresponding to lower Fermi energy
positions. This trend is expected when oxygen vacancies are removed after oxygen treatment
decreasing thus the charge carrier density, principally governed by the oxygen activity in
ABO; compounds. Typical electrical measurements usually support higher insulating
character in ATiO; compounds after oxidation. However, the presented valence band

emissions are a direct evidence of higher insulating character through lower Fermi level.

BaTiO; t-f Nb:BaTiO; t-f La:BaTiO; bulk Nb:SrTiO; Single-C
2
g
= 3ev 31leVv
= 3.eV 3.eV
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| N R N B LI I s e A L L I Y R B T
8 6 4 2 0 8 6 4 2 O 8 6 4 2 O 8 6 4 2 0

binding energy [eV]

Figure 3.4.6: X-ray valence band spectra for thin films, ceramic, and single crystal used in the
present study. Lowering of the Fermi level is evident after oxidation for all these systems.

Under strong oxidizing conditions, the segregation of BaO at the surface may lead to sizeable
grain growth. Thus, to study the surface morphology after annealing treatment, we have
performed Atomic Force Microscopy (AFM) on thin film samples. A roughness of ~2 nm was
measured for both films after deposition (as grown state). However, large grains appear at the
surfaces after subsequent oxidation as shown in Figure 3.4.7 for undoped and Nb-doped
BaTiOs thin films. This behaviour is in agreement with the features observed by Szot et al. on
SrTiO; single crystals after prolonged oxidation (see also § 1.2.4). Magnification of one
droplet indicates a well faceted single crystal-like morphology. Surprisingly, their measured
heights exhibit values of around 100-150nm, half of the film thickness. Such features were
not observed with the Nb-doped SrTiO; single crystal in contrast to literature [69]. This

suggests that the grain formation require higher and/or longer thermal treatment for surface
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crystallite formation than performed in this work. Also the occurrence of grain boundaries in
polycrystalline materials films may help the nucleation and growth of such crystallites thanks

to the grain boundaries selective out-diffusion of Barium.
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Figure 3.4.7: AFM images of BaTiO; thin film

after oxidation. They evidence for droplet-like

grains at the film surface. The profile shows a

droplet height average around 100-150nm, half c
value of the film thickness (~300 nm). These

droplets are attributed to BaO formation as observed

in the XPS emission. Features observed for undoped

and Nb-doped BaTiO; thin films.

3.4.4 Summary

In summary, the results show that the surface of BaTiO; is subjected to important
modifications from the initial state under extensive thermal treatment, as probed by XPS and
AFM measurements. Two identical experiments have been performed showing the
reproducibility of the results. Subsequent BaO formation has been observed in the near
surface region. The binding energy differences between Ba2 and the oxygen shoulders are
exactly corresponding to BaO bonding, as deduced from standard BaO powder. When the
takeoff angles is decreased (surface sensitive), Ba2 and the oxygen shoulders increase
subsequently for all the investigated samples denoting a clear tendency of surface Ba
segregation. The cationic stoichiometry derived from XPS calculations confirms large Ba
enrichment at the surface. This enrichment occurs by the formation of micro-crystals as
indicated by AFM. All these observations seem to be more pronounced for Nb-doped thin

films. The doping effect might enhance the Ba segregation velocity if we assumed that Nb>* is
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principally compensated by barium vacancies (Vy,) to counter-balance the resulting extra

charge Nb>*/Ti*". Our experiments might thus be a direct evidence that ionic compensation of
donor dopant La®" or Nb”" goes through Ba®* vacancies which is of technological interest but
still matter of debate in the recent literature as detailed in chapter 1.2. We do not see Ti
enrichment at the surface of La-doped ceramics when thermally untreated which contradicts
the model of Ti-vacancy compensation for La-doped ATiO; [71]. Ionic compensation via
barium vacancy is thus strongly suggested regarding the potential of Ba-segregation in donor
doped materials.

Multilayer-type arrangements of different Ruddlesden-Popper phases were also suggested to
occur (see e.g. [61]). Ruddlesden-Popper phases evolve from insertion of (AQO) planes
between perovskite ATiOs layers of various thicknesses [70] (see also chap 1.2.2, Figure
1.2.6). In such intercalation (AO) does not represent a separate phase but a structural
accommodation. So far, no evidence has been provided in the literature to confirm this
mechanism.

Explanation about the second barium component (Ba2) is not entirely clear since Ba2 is
already observed before thermal treatment (when Ti-rich). Subsequent oxygen annealing
increase considerably Ba2 through BaO formation but the observed extra component is in fact
the sum of two contributions (BaO + unknown contribution) after oxidation. The unknown

contribution in the Ba emission (visible when as deposited) is discussed in the next paragraph.
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3.5 The barium components

In this section, the barium components observed in the photoemission spectra are discussed.
The lower binding energy peak, throughout this work denoted as Bal, is clearly assigned to
Ba atoms in the perovskite phase whereas the higher binding energy component Ba2 has been
found to be surface related. The origin of Ba2 will be discussed. Different cationic ratio
(Ba/Sr) in (Ba,Sr)TiOs thin films, can change the Ba emission spectra. Amorphous BaTiO; do
not exhibit a surface barium component. The results are discussed regarding possible

electronic origin, or change in the Ba-coordination in the near-surface region.
3.5.1 Introduction

Since the first photoemission spectroscopy paper on BaTiOs [13], the XPS Ba emissions have
been subjected to several interpretations such as surface core level shift [15,66], barium
carbonate formation (BaCOs) [72], non-perovskite surface layer [73], oxygen vacancies effect
[74,75], smaller surface electron density [16] or even due to surface polarization charges [76].
The two different chemical states of Ba were observed in thin films [16,66,74] and ceramic
materials [13,15,76]. Addition of acceptor dopants (Fe) or donor dopants (Nb) in ceramics of
BaTiO; were not found to change the Ba2 component [22]. It also appears that the surface
treatments performed prior to the analysis can considerably affect the Ba emissions
[66,74,76]. Baniecki et al. have shown that BST films subjected to H,O/H,O:HNO;
treatments causes a large suppression in the intensity of Ba2 [66] as well as subsequent Ar ion
sputtering [74], whereas surface polishing increases Ba2 [76]. Thermal annealing can also
affect the Ba core levels as described in section 3.4 of chapter IIl. The binding energy
difference of Bal and Ba2 was found to be separated by 1.5 eV+0.1 eV in most of the
publications mentioned above. Finally, we have to mention that Sr line shape is also described
by two overlapping spin-orbit-split (SOS) pairs in SrTiO3; materials [15,66]. Angle-resolved
XPS also demonstrated the surface nature of the second Sr emissions. However, the observed
Ba2 intensities are much more intense than the Sr2, suggesting different mechanisms between

both cations as discussed below.
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3.5.2 Results

The higher binding energy pair (Ba2) was first attributed to Ba atoms in a carbonate phase
[72]. However Ba2 is still observable in BaTiO; thin-films deposited and analyzed in-Situ.
Therefore, we can reasonably exclude such extra phase. As discussed before, it is also very
unlikely to involve surface core-level shift effect for the Ba emissions as observed in the Sr

levels. The Ba 4d and Sr 3d levels in dependence of the photon energy are shown Figure

3.5.1.

(a) Figure 3.5.1: (a) Background subtracted Ba4d emission of
230 eV BaTiO; thin films with varying excitation energy. All the

intensities are normalized to the maximum. The light gray
colour denotes the surface species and the dark gray, the
530 ev_ A 6 N bulk components. The binding energy difference between
both components has been constrained to 1.1eV. For
500 eV comparison, the Sr 3d core levels is also shown in (b) with

two similar excitation energy for STO single crystal. The
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Two barium components are clearly observed, Bal at 88.9 eV and Ba2 at 90 eV. The intensity
of Ba2 is reduced with respect to Bal with increasing excitation energy, thus probing Bal
located deeper in the film. In Figure 3.5.2 is plotted the intensity ratio Ba2/Bal derived from
Fig. 3.5.1. Using a simple bi-layer model illustrated figure 3.5.3, we can estimate the
thickness of the surface layer containing Ba2 to 0.5 nm. The calculated mean-free-path (1)

was used according Tanuma, Powell, and Penn using parameters for A1,Os [77].
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Figure 3.5.2: Ratio of the surface- Figure 3.5.3: Simple bi-layer model, the surface
to-bulk components derived from layer (clear gray) is supposed to contain only the
Fig. 3.5.1(a) plotted versus the surface species Ba2. The mean free path (L) for the
photon energy. The solid line is a fit electrons has been proposed by Tanuma, Powell and
using a bi-layer model describes in Penn and used in this calculation. The surface layer
figure 3.5.3. thickness calculated is ~5 A.

All the presented spectra were recorded at room temperature. BaTiOs is ferroelectric at Troom

so one can not exclude a ferroelectric effect arising from sub-polarized layer. When BTO is

not covered by a metal electrode, one can assume an uncompensated state as exemplified in

Fig. 3.5.4 (a), leading to surface polarization which can be screened by metal deposition (b).

By speculating that these polarization charges occur in our films, they could disturb the

electronic levels of Ba inducing thus Ba2. Using the Landau—Devonshire theory including a

surface term, Binder [78] has shown a decrease of polarization in the vicinity of the surface

arising from polarization non-uniformity. A proposed diagram is shown in Fig. 3.5.5, unifying

the Binder model and the observed Ba emission.
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a) b)

Figure 3.5.4: (a) A depolarization field (Edepol.) arises in an
isolated ferroelectric, due to uncompensated polarization charges
(P) on opposite faces of the material. (b) Metal electrodes provide
a source of compensating charges, which cancel Edepol.
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If we now assume that Ba2 is due to a depolarization effect, one can expect a modification of
the Ba emission under metal deposition according Fig. 3.5.4 (b). In fact this is exactly what
we observed during Pt deposition as shown in figure 3.5.6. The energy separation between
Ba2 and Bal is reduced with respect to the Pt deposition time. The metal provides therefore
the compensating charges to screen the polarized surface leading to a lowering of the energy

separation.

0.7 eV Figure 3.5.6: The Ba 3ds;
A 16s core  level  during Pt
8s deposition. The Pt deposition

time is indicated in second.
4s Energy separation between

/Q surface and bulk component
- —|2'S

decreases with Pt deposition.

Before deposition, the
1s corresponding O 1s level
does not indicate BaO
bonding.
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— T T 1
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binding energy [eV]

To ensure that Ba2 is related to ferroelectricity, we have measured the Ba levels of Ba,.
1, T103 compositions with varying X (0, 0.4, 0.5, 0.9) of sputtered thin films. Each
composition corresponds to the stoichiometry of the sputtered target. Since strontium
substitution in BaTiOs; lattice lowers the Curie temperature of the cubic to tetragonal
transition in bulk ceramics [79], a pure paraelectric state is expected for small amount of Ba
(e.g. T, = 50K for x = 0.9) at room temperature. Surprisingly, whereas a lowering of Ba2 was
expected for small amounts of Ba (paraelectric state), we have observed an increase of Ba2
with increasing X as shown in Figure 3.5.7. To obtain reasonable fit, the energy separations of
Bal — Ba2 were not constrained to the same value. Thus, an increase of this separation is
observed by decreasing the Ba content. A clear oxygen shoulder is concomitantly observed
for BagSrooTiO3 composition. No additional O peaks are evidenced for the other
compositions whereas Ba2 is still visible. The presented spectra were recorded on
polycrystalline BST deposited onto polycrystalline Pt using the same deposition conditions
for all the compositions. There is, however, no guarantee that the deposition conditions used
for Bay Sro9TiO; are as appropriate as they are for BaTiOs. This is indeed suggested by the

oxygen shoulder occurrence. Thus, it is difficult to attribute Ba2 with a possible electronic
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effect or BaO formation whereas both can occur in thin films not deposited under optimal
conditions. However, this result does not support an influence of ferroelectricity on the
occurrence of the second Ba component. The disappearance of Ba2 would be expected at

small Ba concentrations to corroborate this effect.

Ba 3d5/2 O 1s
2eV
Baollsro_gTiO3

248.5 eV J\
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A BaoeSro.4TiOs
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..... > BaTiO;

I I I I I 1 Tt 11
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binding energy [eV]
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£

Figure 3.5.7: Ba 3ds;, and O 1s core levels of Ba,_,Sr,TiO; thin films deposited
onto Pt. By decreasing the amount of Ba (increasing x), the surface barium
component increases as well as the energy separation. For Ba;(SroyTiO3, an
important oxygen shoulder is observed. The binding energy difference between
Ba2 and the corresponding O shoulder corresponds to BaO bonding (248.5 eV).
No obvious oxygen shoulders are observed for the other compositions.

We have also investigated the contact formation of Pt and post-deposition ex-situ oxidized
BaTiO; thin films (see Fig. 3.5.8). As described in section 111.3.4, extensive oxygen annealing
induces BaO formation at the surface of BaTiOs. After this treatment, the Ba levels are thus
constituted of BaO and BaTiO3; bonding as shown in figure 3.5.8. Before metal deposition, the
Ba 3ds), level exhibits the two components corresponding to BTO and BaO separated by 1.5
eV. Similarly to Fig. 3.5.6, the Pt deposition affects the energy separation between Ba2 and
Bal although the uncovered BaTiO3 surface shown in Figure 3.5.8. do not show any obvious
BaO bonding. This suggests that Pt deposition also induces a decrease of the energy

separation when Ba2 is well identified as BaO compound.
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Ba 3ds;, O 1s

ey //\ Figure 3.5.8: The Ba 3ds,
8s and O 1s core levels during Pt

deposition of BTO thin film
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BaO bonding (see Fig. 3.5.6).
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In this context, the measurement of BaTiOs single crystal can also help to identify the origin
of the second barium component. To avoid charging effect, the single crystal must be
conducting enough, e.g., using doped sample. We have thus measured the surface properties
of Nb-doped BaTiO; single crystal (Nb: 0.02 wt %). The sample was first cleaned by heating
at moderate temperature (400°C) in 1 Pa oxygen to remove the typical hydrocarbon

contaminations from ambient conditions. The XPS spectra are displayed in Fig. 3.5.9.
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Figure 3.5.9: XPS core-levels recorded from Nb-doped BaTiO; single crystal (0.02wt% of Nb). As
evident from the Ba emission, the surface Ba component is still largely observable. Furthermore, no
obvious oxygen shoulder could be observed from the O 1s level. The calculated energy separation
between both Ba components is ~1.4 eV. The intensity of Ba2 is obviously lower than those observed in
thin film form.

It is clear from the spectra that Ba2 is still visible at the surface of Nb:BTO single crystal. The
Ba2 emission seems however to be different than those observed in thin films form. Indeed,
the deconvolution of both spectra leads to an energy separation of ~1.4 eV between Ba2—Bal

whereas thin films of BTO have lower value (~1.1eV). The intensity ratio between Ba2/Bal is

152




Chapter III. The barium components

also radically lower in the single crystal (~0.24) than those observed for numerous thin films
(~0.6). Finally, no oxygen shoulder is evidenced confirming that Ba2 is not ascribed to BaO

formation.

3.5.3 Summary

The origin of the barium component remains still unclear. Therefore, only speculative
explanations can be given from the available data. This justifies position of this section at the
end of the manuscript. The intensity ratio and the energy separation between surface and bulk
components are sensitive to several factors making the interpretation difficult. If Ba2 is
clearly surface related, it is however not clear why the splitting change under metal
deposition, and between thin film and single crystal. Since our samples are expected to be in
ferroelectric phase at the operating temperature of measurement, electronic origin through
screening effect might be a possible explanation. This would at least explains the difference
observed between SrTiO; (paraelectric at Tyoom) and BaTiO; (ferroelectric at Troom), as well as
the modification of Ba2 with metal deposition. The presence of sub-polarized layer might thus
induce Ba2. However, when the amount of Ba decreases for BST compositions, the Ba2
content increases with respect to Bal. This is in contradiction with polarization effect as
residual ferroelectric domains must be cancelled at low Ba concentrations.

If a subsequent oxidative thermal treatment is performed, Ba2 can be identified as BaO
bonding. However Ba2 is still largely observed although BaO is not formed as observed in the

single crystal of BaTiO3:Nb.
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Conclusion

The aim of this work was to better understand the properties of ferroelectric BaTiOs
thin films and interfaces. The present work follows a previous thesis which was performed on
non-ferroelectric (Ba,Sr)TiOs thin films by R.Schafranek [1]. In situ photoemission
spectroscopy has been carried out in the surface science division at TU Darmstadt whereas
dielectric measurements were performed at the ICMCB of Bordeaux in the frame of the

European Multifunctional Materials Institute (EMMI).

We have first investigated the influence of sputtering conditions of BaTiOs thin films
on their surface properties. In contrast to undoped BaTiO; and (Ba,Sr)TiOj; thin films which
exhibit typical Ti excess [1-2], Nb-doped BaTiOs; have been measured with large Ba-rich
surfaces (~10%) and higher Fermi level when deposited onto Pt. Higher Fermi level position
is expected with donor-dopant and is a good indication of Nb effect. However, we do not
observe Ba enrichment at the surface of BTO:Nb when identically sputtered onto single
crystal of SrTiOs. This difference suggests a correlation between the thin film microstructure,
surface composition and doping effect. As a perspective, it would be nice to eventually see
different mode of Nb incorporation between polycrystalline and epitaxial films. Perhaps, the
polycrystalline character favours the Ba-migration due to ionic compensation of Nb whereas
the lack of grain boundaries in epitaxial films is not favourable of Ba-migration. At least, we

note that highly doped BaTiOs:Nb single crystal are not possible to obtain.

When subsequently annealed under oxidizing conditions, deviations from
stoichiometry and heterogeneous surface compositions have been found. We have observed
large Ba-enrichment at the surfaces. This enrichment occurs by the formation of micro-
crystals. Doping with Nb seems to enhance the Ba segregation. This point is again in favour

of the Ba vacancies model in donor-doped BTO system.

Surface niobium segregation has also been evident on our sputtered BaTiO3:Nb films.
The Nb accumulation at the surface was successfully shown using depth profile measurement.
Effective incorporation of Nb donors into BaTiOs thin films was also not evident from
conductivity measurements. The insufficient doping is further indicated by the Fermi level

position in XPS, which is considerably lower than those of doped BaTiO3 single crystals.. An
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extension of the results is attempted to explain the contrasted results observed in the literature

in which thin film properties are strongly different than their bulk parents.

After having investigated the surface properties of undoped and Nb-doped BaTiOs thin films,
we have measured the interface formation with metal in order to determine the band
alignment Asymmetric energy band diagrams between top and bottom electrodes were
determined with Pt contacts. A Schottky barrier height of ~0.6 eV and ~1 eV are observed
respectively for top and bottom contact. Similar results have already been established by
Schafranek et al. [4] with undoped (Ba,Sr)TiOs. The present work has extended the study with
the influence of doping effect at the interfaces. Nb doping induces a band bending at the
interfaces whereas undoped BTO show flat band behaviour. The space charge for doped
films might be provided by a small amount of ionized Nbr; donors, . The present result show
direct evidence for such space charge at the BTO:Nb/Pt interface. Space charge effect in
BaTiOs:Nb has already been probed by impedance spectroscopy [5] and is now directly

evidenced at the metal junction.

Motivated by several studies on PTCR system (donor-doped BTO-based) in which the
contact nature with the electrode have been shown to play a major role [6], we have
investigated the contact formation of BTO:Nb/indium. Indeed, metals with large oxygen
affinity (e.g. In) are typically used in multilayered PTCR devices to avoid high resistivity
contacts, which might cover the desired PTCR effect. Nowadays, indium-gallium alloy is
often used to realize ohmic contact but no direct determination of the interface properties has
been reported so far. Negligible Schottky barrier could be directly identified with In
deposition giving rise to ohmic contact properties without observable Ti reduced species in

contrast to Pt deposition.

A more fundamental interface experiment has been performed between BaTiO; and
SrTiO3:Nb materials. Electrical studies of SrTiO3;/BaTiO; have been performed by several
authors [7] and highly asymmetric behavior were evidenced in their electrical measurements
using Pt as top electrode and STO:Nb as bottom electrode. These observations are believed to
be explained by the interface properties of the SrTiO3/BaTiOs contact, which has been found
to induce ideal ohmic contact to BaTiOs with no barriers for charge injection. In addition, a
sharp interface with a zero valence band offset has been experimentally determined in good

agreement with previous theoretical calculations [8], interface studies [9] and electrical
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properties [7]. It would also be nice to provide our own electrical measurements on such
stacks. We first did not succeed to obtain good electrical contact with the SrTiO;:Nb single
crystal. We note that this difficulty agree with the lower surface doping observed in STO:Nb.
Then, the insertion of indium-gallium alloy between STO:Nb substrate and the probe tip
could improve the contact quality, which also agree with the In experiment. But at this stage
of the writing, the results could not be formatted at time for the present manuscript. Recent
C—V measurements performed on SrTiO3;:Nb/BaTiOs/Pt structure have shown large
asymmetrical behaviour in good agreement with the band alignment determination.

Additional dielectric measurements will thus be shown during the examination of the PhD.

The dielectric properties of Pt/ATiO3/Pt stacks have been consequently much easier to
obtain. We have compared sputtering deposition under on and off-axis configuration. The
microstructure could be enhanced with off-axis sputtering films as showed with AFM and
XRD measurements. Using an appropriate scaling, the dependence of the maximum of the
permittivity was found to be frequency independent for off-axis deposition compared to on-
axis films showing frequency dispersion. For BST thin film compositions, the plotting of the
Curie-Weiss behaviour is closer to the bulk properties for transverse deposition, which also
agrees with the general improvement obtained for better thin film microstructures. Additional
experiments might be suitable to identify the nature of the differences (grain sizes, growth

mode, and chemical composition) to ensure these preliminary results.

Finally we discussed the Ba features, which reveal two different chemical states. The
origin of the second barium component is not understood but it is suggested to study the
dependence of Ba2 in dependence of the substrate orientation similarly to the study of the O
shoulder in SrTiOj; single crystal. Unfortunately, such Nb-doped BaTiO; single crystals are
not as available as Nb-doped SrTiOjs single crystal.

This thesis presents a systematic study of undoped and Nb-doped BaTiO3 using in-situ
photoemission spectroscopy. Simultaneous information on electronic and chemical properties
of the interfaces could be obtained. Correlation with theoretical prediction might be further

suitable to obtain a better understanding of the band structure of perovskite titanate.
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Propriétés de surfaces et interfaces de couches minces ferroélectriques de BaTiO3
étudiées par spectroscopie de photoémission in-situ

Résumé :

Cette these porte sur I'étude de couches minces ferroélectriques a base de BaTiOs
déposées par pulvérisation cathodique. Ces matériaux permettent par exemple de réaliser
des condensateurs accordables ou encore des mémoires non-volatiles pour le stockage
d’'informations. Cependant, leurs propriétés diélectriques sont considérablement dégradées
par des effets extrinseques d'interfaces; film/substrat ou encore film/électrode. Dans ce
contexte, la spectroscopie de photoémission (XPS) a été utilisée pour quantifier les états
électroniques et chimiques de ces interfaces avec une approche in-situ. L'étude sur la
formation du contact film/électrode a permis de mesurer la hauteur de barriere de Schottky
partiellement responsable des caractéristiques capacités — tensions des couches. Des
phénoménes de ségrégation ont été mis en évidence révélant une profonde instabilité de la
stoechiométrie de surface. Enfin, la conséquence d'un dopage au niobium dans les
couches minces de BaTiO; est discutée du point de vue des modes de compensation, de la
solubilité du dopant et des propriétés diélectriques.

Mots clés :

* BaTiO3 » Couches minces * Ferroélectricité * Propriétés de surface
* Propriétés des interfaces < Spectroscopie de photoémission « dopage ¢ Ségrégation

Surface and interface properties of BaTiOj3 ferroelectric thin films studied by in-situ
photoemission spectroscopy

Abstract :

The aim of this work was to better understand the surface and interface properties of
sputtered ferroelectric BaTiOs3 thin films. They are typically used as dielectrics in integrated
capacitors, electromechanical sensors and so. This thesis studies the chemical and
electronic structures of the interface of BaTiOs3 in order to understand basic mechanisms of
contact formation with the substrate and the electrode like the Schottky barrier height.
Furthermore, the surface stoichiometry of such films has been investigated under different
thermal preparation revealing significant instability through segregation phenomenon.
Finally, the doping effect with niobium is studied regarding compensation mode, dopant
solubility and dielectric properties. The experimental setup allows for in-situ analysis of
surface and interface properties using photoelectron spectroscopy.

Keywords :

« BaTiO3 * Thin films e Ferroelectrics ¢ Surface properties « Interface properties
» Photoemission spectroscopy (XPS) * Doping effect * Segregation
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