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Abstract: Perovskites belong to one of the largest oxide families. The interesting physical properties and important
applications have been widely investigated in this system since the last century. Among the large perovskite family, one
of the most important groups is the ferroelectric oxide, which possesses extremely high values of dielectric constant and
low dielectric loss, as well as good dielectric tunability. Ferroelectricity has been known since the 1920s and
ferroelectricity in perovskite BaTiO; (BTO) was first discovered in the 1940s. In the present work we have studied the
pervoskite nature of BaTiO; (BTO) with its Crystal structure and phase transition.
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Introduction

Historically, ferroelectric materials have been
investigated and practically applied mainly in their bulk
form. However, in the last 20-25 years, more and more
applications call for a continual reduction in size, and
require a thin film implementation. It generally requires a
film layer thinner than 1 pm, which brings a lot of new
challenges in manufacture and application. Some of the
challenges come from the fact that the area of surfaces
and interfaces is very large compared to the volume of
the thin film, while in bulk materials their importance is
often negligible. Due to the restricted geometry, grain
boundaries, dislocations, inclusions and all other defects
have entirely different behavior compared to the bulk
materials, and therefore resulting the properties of thin
films are markedly different from those of their bulk
counterparts. Novel and effective deposition methods for
thin films have been widely investigated during last
decade. However, the deposition and film growth
mechanisms and the produced microstructures that
dedicate the resulting properties are still not very clear.
In addition, the large stresses in the film, which could
result from the film growth, thermal expansion
coefficient mismatches during integration and operation,
could alter the Curie temperature and change the
ferroelectric phase transitions. A  comprehensive
understanding of the growth mechanism and interface
effect for the ferroelectric thin film is therefore essential
to fully make use of the unique properties of these
interesting materials.

Perovskite epitaxial oxide thin films possess
various novel properties, such as high dielectric constant;
good ferroelectric properties; low dielectric loss, and are
considered as one of the most important material families
to meet challenges in advanced material research and
nanotechnology. In the large perovskite oxide families,
BTO is one of the most attractive functional materials in
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the electronics industry, due to its superior dielectric,
ferroelectric, piezoelectric, and electro-optical properties
[1-4]. BTO thin films have been considered as promising
materials for many device applications such as
ferroelectric  random  access memories, optical
modulators and switches, waveguides and micro-
electromechanical systems [5-8].

Partially substituted BTO thin films have been
widely investigated since the dramatic change in physical
properties, caused by small amount of substitution.
Substituting Ba®* by Sr*” in BaTiOs, (Ba,Sr)TiO; (BST)
thin films has been found to possess high dielectric
constant, relatively low dielectric loss tangent and large
electric field tunability and have attracted considerable
attention for dynamic random access memories
(DRAM), capacitors, detectors, and tunable microwave
applications [9,10].With Ti*" partially substituted by Zr**
in BaTiO;, Ba(Zr,Ti)O; (BZT) films exhibit high
tunability and low loss, which has shown the promise for
tunable filters, phase shifter, antennas, etc [11,12]. It is
well known that the fabrication of highly epitaxial oxide
thin films requires a good understanding of the effects of
growth conditions, material parameters and the
film/substrate interfacial structures on the epitaxial
behavior. And also the physical properties of epitaxial
thin films are strongly determined by the microstructure
including crystallographic structure, corresponding
orientation, domains, and boundaries of the epitaxial
films, and the interface between the film and substrate.
Especially, the lattice mismatch at the interface can
largely control the epitaxial behavior and film
microstructure [13-15], and significantly change the
physical properties, such as Curie temperature, magnetic
properties, and dielectric properties [16-18]. Thus, the
partial substitutions and interface structure between the
film and substrate have a critical influence on the
microstructure of epitaxial thin films. Therefore, in this
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dissertation, the study of interface effect and doping
effect on barium titanate based ferroelectric oxide thin
films become essential. The fundamental investigation
and development of these effects on the film growth
mechanism become more important to develop an
understanding of the relationship between microstructure
and properties for thin films.

Pervoskite Structure

“Perovskite” was initially the name of the
mineral perovskite CaTiO;; however more generally
represents the large structural family of compounds
having crystal structures related to perovskite CaTiOs.
Ideally, the crystal structure of perovskites can be
described as ABXj;. X is often oxygen but also other
large ions such as F~ and CI are possible. The ABXj;
perovskite structure stands out by a wide margin
compared with other structures, since it can produce an
incredibly wide array of phases with totally different
functions with various chemical manipulations, as shown
in Figure 1. In this family, the perovskite group of oxides
with the chemical formula of ABO; is probably the best
studied group of oxides. It can be visualized as a simple
cubic unit cell with large cations A located at eight
corners, smaller cations B sitting in the body center, and
oxygen atoms in the face center, as shown in Figure 2
(a). The resulting perovskite structure can also be
described as consisting of corner sharing [BOg]
octahedra with the A cation occupying the 12-fold
coordination site formed in the middle of the cube of
eight such octahedral, as shown in Figure 2 (b) [19,20].

Capacitors HighK Piezoelectic Insulator
Ba“Ti*0,* Pb*(Z0eTi)*0, SPTi*0,
Ph;Mghb,0, | Changes to superconducor ‘0K |
Major Constituent of Earth | — PERQVSKITE — | Highest Melting Point
Mg"si"0, A"B"X, Ba/"Mg"Ta, "0,
Metallic conductor Catalysts Superconductors Giam‘
La"CP'0, La*(CoMnP 0, Ba,""Cu.70,, Magnetoresistance
LaMr™0,,
Figure 1 Perovskite-the maximum multifunctional
structure

The ideal cubic perovskite structure is not very
common and also the mineral perovskite itself is slightly
distorted. The interest in compounds belonging to this
family of crystal structures arise in the large and ever
surprising variety of properties exhibited and the
flexibility to accommodate almost all of the elements in
the periodic system. The first structural study on
perovskites we can find from literature, were conducted
by Goldschmidt ef al in the 1920s that formed the basis
for further exploration of the perovskite family of oxides

64

[21]. The distortion of the [BOg] octahedra due to
temperature changes or stress effects may cause the
transition from cubic structure to tetragonal,
rhombohedral or orthorhombic structures. Distorted
perovskites have reduced symmetry, which is important
for their magnetic and electric properties. Due to these
properties, perovskites have great industrial importance
and huge potential for cutting edge technology,

especially the ferroelectric pseudo-cubic barium titanate,
BaTiO3.

Figure 2: ABO; perovskite crystal structure

In the cubic ABO; perovskite structure, the A
atoms are in Wyckoff position 1b, 5,'%,%; the B atoms in
la, 0,0,0; and the X atoms in 3d 12,0,0; 0,'2,0; 0,0,%, all
special positions. If the position of the A** ion is vacant
the remaining framework is that of the ReO; type. Partial
occupation of the A position occurs in the cubic tungsten
bronzes A,WO; (A = alkali metal, 0.3 < x < 0.93). The
ReO; structure type can be converted to a more dense
packing by rotating the octahedra until a hexagonal close
packing is obtained of the RhF; type. The void in the
center has then an octahedral surrounding. If this
octahedral hole is occupied, then the structure of FeTiOs
is formed. The perovskite structure is known to be very
flexible and the A and B ions can be varied leading to the
large number of known compounds with perovskite or
related structures. Most perovskites are distorted and do
not have the ideal cubic structure. Three main factors are
identified as being the possible reason for the distortion
in perovskite structure: size effects of atoms, deviations
from ideal composition and the Jahn-Teller effect [22]. It
is hard to distinguish that a distortion of a certain
perovskite oxide can be assigned to a single effect. In
most cases, several factors could act together on the
structure.

(1) Size Effects

In the ideal cubic case, the cell axis, a, is
geometrically related to the ionic radii (ry, 75, and rp) as
described in equation (1)
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The ratio of the two expressions for the cell
length is called the Goldschmidt’s tolerance factor .
Based on the ionic radii (simply ionic bonding is
assumed), ¢ can be used to estimate the degree of
distortion. However, when the compound with a high
degree of ionic bonding is considered, another equation
is addressed as equation (2):

— (ra+mo)
V2(rp+19)

)

If the A ion is smaller than the ideal value, then
t becomes smaller than 1. As a result, the [BOg]
octahedra will tilt in order to fill the space. However, in
some cases the distortion of the cubic structure occurs if
0.89 < ¢t < 1 [23, 24]. One ideal example is cubic
perovskite SrTiO;, it has =1.00, r,~=1.44 A, r=0.605 A,
and ro=1.40 A. Lower values of ¢ will reduce the
symmetry of the crystal structure. For example GdFeOs
with ¢ = 0.81 is orthorhombic (r4 = 1.107 A and r3=0.78
A) [40]. Also, the mineral perovskite, CaTiOs, has the
structure with ¢ less than 0.8, and therefore, the ilmenite
structure is more stable for itself [25]. On the other hand
if ¢ is larger than 1, when a large A or a small B ion is
referred, then the hexagonal structure for the perovskites
is more stable, e.g. BaNiO; type structures. The ¢ value
for BaNiO; is 1.13 (4 = 1.61 A and ry = 0.48 A). In this
case the closest packing layers are stacked in a hexagonal
manner in contrast to the cubic one in SrTiO; structure,
leading to face sharing of the [NiOg] octahedra.
However, since perovskites are not truly ionic
compounds and since the ¢ values also depend on what
values are taken for the ionic radii, the tolerance factor
only can give a rough estimation for crystal structure.

(2) Composition Effects

Perovskite lattice could accommodate a great
variety of metallic ions if the size and valence are
compatible. The solid solution limit is significantly lower
with ions of a different valence from the one replaced,
presumably because of the excessive lattice vacancies
that result. In Perovskites, because of the packing
density, the presence of interstitial ions appears unlikely
but substantial concentrations of A-site vacancies can be
tolerated. There is not obvious evidence of the existence
of any significant concentration of vacancies in B
position of any perovskite [26, 27]. Compositions with
stoichiometry that might yield a perovskite with B-site
vacancies crystallize instead as a mixture of perovskite
and nonperovskite phases.
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An example is the family of compounds SrFeOy
(2.5 £x<3). The valency of the Fe ions can be changed
by heating a sample in either an oxidizing or a reducing
environment. As a result the oxygen content can vary in
between 2.5 and 3. For the SrFeO, 375 some Fe ions can
be assigned to the oxidation state 3+ and 4+, therefore
FeOs square pyramids are formed.

(3) Jahn-Teller Effects

The Jahn-Teller effects, sometimes also known
as Jahn-Teller distortion, or the Jahn-Teller theorem. It is
named after Hermann Arthur Jahn and Edward Teller,
who proved that non linear spatially degenerate
molecules cannot be stable [28]. The peculiarity of the
Jahn-Teller interaction is that there must be a multiplicity
of electronic states interacting with one or more normal
modes of vibration, and the Jahn-Teller effect describes
that for almost any set of degenerate electronic states
associated with a molecular configuration, there will
exist some symmetry-breaking interaction in which
molecular distortion is associated with the removal of the
electronic degeneracy. That is because the distortion can
lower the overall energy of the complex. In some
perovskites the distortion of the structure can be assigned
to Jahn — Teller active ions at the B position. For
example, in LnMnO; (Ln = La, Pr or Nb) with Mn®" ions
the 3d4 electrons divide up into 3 t, and 1 e, electron.
The odd number of electrons in the e, orbital causes an
elongation of the [MnQOg] octahedron. As a result, the
perovskite structure has a wide range of substitution of
cations A and B, as well as the anions. The principles of
substitution must maintain charge balance and keep sizes
within the range for particular coordination number.
Since the variation of ionic size and composition, which
result in the distortion of the structure and the reduction
of symmetry, have tremendous effects on the physical
properties of perovskite structure materials.

Barium Titanate (Structure)

Barium titanate is used in a variety of electronic
applications due to its excellent ferroelectric properties
with high dielectric constant, low dielectric loss; and its
chemical and mechanical stability. Barium titanate is one
of the most investigated ferroelectric materials due to its
history as the first oxide ferroelectric, simple
crystallographic structure and wide spread use in the
electronic, optical and communications industry. The
current technology advancement imposes an ever-
increasing demand of development of new ferroelectric
materials and improved materials performance. Barium
titanate and barium titanate based materials have become
one of the most promising ferroelectric materials to meet
all those practical demands.

Crystal Structure and Phase Transition
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Barium titanate, BaTiO;, the first ceramic
material from which ferroelectric behavior was observed,
has a typical perovskite (ABO;) structure. It has been one
of the best Pb-free ferroelectric materials for
microelectronic devices applications in perovskite oxide
families and also an ideal model for discussing of the
ferroelectricity and spontaneous polarization from the
point of view of crystal structure. The idealized cubic
structure can be realized in BaTiO; above the Curie
temperature. Unlike many other oxide crystals, oxygen
anions in perovskite do not form a close packing
structure. Barium ions (A ions), which are large in size
(~158 pm), occupy the corner sites, titanate ions (B ions),
which are small in size (~60 pm), locate in the centers of
the cube (the oxygen octahedral) and oxygen anions are
on the face-centers.

Figure 3 (a) A barium titanate (BaTiOs)

At the Curie temperature, the crystal undergoes
a phase transition which is also called displacement
phase transition [29, 30]. Therefore, the crystal structure
of BaTiO; is also temperature and stress dependent, as
shown in Figure 3. Above the Curie temperature Tc,
~133°C, depending on the impurity content [31], the
cubic structure Pm3m is stable with a=4.009 A [32].
When cooling through the Curie temperature between
130°C and 0°C, the tetragonal structure (P4mm, a=3.992
A, c=4.035 A) is formed with octahedron distortion and
positive ion shifting off the center position, as shown in
Figure 3(a) [32]. Associated with this distortion is a
displacement of the titanium and oxygen atoms, as
shown in Figure 3(b).The formation of the tetragonal
structure makes the unit cells turn out to be permanently
polarized, which leads to spontaneous polarization along
the c-axis [3, 33 ]. Since there are six equivalent <100>
axes in the cubic phase, upon cooling the polarization
can arise parallel to any one of these six equivalent
directions. It is the ability to reorient the spontaneous
polarization with an external electric field that makes this
ferroelectric material so interesting to study. Figure 4
shows the distortion of the BaTiO; unit cell with
temperature over a sequence of transitions [34]. The
temperature of the phase transitions could be shifted a
little because of the purity of barium titanate. As shown
in Figure 4, upon further cooling below 0°C, the unit cell
distorts again and the tetragonal structure changes to
orthorhombic structure by elongating along the face-
diagonal direction [35]. There are 12 equivalent <110>
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directions in the original cubic phase, which results in 12
possible polar directions in the orthorhombic phase.
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Figure 5 Lattice constants of BaTiO; as a function of
temperature.

This phase is stable from approximately
0~5°C to -90°C. Below -90°C, the unit cell undergoes
another distortion along the body diagonal, resulting in
a rhombohedral (R3m) symmetry. There are 8
equivalent polar directions along the original cubic
<111> direction in this phase. Figure 5 shows the
variation of BaTiO; lattice parameters at different
cooling temperatures. Three phase transition ranges are
clearly seen in the figure. The exact transition
temperatures and amount of distortion are a function of
cooling rate, residual stresses, and purity of the
material [36]. The size ratio of the c-axis to a-axis for
pure BaTiO; is approximately 1.01 at room
temperature, and therefore, the spontaneous strain for
BaTiO; is approximately 1% at room temperature.
Conclusion

In this work we have discussed about the
pervoskite nature of BaTiO; . The phase transition and
Crystal structure also been studied. We concluded that
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this material will show the ferroelectricity behavior. In
future we will discuss about the ferroelectric behavior of

BaTiO 3

References

1.

Landolt-Bornstein (1981), in Numerical Data and
Functional Relationships in  Science and
Technology, Vol. 16, K.-H. Hellwege and A.M.
Hellwege (Eds.), Springer, Berlin.

K. H. Hellwege and A. M. Hellwege, (1981),
“Ferroelectrics and Related  Substances”,
subvolume a: Oxides, in Landolt-Bornstern
Numerical Data and Functional Relationships in

Science and Technology, Vol. 16. K.-H.
Hellwege (Ed.), Springer, Berlin.

M.E. Lines and AM. Glass, (1977),
“Macroscopic ~ and  Phenomenology”, in

Principles and Applications of Ferroelectrics and
Related Materials, Clarendon, Oxford, pp. 59-86.
F. Jona and G. Shirane, Ferroelectric Crystals.
Pergamon Press, New York, (1962).
H.D. Megaw, Ferroelectricity
Methuen London, (1957).

C.Z. Cao, “Functional Thin Films and Functional
Materials” Chapter 3: Ferroelectric Thin Films
and Applications, D.L. Shi (Ed.), Springer,
Berlin, (2003)

R.C. Buchanan (Ed.), Ceramic Materials for
Electronics:  Processing,  Properties, and
Applications, 2nd. Edition, (Marcel Dekker, New
York, 1991)

R.E. Cohen, Nature, 358,136 (1992)

B. Jaffe, W.R. Cook and H. Jaffee, Piezoelectric
Ceramics. Academic Press, New York, (1971)
M.E. Lines and A.M. Glass, Principles and
Applications of Ferroelectrics and Related
Materials, Clarendon press, Oxford, (1977).

in Crystals.

. R Ramesh (Ed.), Thin Film Ferroelectric

materials and Devices, Kluwer, Norwell, MA,
(1998).

B.A. Strukov and A.P. Levanyuk, Ferroelectric
Phenomena in Crystals: Physical Foundations,
Springer, Heidelberg, (1998).202

. R.E. Treece, R.E. Jones, C.M. Foster, S.B. Desu,

LK. Yoo (Ed.), Ferroelectric Thin Films VI
Mater. Res. Soc. Symp. Proc. 493, (1998).

K. Tijima, T. Terashima, K. Yamamoto, K.
Hirata, and Y. Bando, Appl. Phys. Lett. 56, 527
(1990).

D. Roy and S.B. Krupanidhi, Appl. Phys. Lett.
61,2057 (1992).

K. Nashimoto, D.K. Fork, F.A. Ponce, and J.C.
Tramontana, Jpn. J. Appl. Phys. 32, 4099 (1992).
H.A. Lu, L.A. Wills, and B.W. Wessels, Appl.
Phys. Lett. 64,2973 (1994).

67

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

T.M. Shaw, S. Trolier-McKinstry, and P.C.
Mclntyre, Annu. Rev. Mater. Sci. 30, 263
(2000).

D.L. Polla and L.F. Francis, Annu. Rev. Mater.
Sci. 28, 563 (1998).

L.R. Dalton, Nature 359, 269 (1992)

P. Muralt, J. Micromech. Microeng. 10, 136
(2000).

C.L. Chen, J. Shen, S.Y. Chen, G.P. Luo, C.W.
Chu, F.A. Miranda, F.W. Van Keuls, J.C.
Jiang, E.I. Meletis, H. Chang, Appl. Phys. Lett.
78, 652 (2001)

J.C. Jiang, Y. Lin, C.L. Chen, C.W. Chu, E.I
Meletis, J. Appl. Phys. 91, 3188 (2002).

T. Maiti, R. Guo, A.S. Bhalla, Appl. Phys. Lett.
89, 122909 (2006).

T. Maiti, R. Guo, A.S. Bhalla, Appl. Phys. Lett.
90, 182901 (2007).

J. He, J.C. Jiang, E.I. Meletis, J. Liu, G.
Collins, C.L. Chen, B. Lin, V. Giurgiutiu,
R.Y. Guo, and A. Bhalla, J. Nanosci.
Nanotechnol. 10, 1 (2010).

J.C. Jiang, X.Q. Pan, C.L. Chen, Appl. Phys.
Lett. 72, 909 (1998).

J.C. Jiang, W. Tian, X.Q. Pan, Q. Gan, C.B.
Eom, Appl. Phys. Lett. 72,2963 (1998).

J.C. Jiang, X.Q. Pan, J. Appl. Phys. 89, 6365
(2001)

I. Bozovic, G. Logvenov, 1. Belca, B.
Narimbetov, 1. Sveklo, Phys. Rev. Lett. 89,
107001 (2002).

D.T. Margulies, F.T. Parker, A.E. Berkowitz, J.
Appl. Phys. 75, 6097 (1994).203

M. Itoh, R. Wang, Y. Inaguma, T. Yamaguchi,
Y.J. Shan, T. Nakamura, Phys. Rev. Lett. 82,
3540 (1999)

A.S. Bhalla, R. Guo and R. Roy, The perovskite
structure-a review of its role in ceramic science
and technology, Mat. Res. Innvat. 4. 3-26 (2000)
and references therein.

Y.M. Chiang, D.P. Birnie, W.D. Kingery,
Physical Ceramics: Principles for Ceramic
Science and Engineering, John Wiley & Sons,
Inc. (1997) ISBN: 0471598739.

W.D. Kingery, H-W. Bowen, and D.R. Uhlmann.
Introduction to Ceramics, 2nd edn. Wiley, New
York, (1976)

K.C. Kao, Dielectric phenomena in solids,
Elsevier Academic Press, San Diego, (2004)

2/20/2013



