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Abstract

In 2006, the EU-directive 2002/95/EG for the restriction of hazardous substances (RoHS)
in electric and electronic devices was enforced. Among these substances is lead, which is
widely used in ferro- and piezoelectric ceramics such as lead zirconate titanate (PZT).
PZT is the standard material for piezoelectrics and is used for actuators and sensors,
e.g. in automotive applications. Due to the mentioned restrictions, research for lead-free

alternatives has been intensified in recent years.

In the present work, two bismuth sodium titanate systems were investigated by means
of transmission electron microscopy (TEM). The determination of the crystal structure
had been intended before, but a clear correlation to one crystal system was not possible.
Therefore, and due to the possibility of investigation of the local homogeneity of the
crystal structure, single crystal samples were investigated using TEM. Furthermore,
the homogeneity of the chemical elements in the samples was investigated by means of
analytical methods in TEM.

On the basis of electron diffraction in TEM, the crystal structure of the samples could be
determined, the lattice parameters could be calculated and conclusions concerning the
structural homogeneity of the samples could be drawn. In one of the samples, domain-
like structures were revealed. These domains were investigated by means of selected
area electron diffraction, dark field imaging and high-resolution TEM. Regarding the
distribution of the chemical elements, it was shown that the samples were homogeneous

to a large extent in the examined areas.



Kurzfassung

2006 trat die EU-Richtlinie 2002/95/EG zur Beschrankung der Verwendung bestimmter
geféhrlicher Stoffe (RoHS - Restriction of Hazardous Substances) in Kraft, eine Verord-
nung, die die Verwendung von einigen Substanzen im Bereich Elektro- und Elektron-
ikgerdte beschrankt bzw. verbietet. Darunter ist auch Blei, das in ferro- und piezoelek-
trischen Keramiken wie Blei-Zirkonat-Titanat (PZT) breite Verwendung als Aktuatoren
und Sensoren z.B. im Automobilbereich findet. Aufgrund dieser Beschrankungen wurden

die Forschungen an bleifreien Systemen in den letzten Jahren intensiviert.

In der vorliegenden Arbeit wurden zwei auf Bismuth-Natrium-Titanat basierte Sys-
teme im Transmissionselektronenmikroskop (TEM) untersucht. Eine Bestimmung der
Kristallstruktur war zuvor mit Rontgendiffraktometrie angestrebt worden, eine ein-
deutige Zuordnung zu einem Kristallsystem war aber nicht moglich. In dieser Arbeit
wurden daher einkristalline Proben im TEM untersucht, auch, weil dadurch die Unter-
suchung der Homogenitét beziiglich der Kristallstruktur moglich ist. Weiters wurde mit-
tels analytischer Verfahren im TEM untersucht, ob die chemischen Elemente homogen

in den Proben verteilt sind.

Anhand von Elektronenbeugung im TEM konnten die Kristallstruktur der Proben er-
mittelt und die Gitterparameter berechnet werden, ebenso konnten Aussagen zur struk-
turellen Homogenitdt der Proben gemacht werden. In einer der beiden Proben wurden
auflerdem interessante, doménenartige Strukturen entdeckt, die mittels Feinbereichse-
lektronenbeugung, Dunkelfeldbildern und Hochauflosungs-TEM néher untersucht wur-
den. Beziiglich der Verteilung der chemischen Elemente konnte gezeigt werden, dass die

Proben in den betrachteten Bereichen weitgehend homogen sind.
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1 Motivation

1 Motivation

Today, the standard material for piezoelectric applications is the ceramic material lead
zirconate titanate (PZT). In 2003, however, the European Union published the so called
Restriction of Hazardous Substances Directive (RoHS) which was enforced in 2006 [1].
The directive restricts the use of several hazardous substances, one of which is lead.
Though lead-free piezoelectric materials were discovered at approximately the same time
as PZT, the effort in research on lead-free piezoelectric materials has been increased in
recent years due to the mentioned directive. Bismuth alkali titanates are one group of
materials with promising properties. Nevertheless, lead-free materials are not yet ready

for use in a wide range of applications.

The present work deals with two groups of bismuth alkali titanates: a binary system of
bismuth sodium titanate and barium titanate and a binary system of bismuth sodium ti-
tanate and bismuth lithium titanate. In both cases, the system bismuth sodium titanate
(BNT) has been altered by adding an element which is supposed to occupy A-sites, but
differs in size compared to the other A-site ions of the system, sodium and bismuth.
With the addition of barium, a larger ion has been introduced, while lithium is smaller
in size. Due to their difference in size, barium and lithium are expected to distort the

unit cell to a different extent.

X-ray powder diffraction measurements in earlier works have not provided clear results
concerning the crystal structure, because the diffraction patterns allowed interpretation
with two different crystal structure models. Therefore, single crystal samples were inves-
tigated by means of transmission electron microscopy in this work in order to determine
the crystal structure of the materials and the effect of doping with ions of different

sizes.

Furthermore, the composition of one of the materials is located at a so called mor-
photropic phase boundary (MPB), i.e. a certain composition which separates two crys-
tal systems. In most cases, however, the MPB is not characterized by a narrow line,
but rather by a compositional range. Hence, another task regards the investigation of

homogeneity concerning the crystal structure of the material and the question whether
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the sample consists of just one crystal structure or if eventually the coexistence of two
phases can be revealed. In addition to the local crystal structure, the examination of

the local chemical composition is of interest.
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2 Material

2.1 The piezoelectric effect

This chapter is based on references [2] and [3].

When a mechanical force is applied on a piezoelectric material, an electric field is gener-
ated by this material as response to the force. This phenomenon is known as the direct
piezoelectric effect. On the other hand, the inverse piezoelectric effect describes the be-
haviour of the material in an electric field where it changes its dimensions. For example,
strain or compression applied to a discoid sample with electrodes on both the upper
and the lower surface result in a current flow in the case of a closed circuit. The only
difference between those two cases is the sign. An electric field applied to the sample
will result in a strain or a compression of the sample, depending on the direction of the
field. This is depicted in Figure 1.

(b)

Figure 1: Direct (a) and inverse (b) piezoelectric effect

Both an electric field and a mechanical force introduce polarisation in the sample which
means a displacement of the ions against each other. Crystallographic point groups
with an inversion center show a symmetrical displacement. Hence, the dipole moments
compensate each other and the resulting dipole moment is zero. Therefore, materials
with these point groups do not show any piezoelectric effect. However, 21 out of the

32 point groups do not have an inversion center. One of them represents a primitive
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unit cell which does not show this effect either. The remaining 20 point groups respond
to an applied electric field with a displacement of the ions and therefore a resulting
dipole moment other than zero. To sum up, 20 of the existing 32 point groups show the

piezoelectric effect.

The following equations of piezoelectricity show that a deformation can be achieved not
only in a mechanical way, but also with an electric field (see Equation 2). On the other
hand, a dielectric displacement can be achieved via a deformation of the sample in addi-
tion to the conventional way, i.e. an electric field (see Equation 1). Equation 1 describes
direct piezoelectricity, Equation 2 the inverse case. In the equations, S equates to de-
formation, D to dielectric displacement, E to the electric field and T to the mechanical

stress; s is the elastic compliance, € the permittivity and d the piezoelectric coefficient.

D=d-T+e-FE (1)

S=d-E+s-T (2)

Another important parameter is the coupling coefficient k. It is a measure of the con-
version of electrical to mechanical energy and vice versa which means that k describes

the efficiency of the conversion.

The requirements to a piezoelectric ceramic are summarized as follows (though certain
parameters are more or less important, depending on the application): ferroelectric
behaviour, a high Curie temperature T as well as a high depoling temperature T
are required to allow for applications in a wide temperature range. Temperatures up
to 200°C, for example, are reached in applications in the automotive field. For a large
piezoelectric effect, a large piezoelectric constant and a high remanent polarisation P, are
desirable. To achieve a high efficiency a high coupling coefficient is required. To minimise
energy loss due to hysteresis during poling, the coercive field E. needs to be small. Some
of these parameters are shown in Table 1 for two commercially available examples of a

lead zirconate titanate (PZT) ceramic sold by the company PI Ceramic [4].
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Table 1: Piezoelectric parameters for two examples of a soft piezoelectric PZT mate-

rial [4]
Type PIC 151 PIC 155
Curie temperature T¢ 250 345
coupling coefficient ka3 0.69 0.69
piezoelectric coefficient ds; 500 360

An important property of piezoelectric materials is the formation of domains. Due to
the transition from a paraelectric to a ferroelectric phase the cubic crystal structure is
distorted and therefore a spontaneous polarisation is established, which means that the
polar axes of the crystallites are orientated randomly. This spontaneous polarisation
gives rise to a spontaneous deformation which introduces local stress in the crystal. In
order to reduce this stress, the polar axes arrange themselves to form domains of different
orientation. Depending on the crystal system, only distinct angles of orientation between
the domains can occur. For tetragonal systems, angles of 90° and 180° are preferred, for
rhombohedral systems 71° and 109° and for orthorhombic systems 60°, 90°, 120° and

180° come into consideration [3].

2.2 Standard materials for piezoelectric applications: Barium
Titanate and Lead Zirconate Titanate (PZT)

The currently used standard material for piezoelectric applications is lead zirconate
titanate (PZT). PZT is a solid solution of lead titanate (PT) and zirconium titanate
(ZT). The phase diagram of PZT (see Figure 2) shows a morphotropic phase boundary
(MPB) at a composition of PT:ZT of 52:48 at room temperature. An MPB is a phase
boundary between two crystal structures at a certain composition of the system. Due
to inhomogeneous mixing of the starting materials the MPB is often not a defined line,
but covers a compositional range of the ceramic material in which both phases may
coexist. The determination of the MPB is therefore not reached on the basis of structural
properties, but rather on the basis of the investigation of electrical properties. This is
because the piezoelectric properties reach maximum values at the MPB. The MPB of

PZT shows little temperature dependence which means that the phase transition occurs

10
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at nearly the same composition even if the temperature is changed. This is important,
because in that case the material properties do not change with temperature changes.
With the mixed oxide method the homogeneity of the mixing is not very good. With
other methods which provide more homogeneous mixing the MPB will become more

accurate.

500
Curietempgmtur
N\,
400 1
kubisch
o 300 +
\ . Morphotrope
R Phasengrenze
2
2 tetragonal
2 200%
g rhomboedrisch =
- o Rt
1004 R =
——H_
0 + + + + + + + + +
0 20 40 60 80 100
PbZrOx mol% PbTiO3 PbTiO3

Figure 2: Phase diagram of the system PZT

PZT crystallizes in a perovskite crystal structure which can be distorted in different
ways, depending on the temperature. According to the phase diagram of PZT the crystal
structure at room temperature is either rhombohedral or tetragonal, depending on the
composition. At the Curie temperature a phase transition takes place which results in a
cubic crystal structure. As the cubic structure features an inversion center, the material
does not show piezoelectric properties beyond this temperature. The phase diagram
also shows that PZT is ferroelectric in a wide temperature range, which is important for

many applications.

Barium titanate (BT) is another material which shows piezoelectric behaviour. It does
not contain lead, but is not as suitable for applications as PZT because of several disad-
vantages: its Curie temperature is rather low (T¢ = 110°C) and its coupling constant
kss is just 0.36 while that of PZT ranges between 0.5 and 0.7 [3]. Therefore, the en-

11
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ergy conversion of barium titanate is much less effective than that of PZT (just 13%
instead of 50% for PZT [3]). Like PZT, barium titanate crystallizes in a perovskite crys-
tal structure. Beyond T¢ it is cubic, at room temperature it is tetragonal. There is a
phase transition to an orthorhombic lattice at 5°C. A rhombohedral modification exists
at low temperatures with a phase transition temperature of -70°C. The phase diagram

of barium titanate is shown in Figure 3.

rhomboedrisch  orthorhombisch  tetragonal kubisch

4,03 A1

4,02 1

4,01 1

4,00 1

3,99 1

Gitterkonstanten / A

3,98 1

3,97 + + +
-150 -100 -50 0 50 100 150

Temperatur / °C

Figure 3: Phase diagram of the system BT

Transmission electron microscope investigations showed the domain structures of the

standard piezoelectric materials PZT and barium titanate (compare [5], [6]).

Ceramics in technical applications are always modified to achieve certain properties.
A modification can be achieved by means of doping. In PZT, doping with a donator
substance (e.g. La®*" instead of Pb?* on A-sites), for example, causes higher domain wall
mobility and therefore better properties concerning the dielectric constant, the elastic
compliance and the coupling coefficient and reduces the coercitive field. Doping with

cations of higher valency can also prohibit abnormal grain growth.

12
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2.3 The way to lead-free, piezoelectric materials

This chapter is based on the publications [7], [8], [9] and [10].

When searching for new, lead-free materials it is important to have knowledge about the
relationship between the nature of a material and its ferroelectric behaviour and to know
how to maximize the piezoelectric parameters of these materials. The latter is related to
the existence of a morphotropic phase boundary, because the electrical properties reach
a maximum at this composition. As mentioned, PZT features such an MPB. On the
other hand, the existence of a polymorphous phase boundary is of importance, too. A
polymorphous phase transition takes place as a function of temperature. The methods
to find new, lead-free ferroelectric materials are not only based on experiments, but
also on the establishment of models in order to be able to calculate and simulate the
properties of different materials. With ab-initio methods, for example, it is possible to

solve chemical questions on the basis of quantum mechanics.

It has been found out that the hybridization and hence a covalent bond character play
a decisive role in the question of whether a material does show ferroelectric behaviour
or not. The 3d orbitals of titanium or lead and the 2p orbitals of oxygen, for exam-
ple, are hybridised, while the interaction between barium and oxygen is purely ionic.
On the other hand, the off-centering of an A-site ion like lithium can also give rise to

ferroelectricity.

In order to be able to compete against lead, a chemical element has to feature a high
polarisability as well as a lone electron pair in an outer electron shell. A high polaris-
ability is provided by elements with a large ionic radius and a large number of electrons.
Bismuth meets both demands. The toxicity and the costs of the starting materials are
also important considerations. Accounting for these parameters and according to calcu-
lations, bismuth is believed to be the only element which has the potential to replace

lead in piezoelectric applications.

13
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2.4 Types of lead-free piezoelectric ceramics

This chapter is based on publication [7].

2.4.1 Classification due to crystal structures

Four different types of crystal structures have been investigated so far:

Perovskites

Bismuth layer structures

Non-perovkite structures (e.g. LiNbO3)

Tungsten-bronze-structures

The perovskite structure is represented by the chemical formula ABO3. The per-
ovskite structure is a face centered cubic unit cell in which the corners or A-sites are
occupied by a large cation whereas the body centered position or B-site is occupied by
a small cation. The oxygen ions form octahedrons around the B-site cation, which are

corner linked among each other (see Figure 4).

Figure 4: Unit cell of the perovskite structure

14
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The cubic structure features an inversion center and hence does not show piezoelectricity.
There are, however, several possibilities of a distortion of the cubic structure which occur

in dependence of temperature.

tetragonal (along the direction 100)

orthorhombic (along the direction 110)

rhombohedral (along the direction 111)

monoclinic or triclinic (along arbitrary directions)

The Goldschmidt tolerance factor ¢ (Equation 3) gives a rough estimation whether a com-
bination of certain ions will form a perovskite lattice or not. In the equation, Rs, Rg and
Ro correspond to the radii of the A-site, B-site and oxygen ion, respectively. According

to Goldschmidt, the perovskite structure is stable in a range between 0.9 < t < 1.1. [11]

B (Ra + Ro)
= V2(Rg + Ro) )

Bismuth-Layer-Structures are another type of lead-free ferroelectric structures. The
chemical formula is represented by Bis A, 1BO3,,3. As shown in Figure 5, the structure

is characterised by alternating layers of perovskite and (BiyOs)?*.

Bismiuth Layer

Perovskite Layer

Figure 5: Bismuth-Layer-Structure

15
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The number of unit cells in the perovskite layer can vary and is indicated by the variable
x in the chemical formula. An example for a bismuth layer structure is BisTi3O15 where
x = 3. The paraelectric phase beyond T¢ is tetragonal. Therefore, there are fewer

possibilities of lattice distortion below T compared to a perovskite structure.

Although LiNbQOs; is represented by the chemical formula ABOj3, which is typical for
perovskites, its tolerance factor which is around 0.5 is too small for crystallization in the
perovskite structure. In the LiNbOj structure oxygen forms corner linked octahedrons
around the niobium ions while lithium occupies the sites between the octahedrons (see

Figure 6).

Figure 6: The structure of lithium niobate

Tungsten-bronze-structure. Some compounds which crystallize in the tungsten-
bronze-structure also show ferroelectric behaviour. They are represented by the chemical
formula A,B2Og. The B-sites are surrounded by oxygen octahedrons and can be occu-
pied by the elements Ti, Nb, Ta and W. Each unit cell provides 2 A-sites, 4 B-sites and
4 C-sites. The C-sites are very small, hence they are rarely occupied. Only Li is small
enough to occupy a C-site. The paraelectric phase beyond T¢ is tetragonal. Hence,
compared to the perovskite structure, there are fewer possibilities of lattice distortion

for this structure, too.

16
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2.4.2 Classification due to the chemical composition

Concerning lead-free materials, the following types have been investigated so far:

e Potassium Sodium Niobate (KNN) - a solid solution of potassium niobate (KN)
and sodium niobate (NN)

e Bismuth Sodium Titanate (BNT) and Bismuth Potassium Titanate (BKT) - solid

solutions of bismuth titanate and sodium titanate or potassium titanate

e Barium Titanate (BT) (see Chapter 2.2)

In order to obtain a material which shows ferroelectricity and hence also piezoelectricity,
at least one of the components has to be ferroelectric. Concerning KNN, for example,
KN is ferroelectric while NN is not. The following paragraph will describe the mentioned

material types more detailed.

KNN. The end components of KNN, potassium niobate and sodium niobate are both
orthorhombic at room temperature. KN is ferroelectric and shows the same phase transi-
tions as BT which are, however, shifted to higher temperatures (compare Figure 3). The
coupling coefficient in a certain direction reaches the values for PZT. That is, however,
the only important feature of KN as a piezoelectric material. NN is antiferroelectric and

hence not piezoelectric.

The phase diagram of KNN is complex and shows several phase transitions and MPBs.
One of them is located at 47.5% KN and is vertical until the Curie temperature is reached
(see Figure 7). For nearly all compositions, there is a phase transition between different
ferroelectric phases at 200°C. The Curie temperature of KNN is situated at 400°C, which
is rather high for a ferroelectric ceramic. Also the last statement applies to nearly all

compositions.

The preparation of polycrystalline KNN according to the mixed oxide route is difficult.

Inhomogeneities of the local chemical composition and volatility of alkali oxides are just

17
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Cubic

—E————

T(°C)

70 S0 100
NaNbO5 KNbO4

Figure 7: Phase diagram of the binary system KNN [13]

two of the problems. Furthermore, there are difficulties concerning densification during
sintering as well as high temperature stability of the perovskite structure. Therefore,
KNN was not considered for applications for a long time. Since the call for lead-free

alternatives to PZT, however, there is effort to solve these problems.

Chemical modifications have been carried out by means of doping with Ta, Li and Sb so
far (compare [12]). Tantalum prohibits abnormal grain growth, but decreases the Curie
temperature and the temperature of the phase transition between the orthorhombic
and the tetragonal phase (O-T-transition). The latter is also the result of doping with
lithium, although lithium raises T¢. The densification during sintering is higher due to
doping with lithium. The addition of barium titanate decreases the O-T-transition to

room temperature.

BNT and BKT. The systems BNT and BKT are not suitable for piezoelectric appli-

cation due to their properties. Binary systems with BT as well as binary systems of

18
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BNT and BKT, however, show enhanced properties.

BNT crystallizes in a perovskite lattice and shows ferroelectric behaviour at room tem-
perature. There are phase transitions between 200°C and 320°C (transition between a
rhombohedral and a tetragonal structure) and at 520°C (transition between a tetragonal
and a cubic structure) [14, 15]. The phase diagram of BNT shows an MPB, which is, in
contrast to PZT, curved. This is one disadvantage compared to PZT, because a curved
MPB causes a temperature dependence of material properties. Furthermore, sintering
and poling is difficult with BNT. The sintering behaviour, however, can be enhanced

with excess of bismuth.

BKT crystallizes in a tetragonal lattice and shows a Curie temperature as high as 370°C
as well as a phase transition at 300°C. Similar to BNT, both poling and sintering of BK'T
are difficult.

Binary systems: BNT-BT, BKT-BT, BNT-BKT. Among the bismuth based
compounds the binary systems BNT-BT, BKT-BT as well as BNT-BKT have been
investigated. BNT-BT shows an MPB at 6 mole% BT, which is, however, curved (see
Figure 8). Unlike BNT and BKT, there are no difficulties with those systems concern-
ing the sintering process. The ferroelectric properties of BKT-BT, however, make this
system unsuitable for applications. The crystal structure of BNT,_,-BKT, changes from
rhombohedral to tetragonal at about x=0.25 (compare [16]). A comprehensive study of

the local distortion of the structure is given in [17].

Figure 8 depicts the phase diagram of BNT-BT. There is an MPB at 6 mole % of BT.
At this composition, a piezoelectric coefficient dsz of 125 pC/N, a relative permittivity
£x(33) of 580, a coupling coefficient kg3 of 55 and a loss factor tan § of 1.3% were found.
Samples prepared by a citrate method showed even higher piezoelectric coefficients dss
of 180 pC/N (compare [18]). The disadvantages of this compound are based on a curved
MPB, a rather low Curie temperature of T = 288°C as well as a very low depolarisation
temperature T4 of 130°C. There are no disadvantages concerning the sintering behaviour
of BNT-BT. Sintering is carried out at 1100°C - 1200°C. Modifications such as doping
have not brought about significant improvements of the properties of BNT-BT. BKT-
BT, in contrast to BNT-BT, does not show satisfying piezoelectric properties.

19
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Figure 8: Phase diagram of the system BNT-BT [19]

As far as the preparation of bismuth based materials is concerned, enhanced proper-
ties of polycrystalline samples could be reached through texturing. The problems of
densification could be solved with the method of hot pressing, but this process is too
expensive for large-scale applications. Single crystals can be prepared by several meth-
ods, the Czochralski method amongst others. Depending on the method, decreased
but also strongly enhanced properties could be reached in comparison to polycrystalline
samples. The preparation of single crystals is, however, more expensive than that of

polycrystalline material.

In order to solve the problems of the preparation and properties of bismuth based ma-
terials, doping with different substances has been examined. Modifications aim at a
reduction of the sintering temperature, full poling and enhanced electrochemical proper-
ties as well as an increase in Curie temperature. A decrease of the sintering temperature
as well as an increase of the density were, for example, reached due to doping with Fe3*
ions. The effects of other doping substances such as Li, Mn or Ce, for example, were
investigated, but the effects were mostly insignificant and were often accompanied by a

decrease of the depolarisation temperature Tj.

20
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3 Methods

This chapter covers the basic principles of transmission electron microscopy and is based
on [20], [21], [22], [23] and [24].

3.1 The Transmission Electron Microscope (TEM)

The transmission electron microscope (TEM) consists of an electron source at the top
of the column, various electromagnetic lenses and apertures, a specimen stage as well
as a viewing screen at the bottom of the column. Concerning image formation using an
objective lens, different planes can be defined: the object plane, the lens plane, the back
focal plane and the image plane. These planes are schematically shown in Figure 9. The
same figure also shows the object distance dg and the image distance d;. Their ratio is

defined as the magnification of an image.

Object plane
dy
Lens
S

d T V/\VANRE Back

focal

plane

Image plane

Figure 9: Definition of different planes in a lens system
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3.2 The assembly of a TEM

3.2.1 The electron gun

One main component of the electron gun is the source (or cathode) which emits the
electrons, either by thermionic or by field emission depending on the type of gun used.
In a thermionic source the energy needed to overcome the work function is provided by
heating the material in the source. Therefore, either a refractory metal like tungsten or a
material with a low working function, like LaBg, has to be used. A field emission source
comprises two anodes. The first one is positively charged with respect to the tip. This
so called extraction voltage enables the electrons to overcome the working function and
to tunnel out of the tungsten tip. The second anode is responsible for the acceleration
of the electrons.

As shown in Figure 10 (a), thermionic guns comprise the electron source, a Wehnelt

cylinder and an anode plate.
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Figure 10: Electron guns: thermionic gun (a) and field emission gun (FEG) (b) [20]
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The Wehnelt cylinder acts as a lens and hence focuses the electrons into a point called the
gun crossover. Because of a potential between the cathode and the anode the electrons
are accelerated towards the illumination system of the TEM. Field emission guns
(Figure 10(b)) consist of a tip and two anodes. One anode accelerates the electrons
and both together act as an electrostatic lens which focuses the electrons in the gun

crossover.

3.2.2 The illumination system

Usually, the illumination system consists of two condenser lenses (C1 and C2), one that
forms a demagnified image of the gun crossover (C1) and one for adjusting the illumina-
tion mode (C2) which can be either parallel or convergent. Furthermore, condenser
apertures of different sizes can be inserted. An aperture decreases the convergence angle
of the electron beam and therefore increases the coherence of the beam. The principle

of operation of an aperture is shown in Figure 11.

Optic axis

—o Gun crossover

Cl lens

e———_ Cl crossover

C2 lens/
diaphragm

Reduced
convergence
angle

Specimen

Figure 11: Restriction of the convergence angle of the beam by an aperture [20]

In order to generate a parallel beam, the C2 lens is weakened to underfocus the electron

beam while in the convergent illumination mode the beam is focused on the specimen.
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The two operation modes are shown in Figure 12.

Optic axis — Optic axis —
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Cl lens

<l C1 crossover

Cl lens
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C2 lens (focused)

e

C2 lens

(underfocused) C2 diaphragm

Underfocused beam Focused beam

E—— Specimen
(a) (b)

Specimen

Figure 12: The TEM illumination system: (a) Parallel beam mode and (b) convergent
beam mode [20]

3.2.3 The imaging system

The imaging system consists of the objective lens, which is the most important lens in
a TEM, an objective aperture and at least two other lenses, the intermediate lens and
the projector lens.

While traversing through the thin parts of the specimen, the electrons are scattered by
the specimen through particular angles. After the specimen the electrons go through
the objective lens which generates the first image of the specimen. This image acts as
the object plane for the next lens which creates an image that is further magnified by
the intermediate lens. The intermediate lens itself produces another image that acts
as the object plane for the projector lens. The final image can be observed on the
viewing screen or, alternatively, with a CCD camera. This procedure takes place when
the TEM is operated in image mode. A TEM can also work in diffraction mode. In

the diffraction mode, the back focal plane of the objective lens acts as the object plane
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for the intermediate lens. The rest is similar to the image mode. Finally, a diffraction

pattern (DP) can be observed on the viewing screen. The two operation modes are

shown in Figure 13.
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Figure 13: The imaging system in a TEM: (a) diffraction mode (b) imaging mode [20]
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3.3 Operation modes

3.3.1 Electron Diffraction

Crystalline materials like the materials investigated in this work are made up of a pe-
riodical repetition of atoms referred to as the (real) lattice. In such a lattice different
lattice planes can be defined. If the electron beam traverses a crystalline specimen, it
is scattered by the atoms in the specimen. If the Bragg condition (see Equation 4) is

fulfilled for a set of parallel planes, a bright spot can be observed on the viewing screen.

nA = 2d - sinf (4)

To fulfill the Bragg condition for different sets of planes the specimen has to be tilted.

A diffraction pattern is shown in Figure 14.

Figure 14: Diffraction pattern

Electron diffraction can be achieved in two ways in the TEM, by means of selected area
electron diffraction (SAED) or convergent beam electron diffraction (CBED). To obtain
SAED patterns, the specimen is illuminated by a parallel beam and an SAED aperture
is inserted to restrict the specimen area that is contributing to the diffraction pattern.
To obtain CBED patterns, the electron beam is focused on the specimen to form a small

convergent probe. Both SAED and CBED diffraction patterns are shown in Figure 15.
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Figure 15: Electron diffraction: (a) SAED (b) CBED

By means of CBED, features smaller than 100 nm such as crystal defects, particles or
second phase precipitates can be examined, which is not possible using SAED. Addi-
tionally, CBED provides information on point group and space group of the sample due
to so called HOLZ (high order Laue zone) lines. For more information on this see [20].
However, this technique was not used in this work, because no HOLZ lines were visible

in the CBED patterns of the investigated samples.

3.3.2 Imaging Mode

Bright field and dark field images. In an electron microscope one can create either
bright field or dark field images. A bright field image (BF) is generated by electrons of
the direct (or primary) beam only. A dark field image (DF) is generated only by those
electrons which had been scattered in one particular direction (e.g. one spot in the
diffraction pattern). To obtain a BF image, the objective aperture has to be centered
around the primary beam. To create a DF image any diffracted spot is selected with

the objective aperture by tilting the incident beam (see Figure 16).
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(A) TEM B) | TEM
Incident beam

Specimen
Objective M
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To TEM imaging faphrag To TEM imaging
system (BF) system (DF)

Figure 16: Selection of (a) the direct beam or (b) a scattered beam to produce a BF or
a DF image, respectively [20].

Image contrast. Contrast is defined as the difference in intensity of two adjacent areas.
If an electron is scattered it can change its amplitude or the phase. Hence, amplitude
contrast and phase contrast are the two types of contrast in a TEM. There are two
types of amplitude contrast - mass-thickness contrast and diffraction contrast. Mass-
thickness contrast means that the electrons that go either through thicker areas in
the specimen or through areas with a higher average atomic number Z and hence higher
mass, have to interact with more material and are therefore scattered more strongly.
In a bright field image these regions will appear darker than thinner or lower-mass
regions, in a dark field image the opposite will be true. Diffraction contrast is a sort
of amplitude contrast where the electrons are scattered through particular angles. As
already mentioned, either the direct beam spot or the spot of any diffracted beam can
be selected with the objective aperture to gain BF or DF images. Then, regions in which
the Bragg condition is fulfilled will appear bright and others will appear dark in a BF
image and vice versa in a DF image. Therefore, regions with different crystal orientation

can be visualized with diffraction contrast.
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Phase contrast arises from the interference of two or more scattered electrons. The
resulting images are called high resolution images and the technique is called high reso-
lution TEM (HRTEM). In this way, lattice defects such as voids or dislocations can be

detected with atomic resolution.

3.4 Chemical analysis with energy dispersive x-ray spectroscopy

(EDXS) and electron energy loss spectrometry (EELS)

The interaction of the electron beam with the atoms of the sample can be either elastic
or inelastic. An elastic interaction only changes the direction of the primary electron
while an inelastic interaction additionally changes the electron energy. The primary
electrons are subject to energy loss mainly due to four interaction processes: phonon ex-
citations (AE=0.02 eV), interband and intraband transitions (AE=2-20 eV), excitation
of collective vibrations in the conduction band, so called plasmons (AE=5-30 eV) and
the ionization of inner shell electrons (AE=50-3000 eV). Information on the chemical
composition of the sample can be obtained from the detection of either the energy loss
of the primary electrons (electron energy loss spectroscopy, EELS) or the characteristic
X-ray energy which is released when a specific element is ionized (energy-dispersive X-
ray spectrometry, EDXS). In both cases, a spectrum is obtained by measurement over

an energy range.

3.4.1 The EEL spectrum

The EEL spectrum consists of an exponentially decreasing background and characteris-
tic ionization edges. The background consists of energy losses from plasmons and plural
scattering events as well as single scattering contributions from the tails of the preced-
ing ionization edges. The characteristic ionization edges are the result of interactions
between the primary electrons with the electronic shell of a specific element. The posi-
tion of the ionization edges in the spectrum is hence characteristic for specific elements.

The EEL spectrum is split up into a low-loss (about 0-50 eV) and a high-loss regime
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(>50 eV). The low-loss regime comprises the zero-loss peak (electrons that have not
suffered inelastic scattering) and the plasmon peak. The high-loss regime comprises the
ionization edges. The position of the ionization edge yields qualitative information about

the type of element, the intensity above background yields quantitative information.

In the transmission electron microscope, the EELS detection unit is positioned either
after the viewing screen or between the specimen and the viewing screen. The two
systems are referred to as post-column filters and in-column filters, respectively. The
electrons which were scattered while traversing the sample are first selected by an en-
trance aperture. A magnetic prism acts as the spectrometer by deflecting the electrons
through angles higher than 90° using a magnetic field. The more energy an electron has
lost, the further it is deflected. Thus, a spectrum of electron intensity versus energy loss

is created.

With EELS, all elements can be detected with the exception of the elements with a lower

atomic number than lithium.

3.4.2 The EDX spectrum

The EDX spectrum consists of a background of bremsstrahlung and element characteris-
tic peaks. The bremsstrahlung arises from the interaction of the primary electrons with
the nuclei of the atoms while the characteristic peaks result from ionizations of inner
shell electrons. When an inner shell electron is excited by a primary electron, the result-
ing vacancy is filled by an electron of a higher electron shell. The difference in energy
between those two states is released as an X-ray photon of a characteristic energy for
each element. The generated X-rays are collected with a semiconducting detector which
can be either an HPGe (high-purity Germanium) or a Si(Li) detector. The position
of the characteristic peaks yields information on the type of element, the background

corrected intensity is a measure for the concentration of the element.

The detector window restricts the number of elements which can be detected due to

absorption at low X-ray energies. There are several types of windows: Beryllium win-
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dows with a thickness of about 7 um, ultra thin windows (UTW) and atmospheric thin
windows (ATW). UTW and ATW use a polymer film of about 300 nm thickness. Also,
windowless detectors are used sometimes. Beryllium windows allow for detection of el-
ements with atomic numbers of sodium (Z=11) or higher, while with UTW and ATW
chemical elements such as boron (Z=5), carbon, oxygen and nitrogen are detected. In
special systems, windowless detectors are used which allow for the detection of even
beryllium (Z=4).
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This work focuses on the lead free ferroelectric group bismuth-alkali-titanates. Two

binary systems were investigated:

1. Bismuth Sodium Titanate - Barium Titanate
Bio'g,NaQ'g,TiOg—BaTiOg (BNTO.94—BT0.06 or BNT-GBT)

2. Bismuth Sodium Titanate - Bismuth Lithium Titanate
(Bio,5Na0,35Li0.15)T103 (BNT—15BLT)

The composition of BNT-6BT corresponds to the morphotropic phase boundary (MPB).

4.1 Specimen preparation using the mixed oxide method

The ceramic samples have been provided by the Institute of Chemical Technology of
Materials, TU Graz. They were prepared according to the mixed oxide method using
carbonates and oxides as starting materials. Table 2 provides the initial weights of the

components.

Table 2: Amount of starting materials for the preparation of BNT-6BT and BNT-15BLT
according to the mixed oxide method

Mass of component [g]
Bi,0O4 Na,CO; TiO, BaCO, Li,CO;
BNT-6BT 256.885 58.432 187.363 27.777 -
BNT-15BLT 139.047 22.140 95.331 - 0.6615

The powders were suspended in 30 ml of ethanol and ground in a ball mill with the aid
of 150 g grinding balls with a diameter of 5 mm. A grinding beaker made of zirconium
dioxide was used. After ball milling the suspension was filtered. The remaining ethanol
was evaporated in a rotary evaporator. The powder was dried in a drying chamber and
afterwards calcined for 3 hours at a temperature of 850°C. After calcination the powder

was milled in a mortar and mixed with 20 wt% of the fluxing agents Bi;O3 and alkali
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carbonates. Conversion and crystallization were performed in a platinum crucible in a
tube furnace following the temperature program shown in Table 3. In order to separate
the crystals from the remaining fluxing agent, the compound was boiled in concentrated

hydrochloric acid.

Table 3: Temperature program for the preparation of BNT-6BT crystals

temperature range | heating rate [°C/h] | holding time [h]
RT - 1250°C 150 -
1250°C - 1300°C 50 5
1300°C - 800°C 5 -
800°C - RT 100 -

4.2 Specimen preparation for investigation in TEM

Powder preparation. For powder preparation the crystals were crushed and milled
in a boron carbide mortar and suspended in ethanol. The suspension was deposited on
a copper grid coated with a holey carbon film. After the ethanol had evaporated, the

specimen was ready for investigation.

Ion milling specimen preparation. Before preparation, the crystals had an edge
length of a few millimeters. These crystals were first ground with a diamond grinding
paste of 15 um grain size to a thickness of 550 um and then cut into slices of 1.7 mm

thickness with a diamond wire saw (see Figure 17).

After cleaning in acetone in an ultrasonic bath the crystal platelet was embedded in a
small alumina tube. The embedding resin was hardened for two hours at 130°C. After
hardening the tube was cut into slices of 0.5 mm thickness and ground to a thickness
of 150 um with a diamond grinding paste of the same grain size as before. Afterwards,
the specimen was polished on one side with diamond paste with a grain size of 6 um for
2 minutes and with a grain size of 250 nm for 3 minutes. After polishing, the specimen
was dimple ground on the non-polished side to a thickness of about 19 um in the center
of the sample and subsequently polished with diamond paste of 6 um and 0.25 pm on

this side, too. As a last step, the specimen was ion milled with argon ions of an energy
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Alumina
tube

e
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sample

Figure 17: (a) Crystal before preparation. (b) Crystal embedded in an alumina tube.

of 4 kV for 4-5 hours. The samples were hit by the argon ion beam at an angle of 4°

regarding the upper surface and an angle of 6° regarding the lower surface.
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5.1 Transmission Electron Microscopes

For the present work, the transmission electron microscopes FEI Tecnai 12, Philips
CM 20 and FEI Tecnai F 20 are used. Their main features and the reasons for the use
of different microscopes are described in this chapter. The microscopes are depicted in

Figure 18.

5.1.1 FEI Tecnai 12 (T 12)

The T 12 was used for standard imaging and electron diffraction. It features a thermionic
LaBg source and operates at a maximum acceleration voltage of 120 kV. A single tilt
specimen holder was used for powder investigations and a rotation tilt specimen holder
for single crystal investigations. The T 12 features two cameras for digital image acqui-
sition. The TEM magnification of this microscope ranges from 35x to 700.000x. The
TEM point resolution is 0.34 nm, the TEM line resolution is 0.20 nm. Although the
T 12 features an EDXS detector, it is not suitable for chemical analysis at the nanoscale
because it does not provide STEM operation mode. In STEM mode, a convergent elec-
tron beam allows the examination of very small areas. Furthermore, the T 12 does not
have any EELS unit.

5.1.2 Philips CM 20

The CM 20 is an analytical microscope and hence allows chemical analysis with EDXS
and EELS. It features a post-column Gatan image filter (GIF) including a digital camera.
The maximum acceleration voltage at the CM 20 is 200 kV. The electron source is a
LaBg cathode. The CM 20 provides a TEM point resolution of 0.27 nm and a TEM line
resolution of 0.14 nm. The EELS energy resolution is 1.25 eV. The CM 20 has a STEM

operation mode.
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5.1.3 FEI Tecnai F 20 (TF 20)

The TF 20 features a Schottky Field Emitter and a monochromator as electron source
and operates at a maximum acceleration voltage of 200 kV. The TEM magnification
ranges from 25x to 2.000.000x. The TEM point resolution is 0.24 nm, the TEM line
resolution is 0.10 nm. The TF 20 can be operated in TEM and STEM mode. For the
present work, it was used for electron diffraction to detect features with low intensity
that could not be detected using the T 12 in a satisfying way. In contrast to the T 12,
the TF 20 features a higher maximum acceleration voltage which leads to a higher
resolution. Additionally, the TF 20 provides a GIF for energy filtering TEM (EFTEM).
The GIF filters inelastically scattered electrons and hence faint reflections become visible.

Furthermore, the TF 20 was used for high resolution imaging.
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Figure 18: Transmission electron microscopes used for the present work: Tecnai T12 (a),
Tecnai F20 (b) and Philips CM20 (c)
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5.2 Investigation of (Big5,Nap5)TiO3-BaTiO3

The first specimen was Big5Nag 5 Ti03-BaTiO3 (BNT(94-BTg 06 or simply BNT-6BT).
BNT-6BT crystallizes in a perovskite structure as shown in Figure 4 in Chapter 2.4.1.
The composition of the specimen corresponds to the morphotropic phase boundary
(MPB) of BNT-6BT (94% BNT, 6 %BT). As explained in Chapter 2, compositions
lower than 6 % barium titanate crystallize in a rhombohedral lattice whereas composi-
tions higher than 6 % barium titanate crystallize in a tetragonal lattice. Often, the MPB
is not a well-defined line. Hence, the crystal structure can be either rhombohedral or
tetragonal or a mixture of both phases (for the phase diagram see Chapter 2, Figure 8).
The specimen was examined at the Institute of Chemical Technology of Materials (TU
GRAZ) by means of powder X-ray diffraction with a Siemens D 5005 diffractometer
with a scintillator counting unit using copper K, radiation. Rietveld refinement was
done with the software TOPAS. However, with the results of powder X-ray diffraction
it was not possible to distinguish between the two phases that might be present. The
X-ray spectra of the crystal systems are very similar and differ only in faint reflections.
Therefore, both a tetragonal as well as a rhombohedral model could be established from
the measured data. For a rhombohedral distorted lattice the lattice parameters and

atom coordinates are shown in Table 4, for a tetragonal distorted lattice see Table 5.

Table 4: Space group, lattice parameters and atom positions for the system BNT-6BT
obtained from X-ray analysis with a rhombohedral structure model. (By cour-
tesy of Denis Orosel, Institute of Chemical Technology of Materials, TU Graz)

Space group R3c (161)

Lattice parameters [A] a 5.5126014
c 13.5023183

Atom positions X y z Occ
Na 0.00000  0.00000  0.28158 0.47
Bi 0.00000  0.00000  0.28158 0.47
Ba 0.00000  0.00000  0.28158 0.06
Ti 0.00000  0.00000  0.01674 1
(©) 0.15760  0.33700  0.07758 1

Due to absorption of the X-rays by heavy elements like bismuth, it was not possible to
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Table 5: Space group, lattice parameters and atom positions for the system BNT-6BT
obtained from X-ray analysis with a tetragonal structure model. (By courtesy
of Denis Orosel, Institute of Chemical Technology of Materials, TU Graz)

Space group P4bm
Lattice parameters [A] a 5.5137143
c 3.8956917

Atom positions X y z Occ
Na 0.00000 0.50000  0.55890 0.47
Bi 0.00000 0.50000  0.55890 0.47
Ba 0.00000 0.50000  0.55890 0.06
Ti 0.00000 0.00000  0.00000 1
O, 0.00000 0.00000  0.51000 1
0O, 0.27100 0.22900  0.01500 1

obtain single crystal X-ray diffraction patterns of the present specimen.

In order to be able to determine the crystal structure and its local homogeneity, the spec-
imen was investigated with powder and single crystal transmission electron microscopy.
Furthermore, analytical methods were used to examine the local composition. All images

and diffraction patterns of the specimen BNT-6BT were acquired using the T 12.

5.2.1 Powder electron diffraction

In order to make a first characterization of the specimen, powder samples were prepared
(see Chapter 4.2) and investigated by means of electron diffraction. To get satisfying
results, it is necessary to have a large number of small, thin particles on the grid. In
this case, a large number of differently orientated particles will result in a ring pattern
instead of a single crystal pattern. With this sample, however, some difficulties arising
from specimen preparation occurred to obtain a satisfying ring pattern. Despite repeated
attempts to prepare a sample with a large number of sufficiently small particles, the
number of particles in a particular area was too small and the particles were not small

and thin enough, so many of them weren’t transparent for the electron beam.
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In Figure 19, an example of a powder particle is shown. The depicted particle is about
3 x 1 um? in size, but also smaller ones with dimensions of about 0.5 x 0.2 um? can be

seel.

22 v

Figure 19: Particle of the investigated powder sample

Figure 20 (a) shows a powder pattern of BNT-6BT. The reflections are located in the
form of concentrical rings. The diameter of each ring gives information about the in-
terplanar spacing of the sample. For the analysis of the powder patterns the software
Digital Micrograph was used. As a first step, the center of the rings is determined.
After that, a line profile starting from the center of the rings outwards is generated. All
reflections in a certain distance to the center result in a peak in the line profile shown in
Figure 20 (b). Each peak corresponds to a particular interplanar spacing in reciprocal

space (nm™) and hence has to be converted to a distance in real space (nm).

The results were compared with the present X-ray data (see Tables 6 and 7). Analysis
of the X-ray data worked for a rhombohedral model as well as for a tetragonal model.
Hence, both data sets were compared to the results of powder electron diffraction as
shown in the Tables 6 and 7. Unfortunately, the results from electron diffraction are less
precise than those from X-ray analysis due to the measuring principle and the analysis
of the data (e.g. lens aberrations, focusing errors and measuring inaccuracy concerning
analysis). Due to the inaccuracy of the results there is only a rough analogy with the
interplanar spacing obtained from X-ray measurements. Therefore, is was not possible

to determine the crystal structure by means of powder electron diffraction.
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Figure 20: Powder pattern of BNT-6BT (a) and line profile of the powder pattern (b)

Table 6: Results of electron and X-ray powder diffraction for BNT-6BT. The X-ray re-
sults are based on a rhombohedral structure model. (X-ray data: by courtesy
of Denis Orosel, Institute of Chemical Technology of Materials, TU Graz)

electron diffraction data from X-ray powder diffraction (rhombohedral)

d[‘:;;‘;f]"' d'sfl’g‘]““g d'sfigfl‘“g Intensity | h k 1 | Mult. | 20
- - 3.8979 1307336.86) 0 1 2 6 22.795
3.66 574 2.7563 775579331 -1 2 0 6 32.457
2.7562 905555.54| -1 1 4 6 32.485
- - 2.3505 884733 -1 2 3 12 38.260
450 59 2.2505 149415301 -2 2 2 6 40.032
2.2504 42300.711 0 0 -6 2 40.034
5.14 1.94 1.9490 1270964.000 0 2 4 6 46.561
1.7885 2731111 2 3 1 12 51.023
5.73 1.75 1.7432 197612.26| -1 3 2 12 52.448
1.7432 260556.29] -1 2 6 12 52.449
1.5914 16281865 0 3 0 6 57.901
6.34 1.58 1.5913 367119.00 -2 3 4 12 57.902
1.5913 21900634 0 1 8 6 57.904
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Table 7: Results of electron and X-ray powder diffraction for BNT-6BT. The X-ray re-
sults are based on a tetragonal structure model. (X-ray data: by courtesy of
Denis Orosel, Institute of Chemical Technology of Materials, TU Graz)

electron diffraction data from X-ray powder diffraction (tetragonal)
distance | d-spacing d-spacing .
A . Intensi h k 1 | Mult. 20
[ynm] | [A] [A] v

) ) 3.8988 8997429 1 1 0 4 22.790
3.8957 5109920 0 0 1 2 22.809
2.7569 60643.03f 0 2 0 4 32.450
3.66 274 2.7558 107641.72) 1 1 1 8 32.464
2.4658 2829401 1 2 O 8 36.407
4.50 222 2.2504 2370533 0 2 1 8 40.034
2.0835 2858811 1 2 1 16 43.396
514 194 1.9494 104767761 2 2 0 4 46.551
1.9478 5022735 0 0 2 2 46.590
1.7436 1529095( 1 3 0 8 52.436
5.73 1.75 1.7433 1422246 2 2 1 8 52.445
1.7425 2109592 1 1 2 8 52.472
6.34 158 1.5915 47901331 1 3 1 16 57.897
1.5908 20821.72 0 2 2 8 57.922
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5.2.2 Single crystal electron diffraction

As powder electron diffraction did not yield satisfying results concerning the determi-
nation of the crystal structure of the specimen, a single crystal sample was investigated
by electron diffraction. All images and diffraction patterns of BNT-6BT were acquired
at the T 12.

Figure 21 shows bright field images of an area of about 7 x 7 pm? of the specimen BNT-
6BT. The formation of contrast is due to mass-thickness contrast and bend contours.

As expected for a single crystal, no grain boundaries are visible in the images.

(b)

Figure 21: Bright field images of BNT-6BT showing a single crystalline specimen

Figure 22 shows three different diffraction patterns obtained from a sample of BNT-
6BT.

In order to determine whether the diffraction patterns referred to a rhombohedral or a
tetragonal crystal structure, the diffraction patterns were simulated with the software
Java Electron Microscope Simulator (JEMS). Comparison with the acquired diffraction
patterns of BNT-6BT revealed that the diffraction pattern shown in Figure 22 (a) corre-
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Figure 22: Single crystal diffraction patterns of BNT-6BT in the orientations [111] (a),
[212] (b) and [021] (c) of a rhombohedral lattice

sponded definitely to a rhombohedral lattice due to the faint reflections (see Figure 23).
The diffraction patterns were determined to be down the zone axes [111], [212] and [021]

in Figure 22 (a), (b) and (c), respectively. In order to examine the homogeneity of the
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(a) (b) (©)

Figure 23: Comparison of a diffraction pattern (b) with a tetragonal (a) and a rhombo-
hedral (c) simulation. Due to the faint reflections, the diffraction pattern is
related to a thombohedral lattice with the zone axis [111].

crystal structure, various parts of the sample were investigated. The diffraction pattern
which could be related to a rhombohedral lattice was found in all of the investigated
sample regions. Therefore it was concluded that the specimen is made up of a rhom-
bohedral phase with the space group R3c. The result agrees with the data provided
by the Inorganic Crystal Structure Database (ICSD) for BNT-94.5BT [25]. The lattice
parameters were calculated using the reflections 110 and 112 of the diffraction pattern
with the zone axis [111] and are shown in Table 8. The values are compared to those
obtained from XRD. The lattice constant a, obtained from TEM is 3.88 (£ 0.05) A,
which is slightly smaller than the value from XRD. By means of XRD, however, a much
larger sample volume is examined. The angle «, is 88.98 (+ 0.05)° and also smaller in
TEM.

Table 8: Lattice parameters obtained from TEM diffraction patterns compared with

XRD.
BNT-6BT XRD TEM
a, [A] 3,90 3,88
a, [°] 90,00 88,98
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5.2.3 Chemical analysis of BNT-6BT

Influence of the electron beam on the local composition. As the specimen contains
sodium, an alkali metal with a relatively high vapor pressure, the sample may change
its local composition during examination under a high energy electron beam. Therefore,
experiments have been carried out to check the stability of the composition of the sample
under the electron beam. All experiments concerning the chemical analysis were carried
out on the CM 20. An area of about 5 x 2 um? in size was illuminated using a 200 kV
electron beam and investigated by EDX spectroscopy four times consecutively. The

spectra 1-4 in Figure 24 were acquired for 60 s, 60 s, 600 s and 1800 s, respectively.

For the analysis of the data the software NORAN System SIX was used. The background
was corrected using a Gaussian fit to the peaks, a manual adjustment of the background
was possible. Each investigated area was illuminated by the electron beam for different
periods of time. Therefore, spectra with a good and others with a bad signal-to-noise
ratio were acquired. The settings for background subtraction were chosen for a spectrum
with high intensity and then adopted to the lower intensity spectra of the same sample
region in order to use the same settings for all spectra. After carefully adopting the

background the spectra were quantified.

Barium and oxygen could not be quantified due to the following reasons: Oxygen can
not be quantified with the method of EDXS because low X-ray energies of light elements
such as oxygen are partly absorbed by the sample itself. Therefore, the actual oxygen
signal is always lower than the real signal. Barium, though clearly visible in the spectra
which were acquired for a long exposure time, was not quantifiable in the spectra of

lower intensity because the barium signal mostly vanished due to the noise.

As far as sodium is concerned, two cases are supposable: On the one hand, the local
amount of sodium will change immediately after exposure to the electron beam and
remain stable afterwards or, on the other hand, it will change so slowly that the effect
will be detectable only after long exposure times. In order to check both cases the
sample was illuminated for different periods of time. In Figure 24, the at% concentration

ratios of sodium to titanium as well as bismuth to titanium are depicted for the four
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acquired spectra (measurement numbers 1-4). Comprising the errors, both ratios, Na:Ti
and Bi:Ti, show stability under the electron beam. The errors for the measurement
numbers 1 and 2 are larger than the errors for 3 and 4 because of the different periods

for acquirement.

0,40

0,35 I

0,30

0,25

H—0—
——
1@

L

0,20

ratio

0,15

0,10

0,05

o Na:Ti Bi:Ti

0,00 . ‘ ‘
1 2 3 4

measurement number

Figure 24: Investigation of the compositional stability of BNT-6BT in the electron beam

The measurement error was calculated according to the method of the highest and the
lowest ratio. As shown, the differences in concentration range within the error bars.

Thus, the local sample composition seems to remain unaffected by the electron beam.

Investigation of the local spatial composition. As the experiments have shown, the
sample does not change its local composition when exposed to the electron beam. Hence,
further experiments concerning the homogeneity of the spatial composition could be
carried out. A spectrum image (SI) was acquired using both EELS and EDXS. The

method of SI combines imaging and spectrum acquisition of the same sample area.
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As shown in Figure 25 (a), an area of 18 x 6 pixels, i.e. 108 measurement points, was

investigated with EEL and EDX spectra imaging. The area is about 2 x 1 um? in size.

Figure 25 (b) shows an example for an EEL and an EDX spectrum.

0.5 l%rn

(a)

TiL

SIEELS und EDX(3)

Figure 25: (a) Spectrum Image of a sample of BNT-6BT: 18 x 6 measuring points in an
area of 2 x 1 um?. (b) Example EEL and EDX spectra.

The EEL spectra were collected at an acceleration voltage of 200 kV in an energy range

from 350 to 1300 eV. The EDX spectra were collected in an energy range from 0 to

20 keV. Table 9 shows the ionization edge and characteristic peak energies of the ele-

ments.

Table 9: EDX energies (a) and EEL ionization edges (b) for the elements O, Na, Bi, Ti

and Ba.
(a) (b)
Element Energy [keV] Element Energy [eV]

OK 0.5 TiL3 456
Na K 1.05 TiL2 462
Bi M 2.5 OK 532
Ba La 447 Ba M5 781
Ti Ka 4.5 Ba M4 796
Bi La 10.8 Na K 1072
Ba Ka 32.2 Bi M5 2580
Bi M4 2688
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With EDXS, sodium, bismuth, titanium, oxygen and barium were identified. However,
as already explained earlier in this chapter, the oxygen X-rays are partly absorbed by
the sample which lowers the oxygen signal. Another problem occurs with titanium and
barium, because there is an overlap of the Ba L. and Ti K lines at 4.5 keV. If, however,
Ba K, which lies at about 32 keV, is quantified and the ratio between Ba K and Ba L
is known, Ba L can be calculated and subtracted from Ti K. In this spectrum image,
however, the intensity of Ba K was so low that the signal was not destinguishable from
noise. Hence, and due to the very high titanium intensity compared to the Ba intensity,
the intensity of Ba L could be neglected in the quantification of Ti K. Barium as well
as oxygen were therefore taken from the EEL spectra. The EEL barium signal was
low compared to the oxygen and titanium signals. For titanium, the signals from both
methods were quantified. Hence, titanium was used as reference for the other elements.
To sum it up, sodium (Na K), bismuth (Bi M) and titanium (Ti K) were taken from the
EDX spectra, while titanium (Ti L), oxygen (O K) and barium (Ba M) were taken from
the EEL spectra.

Analysis of the spectra was done with the program Digital Micrograph. The background
was corrected with an exponential model (Power Law model) in the case of EELS and
with a linear model in the case of EDXS.

The measurement errors of the EDXS results were estimated from 2v/ N according to
poisson statistics (N corresponds to the number of counts of each peak). The errors of
the EELS results were calculated by the program and also lie in the range of 2v/N.

The results of the SI are depicted in Figure 26 as images of 18 x 6 pixels, each pixel
corresponding to one measurement point in the spectrum image (compare Figure 25 (a)).
The ratios of sodium, bismuth and oxygen with respect to titanium are shown. The
values are depicted in a colour scale which ranges between 0.28 and 0.38 for Na:Ti,
between 0.23 and 0.35 for Bi:Ti, between 3.02 and 3.35 for O:Ti and between 0.015 and
0.021 for Ba:Ti.

For Na:Ti, the error is approximately 9%, for Bi:Ti appr. 5%, for O:Ti appr. 10% and for
Ba:Tiappr. 26%. The high error for Ba:Ti is based on the small barium signal. For Na:Ti
and Bi:Ti, there is a gradient with higher values in the upper part of the investigated
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area and lower values in the lower part of the area. There are also measurement points
with high values at the right boundary of the spectrum images of Na:Ti and Bi:Ti. Due
to the depiction of the ratios, thickness effects of the sample are excluded. Although the
investigated area looks inhomogeneous regarding the Ba:Ti ratio, no conclusion can be
drawn concerning the homogeneity in this range due to the error of 26%. The same is
true for O:Ti.

In Table 10, the nominal ratios calculated from the chemical formula for BNT-6BT are
listed. Compared to the calculated ratios, the ratios of Na:Ti, Bi:Ti and Ba:Ti are lower
than the expected values (see Table 10). This applies not only to the area investigated
by means of spectrum image, but also to other examined areas on this sample (compare
Figure 24). According to the calculations, there should be three times more oxygen than

titanium in the sample, a value which is well represented by the measurements.

Table 10: Nominal values for Na, Bi, Ti, Ba and O according to the chemical formula
for BNT-6BT in comparison to the experimental values.

Element nominal [at%] experimental [at%]

Bi 94 5,7
Na 94 6,8
Ti 20 20,8
@) 60 66,4
Ba 1,2 04

Ratios nominal experimental
Na-Ti 047 0,33
Bi-Ti 0,47 0,27
O-Ti 3,00 3,19
Ba-Ti 0,06 0,02
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Figure 26: The images show the ratios of the concentrations in at% of (a) Na:Ti,
(b) Bi:Ti, (¢) O:Ti and (d) Ba:Ti of the spectrum image. The colour scale on
the right of each image show the values which correspond to each colour.
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5.3 Investigation of (Big.sNag 35Lip.15) TiO3

Like BNT-6BT, BNT-15BLT crystallizes in a perovskite structure (see Figure 4). BNT-
15BLT was also examined by means of X-ray powder diffraction at the Institute of
Chemical Technology of Materials, TU Graz and Rietveld refinement was done with the
software TOPAS. The lattice parameters and atom coordinates of BNT-15BLT obtained
from X-ray powder measurements are shown in Table 11. According to the X-ray data,
the crystal system is rhombohedral with the space group R3c (161). For a phase diagram
of BNT-15BLT see [26]. The specimen was investigated by means of powder electron
diffraction as well as single crystal electron diffraction in order to examine the crystal
structure and the homogeneity of the crystal structure. Additional information was ob-
tained by bright field and dark field images. The chemical composition and homogeneity
was investigated by EDXS and EELS measurements.

Table 11: Space group, lattice parameters and atom positions for the system BNT-
15BLT obtained from X-ray analysis with a tetragonal structure model

Space group R3c (161)

Lattice parameters [A] a 5.4828
c 13.4907

Atom positions X y z Occ
Na 0.00000  0.00000  0.00000 0.35
Bi 0.00000  0.00000  0.00000 0.50
Li 0.00000  0.00000  0.00000 0.15
Ti 0.00000  0.00000  0.23940 1
©) 0.35521  0.14940  0.14636 1

5.3.1 Powder electron diffraction

Like BNT-6BT, BNT-15BLT was investigated by means of powder electron diffraction.
For information about the specimen preparation, see Chapter 4.2. The processing of
the data was the same as for BNT-6BT (see Chapter 5.2). The results are depicted

in Table 12, the powder pattern and its line profile are shown in Figure 27 (a) and
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Table 12: Results of electron and X-ray powder diffraction for BNT-15BLT. The X-ray
results are based on a rhombohedral structure model. (By courtesy of Denis
Orosel, Institute of Chemical Technology of Materials, TU Graz)

electron diffraction data from X-ray powder diffraction (thombohedral)
distance | d-spacing | d-spacing .
[1/nm] A] A] Intensity h k 1| Mult 20
360 276 27.496 5834956.63| -1 1 4 6 32.538
27.414 5569526.01f -1 2 0 6 32.638
4.21 2.38 23.407 122402.08) -1 2 3 12 38.426
146 904 22.484 75679929 0 0 -6 2 40.070
22.395 219092443 -2 2 2 6 40.237
5.14 1.94 19.414 4313184.71f 0 2 4 6 46.754
17.790 32754321 -2 3 1 12 51.316
5.69 1.76 17.385 557761.14| -1 2 6 12 52.602
17.343 526336.86[ -1 3 2 12 52.738
15.891 1211780.57) 0 1 8 6 57.991
6.31 1.59 15.843 244475720 -2 3 4 12 58.182
15.827 130469536 0 3 0O 6 58.246

(b), respectively. A comparison of X-ray data and the results from electron powder

diffraction shows good agreement.
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Figure 27: Powder pattern of BNT-15BLT (a) and line profile of the powder pattern (b)
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5.3.2 Single crystal electron diffraction

Figure 28 (a) shows a rather large area of the sample in the orientation [111]. A set
of contrast features is visible in this picture. On the one hand, there are typical bend
contours which strongly change their appearance when the specimen is tilted. On the
other hand, there are several clearly differentiated bands which are 150 to 550 nm wide
(domains). In contrast to BNT-15BLT, domains were not found in BNT-6BT. In Fig-

ure 28 (b), the domains are depicted in a higher magnification .

parallel orientation
of the domains

bend
contours

(b)

Figure 28: (a) Sample overview of BNT-15BLT. The contrast features are bend contours
and domains. The parallel orientation of the domains is shown in the image
in the upper right corner. (b) Domains depicted in a higher magnification.
The images were acquired at the T 12.

In order to determine the crystal structure of the specimen a single crystal sample
was investigated by means of electron diffraction. Figure 29 shows diffraction patterns
in four different sample orientations. The diffraction pattern shown in Figure 29 (a)
consists of reflections with higher and lower intensity. In this chapter, the reflections
with higher intensity are referred to as type A reflections, those with lower intensity
are referred to as type B reflections. Simulations with the software JEMS showed that

the diffraction patterns in Figure 29 (b), (c¢) and (d) can either arise from a tetragonal
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lattice or from a rhombohedral lattice. However, in contrast to a rhombohedral lattice, a
tetragonal lattice won’t show type B reflections in the diffraction pattern of Figure 29 (a).
Hence, the diffraction pattern shown in Figure 29 (a) arises from a rhombohedral lattice
(compare Chapter 5.2.2). According to the simulated pattern, the zone axis of this
pattern is [111]. All diffraction patterns depicted in Figure 29 are obtained of the same
sample area, just the tilt angle between the patterns differs. Hence, for the specimen
BNT-15BLT only a rhombohedral phase was found.

The lattice parameters are depicted in Table 13. The values are compared to those
obtained from XRD. The lattice constant a, from TEM is 3.68 (+ 0.05) A and smaller
than the one from XRD. As already mentioned for BNT-6BT, a much larger sample
volume is examined by means of XRD. The angle «, is also slightly smaller in TEM
(o, = 89.01 (£ 0.05) °). Also shown in Table 13 are the lattice parameters of BNT-
15BLT. Compared to BNT-6BT, a, is smaller for BNT-15BLT, which was doped with
the smaller ion lithium. BNT-6BT, in contrast, was doped with the larger ion barium.
Comparison between the angles of BNT-6BT and BNT-15BLT obtained from XRD
shows that the unit cell of the Li-doped sample is slightly distorted regarding a pseudo
cubic unit cell in contrast to the Ba-doped sample. Due to the measurement error in

TEM, no conclusion can be drawn from the TEM results.

Table 13: Lattice parameters for BNT-6BT and BNT-15BLT obtained from TEM
diffraction patterns compared with XRD.

BNT-6BT XRD TEM
a, [A] 3,90 3,88
a; [°] 90,00 88,98
BNT-15BLT XRD TEM
a,[A] 3,88 3,68
a; [°] 89,83 89,01
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* \
L type A
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. .

* type B

reflection

Figure 29: Single crystal diffraction patterns of BNT-15BLT in the orientations [021] (a),
[111] (b), [041] (c) and [421] (d) of a thombohedral lattice. The diffraction
patterns (a)-(c) were acquired at the T 12, (d) at the TF 20.
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Investigation of domains. When a large SAED aperture was used, the diffraction
patterns showed the same crystal structure all over the sample. However, the domains
revealed in this sample were further investigated with small apertures (SAED) and small
beam spot sizes (CBED) in order to reveal the source of contrast formation. The diffrac-
tion patterns acquired on the T 12, however, didn’t show clear differences between the
matrix and the domains. While the matrix showed a diffraction pattern as in Fig-
ure 29 (a), most of the type B reflections were absent in the diffraction pattern of the
domains. As a second difference the domains showed satellite reflections and streaks,
but the results were not reproducible. In order to obtain better results, the sample was

investigated in the TF 20, which allows energy filtering.
First of all, dark field images were acquired to examine how the type A and type B

reflections in Figure 29 (a) are related to the matrix and the domains. The dark field

images as well as a bright field image are shown in Figure 30.
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/

domains

DF-Image of (01-1)
(type B reflection)
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— [l

DF-Image of (-10-1) : . DF-Image of_ (0-11)
(type B reflection) . (type B reflection)

domains

DF-Image of (1-12)
(type A reflection)

Figure 30: Dark and bright field images of a BNT-15BLT single crystal in the zone axis
[-111], acquired at the TF 20: DF images of type B reflections (a)-(c), DF
image of a type A reflection (d), BF image (e). The diffraction pattern and
the selected reflections are shown in the lower right corner of each image.
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domain

Figure 31: DF image showing the contrast between the matrix and the domain. The
diffraction patterns shown in Figure 32 were acquired from the marked areas
in the matrix and the domain region (TF 20).

The bright field image does not show big differences between the matrix and the domains.
The dark field image of any of the type A reflections does not reveal big differences
either. The dark field images of the type B reflections, however, show dark domains
in a rather bright matrix. Nevertheless, the domains are not as dark as expected if no
electrons were scattered from these regions. Figure 31 shows a dark field image at a

higher magnification. The dark domain is clearly visible.

Diffraction patterns acquired from the smallest possible SAED aperture finally showed
a clear difference between the matrix and the domain: while in the diffraction pattern
of the matrix all reflections had roughly the same intensity (they showed an intensity
ratio of 1:5 to 1:10), the diffraction pattern of the domain showed very sharp, but also
very faint type B reflections coming along with the type A reflections. The intensities
in this diffraction pattern showed an intensity ratio of 1:100. Now it becomes clear why
the domains in the dark field images gained from the type B reflections appear darker,
but not black: reflections of type b are found in the domains, but their intensity is very

low. The two different diffraction patterns are shown in Figure 32.
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(b)

Figure 32: Difference between diffraction patterns of the matrix (a) and the domains (b):
the type B reflections in the diffraction pattern of the domains are of very
low intensity, the type A reflections are elongated to form streaks (TF 20).

There is, however, another difference between these two diffraction patterns: the domain
is showing elongated type A reflections, so called streaks, while the matrix does not. In
order to reveal the origin of the streaks, the area of the interface between the domain
and the matrix was investigated by HRTEM (see Figure 33 (a)). The result is shown in
Figure 33 (b): the domain on the lower right side of the picture seems to be built up
of layers while the matrix does not. This layer composition gives rise to streaks in the
diffraction pattern. The Fourier transformations (FT') of the domain and the matrix are
also included and show the same features as explained before. The type B reflections

are invisible in the FT due to their low intensity.
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matrix

Figure 33: DF image showing the contrast between the matrix and the domain (a). The
marked area corresponds to the high resolution image of the interface between
matrix and domain shown in (b). The corresponding FTs are also depicted.
The images were acquired at the TF 20.
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5.3.3 Chemical analysis of BNT-15BLT

In order to investigate the distribution and homogeneity of the chemical elements within

the sample, analytical measurements have been carried out.

All experiments concerning the chemical analysis of the sample were carried out on the
CM 20. The samples were ion milled and investigated by means of EELS and EDXS
measurements. Various regions of a sample of BNT-15BLT were investigated in STEM
operation mode. The examined areas had a diameter of about 300 nm, as shown in
Figure 34.

Figure 34: Investigated sample areas of BNT-15BLT

Although an oxygen peak occurs in the EDX spectrum, there is no reliable quantification
of oxygen due to its low atomic number which leads to strong absorption of its X-ray
photons in the sample. Oxygen, however, can be detected and reliably quantified by
means of EELS. The same is true for lithium. For the detection and quantification
of sodium and bismuth, EDX is the method of choice. Titanium is detected by both
methods. For quantification, the Na K, Bi M and Ti K X-ray lines (EDXS) and the
O K and Ti L ionization edges (EELS) were used. The EDX peak energies and EEL

ionization edges are depicted in Table 14.

The EDX spectra were acquired in a 1-40 keV energy range using the software NORAN
System SIX (NSS). Quantification was also accomplished with NSS using experimental
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Table 14: EDX energies (a) and EEL ionization edges (b) for the elements O, Na, Bi, Ti

and Li.
(a) (b)
Element Energy [keV] Element Energy [eV]
OK 0.5 LiK 60
Na K 1.05 Ti L3 456
Bi M 2.5 TiL2 462
Ti Ka 45 OK 532
Bi La 10.8 Na K 1072
Bi M5 2580
Bi M4 2688

k-factors [21] (quantification fit method: Filter without standards, correction method:
Cliff-Lorimer (MBTS) w/o absorbance). The EEL spectra were acquired and quantified
using the software Digital Micrograph. The scattering cross-section model hydrogenic
(white line) was applied for the quantification of titanium, the Hartree-Slater model for
oxygen. The background was fitted according to a power law model. Before quantifi-
cation, the EEL spectra were calibrated. Besides the core loss spectra, also the corre-
sponding low loss spectra were acquired in order to determine the relative thickness of
the investigated sample areas and to deconvolve the spectra when necessary. A decon-
volution is required for sample areas thicker than 0.5 (relative thickness). The errors,
which were calculated by the software, lie in the range of 2v/N, with N standing for the

intensity or number of counts for each signal. All results are given in atomic percent.

Lithium could not be detected in TEM and STEM mode in the investigated samples.
It is suggested that the sample preparation is the cause of this, because lithium is a
very light element and hence is maybe ejected from the sample by the ion beam during
ion milling. Figure 35 shows the ratios of bismuth, sodium and oxygen with respect to
titanium. The ratios are used in order to be able to combine the results of both methods,
EDXS and EELS. Titanium was chosen as a reference because it can be detected by both
methods. The measurement points 1-11 correspond to the marked areas in Figure 34.
The average value is indicated by a red line in each graph. The ratio of Bi:Ti looks quite
stable within the investigated area, which is about 4 x 16 um? in size. The same is true
for the ratio of O:Ti. The ratio of Na:Ti, instead, is fluctuating in a bigger range around

the average value.
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The results of both methods, EDXS and EELS, were then normalized to 100 per cent.
Table 15 depicts the calculated values, according to the chemical formula, in atomic
percent for each element as well as for the ratios. The experimental values are shown, too.
The experimental average values are 63.7 (O), 8.4 (Bi), 7.0 (Na) and 21.0 (Ti). Compared
to the calculated values, the amount of oxygen and titanium is slightly higher while the
amount of bismuth is lower. The amount of sodium corresponds to the calculated value.
Although the deviation would be small, it has to be considered that lithium was not

taken into account when normalizing the other elements to 100 per cent.

Table 15: Nominal and experimental values for Na, Bi, Ti and O according to the chem-
ical formula for BNT-15BLT.

Element nominal [at%] experimental [at%]
Bi 10 8,4
Na 7 7
Li 3 -
Ti 20 21
O 60 63,7
Ratios nominal experimental
Na-Ti 0,35 0,33
Bi-Ti 0,50 0,40
O-Ti 3,00 3,03
Li-Ti 0,15 -

Additionally, each element is depicted in a separate graph in Figures 36 and 37. Con-
cerning bismuth, titanium and oxygen, the sample is homogeneous in the investigated

area. Sodium shows more fluctuations compared to the other elements.
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Figure 35: Ratio of (a) bismuth, (b) sodium and (c) oxygen with respect to titanium.
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Figure 36: Amounts of oxygen and titanium in BNT-15BLT (red line: average value of
all data points).

66



5 Investigation in TEM

12,10 - 70%
110 Sodium
' + 50%
10,10 I
4 30%
9,10 & I + o
£ 8.10 T T
2 * * T 1 + 10%
2 710 ! - I
2 I 1 ' ! ] | 0%
T 6,10
" 1 oL
5,10 + + = -30%
4,10 |
3,10 T -50%
2,10 : : : : : : : : : : : -70%
0 1 2 3 4 5 6 7 8 9 10 11 12
measurement point
(a)
14,50 Bismuth 70%
m
13,50 ISmu
12,50 -+ 50%
11,50 1 30%
< 10,50 {
S 9,50 T T I =8
E o by T 1%
2 850 1
2 8, . i . i
2 7,50 ] I | [ 1 | - -10%
® 6,50 o
5,50 | -30%
4,50 1 -50%
3,50
2,50 : : : : : : : . : : : -70%

0 1 2 3 4 5 6 7 8 9 10 11 12
measurement point

(b)

Figure 37: Amounts of sodium and bismuth in BNT-15BLT (red line: average value of
all data points).
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6 Summary

Two samples, BNT-6BT and BNT-15BLT, were investigated by means of powder elec-
tron diffraction as well as single crystal electron diffraction. Single crystal electron
diffraction in combination with diffraction pattern simulations proved both samples to
be rhombohedral. According to X-ray powder diffraction measurements, the crystallo-
graphic point group is R3c in both samples. All examined sample areas were rhombo-
hedral. The lattice parameters were determined with a, being 3.88 A for BNT-6BT and
3.68 A for BNT-15BLT and a, being 89° for both samples.

Bright field images approved the samples to be single crystals due to the absence of grain
boundaries and showed BNT-6BT samples without any remarkable structures. BNT-
15BLT, however, showed domains which were further investigated by means of dark
field imaging and electron diffraction as well as HRTEM. The domains showed the same
diffraction patterns as the matrix, differing only in the intensity of the reflections. Hence
it was concluded that the domains feature the same crystal structure as the matrix. This
was also illustrated by dark field images of the faint reflections. High resolution TEM

revealed a layer structure of the domains in contrast to the matrix.

As far as the chemical composition is concerned, BNT-15BLT showed homogeneity of
oxygen, titanium and bismuth in the investigated area, which was about 4x 16 um? in
size. Sodium, instead, fluctuated slightly compared to the other elements. Lithium,
however, could not be detected. Compared to the nominal values calculated on the basis
of the chemical formula, the concentrations of sodium, titanium and oxygen correspond
to the expected values. Only bismuth shows a concentration lower than the nominal
one. For BNT-6BT, a EDX and EEL spectrum image was acquired. The results were
depicted as ratios of Na, Bi, O and Ba with respect to titanium. It was shown that the
values for O:Ti and Ba:Ti were ranging within the measurement errors and hence are
homogeneous within these limits. For Na:Ti and Bi:Ti, the values showed a gradient
over the investigated sample area. The ratios of Na:Ti, Bi:Ti and Ba:Ti are higher than
the nominal ratios calculated on the basis of the chemical formula. Only the ratio of

O:Ti corresponds to the nominal value.
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