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Abstract

Solid solutions belonging to BaZrO3;—BaTiO3;—CaTiO3 (BCTZ) pseudo-ternary system are
promising candidates for lead-free piezoelectrics. This thesis aims at growing and
characterizing various single crystals of the BCTZ system: the end members BaZrO3 and
CaTiO; as well as Baj.xCaxTii-yZryO3 solid solution compounds with zirconium (Zr) and
calcium (Ca) contents close to Ba(Zro2Ti0.8)O3-50(Bao.7Cao3)Ti03 composition (BZT-

S50BCT) where high piezoelectric performances are expected.

CaTiO3 and BaZrOs; single crystals were both grown from high temperature solution by
the flux method and from the melt by the optical floating zone technique. In the case of
CaTiO; grown with a mirror furnace at 1975°C, aluminum (Al), magnesium (Mg) and
barium (Ba) as main impurities were detected. The Raman spectra of CaTiO3 are in good
agreement with the spectra referenced in the literature. The growth of BaZrO3 was more
challenging because of its very high melting point (2700°C). BaB20O4 flux was successfully
used to produce 150-200 um-sized BaZrOs crystals at half its melting point (1350°C) and
bulk centimeter-sized BaZrO; boules were grown from the melt. Sr, Hf, Ca and Ti were
detected by GDMS and SIMS as main impurities in the range of 0.3-0.5 at.%. The optical
band gap is found to be ~4.8 eV and indicates the high quality of the BaZrOs3 crystals grown
with mirror furnace. Low temperature dielectric properties of BaZrO; are displayed and
confirmed the absence of structural phase transition. Raman investigations reveal that even
though BaZrO3 does not have any phase transition at low temperatures, it exhibits a high-

pressure phase transition from cubic to tetragonal at 11GPa at room temperature.

In the second part, BCTZ centimeter-sized single crystals have been successfully grown
by the top seeded solution growth technique. Ca and Zr content profiles throughout the as-
grown boules indicate that their effective segregation coefficients are highly dependent on
their initial concentration in the liquid solution. Concentrations evolve substantially during
the crystal growth, making the BCTZ crystal growth a tricky issue when a narrow
compositions range is targeted, as in the vicinity of the phase convergence region.

Furthermore, spinodal decomposition was observed, indicating the coexistence of two solid




solutions with close compositions in BCTZ crystals. Dielectric and piezoelectric properties
were measured for some crystals, which were found to display a variety of behavior form
relaxor to pure ferroelectric. In addition, an abnormal double-like PE hysteresis loop was

observed, that was associated to an irreversible effect disappearing upon poling.




Résumé

Les solutions solides appartenant au systéme quasi-ternaire BaTiO3-CaTiO3-BaZrO3
(BCTZ) sont des candidates prometteuses pour les piézoélectriques sans plomb. Ce travail
de thése expérimental est consacré a la cristallogenése et a la caractérisation de différents
monocristaux dans le systétme BCTZ : BaZrOs, CaTiOs ainsi que les solutions solides Baj.
«CaxTi1yZryO3 présentant des teneurs en zirconium (Zr) et en calcium (Ca) proches de
celles de la composition Ba(Zro2Tiog)O03-50(Bao.7Cao3)TiOs (BZT-50BCT) ou les

performances piézoélectriques sont exacerbées.

Les monocristaux de CaTiO3 et de BaZrOs ont été obtenus a la fois depuis une solution a
haute température par la méthode du flux et a partir de leur phase fondue par la technique
de la zone flottante optique. Dans le cas de CaTiO3 obtenu dans un four a image a 1975°C,
l'aluminium (Al), le magnésium (Mg) et le baryum (Ba) ont été détectés comme étant les
principales impuretés. Les spectres Raman de CaTiO3 sont en bon accord avec les spectres
référencés dans la littérature. La croissance cristalline de BaZrO; est beaucoup plus
difficile a cause de son point de fusion trés €élevé (2700°C). Le flux BaB,Os a été utilisé
avec succes pour faire croitre des cristaux d’environ 150-200um a 1350°C, soit a la moitié¢
de son point de fusion. Des boules de BaZrO3 de taille centimétrique ont également été
obtenues a partir de la phase fondue en four a image. Les impuretés majoritaires telles le
strontium (Sr), I’hafhium (Hf), le calcium (Ca) et le titane (T1) ont été détectées par GDMS
et SIMS dans une gamme de concertation atomique de 0.3-0.5%. L’énergie de gap optique
est d'environ 4,8 eV et souligne la grande qualité des cristaux de BaZrO3 obtenus en four
a image. Les propriétés di¢lectriques a basse température de BaZrO3 confirment I'absence
de transition de phase structurelle. Les études de Raman révélent que méme si BaZrOsz n'a
pas de transition de phase a basse température, il présente une transition de phase cubique-

quadratique sous haute pression a 11GPa a température ambiante.

Dans la deuxiéme partie de cette thése, des monocristaux centimétriques de BCTZ ont été
obtenus avec succes par la croissance en flux. Les profils de concentrations en Ca et Zr le

long des boules indiquent que leurs coefficients effectifs de ségrégation dépendent




fortement de leur concentration initiale dans la solution liquide. Ceux-ci évoluent
considérablement au cours du processus de cristallogenése, rendant ainsi la croissance de
BCTZ trés délicate en vue d’obtenir des compositions constantes et proches de celles de la
région de convergence de phases. De plus, une décomposition spinodale a été mise en
évidence, indiquant la coexistence de deux solutions solides de compositions proches au
sein des cristaux de BCTZ. Les propriétés diélectriques et piézoélectriques des cristaux
obtenus ont été déterminées et présentent des caractéristiques allant du ferroélectrique
classique au relaxeur. Les mesures diélectriques montrent notamment une double boucle

d'hystérésis (PE) anormale qui disparait apres polarisation.
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1 Introduction

The piezoelectric material Pb(Zr<Ti1-x)O3 (PZT) was discovered in the second half of the
1950°s [1, 2] with high piezoelectric response compared to BaTiO3, which was before the
record piezoelectric material, including hydrogen-bonded salts. Today, PZT is still one of
the most widely used piezoelectric materials in high-performance electromechanical
applications [3, 4]. Unfortunately, lead is a heavy metal with a well-known toxicity, e.g.
exposure to lead contaminates the brain and central nervous system and can cause
convulsions and be lethal. [5]. During the past two decades, environmental protection has
significantly gained in awareness and the toxicity of lead-based compounds has been
legislated in many regions, such as in Europe through the WEEE (Waste Electrical and
electronic Equipment) and REACH (Registration, Evaluation, Authorization and
Restriction of Chemicals) directives [6-8], which requires to replace Pb by more
environment-friendly Pb-free substitutes. Unfortunately, only few Pb-free materials have

been found so far that can compete with the piezoelectric performances of PZT.

The piezoelectric properties of PZT are maximal in a narrow composition range called the
Morphotropic Phase Boundary, MPB, where a competition takes place between two
different crystal structures: tetragonal on the Ti-rich side vs. thombohedral on the Zr-rich
side. At the MPB, the delicate balance between different possible states gives rise to
enhanced responses (dielectric, elastic, piezoelectric) and results in complex structural
properties, some of which are still debated today. This scenario is also realized in other
lead-based systems, such as Pb(Mg23Nbi/3)O3-xPbTiO3 and Pb(Zn23Nbi/3)O03-PbTiO;3
single crystals where the highest piezoelectric coefficients to date have been measured [9].
The search for lead-free piezoelectrics has been largely inspired by this general picture,
and many solid solutions have been explored where such a competition was considered
likely to occur: Naj2Bi12TiO3-xBaTiO3, (K,Na)NbO3 and Na2Bi1,2TiO3-(K,Bi)TiOs etc.
These emerging materials are, however, still far from substituting the current commercial

PZT due to the lower piezoelectric properties of those new lead-free materials [10, 11].
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Recently, a very large piezoelectric response with ds3 up to 620 pC.N"!' has been reported
by Liu and Ren [12] for a ceramic system with the chemical formula Ba(Tio8Zro.2)O3-
(Bao.7Ca03)Ti03 (BCTZ). The authors also predicted that a single crystal of this system
may reach a giant piezoelectric coefficient up to 1500 pC.N"!. This has not yet been
confirmed experimentally. During the past decade, it has been recognized that the phase
diagram and instabilities of BCTZ and thus the origin of the outstanding features of this
system are different from those of PZT, but the understanding of this difference remains

poorly understood.

Most literature work focuses on ceramics to characterize the piezoelectric performance of
this system [12-14]. To our knowledge, there are only few studies on single crystals [15-
18]. Indeed, regarding the past works performed on lead-based piezoelectrics [9, 19, 20],
it is of a major importance to consider single crystals in order to understand the microscopic
origins of BCTZ piezoelectric properties, such as phase coexistence, local compositions
fluctuations and polarization flexibility. For this purpose, regarding the optimization of the
electromechanical response in BCTZ system, past work on lead-based single crystal

growth encouraged us to explore the single crystal growth of BCTZ compounds.

This thesis aims at growing and characterizing various single crystals of the BaTiOs-
CaTi03-BaZrO; system: the end members BaZrO3 and CaTiOs as well as BajxCaxTii-
yZ1y03 solid solution compounds with various zirconium (Zr) and calcium (Ca) contents
close to the Ba(Zro2Tio.8)O03-50(Bag.7Cao3)TiO3 composition (BZT-50BCT) where high
piezoelectric performances are expected. Hence, the main objective of this work is to pave
the way towards a better understanding of the microscopic mechanisms able to produce a

large electromechanical response in the BCTZ system.

In the first part of this work (chapter 2), a brief review on the theoretical background about
dielectrics, piezoelectrics and ferroelectrics is presented. The classical perovskite-type
structure with several examples and the most widely used piezoelectric system with Pb-
based and further lead-free piezoelectric systems are introduced. In chapter 3, the crystal

growth techniques used during this work and their particular features for BCTZ related
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compounds growth are explained. Moreover, a bibliography study presents an exhaustive
list of various perovskite-type crystals that have been grown from various techniques over
several decades. Crystal characterization through chemical, structural, optical and

electrical experimental techniques are presented in chapter 4.

In chapter 5, the growth of CaTiO3; by two techniques (flux method and optical floating
zone technique) is presented. Chemical analysis by Glow Discharge Mass Spectrometry
(GDMYS) is displayed. A Raman study is also presented in order to compare our results

with those of the literature.

BaZrOs growth attempts are presented in chapter 6 through two techniques never reported
so far for this material: flux method and optical floating zone technique. Particular
endeavors were devoted to the growth and the characterization of this compound in order
to achieve the measurements of its intrinsic properties aiming at a better fundamental
understanding of its influence on the piezoelectric properties of the BCTZ solid solution.
Hence, we present a detailed study of its chemical and physical properties. Energy
Dispersive X-ray (EDX), Glow Discharge Mass Spectrometry (GDMS) and Secondary Ion
Mass Spectrometry (SIMS) are investigated. Subsequently, UV-visible spectroscopy,

dielectric properties and Raman spectroscopy are also studied.

In the last part of this work (chapter 7), the growth of BCTZ single crystals is finally
addressed. Relationship between the initial liquid concentration for both Ca and Zr
elements and their effective segregation coefficient are discussed. The dielectric properties,
piezoelectric coefficients and optical birefringence of some single crystals with

compositions close to BZT-50BCT are presented.
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2 Theory and Literature Review

2.1 Fundamentals of Ferroelectrics

In this section, an introduction is given to the theoretical background on dielectrics,

piezoelectrics, ferroelectrics, Landau theory of ferroelectric phase transitions and relaxors.

2.1.1 Dielectrics

A dielectric is an insulator or nonconductor of electricity. When an electric field is applied
to a dielectric material, positive charges are displaced in the direction of the electric field

and negative charges are shifted in the opposite direction simultaneously, thus generating
a polarization. In a first approximation, the polarization P of a dielectric material is

proportional to the strength of the electric field E and is given by:

P =gy E (2.1)

where y, is the dielectric susceptibility and g,= 8.854 x 10> F.m™ is known as the
dielectric permittivity of vacuum.

The susceptibility of a medium is related to relative permittivity &, expressed as:

& =1+yx, (2.2)

The overall surface charge density is induced by the applied field in the material and is

obtained from by the dielectric displacement defined as:

D= eoﬁ +P= (1 +)(e)E = sosrﬁ (2.3)
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If a time-harmonic electrical field is applied to an atom, the relative permittivity of the

medium is described by a complex frequency-dependent quantity defined as:

& (0) = & (w) — j&r' (w) 24

where &, is the real part, known as the dielectric constant. &, is the imaginary part, known
as the dielectric loss factor, w = 27mf. In addition, the ratio &, /&, is called the loss tangent

(tand).

Experimentally, a sample can be considered as a parallel plate capacitor. If the capacitance
(C) and dielectric loss of samples are measured, the dielectric constant, i.e. the real part €',

can be calculated, according to:

C-d (2.5)

where C is the capacitance, d is the sample thickness, 4 is the electrode area and ¢ is the

vacuum permittivity. £o= 8.854 x 1072 F.m™.

2.1.2 Piezoelectricity

Piezoelectrics are materials, which can be polarized by inducing electric charge at their
surfaces when a mechanical stress is applied. This is called direct piezoelectric effect and
it was discovered by Jacques and Pierre Curie in 1880. They also verified that materials
showing this phenomenon must also show the converse piezoelectric effect with a
deformation of the material when a voltage (an electric field) is applied.

The direct piezoelectric effect is described as:

D; = d;y Ty (2.6)

where D; is the electrical displacement and Ty,; is the applied stress.
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The converse piezoelectric effect is described as:

Sij = dyijEx (2.7)

where EJ, is the applied electric field and §;; is the induced strain.

Finally, taking into account both the electric field and the applied stress, linear constitutive

equations of piezoelectricity are given following these two relationships:

{ D; = dy Ty + & Ex (2.8)
Sij = ST + diijEx

where S;; is the mechanical strain, D; is the electrical displacement, Ty, is the mechanical
stress, Ej is the electric field, Sib;-kl is the mechanical compliance measured at constant

electric field, d;y; is the piezoelectric strain coefficient, and €, is the dielectric permittivity

measured at zero mechanical stress.

Among the 32 crystallographic point groups describing all crystalline systems (see Fig.
2.1), the piezoelectric and other effect is by symmetry forbidden in the 11 centrosymmetric
groups and the non-centrosymmetric point group 432. Crystals belonging to the 20 other
non-centrosymmetric groups can exhibit a piezoelectric effect. Among the piezoelectric
point groups, 10 are polar without an external applied electric field. They are designated as
pyroelectric and their polarization evolves with temperature. In some pyroelectric materials,
the spontaneous polarization can be reversed by an electric field. Those are known as
ferroelectrics. Therefore, all ferroelectric crystals belong to one of these 10 polar point

groups.
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[32 symmetry point groups]
e
[21 noncentrosymmetric] \
11 centrosymmetric
e : ™~ : [(Non plezgelectrlc) ]
[1 non-piezoelectric (4323 [ 20 piezoelectric J

Polarized under stress

! :

10 non-ferroelectric 10 pyroelectric
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Fig. 2.1 Classification of piezoelectric and subgroups based on symmetry.

2.1.3 Ferroelectricity

Ferroelectricity was first discovered on a single crystal (Rochelle salt) in 1921 [21].
Ferroelectricity is a property of certain materials that exhibit a spontaneous polarization
that can be reversed in the opposite direction by an applied electric field [22]. These
materials show two or more discrete stable or metastable states with different nonzero
electric polarization without applied electric field. Ferroelectric materials display both
piezoelectric and pyroelectric properties. A typical ferroelectric hysteresis loop is presented
in Fig. 2.2. When an electric field is applied to a virgin crystal, the polarization P increases
linearly with increasing electric field because the applied electric field is not high enough
to switch the domains oriented in the opposite direction. This linear region is shown by the
curve A-B in Fig. 2.2. Further increase of the electric field leads to domain switching,
polarization starts increasing rapidly until all the domains have become oriented along the
direction of electric field (curve B-C). The polarization reaches a saturation level P;. Then,

when the electric field is decreased, the polarization does not return to zero as shown by
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curve C-D. When the electric field becomes zero, some of these domains still remain
aligned in the positive region and the crystal exhibits a remanent polarization P,. In order
to change this remanent polarization, a negative electric field has to be applied to polarize
the crystal in the opposite direction. The field necessary to bring the polarization back to
zero (following the curve D-F) is called coercive field E,.. Afterwards, when electric field
is increased, polarization can eventually reach its maximum value —PF;, represented by the
point G. Decreasing the electric field in the opposite direction reveals similar behavior to

that already described previously and is presented by the curve G-H-C.

PS e

Fig. 2.2 Typical hysteresis loop of a ferroelectric material.

2.1.4 Landau Theory of Ferroelectric Phase Transitions

Ferroelectric phase transitions can be characterized by Landau-Ginzburg-Devonshire
theory [23], close to the phase transition temperature. Landau's idea is to analytically
distinguish the paraelectric and the ferroelectric phases as a function of the order parameter.
It describes the two states with their own equilibrium potential (Gibbs potential) in the

vicinity of the critical temperature. The Gibbs free energy Fpis written as:
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1 1 1 (2.9)
Fp = EaPZ +pr4 +gCP6 —EP

where P is the order parameter, here the polarization, E is the external electric field, a, b

and c are expansion coefficients.

The equilibrium configuration is determined by finding the minima of Fp, expresses as:

0Fp 0 (2.10)
oP

This equation delivers an expression for the electric field E as a function of the polarization
P:
E = aP + bP3 + cP® (2.11)

S . " oF :
Thus, considering the paraelectric state conditions (a—; = 0, P = 0), we can obtain the

dielectric susceptibility:

0P 1 (2.12)
Y=3E " a
Then, we assume that ‘a’ is written such as the following equation:
a= ao(T - To) (2.13)

where T is the phase transition temperature, i.e. the Curie temperature.

Combining the Eq. 2.12 and 2.13, we found that the dielectric susceptibility obeys a
temperature dependence known as Curie-Weiss law, and is written as:

C (2.14)
T - TO

where C is Curie constant, where &, is high temperature permittivity at least equal nz (n is

X =&+

the refractive index, of the order of 2 for oxidic ABO3 perovskites).
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Finally, by including the linear temperature dependence of a, the free energy can be

expressed by:

Fp :lao(T—TO)PZ+le4+lcP6—EP 2.15)
2 4 6

where based on literature, ay and ¢ are both positive in all known ferroelectrics [22, 24,
25]. If T > T,, the energy displays one minimum that corresponds to P = 0 (paraelectric).
If T < T,, two symmetric minima are obtained that corresponds to P # 0 (ferroelectric).
Fig. 2.3 displays the free energy as a function of polarization in both states. It is noticed
that the sign of the coefficient b can determine transformation of free energy between these
two states, but also can determine either the polarization at T < T, develops continuously

or discontinuously.

T>To

\ /T<T0

R
>

P

Fig. 2.3 Landau free energy as a function of polarization: in the paraelectric phase (red)

and in the ferroelectric phase (blue).

In a continuous transition, b > 0, and a second-order transition occurs at T = T, the free
energy will develop continuously from the paraelectric state to the ferroelectric state as a
function of decreasing temperature, that correspond to two minima polarization —P, and
P,. For small value of Pg, we neglect higher-order terms. The polarization can be estimated

when E = 0, according to Eq. 2.11. So the result is:
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a
P§ == (Ty = 1) (2:10)

According to Eq. 2.15, we obtain the dielectric susceptibility with respect to E':

B G_P B 1 (2.17)
X=3E ~ ay(T —T,) + 3bP2
Therefore, we find that:
1 (2.18)
= T >T

X ao(T _ To) ( 0)
(2.19)

=——7 (T<T,

In Fig. 2.4 (a), we plot the spontaneous polarization Py(T) as a function of temperature,
the polarization changes continuously at the transition temperature. The dielectric

susceptibility shows that it is divergent at transition temperature T.

1
A () (b)

Pa

> >
To T T{) T

Fig. 2.4 Second-order phase transition. (a) Spontaneous polarization P,(T) as a function of

temperature. (b) The dielectric susceptibility y.

Ifthe b < 0 with ¢ > 0, a first-order phase transition happens. Finding the polarization and
dielectric susceptibility follows same procedure as before, but we cannot neglect the
higher-order terms. The most important feature of this phase transition is that the order

parameter jumps discontinuously to zero at T, in both the spontaneous polarization and the
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dielectric susceptibility at the transition point. More common examples of first-order phase

transitions are found in solid-liquid transitions, as shown in Fig. 2.5.

A (@) 1) ()

Py

T L. 7T T T, T

Fig. 2.5 First-order phase transition. (a) Spontaneous polarization Py(T) as a function of

temperature. (b) The dielectric susceptibility y.

2.1.5 Relaxors

Relaxor ferroelectric materials are a subgroup of ferroelectric with diffuse transition. The

most well-known are lead-containing systems, such as PbMgi;3Nb2303 (PMN) [26],
PbSci1»Tai203 (PST) [27] and (Pbo.s2Lao.os)(Zro.7Tio3)O3 (PLZT) [28] etc., but several
lead-free relaxor systems are also known, such as BaTiO3-BaSnOs [29] and BaTiO:s-
BaZrOs; [30] etc. The characteristic behavior of relaxors is a broad maximum in
temperature dependent of the dielectric permittivity, whose position is shifted to lower
temperature as the frequency decreases. In Fig. 2.6, we show the temperature dependence

of the dielectric permittivity &’ of the typical relaxor ferroelectric material, PMN.

25

0

150 200 250 300 350 400
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Fig. 2.6 The temperature dependence of the real part of the dielectric permittivity measured

at different frequencies for a single crystal of PMN relaxor compound. From [31].
Relaxor ferroelectrics exhibit a larger Z—; than normal ferroelectrics, thus become a

promising candidate as dielectric in capacitors. Moreover, relaxors have great electro-
mechanical properties, especially high strains can be achieved with small hysteresis in

single crystals.

2.2 Fundamentals of Ferroelectric Perovskite

This section gives a brief review of the prototype perovskites, ferroelectric perovskites, the
solid solution xPbZrOs-(1-x)PbTiO; binary system, the search for lead-free ferroelectric
materials and the solid solution based on Ba(Zr,Ti)O3-x(Ba,Ca)TiO3 system.

2.2.1 The Prototype Perovskite

The most studied members of ferroelectrics are the perovskite oxides. The mineral
perovskite CaTiO3 was firstly discovered by Gustav Rose in 1838 and named it after the
Russian mineralogist Count Lev Perovski. Nowadays, perovskites are a very large family
of materials with chemical formula ABO3, where A and B represent cations, or a mixture
of different cations, or vacancies, with oxygen in O* state. The physical and structural
properties of the whole perovskite family are highly dependent on chemical composition
and cationic ordering [22]. The space group Pm3m is the ideal cubic perovskite structure
taken as a reference structure and is adopted at high-temperature paraelectric phase for
most ferroelectric perovskite oxides. The following description of the perovskite structure
is taken from Rabe et al. [22]. Two different perovskite views are shown in Fig. 2.7. In Fig.
2.7 (a), large atom A takes place at the corners of the cube, a smaller atom B is located at
the body center and oxygens in the centers of each face. Another view is presented in Fig.
2.7 (b), where the atom B is located at the corners, atom A are in the body center and
oxygens are located at the midpoint of each edge. The first view highlights the BOs oxygen
octahedron, while the second view highlights the AO12 cuboctahedron.
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Fig. 2.7 Two different views of the unit cell of the ABO;3 cubic perovskite structure: (a)
The atom B (blue) is located at the center surrounded by an octahedron composed of 6
oxygens atoms (red). (b) The atom A (green) is located at center with 12 oxygen first

neighbors.

To classify the perovskite structure and the degree of distortion of crystal structures, the
empirical rule of Goldschmidt [32] provides a relationship in between ionic radii in order
to specify the ion substitutions that can occur in a crystalline structure with respect to its
stability. The Goldschmidt factor ¢ is defined as:
f=_atT0 (2.20)
V2(rg +10)

where 14, 5 and 1 are respectively the ionic radius of the A-site cations, B-site cations
and oxygen ions. In practice, the structure can crystallize in a perovskite structure for 0.8 <
t < 1.2.Ift >1, the B atom is too small to fill the oxygen cage, and it may move off-center
in the octahedron (displacive distortion), leading to the ferroelectric phases as found in
BaTiOs [22, 33]. If the value of t is very close to 1, the cubic perovskite phase will be
formed, a typical example is SrTiO3 [33]. If the tolerance factor t is slightly less than one,
tilting of the oxygen and rotations will be highly favored [34, 35] as for instance in the case
of CaTiOs3 [36]. This tilting arises because the A atom is small in comparison with the space
available between the oxygen octahedra, and hence, it cannot effectively bond with all 12

O atoms neighbors.
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Many physical properties are related to the distortion of the ideal and cubic perovskite
structure. The distortion of perovskites was studied by H.D. Megaw, A.M. Glazer and
others [34, 35, 37-43], who showed how perovskite structure can be distorted. It can be
classified into three main types: i) BOg octahedral tilting. ii) Displacement of A or B cations.
iii) Distortions of the BO¢ octahedra units, eg. Jahn-Teller distortion. In fact, 23 simple tilts
system were inventoried by Glazer in 1972 [39]. They can be distributed in 15 space groups.
Additionally, he developed a new standard notation to describe the octahedra tilt of these

perovskite systems.

The octahedral tilting is the most common type of distortion in the perovskite structure.
Cation displacement are found in many compounds, namely in ferroelectric materials, as
in BaTiOs3 [44, 45]. Octahedra distortion occurs often in magnetic perovskites such as
orthomanganites, orthoferrites or orthochromites. For instance, KCuF; presents octahedra

distortions even when there are no displacement or tilts [46].

2.2.2 Example of Ferroelectric Perovskites

The most studied ferroelectric material is barium titanate BaTiOs. The ions valences are
+2 for Ba and +4 for Ti, which perfectly balances the negative total valence of oxygen
anions. The oxygen octahedron contains a Ti ion at its center. The Ba ions insure stability
and neutrality of whole lattice cell, and are located at the corners of the unit cell. The
ferroelectric and piezoelectric properties are dominated by the displacement of the Ti ions

relative to the oxygen octahedron network.

The paraelectric cubic perovskite structure (Pm3m) is found at high temperature. Then
BaTiOs3 transforms from the cubic phase to the ferroelectric tetragonal phase (P4mm) at
393 K. Additionally, two more phase transitions below the Curie temperature were
measured by Merz [47]. One is a ferroelectric phase with orthorhombic symmetry (Amm2)
occurring at 278 K from the tetragonal phase. The last phase displays a rhombohedral
(R3m) symmetry and is found below 183 K. These results are shown in Fig. 2.8
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Fig. 2.8 (a) Spontaneous polarization P; of BaTiO3 as a function of temperature. (b) The

temperature dependence of permittivity in BaTiO; [48].

The polar axis is aligned along the (001) (tetragonal), (110) (orthorhombic) and (111)
(rhombohedral) directions corresponding to the direction of the atomic displacement from
the cubic reference structure [49]. The commonly measured polarization are 33 pC.cm?in
rhombohedral symmetry, 36 uC.cm™ in orthorhombic one and 27 uC.cm™in tetragonal one
[50]. The central Ti and the O atoms undergo a relative displacement along the polar axis,

which makes the structure polar and induces the dipole moment.

Another displacive type of ferroelectric material is lead titanate PbTiO3 (c/a=1.064). It has
a paraelectric to ferroelectric transition at 760 K, which is characterized by a discontinuity
in the spontaneous polarization [51, 52]. It has a larger ‘tetragonality’ (=c/a) compared to
that of BaTiOs (c/a=1.01) [53, 54]. A polarization of about 75 pC.cm™ was measured at
room temperature [55]. The displacement of the Pb ions, in addition to that of Ti, is

substantial and contributes significantly to the spontaneous polarization [55].
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2.2.3 The PZT Solid Solution

The solid solution xPbZrOs3-(1-x)PbTiO3 is one of the most important ferroelectric and
piezoelectric materials [56]. Its chemical formula can be also written as Pb(ZrxTi1-x)O3
(with 0<x<1). PZT has the perovskite structure, where Pb>" is a divalent A cation that
occupies the A site. Zr*" or Ti*" are tetravalent B cations that occupy the B site. The
properties of PZT solid solutions were first described by Shirane and Suzuki [1, 2, 57], and
later reviewed by Sawaguchi [58]. The phase diagram of the PZT solid solution is shown
in Fig. 2.9.

Q Jaffeetal

B FEF,

T(K)

X(%Ti)

Fig. 2.9 Phase diagram of the PbTiO3-PbZrOs solid solution showing the morphotropic

phase boundary between rhombohedral and tetragonal phases. From [59].

Although PbZrOs is antiferroelectric, the solid solution with more than 10 mol.% PbTiO3
is ferroelectric. A morphotropic phase boundary (MPB) separates the PbZrO3-PbTiO3
phase diagram into two parts: a tetragonal phase region on the Ti-rich side and a
rhombohedral phase on the Zr-rich side. At room temperature, this MPB boundary occurs
at a molar ratio Zr/Ti ~ 53/47. In the region where Zr content lies in between 100% and
94%, an antiferroelectric distortion of the perovskite structure was observed, and the

polarization is cancelled with no observable piezoelectric effect.
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A breakthrough for technological applications was the discovery of very large piezoelectric
effects in PZT solid solution by Jaffe et a/ in 1954 [3]. MPB compositions present
anomalously high responses as a result of the high polarization flexibility: many physical
properties of PZT are extremal at the MPB [3, 4, 60, 61], such as dielectric, elastic, and
piezoelectric constants. There are two main descriptions of such a behavior for PZT. The
first is that the monoclinic phase is composed of twinned rhombohedral or tetragonal nano-
domains. In this “adaptive phase” model, the large electric-field induced strains are
extrinsic and also result from switching among of the “nano-twins” component. A high
domain-wall-movement explains the ease of polarization rotation. Secondly, at the MPB,
monoclinic phases are responsible for large piezoelectric response, because they facilitate

polarization rotation at least [62].

2.2.4 Lead-free Perovskite Piezoelectric Materials

Lead-based ferroelectrics, as the most important piezoelectric materials, are widely used in
actuators, sensors and transducers due to their excellent piezoelectric properties, especially
when the composition is close to the MPB [3]. However, the manufacturing of lead oxide
is highly toxic and its toxicity is further enhanced due to its volatilization at high
temperature during calcination and sintering, causing thus environmental pollution and
serious health hazards. In terms of legislation on the EU level, recent directives put severe
restrictions on the use of hazardous substances in electronic equipment [6]. According to
that, European Union restricts the use of hazardous substances such as lead as well as other
heavy metals [63, 64]. However, at present time, there is no substitute for PZT with
equivalent properties. Therefore, researchers endeavor to develop alternative lead-free

materials in order to replace lead-based materials.

There are two main families of interest for lead-free piezoelectrics, i) perovskites, i.e.,
BaTiOs, KNbO;3; or solid solutions based on these model ferroelectrics etc., ii) non-
perovskites, i.e., tungsten-bronze type ferroelectrics, bismuth layer structured ferroelectrics,

etc. Usually, perovskites are considered more suitable and stable for many applications.
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Moreover, perovskite-based lead-free ceramics have large piezoelectric properties
compared to those of non-perovskite types. For instance, perovskite-type ferroelectrics
such as BaTiO; are well known as efficient lead-free piezoelectric ceramics that show
relatively large piezoelectric constants. Their main drawback is a low Curie temperature
for BaTiOs, and in general, the difficulties of electrical poling or low relative densities for

actual piezoelectric applications [10, 63, 65].

The (Ki-xNax)NbOs3 solid solution (KNN) is considered as one of the most promising
candidates for lead-free piezoelectric applications as alternative to PZT. It has been one of
the most widely studied lead-free piezoelectric materials since early 2000 [10, 65-76]. This
system displays a high Curie temperature (Tc>400 °C), which makes it capable to be used
in piezoelectric applications over a wide temperature range. However, it is very difficult to
fabricate efficient devices based on KNN ceramics or single crystals with accurate
composition due to the strong volatility of alkali components during their elaboration
processes. Recently, KNN systems modified by LiTaOs and LiSbO; have shown a
significantly improved piezoelectric constant with Tc=279 °C and ds3 up to 732 pC.N!

after oxygen annealing [74].

BiosTips03 (BNT) and BiosKosTiO3 (BKT) are well known lead-free piezoelectric
materials with tetragonal phase. BNT was first reported by Smolenskii ez al. in 1960. BKT
was originally synthetized by Popper et al. in 1957. The binary system of BNT-BKT solid
solution was synthesized by Elkechai ef al in 1996 [77]. High piezoelectric properties can
be obtained in this system close to its MPB composition due to the high number of possible
spontaneous polarization directions and the coexistence of the rhombohedral and tetragonal
phases at MPB [78]. The piezoelectric properties of this system was improved by adding
other components, such as BaTiO3 [79]. This system displays also a high Curie temperature
(Tc>280 °C). Nevertheless, major drawbacks remain such as: lower piezoelectric properties
compared to those of KNN and highly corrosive environment due to the presence of

bismuth and alkali in the sintering temperature range [80].
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2.2.5 The BZT-BCT System

The solid solution based on Ba(Zr,Ti)Os3-x(Ba,Ca)TiO3 (BZT-xBCT) was already
investigated for dielectric study by McQuarrie ef al. in 1954 [81]. Highlights of the high
electromechanical properties of this system took off with the work of W. Liu and X. Ren
in 2009 who reported the exceptional high piezoelectric properties of
(Bao.gsCao.15)(Ti0.9Zr0.10)03 with d3z~ 620 pC/N [12], within the pseudo-binary solid
solution system (1-x)Ba(Tio.8Zr02)O3-x(Bao.7Cao3)TiO3 (x=0.5). A rhombohedral phase
(R3m) on the BZT-rich side and a tetragonal phase (P4mm) on the BCT-rich side are
present in the phase diagram [12, 82]. Initially, the phase diagram shows a Phase
Convergence Region (PCR) displaying a triple point at 57 °C and x=0.32 (Fig. 2.10 (a)).
Several refined studies revealed an intermediate region between the rhombohedral and
tetragonal phases, which is considered to be an orthorhombic phase (Amm?2) [83-85], as
shown in Fig. 2.10 (b) with a characteristic quadruple point in between four phases with

the same composition.
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Fig. 2.10 Pseudo-binary phase diagram of the (1-x)Ba(Tio.8Zr0.2)O3-x(Bag.7Cao3)TiO3
system according to (a) Liu and Ren (with triple point), from [12] and (b) Keeble et a/

(with quadruple point). The red region depicts the phase convergence region. From [86].

To the best of our knowledge, the best electromechanical properties at room temperature
were reported by Wang ef al. in 2011 for (Bao.ssCao.15)(T10.9Z10.10)O3 ceramics with dzs=
650 pC.N"!, d3;= 74 pC.N"!, kp= 0.53, k= 0.38, Tc= 85 °C, P=11.69 pC.cm? and Ec= 190

2 Theory and Literature Review 20



V.mm™'. It is demonstrated that the calcination and sintering temperature plays a very
important role on the microstructure, dielectric and piezoelectric properties of BCTZ
ceramics [14]. Acosta et al. studied the relationship between different regions of the phase
diagram and the measured electromechanical properties [87]. It is reported that the
existence of a triple/quadruple point or a general phase convergence region is not the cause
of the high electromechanical properties in the BCTZ ceramics system. The phase
convergence region leads only to a maximum of polarization. It is suggested that it is due
to 180° domain switching and an increasing in transition temperature with electric field.
On the other hand, several BCTZ single crystals have been studied since 2009. Zeng et al.
indicated that it is difficult to obtain single crystals due to the volatilization, segregation
and polycrystals occurrence during the growth [18]. BCTZ single crystals have been
successfully grown with various compositions such as (Bao.gs7Cao.143)(Ti0.928Z10.072)O3 and
(Bao.953Ca0.047)(Tio.427Z10.573)O3 by Benabdallah et al. [15]. It is shown that a continuous
cross-over from relaxor to ferroelectric state can be achieved in BCTZ lead-free materials.
Recently, excellent piezoelectric properties with di;= 496 pC.N! and k= 0.58 were
obtained in (Bao.794Cao0.206)(T10.911Z10.089)O3 polycrystalline BCTZ with mm-sized grains by
Buse et al.[88]. A spinodal decomposition phenomenon was also observed, indicating that
such behavior leads to emergence of two solid solutions of close compositions with
tetragonal and orthorhombic structure. At present time, solid solution based on
Ba(Zr,T1)O3-x(Ba,Ca)TiO3 (BZT-xBCT) are one of the most widely studied lead-free

piezoelectric materials.

During the past decade, it has been recognized that the phase diagram and instabilities of
BCTZ and thus the origin of the outstanding features of this system are different from those
of PZT. This is a fundamental question that remains poorly understood. To compare with
ceramics compounds, single crystals are expected to enable a better understanding of the
microscopic origins of these outstanding properties, such as phase coexistence, local
compositions fluctuations or polarization flexibility. For this purpose, in the scope of the
optimization of the electrotechnical response in BCTZ system, past works on lead-based
single crystal growth encouraged us to explore BCTZ single crystal and related compounds.

Furthermore, as a global consideration, the control of stoichiometry in BCTZ system and
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optimization of the piezoelectric properties to reach a giant piezoelectric response are still

of interested.
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3 Fundamentals of Crystal Growth

Crystal growth is a controlled phase transformation, from a solid, liquid or gaseous phase
to a solid phase. The choice of a particular method for growing a desired single crystal
critically depends on the physical and chemical properties of substance. Most oxide
compounds with high crystallization temperatures, such as BaTiOs-type materials, are
grown from either a high-temperature solution or a melt. The techniques for crystal growth
may range from small and inexpensive devices to very sophisticated ones. In general, three

basic steps are involved in the crystallization process [89]:

1. Achievement of solution supersaturation or melt supercooling
2. Formation of the crystal nuclei (nucleation)

3. Growth of the nuclei

In order to satisfy the demand for high quality crystals, a careful selection of the growth
conditions is needed for controlling crystal features such as dislocation density, oxygen
and cationic vacancies, elemental segregation and inclusion of solvent and impurities that
may be present. Therefore, the effect of heating and cooling conditions must be predicted
with respect to the presence of impurities on the properties of the as-grown crystal. Based
on these factors, the crystal quality can be improved by choosing suitable growth
parameters. In the following section, the basic crystal growth methods involving BaTiOs-
based materials are presented, including: Czochralski, skull melting, conventional flux

growth, floating zone crystal growth and arc-melting growth technique.

3.1 Crystal Growth from Melts

Crystal growth from melts is the most widely used method for the preparation of large
single crystals with congruent melting. A large variety of materials has been prepared as

single crystals grown from melt for many applications such as electronics and optics for
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instance. The bulk crystal of a given material is grown by solidification from its own melt.
It can be grown without any solvent, very efficiently with a high growth rate, from several
millimeters per hour for Czochralski technique (see § 3.1.1) to millimeters per minute for
Micro-Pulling Down technique [90]. The applicability of these melt growth methods
requires that the materials melt without decomposition, have no polymorphic transitions,
and exhibit low chemical activity or manageable vapor pressure at their melting points. In
melt growth, crystallization can be carried out under oxidizing atmosphere (air, oxygen),
neutral atmosphere (argon, nitrogen), reducing atmosphere (neutral gas with a hydrogen
partial pressure) or in vacuum (seldom). Inappropriate combined temperature gradient and
pulling rate disturbing the growth may lead to several physical and chemical defects such
as growth striations due to constitutional supercooling induced by impurities.

A steady growth can be achieved when the Mullin-Sekerka criterion is fulfilled [91, 92]:

mCy (1 — k)v - keor (dT) N kiiq (dT) (3.1
kD ksol + kliq dz sol ksol + kliq dz lig

where m is the slope of the liquidus between the considered material (or solute if a solution
is considered) and the dopant (or solvent), Co, is the concentration of impurities (or solvent)

in the liquid, v is the growth rate, kg,; and k;;, are the thermal conductivities of the solid

and liquid phases respectively, (%) and (Z—;) are the longitudinal thermal gradients in
sol liq

solid and liquid phase respectively, D is the diffusion coefficient of the impurity in the

Nsol

Niiq

liquid, k = is the segregation coefficient of the impurity where ng,; and n;;, are the

concentrations of impurities in the crystal and in the liquid respectively.

However, several issues of the melt growth methods can be pointed out such as difficulties
to control temperature and thermal gradients, reactivity of crucible with the material, and
possible difficulties to control the nucleation rate at the seed crystal. Moreover, a very high
melting point (T >2000 °C) of the materials limits the use of melt growth techniques due
to some defects that can arise into the as-grown crystals, such as dislocations, oxygen

vacancies, thermal stress and fractures. Cation vacancies and impurity inclusions can be
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observed where foreign atoms are incorporated into the crystal lattice either at a
crystallographic site, or at an interstitial one. Finally, high melting point materials can
exhibit a high volatilization rate during the growth process leading to vacancies and it is

difficult to avoid contamination of the melt by the crucible.

3.1.1 Czochralski Method

The Czochralski method is one of the most widely used technique to grow large-size single
crystals which are impossible to obtain by any other techniques in large quantity. It is
devoted to a very large range of compounds, such as semiconductors, oxides, fluorides, etc.
The technique was first developed by Jan Czochralski, a polish chemist, who published the
first results of his experiments in Zeitschrift fiir Physikalische Chemie in 1918 [93]. He
discovered a phenomenon never observed before: crystallization by pulling from the
surface of a melt. This new technique allowed him to obtain good quality single crystals of

pure metals like Sn, Pb or Zn, grown in air.

The typical steps of the Czochralski growth are depicted in Fig. 3.1. In this technique, the
starting materials, which can be either a stoichiometric mixture of components, a pre-
synthesized phase in powder form, or a polycrystalline chunk, is taken into a crucible and
molten in a resistive or inductive heating furnace. The chemical and physical stability of
the crucible in the processing environment is an important factor, and crucible must not
contaminate nor stress the crystal. The crucible materials which display different chemical
bonds from those of the melt are generally preferred in order to minimize their mutual

chemical interactions at high temperatures as far as possible.

For example, for the growth of oxide materials crystals such as BaTiO3, KNbO3 or LiNbO3,
noble metals give the best compromise between chemical stability and mechanical strength.
Platinum (Pt) or Iridium (Ir) crucibles are used, but their use also depends on the melting
point of the oxides (Tm). A rotating seed, cut in the appropriate crystallographic orientation,

is slightly lowered and brought in contact with the melt at the center of the crucible. It is
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kept at that position for some time in order to check whether the thermal equilibrium is
reached or not. If the crystal starts growing very fast and becomes visible to the naked eyes,
then the temperature of the melt needs to be increased. On the contrary, if the seed is
melting too fast, the temperature of the melt must be decreased. In this case, the thermal
equilibrium is achieved by cooling the melt until the crystallization occurs. The crystal
growth starts by decreasing the temperature to values slightly below the melting point step
by step as the pulling is processing. The size of the growing crystal is controlled by the
temperature gradient, the pulling rate and the rotation speed. With suitable parameters, the
Czochralski method can yield high quality and large single crystals with lengths greater

than 1 meter in the case of silicon single crystal growth.

Rotation

Tpull&rotate T

Seed

Crucible

(a) (b) (c) (d)

Fig. 3.1 Schematics of the Czochralski process: (a) Introduction of the seed crystal. (b)
Seed contact with melt and beginning of the crystal growth. (c) Crystal pulling. (d) Crystal

extraction from the melt and boule cooling.

The Czochralski growth as schematized in Fig. 3.1 has been in practice realized through
the use of a system called “Czochralski Oxypuller” at ICMCB. The system has been
designed and fabricated in France by Cyberstar (Fig. 3.2). The Oxypuller machine consists
in a gas proof chamber containing an inductive cylindrical heating coil where the iridium
crucible is set into. A Hiittinger generator of 30 kV A produces Eddy currents in the crucible
about a few tens of kHz which are dissipated via Joule effect causing the temperature
increasing. The rotation and pulling devices allow, respectively, a rotation speed up to 100

rpm and a translation speed in between 0.01 mm.h"' and 100 mm.min"!. An accurate
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Sartorius electronic balance measures the weight of the growing crystal with an accuracy
of 1 mg over a scale of 6 kg. The temperature of the furnace can reach up to 2100-2200 °C,
which is actually the maximum temperature of use of Iridium crucible. Temperature is
measured by a bi-chromatic CHINO infrared pyrometer. The crystal weight and the

electrical power as a function of time are recorded via a personal computer.

------------------------------------------------
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Fig. 3.2 (a) Schematic of a typical Czochralski puller system. (b) Experimental Czochralski
Oxypuller from Cyberstar.

As a well-developed method for crystal growth, the Czochralski technique is important and
widely used in fundamental and applied research. It is essential to investigate the growth
of new materials with excellent quality as single crystals. However, this method generally
involves a hot crucible, and it is often difficult to avoid contamination of the melt by the
crucible material, especially if the crystal to be grown displays a high melting point. It
should be mentioned that possible segregation of the elements could occur during the

crystal growth of solid solutions.
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3.1.2 Arc-Melting Method

As commonly known, high temperature processes make the hot crucible polluting the melt
or the solution through diffusion of its constitutive elements (Ir), especially when the
crystal to be grown displays a very high melting point. Radiation-heated or radio-frequency
heated Czochralski skull-melting techniques have been developed to overcome this
problem. A special furnace has also been developed which uses the technique of arc
melting on a cooled crucible in order to permit the Czochralski growth without a hot
crucible.

In 1968, Reed and Pollard designed a cold-crucible tri-arc-melting furnace [94]. In their
approach, a polycrystalline sample was melted by three electric arcs, which were ignited
between tungsten cathodes and the sample placed on a water-cooled copper anode. Since
thermal contact between the hearth and the sample was poor, the sample was molten, while
the anode remained cold. A sketch of a tri-arc Czochralski furnace with these features is
shown in Fig. 3.3. We note that BaZrOs crystals (see § 6.1.2) purchased by Crystal Base
Co.Ltd. company has been grown by this technique. Unfortunately, the company did not

supply us more information about the growth process of BaZrOs.

HO  DC motor for rotation and
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F‘L/ _ Window — Gas outlet
>/ a -

Crystal
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Seed
Cu crucible \ — Crystal
® *)
Bass anode Base anode
} - \ Teflon insulator
Gas inlet _ kR;(I]Sgng&Lowermg

Fig. 3.3 Schematic of tri-arc Czochralski crystal growing furnace.
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3.1.3 Skull Melting Technique

Some materials melt at very high temperatures, well above 2500 °C such as BaZrOs, and
cannot be melted in any of the conventional refractory crucibles. Also, there are no
commercial materials that can handle the temperature of the melt. In 1974, Russian
scientists at the Lebedev Physical Institute reported [95] the development of a new process
for melting large quantities of refractory materials without crucible or electrode
contamination called “skull melting”. This process works with a cold crucible. It is based
on two main principles: first, keeping the melt in a solid shell (skull) with a chemical
composition identical to that of the melt, secondly an inductive method for heating the

materials.

The skull melting technology is an industrial technology of growth and production of
crystals with a high melting point, such as ZrO»-based materials [96]. The most important
economic application of the skull melting technology is the production of cubic zirconia.
The system consists of a high radio-frequency induction heater, which is generated from a
direct current in an oscillating circuit and a water-cooled crucible. The single crystal is
achieved through directional crystallization of the melt. The zirconia powder is contained
in a water-cooled crucible. As the zirconia powder is electrically conductive at high
temperature, the bulk of the zirconia powder is heated by absorption of radio-frequency
energy and melts. When the powder has become molten, it is kept below the melting point
by the water-cooled crucible, usually made of copper. After several hours, the radio-
frequency heating power is slowly reduced, the zirconia powder close to the water-cooled
walls remains solid, thus forming a dense sintered shell, is named “skull”. When the rest
of the zirconia liquefies, to induce crystallization, the melt is lowered slowly from the
heating coil, as shown in Fig. 3.4. Crystal growth begins at the base of the melt, and large
zirconia columnar crystals can be produced. It should be noted that there are two important
factors for growing crystals from the melt in a cold crucible: first, the power delivered in
the melt should be accurately determined and correlated with the volume of the melt, and
second, there is a need for proper control of the heat removal through the bottom of the

cold crucible and via the surface of the melt.
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Fig. 3.4 Skull melting process: (a) Start melting and formation of the main volume of the

melt. (b) Homogenization and start crystallization. (c) Crystallization of the melt.

3.2 Growth from High-Temperature Solutions

High-temperature solution growth is defined as a growth from solutions between 300 °C
and 1800 °C. When compared with growth from the melt, crystal growth from solution
produces remarkable improvements in the quality of the grown crystals, due to a much
lower crystallization temperature and crystallization kinetics. Using a lower temperature
during the growth process means a lower density of structural defects and less
contamination in the liquid phase from the crucible. The materials to be crystallized are
dissolved in a suitable solvent. Crystallization occurs when the solution becomes critically
supersaturated. It is promoted either by the evaporation of the solvent, or by cooling the
solution or by a transport process in which the solute is made to flow from a hotter to a
cooler region. It should be noted that “7The principal advantage of using a solvent is that
crystal growth occurs at a lower temperature than that required for growth from the pure

melt” [97].

Reducing the crystallization temperature is especially valuable for materials in the
following categories:
a) Materials with incongruently melting, which decomposed before melting so that

crystallization from the melt results in some other phase.
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b) Materials with phase transitions. Since phase transitions may result in fracture or
strain, this type of materials should be grown at temperatures below this transition.

¢) Materials with a very high vapor pressure at the melting point.

d) Materials with very volatile elements. Volatility may induce changes in chemical
composition during the process close to melting point.

e) Highly refractory materials, such as BaZrOs, which are very difficult to grow from

the melt.

3.2.1 Conventional Flux Growth Method

The most widely used method is the “flux growth”, where the solvent (flux) is a molten salt
or oxide compound, or a mixture of both. Generally, a solution is a homogeneous mixture
of a solute in a solvent, where finding a suitable solvent is the key for solution-based crystal
growth. The solvent must be chosen by taking into account several important factors: low
melting point, high solubility for the given solute, appreciable change of solubility with
temperature, low viscosity, low volatility, low reactivity with container material and no
element can substitute into the desired crystal structure [98]. If the solubility is too high, it
is difficult to grow bulk single crystal. If it is too low, solubility restricts the size and the
growth rate of the crystals. Solubility data at various temperatures are essential to
determine the level of supersaturation. That is why the solubility of the solute in the suitable
solvent must be determined before starting the growth process as far as possible. Hence,
the crystallization occurs by decreasing the temperature and by following liquidus curves
of solute-solvent phase diagram at thermodynamically stable state until the solidus curve
such as an eutectic point. Fig. 3.5 (a) presents the phase diagram of the BaTiO3-BaB2O4
system [99] to grow BaTiOs3 crystals in the melt.
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Fig. 3.5 (a) Phase diagram of the BaTiO3-BaB»Os system. (b) Schematic of the

conventional setup for crystal growth by the flux method.

Fig. 3.5 (b) gives the schematic of the conventional setup for crystal growth by the flux
method used for our flux growth attempts of BaZrO3. Starting raw materials as the solute
mixed with a suitable solvent are loaded into a Pt crucible, covered by a lid (made of
platinum) and placed into a sealed Pt crucible, then set into a sealed alumina crucible to
avoid the volatilization of the solution. The solution is heated up to a temperature higher
than the liquidus temperature of the solution and kept at this temperature for 24 hours in
order to make the solution undersaturated, homogenous and stable. The growth process is
initiated by lowering the temperature slowly, typically 0.01-1 °C.h"!, depending on the
solubility of chosen material. The complete crystallization process may take from one to
several weeks. It should be noticed that the as-grown crystals are not taken out of the

solution then cooled down slowly, so that the crystals grown in the liquid solution.

Finally, the quality of the crystals depends on various growth parameters such as the
solubility for a given molar fraction in between the solute and the solvent, the growth
temperature, the temperature lowering rate, etc. These parameters have to be optimized for
each attempt. In addition, it is very difficult to grow large crystals due to absence of a seed

and random spontaneous nucleation at the crucible.

3 Fundamentals of Crystal Growth 32



3.2.2 Top Seeded Solution Growth

The Top Seeded Solution Growth (TSSG) was first introduced by Linz et al in 1965 [100],
and was described in detail by Belruss ef a/ in 1971 [101]. It is becoming increasingly
popular. The TSSG method represents an improvement of crystal growth from high
temperature methodologies as it restricts and forces crystal growth only at a point of the
free surface of the solution, i.e., on a crystal seed in contact with the surface of the solution
that can be rotated and pulled. The main difference between TSSG and conventional flux
growth method is that only one crystal grows onto a crystal seed placed in contract with

the surface of the solution and it can be extracted from the solution without thermal shock.

Rotate
(a)

Pull

Seed crystal

Grown crystal

Pt crucible

Fig. 3.6 TSSG method: (a) Scheme of the experimental configuration. (b) Experimental
set-up at [CMCB.

Fig. 3.6 shows a scheme of the TSSG setup. The mixture of raw materials of the desired
composition is loaded into a Pt crucible and placed into a vertical furnace with a low
gradient (G<1 °C.cm™). After 12-24 hours heating, depending on the materials and the
volume of the solution above the saturation temperature, we can get a homogeneous
undersaturated solution with small undercritical-sized nuclei which cannot grow. Usually

a high speed stirring with a spatula is applied to the undersaturated solution in order to
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reduce the size of undercritical-sized nuclei for getting the most homogeneous solution.
Then, after decreasing the temperature, a seed crystal with the desired orientation is dipped
into the solution at the saturation temperature. When the solution is cooled-down slowly,
the solution becomes supersaturated and the crystal starts to grow and continues to grow
while the temperature decreases steadily, following thus the liquidus curve of the solute-
solvent phase diagram. Optionally, one can pull the crystal while it grows in order to obtain
larger crystals with interesting crystallographic direction. The TSSG feature a slow
decreasing thermal ramp, for example 0.05 °C.h!, so that the crystal grows more slowly
than for Czochralski process. At the end of the growth, the as-grown crystal is pulled out
of the liquid solution and then the cooling-down to room temperature with a higher cooling

rate in the range of 5 °C.h"'-30 °C.h"! is applied.

Actually, the properties of solution (solubility of the solute to be grown, viscosity, thermal
conductivity and surface tension) affect the size and the quality of as-grown crystal. While
the geometrical set-ups of TSSG and Czochralski methods are similar, the growth issues
are different. For TSSG method, the crystal is grown from a supersaturated solution with
slow pulling velocity and low thermal gradient whereas for Czochralski method the crystal

is grown from a supercooled melt with higher pulling velocity and higher thermal gradient.

3.3 The Floating Zone Technique

The Floating Zone Technique was invented by W.G. Pfann at Bell Laboratories in
1951 [102]. The word “floating” indicates that there is no need for a crucible to hold the
charge, the “zone” is the small portion of charge which is actually made of melt and grows
as a single crystal from the seed. It is also called zone-levelling method where two solid-
liquid interfaces are present. The charge used in this technique is a cylindrical
polycrystalline sintered rod. The floating zone crystal grows from the molten lower solid-
liquid interface by pulling both the seed and the feed rod. A stationary molten zone between

rod and crystal has to be produced by contactless heating. This technique can be subdivided
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in different variants with respect to the method used to heat the rod in the zone. Induction

coils, resistive and optical heating are some examples.

3.3.1 Optical Floating Zone Technique

The optical floating zone technique uses halogen or xenon arc lamps as an energy source
and ellipsoidal mirrors for focusing. It has been employed for crystal growth of a wide
range of materials, from metals to semiconductors through oxides including high
temperature superconductors and new magnetic materials [103-107]. Optical floating zone
furnaces can be very energy efficient. With a suitable optical absorption spectrum of the
considered compound to be grown with respect to that of lamp emission, oxides with
melting temperatures as high as 2500 °C can be grown according to the type of lamps used
and their power. Different image furnaces have been developed within the last 30 years for
floating zone and similar applications [108]. Commercial systems specially designed for
optical floating zone growth are available from the following companies: NEC (single and
double-ellipsoid mirror furnaces) and Crystal Systems, Inc. (four mirror furnace) in Japan,
MPEI in Russia (open vertical ellipsoid configuration with aperture), ScIDre GmbH in

Germany (vertical configuration) and Cyberstar in France (single and double ellipsoid

mirror furnaces).
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Fig. 3.7 (a) Schematic diagram of optical floating zone apparatus. (b) Stages of nucleation

on ceramics rods. (c) Experimental set-up of a mirror furnace at ICMCB.

The schematic drawing of the optical floating zone furnace is presented in Fig. 3.7. In a
typical crystal growth process, two polycrystalline “feed” and “seed” rods are prepared and
aligned in a two- or four-mirror furnace in such a way that the tips of both rods meet at the
common focal point of the semi-ellipsoidal mirrors. The halogen or xenon lamps are
located at the other distinct focus point of each semi-ellipsoidal mirrors. The growth
chamber is enclosed by a quartz tube, which allows the control of the growth atmosphere,
such as inert, oxidizing, or reducing atmospheres, depending on the purpose of the
experiment. The growth is started by melting the tips of the feed and seed rods, establishing
a molten interface called the floating zone. Once the zone is created, the floating zone is
moved either by moving the mirrors upward or by moving the rods downward. During the
translation, the melt cools down and the material crystallizes on the seed rod. In the
meantime, both rods (feed and seed) are made to rotate either in opposite directions. It is
also important to note that many grains are formed at the beginning of the process. Finally,
after a certain pulled length, one grain overcomes over the others and grows as a single
crystal. The visual control of the molten zone and the growing crystal during the growth
process is monitored with a CCD camera, equipped with a filter, connected to a computer.

That allows to optically control and to record the shape of the zone.
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The stability of the growth process and the quality of the crystal obtained depend strongly
on the quality of the ceramic rod, which acts as the source of material for crystallization.
Another important aspect is the alignment of the lamp and mirrors before starting the
process. Several additional parameters can be controlled. The pulling rate can be adjusted
in order to control the average growth rate. Indeed, as the feed rod is polycristalline and as
a single crystal is growing, the feed rod has usually a slightly higher speed of translation
than that of the as-grown single crystal. Moreover, the rotation speed of both rods is
important as it is responsible for mixing of the materials, for the shape of the crystallization,

and for the defects resulting from it.

There are some limitations to the growth of crystals by the optical floating zone technique.
It is not suitable for materials which are too much transparent (no light absorption enough),
or with a high vapor pressure, or a low surface tension or high viscosity. Besides, for
materials that undergo a 1 order phase transition during cooling, the crystals may crack
during the cooling down or after growth. We note that it depends on the temperature at
which the 1% order phase transition occurs. With this technique, for BaTiO3 which exhibit
a cubic-hexagonal phase transition around 1460 °C, we can grow and stabilize directly the
high temperature hexagonal phase without any cracks and without growing the cubic phase

due to the high thermal gradient (up to 300 °C.cm™") and high pulling velocities (cm.h™).

3.3.2 Laser-Heated Pedestal Growth

The Laser-Heated Pedestal Growth (LHPG) technique is a modified floating zone melting
process that uses a laser beam as the heating source. It is a relatively new crystal growth
technique that produces 50-800 um wide fibers. Using this technique, single crystal fibers
such as BaTiO3[109], CaTiO;[110], and doped or undoped LiNbO3 [111-113] have been
successfully grown. Haggerty [114] et al. developed the LHPG technique in 1972 and later
this was improved by Feigelson [115] at Stanford University.
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Fig. 3.8 Schematic drawing of the laser-heated pedestal growth (LHPG) technique.

A schematic illustration of LHPG is given in Fig. 3.8. In the setup based on the Stanford
version of the LHPG technique, the heating laser is a high-power CO: continuous laser
(200 W) emitting at 10.6 pum. The laser beam is guided into a closed chamber through a
window and hit the reflexicon [116], where they are converted into a cylinder shell and
guided to a spherical or parabolic mirror and focused over the source material. The focusing
mirror has a hole in center allowing the seed holder to be placed in its optical axis as well
as to avoid vapor material deposition onto the optical mirrors during fiber pulling. A growth
chamber allows for a controlled growth atmosphere. This technique can easily melt oxide
compositions up to 2 mm in diameter at temperatures as high as 2800 °C. In general, the
pulling process consists in four steps. The first step is to align the seed and the pedestal
mechanically, both centered in the optical axis of the laser beam. The second step is to
create a small molten zone on top of pedestal, by turning on the plane mirror to adjust the
laser beam and slowly increasing laser power. In the third step, the seed is introduced into
the liquid and a molten zone is formed. Finally, the motors start the fiber pulling and

rotation.
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3.4 Grown of Perovskite-Type Oxides

A single crystal can be grown by various techniques. For example, BaTiO3 crystal can be
grown by flux growth, laser heated pedestal growth or floating zone technique. The flux
growth is a widely used method for growth of BaTiO; crystals. However, the disadvantages
of this method are substantial. Examples include interstitial incorporation of solvent ions
into the crystal, microscopic and macroscopic inclusions of solvent or impurities, container
problems, or a slow growth rate. It should be noticed that there is no perfect technique to

obtain high quality crystals.

Herein, we discuss a list of the perovskite-type crystals which have been prepared from
various techniques over several decades. This table is not only devoted to the crystal growth
information with an extensive list of references to previous works, but also to present a
summary of the growth techniques and particular issues related to the crystals. Most
information on the crystals are related to the end members of the BCTZ system: BaTiOs3,
CaTiOs; and BaZrOs crystals. Many other perovskite crystals have also been investigated,
for instance PbTiOs3, SrTiO3 or SrZrOs. For instance, PbTiOs is one of the end members of
the lead zirconate titanate (PbZrxTi1-xO3 0<x<1, PZT) system, which is technologically one

of the most important ferroelectric and piezoelectric materials.

Table 3.1 is organized as follows: the crystallized materials are listed in the order of the
element which is conventionally used as the first symbol in the formula for the compound.
The second column lists the employed temperature or temperature range. Column 3 lists
the technique used in the experiment, and the abbreviations used are explained at the
beginning of the table. Columns 4 and 5 presents the crystal properties and issues used by
this growth technique. The size in mm of the largest crystals grown or alternatively the
largest dimension is given in column 6. In the final column, the reference to the source

publication is given.
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AM: Arc-melting
CZ: Czochralski
EV: Evaporation
FG: Flux growth
FZ: Floating zone

LHPG: Laser heated pedestal growth
SC: Slow cooling

SM: Skull-melting

TSFZ: Travelling solvent floating zone

TSSG: Top seeded solution growth
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4 Characterization Techniques

In this chapter, the various techniques used in the characterization of our grown crystals

are discussed.

4.1 Structural Characterization

4.1.1 X-Ray Diffraction

X-ray diffraction is a non-destructive analytical technique which provides detailed
information about the lattice of crystalline substance, including unit cell dimensions, bond

lengths, bond angles, and details of site ordering.

When a monochromatic X-ray beam falls into a crystal lattice, a regular periodic
arrangement of atoms, a diffracted beam will result in certain directions. It is necessary that
the waves emitted by the individual atoms are in phase with each other in the direction of
observation. Usually a crystal lattice is drawn as a set of parallel lines at a distance d where
all atoms are situated in these planes, as shown in Fig. 4.1. For achieving the diffraction,
the incident beam, the diffracted beam and the normal to the reflecting planes wave vectors
must satisfy the phase matching condition. The plane matching condition is thus illustrated

through the Bragg’s law:

nil = Zdhleinehkl (41)

where n is the diffraction order, 4 represents the wavelength of the X-ray used, 0y, is

Bragg’s angle and dj,; is the interplanar spacing.
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Therefore, if A and 6y, are known, then the spacing between lattice planes dy; and
consequently, the unit cells dimensions and the indices h, k, 1 of those crystal planes, can

be determined.

Reflected
beam

Fig. 4.1 Schematic of Bragg’s law.

The relationship between the lattice parameters and dnk are given in Table 4.1 for the seven
crystallographic systems. For instance, some BaTiOs different structures are given in Fig.
4.2 [154, 155] where the sequence of phase transitions with respect to the temperature is
rhombohedral to orthorhombic phase transition at -90 °C, orthorhombic to tetragonal phase
transition at 0 °C, tetragonal to cubic phase transition at 130 °C and cubic to hexagonal at

around 1460 °C. In some cases, a monoclinic phase is reported [156].

Table 4.1 Seven crystallographic systems and the relationships between dna and the

corresponding lattice parameters

Crystal Axis System Relationship
System
Cubic a=b=c, 1 h*+k*+1?
a:BZY:9OO dz a2
Tetragonal a=b#c, 1 R*+k? N I
a:BZY:9OO d? a? c?
Orthorhombic azb#c, 1 m? k2
a=p=y=90° 7= +6) +Q)
Hexagonal  a=b#c, 0=$=90° 1 4(h* + hk + k?) 4 ?
,Y:1200 d2 3a2 C2
Rhombohedral a=b=c, 1 (1 +cosa)[(h? +k? +12) — (1 — tan? %a)(hk +kl+ 0]
0=p=y#90° az - a?(1+ cosa — 2 cos? @)
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Monoclinic a#b#c, 0=y=90° 1 h? N k_2 N 12 _ 2hlcosp
B£90° d?2  a?sin2f b2 ' c2sin2f  acsin?p
— i1
e “7&352'7:9’0° Z=2 (S11h? + 532k? + 53512 + 281, hk + 25,3kl

+ 25,5hl)

V? = a?b?c?(1 — cos? a — cos? § — cos?y
+ 2 cosa cos B cosy)

@) o (b)

ot 130" o;= 0,= 0, = 4009 & /

| % Terogondl 1w oy of cubi form +— Ba(2)0(2)s
) = IR;K 0 =g, of cubic form
- i fs
L/ luns presost ® ~— Bu1o0);
T € = 4022 |

voracinc”
I . Pimop=3992 (B
T T pind. . 'xwwa’u'l Ba2)0(2)s

c-aldmum!wm

oy=c of tet
¢ u,la,tﬂOl Ba(2)0(2)
-H 56 |
=g, =403
wgsi‘s—éx & @ ~— Ba)o(1);
=89°5/"

==t Ba(2)0(2);

% 47
o [/ N
, a,-c of orthorhombic form

93y, of rtherhombic form
of 90{" n, n,asssu

Fig. 4.2 (a) The different structures of BaTiO3 at low temperature. (b) Structure of

hexagonal BaTiOs.

Powder XRD data of crushed single crystals were recorded to determine the
crystallographic structure and crystallized phases purity. XRD measurements at room
temperature were carried out with a PANalytical X’pert Pro MPD diffractometer using a
Cu K radiations (4,., = 1.5406 A and Ay, = 1.5444 A), and Bragg-Brentano geometry. 26
was in the range between 8° and 80° with a step size of 0.02°. All XRD measurements were

carried out by Mr. Eric Lebraud at ICMCB.

4.1.2 Laue X-ray Diffraction and Orientation of Single Crystals

The Laue diffraction is a frequently used method for aligning bulk crystals in a desired
orientation with respect to the crystallographic axes or planes. Typically, there are two

common configurations of optics used, one is called “back-reflection” and the other
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“transmission Laue”. At ICMCB, due to the high thickness of the crystals (>0.5 mm), we
use back-reflection Laue configuration with the X-ray CCD detector placed between the

X-ray source and the crystals (see Fig. 4.4 (c)).

In this method, the crystal sample is mounted on a goniometer head set on a 6-degree of
freedom rotation and translation stages (see Fig. 4.4 (c)). An X-ray beam from an
anticathode radiates on a crystal through a capillary collimator at the center of a CCD
screen where the incident beam is perpendicular to the surface of the screen. When the
diffraction condition is fulfilled, the X-ray beam diffracted from a plane family in the
crystal results in a Bragg spot on the screen. While multiple sets of planes fulfill the Laue
condition at the same time, a diffraction pattern of corresponding spots can be observed
(see Fig. 4.4 (a)). The diffraction spots themselves correspond to reciprocal lattice points,
which are represented by reciprocal vectors corresponding to crystallographic directions.
Indeed, from an optical point of view, the reflected beam wave vector kg, the incident beam
wave vector ki and the reciprocal space vector Qnu of the considered hkl plane are

satisfying the phase matching related to energy and momentum conservation of the X-ray

photons:
iAE hAw =0 (4.2)
Ap = hAk =0
= Qnkt = E - k_d) (4.3)
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BCT.Z5-3.day

Fig. 4.3: (a) Ewald sphere construction showing phase matching in between incident and
reflected beams. The phase matching is fulfilled when a dot is on the Ewald sphere so that

Ak=0. (b) Example of a back scattered Laue pattern performed on a BCTZ single crystal.

At ICMCB, the molybdenum (Mo) tube produces enough polychromatic radiation
(Bremsstrahlung) in the range 0.5-2.5 A (see Fig. 4.4). To orient a crystal with the desired
crystallographic directions, the relative position of the crystal was changed by adjusting
the goniometer. Then, the crystal was cut with a diamond wire saw with less than 1° of
accuracy along these desired crystallographic directions. All the work of the orientation
crystals was performed at ICMCB with a PSL Laue setup (Dual lend coupled X-ray Laue
system, Photonic Science Ltd., Robertsbridge, UK) and the OrientExpress software[157]
(Institut Laue-Langevin, Grenoble, France).

(a)

Zone Axis
'y
I
I
|
|
I

Laue zone spots R I
NG

X-ray beam ; \\\‘

% -y

Single Crystal

Film
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——— CCD detector

Translation stage

X-ray generator

Computer for pattern - Rotation stage

acquisition and treatment ,-:\ p-= ”‘ Y

Fig. 4.4 (a) Scheme of the principle of the Laue technique in the back-refection mode. (b)

and (c) Experimental set up with 6-degree of freedom rotation and translation stages.

4.2 Chemical Analysis

4.2.1 Glow Discharge Mass Spectrometry

Glow discharge mass spectrometry has been recognized to provide reliable quantitative
concentrations for most elements down to levels around 0.01 ppm. GDMS is an efficient
direct solid-state analysis method without any chemical process[158]. In GDMS, an argon
gas glow discharge at low pressure is used as an ion source. The Ar” ions are accelerated
towards a cathode consisting of the sample material. The sample surface is sputtered and
evaporated neutral particles are ionized in a glow discharge plasma by Penning and/or
electron impact ionization and charge exchange process. After that, the positive ions are
separated in a double-focusing mass spectrometer due to their mass to charge and energy
to charge ratios and finally detected by ion detector. The impurity contents of BaZrO3
crystals were measured by the commercial glow discharge mass spectrometry VG-9000
(VG-Elemental, Thermo Instruments) from EAG Laboratories. The pressure of the plasma
cell is around 10 or 10> mbars. The sample is cooled down to liquid nitrogen temperature
(around -196 °C). GDMS measurements were performed by Mr. Jérémy Berot-Lartigue
from EAG laboratories.
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4.2.2 Electron Probe Micro-Analysis

Electron Probe Micro-Analysis (EPMA) is a technique for chemical analyses of small
selected areas of solid samples. EPMA is a fully quantitative method for non-destructive
elemental analysis of micron-sized volumes at the surface of materials through Wavelength
Dispersion Spectrometry (WDS). Detection limit ranges from 0.005 wgh.% (heavier
elements) to 0.1 wgh. % (lighter elements). Under normal conditions, spatial resolution is
limited to about 1 pm® by the spread of the beam within the sample. The spatial
distributions of specific elements can be recorded in the form of line profiles or two-
dimensional maps [159]. EPMA works by bombarding a micro-volume of a sample with a
focused electron beam and collecting the X-ray photons emitted by the various elemental
species. Because the wavelength of these X-rays is characteristic of the emitting species,
the sample composition can be easily identified by recording wavelength dispersive
spectroscopy (WDS) spectra. WDS spectrometers operate based on Bragg’s law and use

various moveable, shaped monocrystals as monochromators.

All BCTZ crystals were analyzed with a carbon coated polished sample using a CAMECA
SX-100 EPMA instrument (Gennevilliers, France) working at 15 kV with a WDS
spectrometry system. The measurements were performed by Dr. Michel Lahaye from
PLACAMAT — UMS 3626. EPMA reference samples [76] used to determine element

concentrations with less than 0.3 mol.% of accuracy are described in Table 4.2.

Table 4.2 EPMA reference samples for accurate quantitative analysis of elements.

Elements EPMA References
Ba BaTiOs single crystal
Ca CaF; single crystal
Ti BaTiOs single crystal
Zr ZrO; sintered ceramics (4N)
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4.2.3 Energy Dispersive X-ray Analysis

Energy dispersive X-ray analysis (EDX) is an X-ray technique used to identify
qualitatively the elemental composition of materials. The EDX systems consists in a
Scanning Electron Microscopy (SEM), where the imaging capability of the microscope
identifies the specimen of interest through Energy Dispersion Spectrometry (EDS).
Detection limit ranges from 0.1 wgh. % (heavier elements) to 1 wgh. % (lighter elements).
All the elements from atomic number Be to U can be detected in principle but the resolution
is lower than for WDS. When the sample is bombarded by the SEM’s electron beam,
electrons are rejected from the atoms from the sample surface. The resulting electron
vacancies are filled by electrons from a higher state, and an X-ray is emitted to balance the
energy difference between the two electron states. The X-ray energy is characteristic of the
element from which it was emitted. The EDX technique detects X-rays emitted from
sample during bombardment by an electron beam to characterize the elemental

composition of the analyzed volume.

EDX was achieved using a Quanta FEG 200 (FEI) coupled with an EDS GENESIS XM 4i
(EDAX) for both BaZrO3; and BCTZ crystals. The measurements were performed by Jean-
Luc Biagi from LIST.

4.2.4 Secondary Ion Mass Spectrometry

Secondary Ion Mass Spectrometry (SIMS) uses ions for bombardment and detection and
has a much higher sensitivity (ppm to ppb) than other techniques, such as EDX. In a
conventional SIMS experiment, an energetic primary ion beam, with ions such as Ga*, Cs”,
or Ar', is focused onto a solid sample surface under ultra-high vacuum conditions. The
interaction of the primary ion beam with the sample results in the sputtering and the

ejection of secondary ions from the surface of the material. These secondary ions are
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subsequently extracted into a mass analyzer, resulting in the creation of a mass spectrum
that is characteristic of the analyzed surface, and yield elemental, isotopic, and molecular
information simultaneously, with sensitivities in the parts per million to parts per billion
range. SIMS also can be utilized for both surface (at low primary ion doses) and in-depth
profiles analysis (at high primary ion doses) [160]. SIMS quantification should be achieved
with standards. The advantages of this technique are high depth resolution and high
sensitivity over periodic table. However, the disadvantages are that it is a destructive
technique, subject to many mass interferences, and that quantification require secondary

standards [161].

All BaZrO3 samples were analyzed using a CAMECA SC Ultra SIMS instrument with O>"
primary ion beam to enhance the ionization of the impurities studied. Impact energy for
0" was 1 keV with incidence angle of 64°. A beam current of 50 nA was set over a 250
um? area and ions detected from a 30 um diameter region at the center of the crater.
Analyses were performed under high vacuum conditions with chamber pressure of
approximately 1 x 108 mbar. They were carried out at low mass resolution. This caused in
particular interferences for Ti detection at mass 48 due to the presence of “*Ca. This could
be corrected for by considering the *°Ca concentration and taking into account the natural
abundance of the isotope 48. Samples were sputtered up to the depth of 1 um. Sputtering
rate was determined by sputtering a region for an extended span of time so that the crater
was sufficient to be measured despite the surface roughness. The sputtering rate obtained

was 0.08 nm.s™\. SIMS measurements were performed by Dr. Nathalie Valle at LIST.

4.3 UV-Visible Spectroscopy

The optical transmission spectra of BaZrOs3 single crystals were measured by UV-Visible
spectrometers (Cary 5000, Agilent, Santa Clara, USA) at ICMCB. The absorption can be
determined by using relation [162]:

T ~ (1 — R)?exp(—ad) (4.4)
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where T is the transmittance, R is the reflectivity, « is the absorption coefficient and
thickness of d of the samples. We neglect reflectivity. Hence, the value of the band gap in
principle be determined by Tauc plot, i.e plotting (a.hv)'" as the function of the energy hv,

where h is Planck’s constant and r equals 2 or 2 for a direct or indirect gap, respectively.

4.4 Electrical Characterization

4.4.1 Dielectric Measurement

Different setups were used for dielectric measurements. For BaZrOs, the specific
capacitance of the single crystals were measured as a function of temperature using a
Quantum Design - Physical Property Measurement System (PPMS M6000, San Diego,
USA), from 4.2 K to room temperature (298 K). The BaZrO3 samples for capacitance
measurements were prepared by deposition of gold electrodes on the surface, silver wires
were attached to the sample. Measurement cables were hold by silver paint and
measurements were performed at various selected frequencies. The temperature during the

capacitance measurements was controlled by the PPMS system.

For BCTZ crystals, the first part of this work on the temperature-dependent dielectric
properties was carried at I[CMCB out using a HP4194 impedance analyzer (Hewlett
Packard, Palo Alto, CA, USA). Electrodes were deposited on both sides of the sample by
gold sputtering. The sample was placed between two copper plates and the whole structure
was mounted inside a homemade cell (a quartz tube), equipped with a heater resistor. The
two copper plates were connected to the HP4194 impedance analyzer, which allows
dielectric measurements at selected frequencies (100 Hz-1 MHz). Liquid nitrogen can be
used to cool down to the desired temperature (around 90 K with this setup). A
thermocouple was placed near the sample and connected to a Eurotherm 902 (Schneider

Electric, Lyon, France). The Eurotherm device also controlled the heating power through
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a resistor (see Fig. 4.5). The heating or cooling rate was set to with 1 K.mn™ in the

temperature range from 90 K to 470 K.

The other part of this work was carried out at LIST with a Novocontrol Alpha-A high
performance frequency analyzer (Novocontrol technologies, Montabaur, Germany). The
system was equipped with a cryostat in the temperature range from 130 K to 470 K. The

heating or cooling rate was set to 2 K.mn™.
liquid
_

_

— |
Impendance -—— Quartz tube
analyzer

-« Thermocouple

Vacuum condition

\/

Fig. 4.5 Schematic of dielectric measurement setup at ICMCB.

4.4.2 Ferroelectric Hysteresis Loop

A ferroelectric hysteresis loop is the direct proof of ferroelectricity. The classic electrical
circuit for ferroelectric hysteresis loop measurement is called the Sawyer-Tower
circuit [163]. The measurement circuit can be simplified like Fig. 4.6. The voltage was
supplied by a function generator (Agilent, 33210A, Agilent Technologies, Boblingen,

Germany). The applied voltage and the voltage across to the reference capacitor were
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recorded by an oscilloscope (Agilent DSO5014A, Agilent Technologies Boblingen,
Germany) and amplified by a high voltage amplifier (Trek, model 20/20C, Medina, NY,
USA).

Sample
Funtional Y
generator X = . ) X
scilloscop
Amplifier —J
Reference — 1 Y
capcitor ——1——

Fig. 4.6 Sawyer-Tower electric circuit for ferroelectric hysteresis loop measurement.

In the Sawyer-Tower circuit, the sample capacitor and the reference capacitor are in series.

The value of capacitance of the reference capacitor (Cr) should be much higher than that

of the sample (Cs). The polarization (P) of the measured sample and the applied electric

field (E) can be calculated by the following equations:

Cr-U C
P=&=&= R R=_R_UY 4.5)

(4.6)

where Cr is the capacitance of the reference capacitor, Cs is the capacitance of the sample.
Qs and Qp represent the collected charges of the sample and the reference capacitor,
respectively. Us is the voltage drop across the sample. Ur is the voltage drop across the
reference capacitor. Uy and Uy are the voltages recorded by the oscilloscope in the X and

Y channels. The typical triangular waveform with a 10 Hz frequency were selected.
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4.4.3 Electrical Poling and Piezoelectric Measurement

In a microscopic crystalline structure that includes several such unit cells, the dipoles are
by default found to be randomly oriented. When the material is subjected to an electric
field, each dipole rotates from its original orientation toward a direction that minimizes the
overall electrical and mechanical energy stored in the dipole. It is important to create an
initial state in the materials such that most dipoles will be oriented in the same direction.
This process of forcing the dipoles to orient themselves in a particular direction is called
poling (see Fig. 4.7). During the poling, the sample is applied a very high electric field in
order to all the dipoles followed the direction of the filed. Most dipoles are roughly oriented

in the same direction when switching off the electric field.

() (b) (c)
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Fig. 4.7 Schematic of poling process of a crystal (a) Unpoled. (b) During poling. (c) Dipoles

towards same direction after poling.

The BCTZ samples were first sputter-coated with gold electrodes. The sample was
connected to electrodes with the power supply (TTi, EL-301R, Emona Instruments)
switched off. The power supply was connected to a high voltage amplifier (Trek, model
20/20C, Medina, NY, USA), which provided precise control of output voltages. An Eco
thermostat system (Lauda Eco Gold Re 415) was used for heating or cooling the samples
in a silicone oil bath. The specified electric field was applied in the temperature range from
above Curie point (T¢) down to room temperature. The various BCTZ samples were poled
at different electrical field amplitudes with a constant poling time of 30 minutes. The

electric field was then set to zero. The samples were subsequently removed from the oil
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bath. After poling process, the longitudinal direct piezoelectric coefficient d3; was

measured using a Berlincourt d33 meter (PM3500, KCF Technologies, State College, PA).

4.5 Raman Spectroscopy

The Raman effect was discovered by C.V. Raman and K.S. Krishnan in 1928 [164]. Raman
scattering is a fundamental form of molecular and solid state spectroscopy [165]. It is used
to obtain information about the structure and properties of molecules from their vibration

transitions [166].

The origin of Raman spectroscopy is an inelastic scattering effect through a photon-in
photon-out process. In such case, the excitation radiation source is monochromatic. Both
elastic and inelastic scattering by the sample are observed in a Raman experiment. In elastic
scattering (Rayleigh scattering), the crystal is excited to a virtual state, and then relaxes to
the original vibrational state by re-emitting a photon at the same frequency as the incident
light (hws = hw;). There is no energy exchanged with the incident radiation in this case

(see Fig. 4.8).

(a) (b) (c)
Virtual @ = = = e e e e e - - - - = e
states _— - e —m m = m | =]
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:
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V=3 .
Vibrational v=2 :
states V=1 :
V=0 y y

Rayleigh Stokes Anti-Stokes
hws=hw: AEvihratiun>0 AEuibmtian<0
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Fig. 4.8 Rayleigh and Raman scattering (a) Rayleigh scattering (b) Stokes Raman
scattering (scattered photon has less energy than the incident photon) and (c) anti-Stokes

Raman scattering (scattered photon has more energy than the incident photon).

Only a very small fraction of the light undergoes inelastic scattering (Raman scattering).
When Raman scattering occurs, the exited crystal relaxes to a different vibrational level,
rather than the initial state. The energy of the inelastically scattered photon is different from
that of the incident light. In a Raman spectrum, the energy difference between the incident
and scattered lights appears as a frequency shift between the scattered light (ws) and the
incident light frequency (w;). Those two frequencies are related to the vibrational energy

by the following equation:

hw; = hog + AEyipration 4.7)

In Raman experiments, the final vibrational state of the crystal can be either higher or lower
in energy than the original state. In such case where the final vibrational state is higher in
energy than the original state, the scattered photon will exhibit a lower frequency than the
incident radiation. Thus, a red shift from the excitation frequency is observed. Raman
bands of this type are called Stokes Raman scattering (AE,;pration > 0). Similarly, a blue
shift from the incident radiation is observed when the final state exhibits lower energy than
the initial state; these Raman bands are referred to as anti-Stokes Raman scattering
(AE ipration < 0). Since most of the molecules are at ground vibrational state (v=0) at
room temperature, the Stokes scattering exhibit higher Raman intensity than the
corresponding anti-Stokes scattering, which originate from an excited vibrational state, for

example v=1. Thus, the Stokes scattering are more commonly measured.

Porto’s notation is a way to indicate the configuration of the Raman scattering experiment.
It expresses the orientation of the crystal with respect to the polarization of the laser in both

the excitation and analyzing directions [167]:

A(BC)D (4.8)
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where A and D present the directions of propagation of the incident light (ki) and scattered
light (ks), respectively. B and C present the directions of polarization of the incident light
(Ei) and scattered light (Es), respectively. In a backscattering geometry, indicated that the
incident and scattered light propagate in opposite direction, as shown in Fig. 4.9. The
scattered light is analyzed by positioning an analyzer in front of the entrance of the
spectrometer. The analyzer is oriented either along the Y-axis (parallel polarization) or the

X-axis (crossed polarization).

Excitation laser Raman scattering
Z-axis Z-axis

Laser polarization (red)
parallel to horizontal (X) axis

Analyzer polarizer orientation (blue)
parallel to vertical (Y) axis

&
g
<
&
s, Sample
P
o

Horizontal (X) axis

Porton notation: Z (X Y)Z

excitation axis (excitation polarization analyzer polarizer orientation) Raman scattering axis

Fig. 4.9 Schematic of Porto notation.

Wavelength dependent Raman spectroscopy were carried out by using a Renishaw inVia
Reflex Raman Microscope (Renishaw, UK) at room temperature. The monochromatic light
is provided by four laser excitation sources: a Helium-Cadmium laser (325/442 nm), a
frequency doubled Nd: YAG (532 nm) laser, a Helium-Neon (633 nm) laser, and a diode

laser (785 nm). Raman spectra were recorded in backscattering geometry.

Temperature dependent Raman spectroscopy were performed with a Cryostat (Microstat
Hires, Oxford Instruments, UK), which allows a temperature range from 4K to room
temperature. The cryostat is connected with a MercuryiTC temperature controller (Oxford

Instruments, UK). The cell is cooled with liquid helium for low temperature.
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5 Crystal Growth and Characterization of CaTiO;

5.1 Crystal Growth

The mineral perovskite CaTiO3 is an end member of BCTZ system. There was a significant
amount of research works reported on CaTiO3 [36, 110, 133, 134, 168-172]. Bulk crystals
can be grown by various techniques, such flux method [134], optical floating zone
technique[171] and laser heater pedestal growth [110], etc. Hence, owing to its high
melting point, the growth of CaTiO3 was both investigated by flux method and by mirror

furnace.

5.1.1 Crystal Growth by Flux Method

The CaTiOs single crystals were grown at FEE GmbH by the flux technique using a LiF-
KF solvent as previously reported [173]. A starting mixture consisting in 100.8 g KF, 45.0
g LiF, 11.85 g Ca0, and 12.85 g TiO2 was set in a platinum crucible and heated to 1250 °C
in air. Following a 4-hour soaking at this temperature, the system was cooled at a rate of
1 °C.h! down to 875 °C. Single crystals of CaTiOs; were obtained by spontaneous
nucleation and were found trapped in the solidified LiF-KF mixture flux. Crystals were
easily extracted from the flux, which is soluble in hot water. Crystal faces were naturally
orientated along (100),c direction as displayed on Fig. 5.1. As-grown single crystals were
millimeter-sized and were colored probably due to fluor-based impurities as previously
observed in BaTiOs crystals grown from KF solutions by Remeika method [117, 174, 175].

No further characterization was possible on these crystals.
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Fig. 5.1: As-grown CaTiOs single crystal grown from LiF-KF solution. Natural flat faces

are oriented along (100),. crystallographic direction. Scale bar: 1 mm.

5.1.2 Crystal Growth by Optical Floating Zone Furnace

The starting materials used for the preparation of feed rods for CaTiO3; were CaCO3 and
TiO2 with high-purity (99.99%). Stoichiometric amounts of the raw materials were
thoroughly ground together (CaCO3+Ti0:) and then synthesized in a horizontal furnace at
500 °C for 6 hours in air to remove CO; at first. Then the mixture was calcined at 1300 °C
for 24 hours, with intermediate grinding. After phase identification using XRD, calcined
powders were used for feed rod preparation. To make polycrystalline rods for the floating
zone growth, approximately 10 g of calcined powders was packed into a thin rubber tube
and sealed in the metallic tube while being evacuated using a vacuum pump. The powder
was compacted into a rod, typically 6mm in diameter and 50mm long, by placing the sealed
tube containing the powder in a hydraulic press under an isostatic pressure (P= 50 MPa)
(see Fig. 5.2(a)). After removal from the rubber tube, the compacted rod was sintered in a
horizontal alumina container at 1400 °C for 12 hours in air. Finally, the rod was drilled at

one end and hung to a platinum wire (see Fig. 5.2 (b)).

(b)

5 Crystal Growth and Characterization of CaTiO3 63



Fig. 5.2: (a) Preparation of the compacted rod. (b) Feed rod with a platinum wire after

sintering.

Growth attempts of CaTiOs crystals have been carried out at ICMMO (Institut de Chimie
Moléculaire et des Matériaux d’Orsay, Paris, France), with Dr. Raphaél Haumont and Dr.
Romuald Saint-Martin. The apparatus employed for the floating zone crystal growth was
an image furnace from Crystal System Inc, (model FZ-T-4000-H-II-PP, Kobuchisawa,
Japan) (see Fig. 5.3(a)). In this system, the four halogen lamps minimize the temperature
gradient and allow the achievement of the most uniform temperature profile around the

sample compared to a one- or a two-mirror furnace. (see Fig. 5.3 (b)).

T

Optical Floating Zone Furnace -
dadel Ne. FLT-4000451-FF

DM@ | === Four Mirror

== Double Mirror
=~ Single Mirror

380°

Temperature profile around the horizontal Plane

Fig. 5.3: (a) Experimental device from Crystal System Inc. (b) Schematic temperature

profile in one-, two-, and four-mirror furnace.

Initially, a polycrystalline rod was used as seed and once good quality boules were obtained,
a crystal seed was used for subsequent growths. The sample feed rod was hung from the
upper shaft and the seed rod was fastened to the lower shaft. The two rods (feed and seed)
were contra-rotated at a rate of 18 rpm (upper) and 10 rpm (lower), respectively. The lamps
were moved as well as their power was adjusted so that the feed rod’s tip was melted, and

then connected to the seed rod’s tip (see Fig. 5.4).
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(b)

Fig. 5.4: (a) Feed and seed rods. (b) Beginning of melting of the rods before connection.

(c) Connected rods.

The molten region was stabilized and becomes a “floating zone” (see Fig. 5.5 (a)), which
was a section of the molten material suspended between the two rods by surface tension.
The lamps were moved up to create the molten zone leveling along the sample. All the
crystals were prepared using a growth rate in the range of 2-4 mm.h"! under air condition
based on the previous works performed at ICMMO [176]. The as-grown CaTiOs crystals

were transparent and red-brownish colored (see Fig. 5.5 (b)).

Fig 5.5 (a) Initial stage of the process: the feed and seed rod are brought into contact by
careful melting. (b) Large CaTiOs single crystal grown by the optical floating zone

technique.
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5.2 Structural Analysis

Fig. 5.6 shows the Le Bail fit obtained by X-ray powder diffraction performed on a crushed
as-grown CaTiOs single crystal. The CaTiO3s sample has an orthorhombic structure with
space group Pbnm (n° 62). The lattice parameters are a=5.377 A, b=5.439 A and ¢=7.637
A. It is noted that X-ray powder diffraction of as-grown CaTiO; crystal is consistent with
previously reported results in ICSD #62149 (CaTiO3).
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Fig. 5.6 XRD powder diffraction diagram of the grown CaTiO3. Yobs and Ycal correspond
to the observed and calculated data, respectively. A plot of differences (Yobs — Yeal).

A piece of CaTiOs crystal was cut from the CaTiOs3 single crystal rod. Fig. 5.7 shows the
Laue diffraction pattern of the CaTiOs single crystal. The pattern shows diffraction spots
which indicate the single crystal nature of the material since no diffraction rings can be
observed. In addition, no splitting spots was observed, indicating thus the apparent good
crystallinity of the material. By using the Orientexpress software [157] which simulates
theoretical Laue patterns, we have generated CaTiO3 theoretical pattern that we make

match perfectly over the Laue experimental pattern. CaTiO3 is oriented roughly towards

5 Crystal Growth and Characterization of CaTiO3 66



the (100),c direction, which is also indicated the natural growth direction of CaTiO3 when

using a polycristalline seed.

Fig. 5.7 Laue diffraction pattern of the grown CaTiO3 single crystal. Red spots

corresponding to theoretical pattern match with white experimental spots.

5.3 Chemical Analysis

The impurity content of the CaTiO3 crystal was determined by GDMS. The measured the

final as-grown concentration are listed in Table 5.1.

Table 5.1 Values of impurities measured by GDMS in ppm at. (mol).

Element Concentration
ppm at. (mol)
Li 16.7
(0] X
Na 3.3
Mg 179.0
Al 221.7
Si 7.7
P 0.8
S 3.6
Cl 0.2
Ca X
Sc 0.4
Ti X
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\Y 2.3
Cr 314

Fe 29.2
Co 1.2
Ni 1.3
Cu 34
Zn 1.9
Rb 1.0
Zr 14.6
Ba 99.0
La 0.2
Ce 2.3
Nd 0.2
Sm 0.2
Eu 0.3
Gd 1.2
Tb 0.7
Yb 0.1
Lu 0.1

From the results, we found that the dominant impurities of CaTiOs3 single crystal were Al,

Mg and Ba.

EPMA was complementally performed to determine average elemental composition
(mol%) of as-grown CaTiOs3 crystal (Table.5.2). A piece of CaTiOs3 crystal about 6 mm in
diameter, cut from the CaTiOs single crystal rod, was used.

Table 5.2 Average atomic composition of as-grown crystal.

Crystal Ca (%) Ti (%) 0 (%)
CaTiOs 20.28 19.83 59.90
Theory 20 20 60

At this scale of analysis, EPMA indicated that chemical ratio between the different cations
Ca, Ti and O are very close to the expected ones. This gives an evidence of homogenous

chemical composition inside the crystal.
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5.4 Raman Study of a CaTiO; Single Crystal

We cut and polished a plate of CaTiO3; with 0.5 mm thickness and 6 mm in diameter in
order to carry out the Raman measurements. The excitation wavelength was 633 nm from
a He-Ne laser source. Power of 9.2 mW was incident on the sample in a 0.86 pm diameter
spot through a standard microscope objective lens with magnitude x 100. The spectra were
collected with 50s data point acquisition time over a spectral range of 100 — 800 cm™!, as

shown in Fig. 5.8

Intensity (a.u.)

100 200 300 400 500 600 700 800
Raman shift (cm™)

Fig. 5.8 Raman spectrum (unpolarized) of CaTiOs single crystal at room temperature.

The Raman active phonon modes of crystallographic phase were predicted by factor group
analysis, and the results are presented in Table 5.3. As mentioned before, CaTiOs3 single
crystal is orthorhombic with space group Pbnm. Theoretically, the total 60 I" -point phonon
modes, 24 (7Ag + 5B1g + 7B2g + 5B3g) [177-179] are Raman-active, 25 (9B1y + 7By + 9B3y)

are infrared-active, 8 (8Au) are silent, and 3 (Biu + B2y + B3u) are acoustic modes.
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Table 5.3 Factor group analysis and selection rules for the zone-center vibrational modes.

Atom Number of Site Irreducible representations
equivalent symmetry
positions
(Wyckoff notation)
Ca 4(c) Cs 2Ag + Big + 2By
+ B3g + Au + 2B1u + B2u + 2B3u
Ti 4(b) Ci 3Ay + 3By + 3B2y + 3Bay
01 4(c) Cs 2Ag + Big + 2B,
+ B3z + Au+ 2By + Boy + 2B3u
02 8(d) Ci 3Ag +3Big + 3By

+ 3B3g + 3Au + 3B1u + 3B2u + 3B3u

Modes classification

I Raman = 7Ag + 5B1g + 7Bag + 5B3g Ag: 6 xx, G yyand 6 27
I' kR =9B1u + 7B2u + 9B3y Big: 0 xy
I" acoustic = B1u + B2u + B3y Bag: 0 xz
I sitent = 8Ay Bs3g: 0y,

The Raman spectrum of CaTiO; (see Fig. 5.8) shows a number of sharp peaks
superimposed to a lower broad feature between 150 and 550 cm™!, and a second broad band

'"and 800cm™. This is in accordance with the spectra obtained by

between 600 cm
McMillan and Ross [180] and Gillet ez al. [170], also similar to the band position reported
by Balachandran and Eror [181] and Hirata et al. [182]. Here, 9 Raman modes are observed
in Table 5.4. Fewer bands are observed in the Raman spectrum than those which were
predicted by the factor group analysis. This is due to 1) band overlapping of the numerous
Raman modes, i1) small distortions from the cubic perovskite which may result in narrow
splittings and low intensities for some Raman modes, and iii) an intense background
scattering [171]. Guennou et al. [171] showed a similar spectrum of CaTiO3 at room
temperature where assigned the two broad bands to a second-order scattering processes, by

analogy with cubic perovskite SrTiOs3 [170, 180, 183] in which a very similar background

is observed although first-order Raman modes are forbidden by symmetry.
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Table 5.4 Frequencies (cm™) of unpolarized Raman bands and their assignments for

CaTiOs3 perovskite.
Bands assignment ~ Ref. 78 Ref. 79 Ref. 80 Ref. 81 This Labels
work correspond
to Fig. 5.4
Ca-TiO:s lattice 154 155 155 156 a
mode
O-Ti-O bending 181 181 180 175 182 b
modes
225 226 226 224 226 c
246 248 247 244 248 d
284 290 286 286 286 e
337 340 337 336 337 f
Ti-Os torsional 469 470 471 471 470 g
modes
493 496 495 492 493 h
Ti-O symmetric 640 639 638 i
stretching

5.5 Conclusion

CaTiO; single crystals were grown by both flux technique and optical floating zone
technique. GDMS reveals Al, Mg and Ba as main impurities in as-grown CaTiO3 crystal
grown by optical floating zone furnace. Furthermore, EPMA analysis indicated that
chemical ratio between them are very closed to the expected. The Raman spectra of CaTiO3

is are in good agreement with the spectra referenced in the literature.
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6 Crystal Growth and Characterization of BaZrQO;

6.1 Crystal Growth

Owing to its large lattice constant, high melting point, low thermal expansion coefficient,
low dielectric loss, and low thermal conductivity [184-186], BaZrOs; has become very
attractive and popular for fundamental research and device applications. More particularly,
BaZrOs is known to be used in lead-free BaTiOs-based (BCTZ) [187] solid solution which
exhibits, unexpectedly, high piezoelectric response [12] because the polarization
mechanisms impacted by BaZrO; remains poorly understood at the phase convergence
region of this system [86]. Hence, for a better understanding of the giant piezoelectric
response of BCTZ solid solution, it is of great importance to measure the intrinsic
properties [186] of BaZrO3 in order to comprehend and to model more accurately BaTi0s-

CaTi0O3-BaZrOs phase diagram as previously reported [188-190].

In this chapter, the growth of BaZrOs single crystals by two methods, the flux method and
the optical floating zone technique were investigated. The properties of the crystals
obtained by the optical floating zone technique were compared to those of commercial

crystals with same orientation.

6.1.1 Crystal Growth by the Flux Method

The flux method from high temperature solution is investigated in order to decrease the
crystallization temperature of BaZrOs. As suggested by the BaTiO3-BaB2O4 phase diagram
referenced by Goto et al . [99] and since B ions cannot be inserted into the BaTiOs lattice
as a foreign element, BaB,O4 (BBO) could be used as a suitable self-flux [191] to grow
BaTiO3 down to 942 °C, which is more than 650 °C below the BaTiO3; melting point
(T=1618 °C). Although the detailed BaZrO3;-BBO phase diagram remains unknown, we

6 Crystal Growth and Characterization of BaZrO3 72



assumed that BaZrO3-BBO system exhibits the same phase diagram feature than that of
BaTiO3-BBO because of the chemical similarity of Ti*" and Zr*" cations. Therefore,
BaZrO;:BBO mixtures were investigated for different molar ratios such as 10:90, 20:80,
30:70, 35:65, 40:60 and 50:50, in order to characterize the solubility of BaZrOs in BBO.
BBO flux was prepared by solid state reaction [192] by mixing BaCO; (Alfa Aesar,
99.95 %) and B20s (Alfa Aesar, 99.98 %). Then, BBO was mixed with BaZrO3; commercial
powder (Fox-Chemicals GmbH, 99.9 %). 10 g ball-milled mixtures were placed into a
platinum crucible tightly covered with a platinum lid and placed in a large alumina crucible.
A two-heating-resistive-zone furnace was used to achieve a 1 °C.cm™! longitudinal thermal
gradient. The process was performed in the following steps: i) an increasing temperature
ramp of 120 °C.h"! up to 1350 °C, with a 1-hour dwelling time at this temperature, ii) a
decreasing ramp with 1 °C.h"! down to 1250 °C, and finally, iii) the mixtures were cooled
down at a rate of 30 °C.h"! down to room temperature. The mass of the crucible containing

the mixtures was monitored all along the thermal process.

In all cases, a strong volatilization as well as flux creeping outside of the crucible were
observed with a loss of approximatively one half of the total weight of the loads (see Fig.
6.1).

(@) (b)

BZO:BBO
40:60

BZO:BBO
10:90
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Fig. 6.1 BaZrO3:BBO mixtures with different molar ratios (a) 10:90 (b) 20:80 (c) 40:60 (d)
35:65 (e) 50:50. No picture was taken for BaZrO3;:BBO mixture with a molar ratio 30:70
but it looks similar than that of 20:80.

In the lower-BaZrOs-content solutions corresponding to 10:90, 20:80 and 30:70 BaZrOs-
BBO mixtures, no BaZrOs; crystallites were detected. In the particular case of 10:90
BaZrO3-BBO solution, millimeter-sized yellow single crystals, with (111)-natural facets
corresponding to rhombohedral BaZr(BOs), (BZB) phase, were extracted from the
solidified solution (Fig. 6.2 (d)).

Higher-BaZrOs-content solutions corresponding to 35:65, 40:60 and 50:50 BaZrO3-BBO
mixtures displayed two solidified zones with white and brown colors (Fig. 6.2 (a)). In the
brown zone, BaZrOs single crystals were successfully obtained (Table 6.1) and their

structure has been confirmed by single crystal XRD with space group Pm3m and a=4.18
A.

The largest BaZrOs3 crystals with size up to 150-200 pm (Fig. 6.2 (b)) were found in the
brown zone from the 35:65 BaZrO3;-BBO solution whereas crystallites with micrometric-

sized were detected with 40:60 and 50:50 BaZrO3;-BBO solutions.
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Fig. 6.2: Flux growth with 35:65 BaZrO3-BBO solution: (a) Crucible containing the
solution (white zone) and the BZO crystals (brown zone). (b) Zoom on BZO single crystals
(brown region); (c) BaZr(BOs)> single crystals grown from 10:90 BaZrO3-BBO solution
with (d) (111)-natural faces highlighted in a Laue pattern (red dots correspond to theoretical
pattern whereas white dots correspond to experimental pattern). (111) rhombohedral faces

correspond to (001) hexagonal face, noted (HOO01).

Table 6.1 Mixtures of BaZrOs;-BaB,0O4 with different molar ratio regarding the typical size
of BZO crystals grown in the tightly lid-covered crucible.

Mixture BaZrO3:BBO (mol%) Presence of BZO BZO crystals typical size

10: 90 x x
20 : 80 x x
30: 70 x x
35: 65 v ~150pm
40 : 60 v ~10pm
50 : 50 v ~10pm
s . Bazr(BO);
*BaZrO,4

Intensity (arb.units)
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Fig. 6.3: XRD patterns of crushed sample extracted from the brown zone (red pattern) and
the white zone (black patterns) obtained from the flux growth attempt into a tightly lid-
covered platinum crucible with 35:65 BZO-BBO solution.

Intensity (arb. units)
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Fig. 6.4. Selected Raman spectra recorded in different parts of the flux grown crystals. (a)
and (b) show two representative spots where the spectra of BaZrO; and BZB can be
observed as indicated in (c), together with other spectra showing mixed cases and Raman

bands (marked with a star) that are tentatively assigned to BaxB2Os.

XRD diffractograms (Fig. 6.3) display BaZrOs, Ba;B2Os and BZB phases in both white
and brown zones with a higher proportion of BaZrO3 in the brown zone where single
crystals were detected and collected. Micro-Raman spectroscopy was performed on the as-
grown crystals from the 35:65 BaZrO3-BBO solution (Fig. 6.4). Crystals with large flat
facets exhibit a spectrum that matches previously reported Raman spectra of BaZrO3 [193-
195]. The spectrum of BZB [195] was also confirmed, consistently with the XRD analysis.
Some additional spectral features are observed but cannot be conclusively identified. In
particular, they do not match the Raman spectrum expected from the BBO flux [196] or
ZrO> [197]. We may tentatively attribute it to the BaxB2Os detected in XRD, but no
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reference Raman spectrum is available in the literature to confirm this hypothesis. We
conclude that a chemical reaction occurs between BZO and BBO at 1350 °C and it is

described by the following equation:
2B 1350°C (6. 1)
aB,0, + BaZrO; —— BaZr(B03), + Ba,;B, 05

Furthermore, in order to increase the crystal size by avoiding the flux creeping and its
volatilization from the solution, a crystal growth was performed with BaZrO3-BBO 35:65
molar ratio under controlled atmosphere in a sealed and gas-proof platinum assembly for
saturating the vapor pressure as previously reported by Albino ef al[198]. The same
thermal protocol was performed as above-mentioned. After thermal process, XRD analysis
revealed the presence of BaZrOs;, BBO and BZB compounds in the solidified solution (see
Fig. 6.5) without any visible BaZrOs3 single crystal under microscope (X64). This confirms
that the solubility of BaZrO3 in BBO is very low and below the XRD detection limit. In
addition, this suggests that the flux volatilization was the driving force governing the

growth of BaZrOs obtained in the tightly lid-covered crucible.

° BaZr(BO;),
o * BaZrO,
B BaBzo4

Intensity (arb.units)

Angle 26

Fig. 6.5: XRD pattern of crushed sample from the flux growth attempt into a sealed
platinum crucible with 35:65 BZO-BBO solution.
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Finally, we noted that the formation of BZB is systematically observed, whatever the
platinum assembly used. The chemical reaction in between BBO and BaZrO3 decreases the
amount of the latter in the BBO-based solution, partly impeding then its growth at 1350 °C.
Hence, a growth attempt was performed with BZB as a self-flux with BaZrOs-BZB 50:50
molar ratio. BZB was synthesized by solid state reaction [199] and mixed to BaZrO3
commercial powder. The load was held in an open iridium crucible under argon atmosphere,
for 12 hours at a temperature ranging in between 1550 °C - 1640 °C measured through
pyrometric measurement. A strong volatilization of the solution was observed, prohibiting
the growth of BaZrOs; single crystal from BZB flux. Indeed, XRD analysis (Fig. 6.6)
revealed the presence of only BaZrO; and ZrO:; phases resulting likely from the
decomposition of BZB at high temperature. We infer that the high thermal chemical
stability of BaZrO3 makes it difficult to dissolve in the investigated Ba-based flux of the

present work.

* BaZrO,
+ ZrO,

Intensity (arb.units)

Angle 20

Fig. 6.6: XRD pattern of crushed sample from the flux growth attempt into an open iridium
crucible with 50:50 BZB-BZO solution.

6 Crystal Growth and Characterization of BaZrO3 78



6.1.2 Crystal Growth by the Optical Floating Zone Technique

Feed rods were prepared with BaZrOs commercial powder (Fox-Chemicals GmbH,
99.9 %). The powder was sealed in a rubber tube and pressed under hydrostatic pressure
around 50 MPa. Compacted cylindrical rods were then sintered in a horizontal furnace at
1200 °C for 24 hours under air atmosphere leading to sintered feed rods about 6.5 mm in
diameter and 65 mm in length. X-ray diffraction performed on crushed pieces of sintered
rods confirmed the presence of the cubic perovskite BaZrOs; phase without any other

secondary phases.

BaZrO3 was grown using a four-mirror furnace equipped with xenon arc lamp (3 kW) (CSI
FZ-T-12000-X_VI-VP, Crystal Systems Incorporated, Japan) in collaboration with
Warwick University (England). The crystal growths were carried out under dynamic argon
atmosphere with pressure in the range 5-6 bars. A polycrystalline BaZrOs3 sintered rod was
used as seed. Once a good quality boule was obtained, a crystal seed was used for
subsequent growths. The crystal boules were obtained with a growth rate of 18-25 mm.h™".

The two rods, the feed rod and the seed, were counter rotated at a rate of 5—15 rpm.

Despite the use of a high gas pressure, a white colored deposition was observed on the
quartz tube surrounding the feed and the seed rods, indicating the evaporation of BaO
during the growth process as usually observed in zirconia-based systems [200-202] at high
temperature. The as-grown BaZrOs; boules were polycrystalline and mostly opaque and
white colored (Fig. 6.7 (a)) close to the seed, at the beginning of the growth. As the growth
progressed, the boules produced single crystals and developed facets. Without any post-
treatment annealing, as-grown single crystals are transparent to light, colorless and size up
to 6 mm long (Fig. 6.7 (b)). A single crystal, namely BZO#1, about 1.99 x 1.80 x0.6 mm?
(Fig. 6.7 (c)) oriented along (100) (Fig. 6.7 (d)) was extracted from the grown boule and
optically polished for further investigations. Its properties were compared to those of two
commercial samples, namely BZO#2 and BZO#3, (Fig. 6.7 (e) and (f)) purchased from
Crystal Base company (Japan).
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Fig. 6.7: (a) Chunk of the end of a BaZrOs boule grown by floating zone method. (b) 6-
mm long BaZrOs single crystal extracted at the end of the boule. (c) Cut and (100)-oriented
BaZrOs single crystal (BZO#1) ~ 1.99 x 1.80 x0.6 mm? (d) Back-scattered Laue diffraction
pattern of BaZrOs; single crystal with (100) orientation. Red dots correspond to the
theoretical Laue pattern. (e) BZO#2 commercial sample (top right here). (f) BZO#3

commercial sample (bottom right here).

6.2 Chemical Analysis

6.2.1 Energy Dispersive X-ray Analysis

We have performed Energy Dispersive X-ray Analysis (EDX) to analyze the possible
existence of local variations of chemical compositions. These results are shown in Table.

6.2.

No significant variations can be detected between the three BZO samples, at this scale of
analysis. Oxygen content is slightly less in BZO#1 compared to that of BZO#2 and BZO#3
samples. Moreover, Hf impurities was detected in all samples. On the other hand, the

BZO#2 commercial sample exhibits a blue color gradient. However, EDX analysis
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performed on two different areas do not reveal significant composition variations. Because

of the detection limit of EDX, other impurities have not been be detected.

Table. 6.2 Atomic composition obtained by EDX analysis, performed on BZO samples.

Sample 0 % Ba % Zr % Hf %
BZO#1 48.11 21.83 29.72 0.35
BZO#2 52.92 20.94 25.85 0.3
(Blue area)
BZO#2 53.42 20.39 25.87 0.34
(colorless area)
BZO#3 52.97 20.57 26.18 0.28

6.2.2 Glow Discharge Mass Spectrometry Analysis

The concentration of impurities in a 0.269 g-BZO#1 single crystal was measured by GMDS.
The result of main impurities contents is summarized in Table 6.3. Dominant impurities in
BZO#1 were found to be Ca, Ti, Sr and Hf. It is worth mentioning that Fe content is very
low compared to what is usually measured in oxide single crystals [203-205] grown from
crucible-based techniques with a highly polluting refractory material environment at high

temperature.

Table 6.3: GDMS analysis results of the impurity content in a 0.269 g BZO#1 single crystal
(ppm at.)

Element B Mg Al Si P S K Ca Fe Ti Sr Hf

BzO#1 08 34 62 473 15 7 156 45 1794 1.3 370 1420 3001
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6.2.3 Secondary Ion Mass Spectrometry Analysis

Fig. 6.8 shows the secondary ion yield variations observed as a function of sputtering time
ts under oxygen bombardment into BaZrOs; samples BZO#1, BZO#2 and BZO#3. ts is
directly proportional to the distance z normal to the samples surface (about 120 nm in Fig.
7). From the results shown in Fig. 6.8, the intensities of most ions stabilize quite rapidly,
expect Ti and Ca in BZO#2 and BZO#3 single crystals. Comparison of the Ca and Ti
secondary ion intensity obtained from BZO#1 single crystal with those obtained from
BZO#2 and BZO#3 single crystals indicated that the Ca and Ti concentrations are at a
prominent level, inversely to Sr concentration. The prominence of Sr, Ca, Ti and Hf

impurity elements observed by GDMS is thus confirmed by SIMS analysis.
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Fig. 6.8: SIMS depth profile (raw data) analysis of all samples.

The GDMS and SIMS measurements can be combined in order to estimate the absolute

concentrations of the main impurities in BZO#2 and BZO#3 samples. Under the

6 Crystal Growth and Characterization of BaZrO3 82



assumption that the concentration of the main elements Ba, Zr and O is identical between
all samples (identical matrices for the three samples studied), the secondary ion intensity
for impurities scales linearly with concentration. Therefore, we can use the GDMS/SIMS
measurements on BZO#1 as a calibration probe to determine the concentrations in BZO#2
and BZO#3. Hence, we determined the concentrations for the main impurities (Hf, Sr, Ca
and Ti) by rescaling their SIMS intensity with respect to the Zr intensity. The results are
reported in Table 6.4.

Table 6.4: Summary of the main impurity contents (ppm at.) for the three single crystals

by combining GDMS and SIMS measurements.

Sample Hf Sr Ca Ti
BZO#1 3001 1420 179 370
BZO#2 2791 5157 32 4
BZO#3 2937 4426 28 3

6.3 Physical Properties

6.3.1 Optical Properties

Fig. 6.9 shows the transmittance of the three samples BZO#1, #2 and #3. BaZrOs single
crystals are essentially transparent in the visible and NIR regions and exhibit a sharp
absorption edge in the near-UV. BZO#2 is remarkably different from the other crystals. It
exhibits a strong absorption band in the lower part of the visible spectrum, with a main
peak around 800 nm, which is consistent with the blueish color of the crystal (see photo
Fig. 6.7 (e)). This blueish color and the absorption band can likely be attributed to
differences in oxygen stoichiometry, as previously shown previously for example on
Lao.sNao.sTiO3 [206]. The absorption edges are significantly different for the three crystals.
BZO#1 grown by the floating zone technique, exhibits the sharpest and highest edge, while
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the BZO#2 and BZO#3 grown by the tri-arc method show edges which are shifted to lower

energies and are significantly smoother.

BaZrOs is expected to have an indirect gap according to most electronic structure
calculations reported in the literature [207-210], with a conduction band minimum at the I"
point (0,0,0) and a valence band maximum at the R point (72,%,%2), where the phonon
energies can be as high as 100 meV [186, 211]. These computations also suggest a
relatively flat valence band, with a local maximum at I" only 250 meV lower than the
absolute maximum, where direct transitions would be allowed. One study even reports a

direct band gap at I" [212].

Experimentally, the nature and the value of the band gap can in principle be determined by
the Tauc plot, i.e. plotting (a.hv)"" as the function of the energy hv, where o is the
absorption coefficient and r equals 2 or 2 for, respectively, a direct or indirect gap. The
absorption can be determined from the transmittance T, reflectivity R, and thickness d of
the samples using the relation T = (1-R)%exp(-ad) [162]. We neglect reflectivity in the
following. The absorption edge is expected to exhibit a linear regime for r=1/2 or =2,
depending on the character of the gap. Fig. 6.9 (b) and (c) show the Tauc plots for the three
crystals, whereby the blueish BZO#2 appears very different from the two others. Colorless
BZO#1 and BZO#3 exhibit a linear region in both plots, and extrapolations of this linear
region gives gap values that are very similar for the two samples: 4.89/4.86 eV for r=2
(hypothesis of the direct gap) and 4.76/4.74 eV for r=1/2 (hypothesis of the indirect band
gap) for BZO#1/#3 respectively. In addition, these both crystals show a pronounced
Urbach tail linked to near-edge defects states. In BZO#2, this appears so dominant that no

linear region can be identified.

In the present work, the value of ~4.8 eV matches the 4.1-4.8 eV reported in a study dealing
with BaZrO3 powders prepared with various degrees of disorder [209], and the 5.0 eV
found on a similar study with powder prepared by solid state reactions [213]. On the other

hand, it is much higher than that the 3.8 eV reported [214] in a study of the BZT solid
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solution, where the powders were obtained by the sol-gel route. As commonly observed,

many computations underestimate the band gap value (3.2 eV in Refs. [196, 208, 210]).
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Fig. 6.9: (a) Optical transmission spectra of BaZrOs single crystal of BZO#1, BZO# 2,

BZO#3 in a wide wavelength range. (b) and (c) Tauc plots with r=2 (top right) and 2
(bottom right).

6.3.2 Dielectric Properties

Fig. 6.10 shows the experimental determination of the real part of the dielectric response
and dielectric loss, versus temperature for different frequencies. €’ is almost frequency
independent at all temperatures. The static dielectric constant reaches approximately 40 to
50, a value that is very close to the previous report for BaZrOs powder samples [186, 215].
The real part of the dielectric response of BaZrO3 increases steadily as the temperature
decreases from 300 K for any given frequency. Furthermore, our measurements show the
existence of two loss anomalies in all samples, namely a peak in tan ¢ around 50 K and a

continuously increasing tan 8 when decreasing temperature below around 25 K. These two
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anomalies are correlated with the humps seen in €’ since they occur at similar temperature
and since they behave in a similar trend. For instance, both peaks in tan 6, occurring around
25 K and 50 K at low frequency, shift to higher temperature when increasing the frequency.
The existence of such behavior has been reported already by Akbarzadeh et al. [186].
According to the report of Akbarzadeh et al., we believe that the dielectric responses
occurring at temperature around 25 K, is due to the activation of the oxygen octahedral
rotation in BaZrOs. Regarding the second dielectric anomaly around 50 K, it seems realistic
that a frequency-dependent peak has already been reported for tan 6 in several other
perovskite systems, such as KTaOs: Nb[216, 217], KTaOs: Fe, SrTiO3: Ca, KTaO3: Mn
[218] near a similar temperature. Moreover, the chemical analysis shows that four major
impurities were found in the crystals. In such case, these peaks should become more
exacerbated when doping the sample with impurities. However, additional anomalies were
observed in BZO#1 and BZO#3 around 125 K and 170 K without clear reasons of their

presence.
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Fig. 6.10: Frequency dependence of real part of dielectric constant and dielectric loss for
BZO#1, BZO#2 and BZO#3 samples at different temperatures.

6.3.3 Raman Spectroscopy Analysis

As BaZrOs is cubic with the space group Pm3m which has no first-order Raman-active
phonon mode. In spite of this, an intense Raman spectrum is usually observed [193, 194,
219], in a way that is reminiscent of other cubic perovskites (SrTiO3 [220], KTaO3 [221]).
It is usually explained by second-order scattering processes involving combinations of two

phonons.

Fig. 6.11 (a) shows the Raman spectra of BZO#1, BZO#2 and BZO#3 single crystals
measured at ambient conditions in parallel scattering geometry. The spectra present a
comparable signature, which is similar to spectra reported in the literature [193-195].
However, the spectra features observed on our samples are much sharper and better defined,
even compared to the single crystal spectrum reported in [209], which is an indication of

the good quality of the crystals obtained with both growth methods.
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Fig. 6.11: Raman scattering spectra of BaZrOs3 single crystals at (a) ambient temperatures
and (b) at 4.2 K. The positions of the main peaks are indicated. The stars mark the weak

lines emerging at low temperatures and discussed in the text.

Raman spectra were collected upon cooling down to 4.2 K (Fig. 6.11 (b)). The similarity
of the low-temperature and room-temperature spectra confirm the absence of any structural
phase transition in the investigated temperature range. Slight changes, such as a subtle
sharpening of the bands, and very small shifts in their positions are attributed to thermal
expansion. The emergence of a couple of very weak and thin peaks can be noticed, but
have to be attributed to extrinsic effects and defects. This is demonstrated by the
observation that they are found at different positions in BZO#1 of the present work and in
the commercial BZO#2 and BZO#3 samples. Such spurious Raman lines are not

uncommon in perovskites [222], but cannot be assigned conclusively here.
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Fig. 6.12 Raman spectra of BZO#2 between 0 and 19 GPa.
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Fig. 6.12 present a high-pressure effect on the Raman spectral for BZO#2 sample. The
study was performed from ambient pressure up to 19 GPa with a step of about 0.7 GPa. It
is obviously observed that a clear spectral change above 11 GPa and can be associated with
a phase transition. This changes associated with cubic to tetragonal phase transition, which

is in good agreement with what was reported in ceramic sample [194].

6.4 Conclusion

The growth of BaZrOs by flux method and optical floating zone technique are reported for
the first time. The flux method using BaB,O4 solvent enables to grow 150-200 pm-sized
single crystals at half the melting point (1350 °C) of BaZrOs. Crystals size and quality are
restricted by the formation of BaZr(BOs)s;, which has been revealed by Raman
spectroscopy and XRD diffraction. BaZrO; boules have been successfully grown by optical
floating zone technique with single crystal sizes up to 6 mm long. They are transparent,
colorless and have been shaped as millimeter-sized plate oriented along (100) direction.
Four dominant impurities were observed through GDMS and SIMS analysis: Ca, Ti, Sr
and Hf. Optical measurements performed on BaZrO3 single crystal exhibit an optical band
gap energy of ~4.8 eV, but we could not conclude on the direct or indirect character of the
gap, where most calculations predict it to be indirect. Dielectric anomalies were observed
both at low and high temperature, indicating that inherent intrinsic and extrinsic properties,
respectively. Raman study revealed a second-order spectrum, with sharper features than in
the spectra reported so far in the literature. This Raman spectrum does not change
significantly down to the lowest temperature measured (4.2 K), which confirms the
absence of phase transition. Furthermore, a high-pressure Raman spectrum indicates a
phase transition from cubic to tetragonal at 11GPa at room temperature. The availability of
large single crystals opens the possibility for fundamental studies of BaZrOs, notably its

dynamics at the macroscopic and local scales in perovskite BaTiOs-based systems.
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7 Growth and Characterization of BCTZ Crystals

7.1 Crystal Growth of BCTZ Crystals

Over the last decade, lead-free piezoelectric ceramics of the BCTZ solid solution system
were identified as a promising potential candidate to replace lead-containing piezoelectrics
because of its high piezoelectric response of up to 620 pC.N!' for Ba(Zro2Tios)Os-
50(Bao.7Cao3)TiO3 (BZT-50BCT) compositions [12, 86]. Single crystals are expected to
have even better electromechanical properties than ceramics and it has been proposed that
BCTZ single crystals could exhibit a giant piezoelectric response around 1500-2000 pC.N"
! as predicted by Liu et al. [12]. Based on previous works reported in literature [12, 83],
we focus in this chapter on the growth and the characterization of BCTZ single crystals
with various zirconium (Zr) and calcium (Ca) contents close to the BZT-50BCT

composition, where high piezoelectric performances are expected.

7.1.1 Growth by Top-Seeded Solution Growth Technique

The starting materials were prepared from raw powders BaCO3 (99.99%), CaCO3 (99.99%),
ZrO2 (99.99%) and TiO2 (99.99%) from Fox-Chemicals GmbH. The initial oxide
compounds were weighed in the desired ratio, mixed and placed into an Ir crucible with 40
mm in diameter and 40 mm in height. The solid state reaction was performed by thermal
treatment as described by Benabdallah et a/ [15] and Prakasam et al. [75]. The solid-state

reaction process is described by the following equation:

(1—-x)BaC05; + (1 —y)TiO, + (x)CaCO5 + (y)Zr0, (7.1)
- Ba(l_x)CaxTi(l_y)ZTy03 + COZ T
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Afterward, the calcined resulting powder [75] was analyzed through XRD experiment in
order to determine the phase purity and crystallographic structure, as shown in Fig. 7.1. It
is observed that all the calcined powders exhibit single perovskite phase without secondary

phase and they are well crystallized.
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Fig. 7.1 XRD patterns of some BCTZ calcined powders 2-1 and 3-1.

Seven growth attempts of BCTZ crystals with different compositions were carried out with
a self-flux method using the Top-Seeded Solution Growth (TSSG) technique. In some
cases, after a first growth run, the load was re-used once or twice for further growths
without reloading the crucible. As mentioned previously, Cyberstar Oxypuller induction
furnace was used for the growth attempts. Growth atmosphere was Argon. Since no
suitable seed with BCTZ composition was available, an iridium rod with 3 mm in diameter
was used as a cold thermal point to initiate the nucleation and the growth of crystals, except
for BCTZ No.1 where a BaTiOs single crystal seed was used. Once the solution became
homogeneous, the Ir rod was dipped into the solution for 24 hours above the saturation

temperature. The solution was then cooled slowly with a cooling rate between 0.5 and 1.5
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°C.h"!. The crystal started to grow in the supersaturated solution while the temperature
decreased steadily. A rotation speed in between 5 rpm and 10 rpm and a pulling rate in
between 0.01 to 1.5 mm.h"! were applied. The growing crystal mass was monitored during
the whole process. At the end of the growth, the as-grown crystal was completely pulled
out from the liquid solution, and set Smm above the liquid surface to reduce the thermal

stress during the cooling down to room temperature which was performed for 72 hours.

7.1.2 Initial Compositions and Crystals Growth Results

The initial concentration of starting liquid solutions are listed in Table 7.1. For comparison,
those of the previous works of Benabdallah ez al. [15] and Buse et al. [88] are also given.
The initial load compositions are considered as the global solution composition, including
those of both the solvent and the solute to be grown. Moreover, the sum of molar
percentages of Ba and Ca cations is taken as 100% for the A site, and that of Ti and Zr

cations is taken as 100% in B site.

Table 7.1 Initial concentrations of the global solution for each growth attempt.

Attempt Corresponding ~ Amount on A site (mol%) Amount on B site
number figure (mol%)
Ba Ca Ti Zr
1-1 a 77.34 22.66 97.91 2.09
1-2 b X X X X
1-3 C X X X X
2-1 d 88.67 11.33 98.66 1.34
2-2 e X X X X
3-1 f 92.46 7.54 98.66 1.34
3-2 g X X X X
Benabdallah
et al. X 85.00 15.00 90.00 10.00
(BCTZ 1)
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Benabdallah
etal. X 77.00 23.00 98.00 2.00
(BCTZ2)
Benabdallah
etal. X 76.46 23.54 97.55 2.45
(BCTZ 3)
Buse et al.
(BCTZ 4)

X 76.80 23.20 97.79 221

The nomenclature of the table 7.1 for each attempt is written ‘x-y’ where ‘x’ labels the
composition of the solution used for the growth ‘x’, and ‘y’ enumerates the growth attempts
performed from the ‘x’ solution. For instance, it means that for 1-1 to 1-3 attempts, the
solution with first (x=1) composition was used 3 times (y=1 to 3) without refilling the
crucible in between each run. Each new attempt (y=2 and 3) performed from the first
solution (x=1) is carried out from the same solution (x=1) from which is subtracted the
mass of the crystal grown in the previous attempt and the volatilization loss. This aimed at
growing several crystals from the same first initial solution with various compositions since
segregation of elements occurs during the growth.

For comparison with previous attempts from the first solution, the 2-1 attempt was prepared
with half concentration of Ca cations in A site and a slightly decreased concentration of Zr
cation in B site. The 3-1 and 3-2 attempts were slightly different compared to previous
attempts (2-1 and 2-2). A decreased concentration of Ca cations in A site and same
concentration of Zr cations in B site were prepared. We note that all growth attempts are
targeted to be closed to Ba(Zro2Tio.8)O3-50(Bag.7Ca03)TiO3 (BZT-50BCT) composition.

@ [ (c) (d)
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Fig. 7.2 Photographs of BCTZ boules grown on BaTiO; seed and Ir rod. (a) 1-1 boule
obtained on an oriented (001)-BaTiOs seed, is covered by the solidified solution that
creeped along the rod. (b) 1-2 boule exhibiting radial cracks around the Ir rod and large
clear region. (c) 1-3 boule clearly showing the creeping of solution along the Ir rod. (d) 2-
1 centimeter-sized BCTZ polycrystalline boule exhibiting an expanded foot. (e) 2-2
centimeter-sized BCTZ polycrystalline boule exhibiting an extra-foot. (f) 3-1 centimeter-
sized BCTZ polycrystalline boule. (g) 3-2 centimeter-sized single crystal boules exhibiting

visible natural facets.

As shown in Fig. 7.2, 1-1 boule attempt was performed on (001)-oriented BaTiO3 seed.
Due to the 1% order hexagonal-cubic phase transition of BaTiOs around 1460°C [223]
which occurs in the temperature range of BCTZ growth, the boule exhibits both mm-sized
grains as well as large single crystal zones without defects. In order to replace unsuitable
BaTiOs3 seed for BCTZ growth, CaTiO3 may have been considered as a potential candidate
as a seed for BCTZ growth, even if it displays a high temperature orthorhombic-tetragonal
phase transition [224]. Indeed, crack-free CaTiOs single crystal can be grown directly from
its liquid phase [110, 171]. An Ir rod was used as the nucleation site (1-2 to 3-2 attempts).
Hence, large polycrystalline boules with millimeter-sized single crystals were produced by
TSSG technique, except attempt 7-2 which led to a centimeter-sized single crystal in the
bottom part. Almost all the BCTZ boules were observed with rough facets when viewed
from the top of the boules. The polycristalline boules exhibit polyhedral-like facets as
shown in Fig.7.2 (g) and reflect the crystal habits in the thermal configuration of the furnace.
Transparent and light-brownish single crystals without cracks were successfully extracted
from the boules. Additionally, we note that the creeping of the solution all along the Ir rod
or BaTiOs3 seed and a substantial volatilization of the flux (2-5% weigh loss of the crucible
load) were both observed during the growth. These phenomena have been detrimental to

the good control of the growth on the Ir rod or seed and affected directly the boules quality.
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7.1.3 Distribution of Elements and Effective Segregation Coefficients

a) Effective segregation coefficients of elements

Generally speaking, the concentrations of the elements in crystallized boules strongly differ
from those of the initial liquid solution from which the crystals are grown and highlight the
elemental segregation in the BCTZ solid solution crystals [225, 226]. The segregation
phenomenon is quantified by the ratio of the concentration of a given ion in the solid phase
at the early beginning of the crystallization process (i.e. in the crystal on the iridium rod or
seed, see table 7.2) with respect to that in the initial liquid solution (see table 7.1) [227].
This ratio ketr is called the effective segregation coefficient and is described simply by
Scheil’s equation [228]:

_ G (7.2)
keff = C_L

where C; is the element concentration in the solid phase that is formed at the very beginning

of the growth, measured by EPMA, and C; is the element concentration in the initial liquid

solution.

Table 7.2 Element concentrations at the early beginning of the crystals.
Attempt Content in A site (mol%) Content in B site (mol%)
number Ba Ca Ti Zr

1-1
(also Buse et 86.24 13.76 81.54 18.46
al. BCTZ)5)
2-1
(also Buse et 92.79 7.21 80.69 19.31
al. BCTZ 6)
3-1 96.26 3.74 77.45 22.55
Benabdallah et
al (BCTZ 1) 93.13 6.87 31.91 68.09
Benabdallah et
al (BCTZ 2) 85.65 14.35 79.77 20.23
Benabdallah et
al. (BCTZ3) 83.78 16.22 85.38 14.62
Buse et al.
(BCTZ 4) 86.43 13.57 81.44 18.56
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We point out that the initial liquid solution composition remains unknown for the second
and third growth attempts (y=2 and 3) for each solution (x=1 to 3) because of the already
as-grown crystal amount removed from solution (boules x-1 with x=1 to 3) and due to the
unknown volatilized amount of the solution during the first growth attempt (y=1). So that,
only the first attempt can be considered for the calculation of the effective segregation
coefficient. All segregation coefficients of individual element for the three solutions (1-1,
2-1 and 3-1) and those calculated from as-grown crystals of ICMCB which were grown
during the previous works of Benabdallah e a/.[15] and Buse et al.[229], are listed in Table
7.3. The segregation coefficients of each element rely on the relative contents of the

elements in the perovskite site (A- or B-site).

Table 7.3 Effective segregation coefficients of individual element for different growth

attempts.
Attempt Kefr in A site kefr in B site
number Ba Ca Ti Zr
1-1
(also Buse et 1.12 0.61 0.83 8.85
al. BCTZ 5)
2-1
(also Buse et 1.05 0.64 0.82 14.41
al. BCTZ 6)
3-1 1.04 0.50 0.79 16.83
Benabdallah er
al (BCTZ 1) 1.10 0.46 0.35 6.81
Benabdallah et
al (BCTZ2) 1.11 0.62 0.81 10.12
Benabdallah et
al. (BCTZ3) 1.10 0.69 0.88 5.97
Buse et al.
(BCTZ 4) 1.13 0.58 0.83 8.40
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Fig. 7.3 kefr of Ca and Zr substitution element as a function of their concentration in the

initial liquid solution analyzed by EPMA.

The segregation coefficient of Zr is significantly higher than 1. On the contrary, ket of Ca
remains lower than 1. If kefr of an element is lower than 1 as for Ca, the element is rejected
by the growing crystal, which leads to a higher element concentration in the melt in front
of the growth interface. On the other hand, the element with kesr is higher than 1 as for Zr,
the element is preferentially absorbed by the propagating solid-liquid interface, forming a
depleted element boundary layer in front of the growth interface. While kefr for Ca evolves
steadily from 0.5 to 0.69 with its content in the liquid solution, that of Zr evolves

significantly with its liquid content and reaches the outstanding values around 15 to 17 for
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lower Zr content in the liquid (1.34%). This feature makes it difficult to obtain thereafter
BCTZ samples with constant composition throughout their volume for reliable further
electrical characterization. In the following, we present a more detailed study about
quantitative analysis along transversal and longitudinal sections of the 2-1 boule where
EPMA analysis allowed the measurement of the distribution of the Ca and Zr ion contents

within the entire boule.

b) Distribution of element contents in transversal section of as-grown boules

Fig. 7.4 (a), (b) and (c) show the locations of the EPMA analysis performed on the
transversal section of the top of 2-1 boule. Four vertical analysis lines (X1 to X4) and four
horizontal analysis lines (Y1 to Y4) for each crystal sample were performed with 150-
300pum analysis step. The direction of four vertical scans along Y-axis were performed
with fixed X position. On the contrary, the direction of four horizontal scans along X-axis

were performed with fixed Y position.

e
(c)

X4 X3|x2 X1
Center of boule

Fig. 7.4 (a) View from the top of the 2-1 BCTZ boule. (b) Photograph of the transversal

section of the sample for EPMA analysis. (c) Schematic of four vertical lines and four

horizontal lines for the study.
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The distribution of Ca and Zr ion concentrations from the transversal section are plotted in
Fig. 7.5. We note that the Ca concentrations increase from the center of boule to the
periphery due to segregation kefr(Ca)<l. On the contrary, Zr concentrations show a reverse
trend, because of the segregation coefficient kesr (Zr)>1. In addition, both Ca and Zr ion
concentrations are nearly constant in the center of the boule for each scanning lines over a

6000-7000 pm length of the sample.
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Fig. 7.5 The distribution of element concentrations in the transversal section of the top of

the 3-1 BCTZ boule. (a) and (b) Ca element. (c) and (d) Zr element.

It is worth noticing that we observed at the extreme periphery of every boule a low Zr

content over a 500-1000um average thickness roughly. We attribute this feature to the
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climbing (see Fig 7.2) of the solution and/or to the volatilized amount of the solution, which
solidified above the already as-grown BCTZ boule. EPMA analysis highlighted that this
solidified material presents a different composition than that of the liquid solution. Indeed,
we observed that the BCTZ boules and Ir rod are always coated by a thin layer of BCT-
like compound with a sudden concentration drop up to 18-25% for Ca and down to 1%-2%

for Zr.

Concerning the volatilization origin of this material that solidified on the as-grown BCTZ
boule, the deposited material is likely Ti-rich as it usually observed for pure BaTiO; flux
growth with highly volatile TiO> flux [174, 230]. We also assumed that it is probably the
same trend for Ca volatilization. On the other hand, concerning the origin of climbing of
this material that solidified on the as-grown BCTZ boule, we note that the Ca concentration
tends to be always up to 18-25%. This percentage values comes likely from the fact that
there is an eutectic point in BaTiO3-CaTiO3 (BCT) system (congruent composition) around
23% of CaTiOs [231, 232]. As we have a few amounts of Zr (around 1%-2%) in the
solidified material on as-grown BCTZ boule, this eutectic point is slightly different than
that in BCT system and is, thus, found to be around 18-25%.

¢) Distribution of element contents in longitudinal section of as-grown boules

A longitudinal section is analyzed and the evolution of Ca and Zr concentrations along the
growth direction is characterized. The analysis parameters for longitudinal section are the

same than those for the transversal section.

(a)

Growth direction

X1X2X3X4
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Fig. 7.6 (a) View from the side of the 2-1 boule. (b) Photograph of the sample for EPMA

analysis. (c) Schematic of scanning lines for the study.
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Fig. 7.7 The distribution of element concentrations in the longitudinal section of 2-1 BCTZ

boule. (a) and (b) Ca element. (c) and (d) Zr element.

It can be observed in Fig. 7.7 that Ca and Zr concentrations increase and decrease with the
growth direction, respectively. The element Ca is rejected by the growing crystal, which
leads to a lower element concentration in the crystal. Additionally, the excess Ca diffuses
away from the interface, leading to an increasing of its concentration within the crystal

along the growth direction. On the other hand, due to the Zr segregation coefficient higher
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than 1, Zr element is preferentially absorbed by the growing crystal, leading to a decreasing
of the concentration within the crystal during the growth process. We note that the
evolution of the distribution of elements within the crystals is more significant along the
longitudinal section than in the transversal one. This is probably due to the fact of the
pulling rate applied during the crystal growth. The speeds of crystallization being different
from a longitudinal and transverse directions, this led thus to different element distribution

of elements regarding the growth axis.

7.1.4 Periodical Fluctuations of Composition

Chemical analysis systematically reveals periodical fluctuations of the Zr content and, to a
lower extent, of Ca content with amplitudes well beyond the accuracy limit (e.g. 0.3 mol.%)

of the EPMA analysis (see Fig. 7.8). This phenomenon is reported by Buse et al [88].
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Fig. 7.8 Schematic of Ca and Zr element fluctuations measured by EPMA.

That suggests strongly the existence of two solid solutions with close compositions as
already observed in BaZrOs;-CaZrO3 and BaTiO3-CaTiO; systems from which the BCTZ
solid solution derives, a miscibility gap allows for the coexistence of two solid solutions
through a phase segregation mechanism. Investigated BCTZ compositions range exhibits
the same trend where two Ca- and Zr-substituted BaTiO3 solid solutions are coexisting
through a very likely spinodal decomposition at high temperature. Such a phenomenon has

not been observed in BCTZ ceramics of same compositions because the synthesis time and
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temperature (~15H and 1350°C) are drastically lower to those (~up to 2 weeks and 1570 °C)
of single crystal growths and prevent then the ceramics from phase separation. As the
BCTZ compositional disorder implies Ca and Zr low amplitude concentrations fluctuations
through the boules, the system becomes unstable at high temperature and finally
decomposes. Hence, the spinodal demixion is favored by the resulting continuous
annealing of the already-as-grown crystal during the whole growth process. This out of
equilibrium process leads to pseudo-periodic distribution of the precipitated phases when
interrupted before end. This is similar in some respect to Ostwald ripening of precipitate
particles but with uphill diffusion since the diffusion takes place against the concentration

gradient.

7.2 Dielectric and Electromechanical Properties

Seven crystals with Ca and Zr compositions approaching the desired (1-x)Ba(Zro2Ti0.8)O3-
x(Bao.7Cao3)TiO3 (red line in Fig. 7.9) have been selected for dielectric and
electromechanical characterization. The crystals were extracted from within the boules
along suitable directions chosen so as to minimize the chemical inhomogeneities due to the
segregation described in previous section. The final crystals are mm-sized, and have a
relative composition accuracy about £1.5 mol.% for Zr and +0.5 mol.% for Ca. Their
average compositions are shown in Table 7.4 and Fig. 7.9.

Table 7.4 Selected crystals with average element concentrations.

Crystal number Chemical formula Ca (mol.%) Zr (mol.%)
#1 (Bao.784Ca0.216)(Ti0.966Z10.034) O3 21.6 3.4
#2 (Bao.s0sCao.195)(T10.948Z10.052) O3 19.5 52
#3 (Bao.sosCao.194)(Tio.885Z10.115)O3 19.4 11.5
#4 (Bao.776Ca0.224)(T10.911Z10.089)O3 22.4 8.9
#5 (Bao.s15Ca0.185)(Ti0.906Z10.094) O3 18.5 9.4
#6 (Bao.g26Cao.174)(Ti0.843Z10.157)O3 17.4 15.7
#7 (Bao.772Ca0.228)(Ti0.965Z10.035) O3 22.8 3.5
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Fig. 7.10 (a) and (c) temperature-dependent dielectric permittivity and losses for #1 sample.
(b) and (d) for #2 crystal.

The temperature-dependent dielectric permittivity and losses for the #1 sample at various
frequencies, is shown in Fig. 7.10 (a) and (c). Two anomalies are observed, and we note

that no shift of dielectric peaks under the three different frequencies is observed, indicating
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that the #1 sample is a normal ferroelectric material regarding previous investigations
performed on (1-x)BZT-xBCT ceramics and crystals [12, 86, 233, 234]. The anomaly at
the highest temperature is identified as the Curie temperature (Tc), corresponding to the
cubic-tetragonal phase transition (C-T). It is relatively sharp and the value of T¢ is not
dependent on the frequency. The other one at lower temperature denotes the tetragonal to
orthorhombic phase transition (T-O). For #2 sample, the small and large peaks in Fig. 7.10
(b) reveal similar behavior like the two peaks in Fig. 7.10 (a), due to the almost same

amount of Ca and Zr concentrations.
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Fig. 7.11 (a) and (c) temperature-dependent dielectric permittivity and losses for #3 sample.
(b) and (d) for #4 crystal.

Fig. 7.11 (a) and (c) reveal temperature-dependent dielectric permittivity and losses for the
#3 sample, respectively. A peak can be observed in the temperature range from -196 °C to
200 °C. There is no obvious shift of dielectric peaks under the three different frequencies,
indicating the #3 sample is a normal ferroelectric material with no relaxation. In this case,
it is characteristic of the paraelectric phase to ferroelectric phase transition. The dielectric
permittivity and dielectric losses of the #4 sample are observed in Fig. 7.11 (b) and (d).

The peak reveals similar behavior with the #3 sample.
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Fig. 7.12 (a) and (¢) temperature-dependent dielectric permittivity and losses for #5 sample.
(b) and (d) for #6 crystal.

Fig. 7.12 (a) and (c) present the temperature-dependent dielectric permittivity and dielectric
losses of the #5 sample. It is observed in Fig. 7.12 (a) that there is one very broad peak
occurring at Tmax (Tmax is the temperature of the peak of the relative real permittivity € ;. vs.
temperature) with frequency dispersion for temperature (T < Tmax) and a shift of Tmax with
a frequency. This behavior was also reported [18, 76, 82, 83] in both BCTZ ceramics and
crystals with larger amount of Zr ions. The value of Tmax is dependent on the frequency
unlike that of the Curie temperature (Tc). In addition, there is an increasing in Tmax When
frequency increases. This behavior is of relaxor type. Moreover, with decreasing
temperature, the frequency dispersion decreases in comparison with a frequency observed
at a temperature close to Tmax. The dielectric loss significantly increases, when the
frequency is increasing. Fig. 7.12 (b) show similar behavior of €;. for the #6 sample
similarly to the peak in Fig. 7.12 (a). There is a relatively sharp peak of €. at Tmax. In
addition, there is an increasing in Tmax When frequency increases. Again, this signals a

relaxor behavior.
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Fig. 7.13 Temperature-dependent dielectric permittivity and dielectric loss of #7 sample.

As shown in Fig. 7.13, crystal #7 has two sharp peaks in its dielectric constant and Tk is
not dependent on the frequency. More interestingly, an abnormal behavior is observed,
where the value of Tmax is higher than Tc. There is no clear reason why the experimental

observations show an abnormal peak.

Due to relaxor properties and cracks inside some of the crystals, electromechanical
properties of samples #1, #2 and #7 only were investigated. The ferroelectric hysteresis
loop of #1, #2 and #7 samples at room temperature are presented in Fig. 7.14. For sample
#1, the remanent polarization is approximately 10.7 uC.cm™ and the coercive field is 0.7
kV.mm'. Sample #2 has a remanent polarization approximately around 8.7 uC.cm™ which
is smaller than #1. The coercive field of #2 is 0.8 kV.mm™'. For sample #7, the coercive
field is 0.49 kV.mm''. It has a remanent polarization approximately around 3.3 uC.cm™.
Moreover, the piezoelectric coefficient d33 was measured by the Berlincourt method after
being poled at 2 kV.mm'. They are 191 pC.N"! for sample #1, 185 pC.N"! for sample #2
and 20 pC.N"! for sample #7. These are smaller values than that expected and mentioned

by Liu et al for ceramics [12].
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Fig. 7.14 Room temperature FE hysteresis loops at f=10Hz for (a) #1 sample, (b) #2 sample
and (c) #7 sample.

7.3 Double Hysteresis Loop in BCTZ Crystal

Fig. 7.15 shows the plots of polarization P vs. electrical field E at high temperature for
(Bao.776Ca0.224)(Ti0.911Z10.089)O3 sample. The PE loop reveals a double hysteresis loop
which suggests the possibility of a field-induced phase transition. Additionally, when the
temperature increases, the hysteresis loop is not detected. This behavior (double hysteresis
loop) have been observed in literature, such as in BaTiO3 [235-238], (Ba,Sr)TiO3 [239],
BiFeOs; [240] and other PbZrOs-based perovskite [58]. Based on literature, there are
several physical origins leading to double PE loops in perovskite structured materials [241]:
1) an antiferroelectric behavior, whereby it is the signature of a field-induced phase
transition from an antiferroelectric (non-polar) phase to a polar phase. ii) a pinching effect
of the ferroelectric hysteresis loop due to polar defects in the material iii) a field induced
transition from a paraelectric to a polar phase in a ferroelectric above T, as for BaTiO3
crystal. In this case, the PE relationship is unlike normal BCTZ ferroelectrics materials
which were reported in literature [ 12, 83]. In order to understand whether this phenomenon
is a typical antiferroelectric behavior or not, dielectric and high voltage hysteresis loop

have been performed.
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Fig. 7.15 The electrical field dependence of polarization at elevated temperature.

The temperature-dependent of the dielectric permittivity and losses of
(Bao.776Ca0.224)(Ti0.911Z10.089)O3 sample is shown in Fig. 7.16. From the results, only one
sharp peak can be observed, corresponding to the paraelectric to ferroelectric phase
transition. In the meantime, the value of peak is not dependent on the frequency, what is

classically attributed to a pure ferroelectric behavior.
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Fig. 7.16 Temperature-dependent of the dielectric permittivity (a) and losses (b) for this

sample.
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The (Bao.776Ca0.224)(T1i0.911Z10.089)O3 sample was poled in a silicone oil bath by high voltage
to check further whether there is an aging effect. The poling electric field was selected 2
kV.mm™'. The temperature was hold at 80 °C for 30 minutes, then a cooling (rate 1 °C.min"
1 to room temperature. The PE hysteresis loop was then measured at room temperature, as
shown in Fig. 7.17, with several maximum voltages, At the highest maximum voltage, we
observe a hysteresis loop corresponding to the ferroelectric state. We conclude that, the
double PE hysteresis loop in this BCTZ sample indicates neither an antiferroelectric
behavior nor an electrical field induced paraelectric to ferroelectric phase transition near
Curie temperature, but is an irreversible effect linked to the as-grown state of the crystal,

and which disappears after poling.
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Fig. 7.17 Hysteresis loop for (Bao.776Ca0.224)(Ti0.911Z10.089)O3 sample at room temperature.

7.4 Optical Birefringence

Almost all of the previous studies in the BCTZ system reported in the literature were made

on ceramics samples [12, 83, 86]. Hence, it is interesting to investigate the in-situ
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temperature dependent optical birefringence on crystals. It can allow to probe structural

phase changes, as birefringence is sensitive to changes of the crystalline system.

We performed optical birefringence measurement on a (Bao.776Cao.224)(Ti0.911Z10.089)O3
sample for a temperature range from 25 °C to 150 °C. All the observations and
measurements were carried out between crossed polarizers and 20 x objective lens. Some
smaller bright spots due to dust particles could be observed on the sample surface. As
described in the previous section, the Curie temperature of (Bao.776Cao.224)(T10.911Z10.089)O3
sample is 52 °C , which corresponds to a phase transition from ferroelectric tetragonal
phase to paraelectric cubic phase. The domains in this sample are expected to extinct above
the Curie temperature. However, the whole crystal reveals bright and dark region at high
temperature. This indicates that there is a lower cubic symmetry phase, as shown in Fig.
7.18 (¢), (d), (g) and (h).

Temperature Increase

(a) 25°C ~ (ms0°C

X

Fig. 7.18 In-situ observation of domain structure during the temperature cycling (scale bar:

200nm).
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To summarize, the paraelectric phase to ferroelectric phase transition were not clearly
observed in the optical birefringence. In particular, no clear emergence of ferroelectric
domains could be observed in the condition of use this experiment, this is likely due to the

inhomogeneity of the samples.

7.5 Conclusion

In this chapter, seven growth attempts of BCTZ crystals were carried out by the Top Seeded
Solution Growth technique. The relationship between the initial liquid concentrations for
both Ca and Zr elements and the effective segregation coefficients is discussed. The Ca
and Zr concentrations respectively increase and decrease with the growth direction and the
radius of the boules. It is also found that Zr cations are preferentially absorbed by the crystal
during the growth process featuring effective segregation coefficients higher than 1. Ca
cations show an opposite behavior with effective segregation coefficients lower than 1.
Moreover, a very likely spinodal decomposition phenomenon was also pointed out through
periodical fluctuation of cations contents in the crystals that is well-beyond the EPMA
accuracy limit. That suggests the coexistence of two solid solutions within the crystal with
close compositions that may affect the piezoelectric performance of BCTZ crystals
compared to that of ceramics. The investigation of dielectric properties, indicate that a
relaxor behavior is present for certain BCTZ compositions with high Zr content.
Nevertheless, most of BCTZ crystals exhibit a normal ferroelectric behavior for low Zr
content with Curie temperature ranging from 53 °C to 95 °C and ds3 up to 191 pC.N! in
the vicinity of the phase region. Due to these features, it remains an important challenge to
produce centimeter-sized single crystals with optimal and steady compositions close to that
of Ba(Zro.2Ti0.8)03-50(Bao.7Cao3)TiO3 (BZT-50BCT). Interestingly, an abnormal double-
like PE hysteresis loop was observed in (Bao.776Cao.224)(T10.911Z10.089)O3 sample, that was
associated to an irreversible effect disappearing upon poling. The inhomogeneity of the
crystals did not allow to investigate the phase transitions or domain structure by optical

birefringence.
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8 Conclusion and Prospects

In this work, we studied the growth of various single crystals grown in the BaTi03-CaTiOs3-
BaZrOs pseudo-ternary system, with the general objective to contribute to a better
understanding of the outstanding properties of BCTZ solid solution. First, we focused on
the end members BaZrO; and CaTiOs. A particular attention was paid on BaZrO3 and its
intrinsic physical properties, whose influence on the piezoelectric response in BCTZ is
poorly understood. Last, crystals of the Baj.xCaxTii-yZryOs3 solid solution (BCTZ) were
studied with respect to their chemical composition through a broad and various Zr and Ca

content range.

CaTiO; single crystals were grown by both the flux method and the optical floating zone
technique. While the flux method yielded mm-sized crystals, in the case of optical floating
zone furnace, centimeter-sized CaTiOs crystals were obtained from the melt at 1975 °C.
Chemical analysis revealed Al, Mg and Ba as main impurities in the range of 0.01-0.02
at. %. Raman spectra of CaTiO3; were recorded and were found in good agreement with

spectra referenced in the literature.

The growth of BaZrOj; crystals was the most challenging issue of this work due to its very
high melting point around 2700 °C. We used two original techniques never reported so far
in order to grow high-quality BaZrOs single crystals. On the one hand, BaB2O4 flux was
successfully used to produce 150-200 um-sized BaZrOs crystals at half its melting point
temperature. On the other hand, bulk centimeter-sized BaZrO3 boules were grown from the
melt by optical floating zone furnace at 2700 °C. The quality of the latter was compared to
two commercial crystals grown by the tri-arc method. Sr, Hf, Ca and Ti were detected by
both GDMS and SIMS as minor impurities in the range of 0.3-0.5 at. %. The optical band
gap determined by UV-visible spectroscopy was found to be ~4.8 eV and indicates the high
quality of the BaZrOs crystals grown by the optical floating zone technique. Dielectric

anomalies were observed both at low and high temperatures, featuring inherent intrinsic
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and extrinsic electrical properties. Raman spectra were recorded both at ambient
temperature and at low temperature down to 4.2 K, revealing a relatively sharp second-
order spectrum. The temperature evolution of the spectral signature has confirmed the

absence of any structural phase transition.

Finally, BCTZ crystal growth attempts were carried out using the Top Seeded Solution
Growth (TSSG) technique. Polycrystals and single crystals were obtained in the
temperature range 1450 °C-1600 °C. The segregation coefficients of Ca and Zr elements
during the growth of BCTZ compounds were investigated and found to be highly
dependent on their initial concentrations in the liquid solution. In particular, the significant
segregation coefficient of zirconium makes the growth of BCTZ crystals tricky, when
targeting a steady composition in the vicinity of those corresponding to the phase
convergence region. Furthermore, a spinodal decomposition phenomenon was evidenced,
with the coexistence of two solid solutions with close compositions in BCTZ crystals.
These two phenomena make it difficult to control precisely the final concentration of
crystals, and are likely responsible for the low piezoelectric performance of the obtained

BCTZ single crystals as compared to expectations.

Dielectric studies of the obtained crystals, have shown a relaxor behavior with high Zr
content but most of BCTZ crystals reveal a normal ferroelectric behavior. More
interestingly, an abnormal double-like PE hysteresis loop was observed in
(Bao.776Ca0.224)(Ti0.911Z10.089)O3 sample, that was associated to an irreversible effect
disappearing upon poling. Optical birefringence measurement did not enable the
observation of the paraelectric phase to ferroelectric phase transition. No clear emergence

of ferroelectric domains could be observed in the condition of the use of this experiment.

The principal perspective for future works based on those results can be divided into two

parts.
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In the case of BaZrOs, the availability of large, good quality single crystals opens the
possibility for fundamental studies of its intrinsic properties, building on the preliminary
results reported here on the dielectric anomalies, the optical properties and the Raman
spectra. Notably, the Raman spectra display features that are sharper and more clearer than
the literature, and a detailed work on its interpretation and a detailed assignment has been
started, in combination with lattice dynamical calculations by DFT. Furthermore, a high-
pressure Raman experiment has also been performed and has provided evidence for a phase
transition from cubic to tetragonal at 11 GPa at room temperature, and a more detailed
analysis is being carried out. Other physical measurements are also being discussed (lattice
dynamics by inelastic neutron scattering and hyper-Raman spectroscopy, elastic properties

by Brillouin spectroscopy etc.).

In the case of the BCTZ system, the improved understanding and control of both
segregation and spinodal decomposition phenomena will be highly required. Further
studies by decreasing the Zr and Ca contents could be undertaken in order to approach
Ba(Zro2Ti0.8)03-50(Bag.7Cao3)TiO3 composition in order to reach a giant piezoelectric

response with relatively high Curie temperatures, that can compete with PZT.
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