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ABSTRACT

This work presents barium zirconate titanate or Ba(Zr«Ti;x)O3 or BZT
prepared by reliable synthetic sol-gel route into different forms, powder, ceramic, thin
and thick films. Hence, the x value refers to the zirconium content by mol.

The 300-400 nm of BZT thin films were prepared by a sol-gel method
on a conventional Pt/Ti/SiO,/Si substrates. The pyrolysis of 350 °C and annealing of
800°C were used in the procedure. All the films crystallized into perovskite phase.
Without Zr, the film crystallized into tetragonal structure, Ba(ZroosTio.95)O3 into
orthorhombic. It is rhombohedral for both Ba(Zro10Ti0.00)O3 and Ba(Zrp15Tio.s5)0s.
Finally, the Ba(Zro20Tio.80)O3 is cubic. The permittivity of the film increased with Zr
contents and reached its maximum value obtained from the Ba(Zrp20Tio.g0)O3 thin
films. For the piezoelectric response of thin films, it was effectively observed using a
modified Michelson interferometer and the measured piezoelectric coefficient ds; of
35 pm/V was obtained from the Ba(Zro s Ti.95)O3 thin film.

Sol-gel derived particles of BZT were prepared with high uniformity.
The Li,O additive reduced the calcination of the Ba(ZrposTiogs)O3 powder from
1,100 °C to be 700 °C. These structures are perovskite. The Ba(Zro s Tip.95)O3 powder
and Li,O sintering additive was further used as the basis of synthesizing BZT ceramic
at low-sintering temperature, 900 °C.

The BZT with composition exhibiting the best electromechanical
property, Ba(ZroosTiogs)O3, were comparatively used for fabricating free-standing
thick films. The technology consists of the screen-printing method with sacrificial
layer which has been standardized for the lead-based system. The procedure was

validated for producing the BZT powder with the Li,O additive and gold electrodes.



From the study on the BZT materials in this work, it is anticipated that their

applications in micro-electronic devices are increasing in the future.
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CHAPTER 1
INTRODUCTION
1.1 Statement of the problem

In the development of micro-electronic devices, for example,
micromachined sensors and piezo-actuators based on the micro-electromechanical
systems (MEMS), ferroelectric materials have been integrated into miniaturization of
their components for decades. Perovskite lead-zirconate-titanate or PZT family is the
most well-known material of excellent electromechanical property that has long been
recognized to meet industrial standards. As can be seen, a typical ingredient of the
PZT material is the lead (Pb) which is toxic. Accumulations of the lead caused by the
manufacturing during the production process and the recycling procedure of the
products or devices in which it is incorporated lead to a controversial argument all
over the industrial communities concerning the environmental safety and,
consequently, discontinuing of the use of the lead-based material. The PZT is
included, unfortunately. (U.S Department of Health and Human Services, Public
Health Service Agency for Toxic Substances and Disease and Registry, 2007; Official
Journal of the European Union, 2003).

According to the statement mentioned above, the perovskite lead-free
materials whose physical and electromechanical properties are superior or, at least,
equivalent to those of PZT are highly desirable. Recently, an interest in barium
zirconate titanate or BZT family has risen because of the chemical stability of the
perovskite unit cell induced by the substitution of a Ti*" by a Zr*". In addition, a larger
ionic size of the Zr*" effectively expands the perovskite lattice of the original BaTiO;
one. The lattice distortion leads to a high strain level and good piezoelectric effect in
both single crystals and ceramics (Wu, Wu and Chen, 1996; Yu, Guo and Bhalla,
2000; Jiwei et al., 2004).



The present work therefore considers BZT (Ba(ZrTi;x)O3) material,
whose chemistry involving the fabrication and some physical properties are well-
known (Wu, Wu and Chen, 1996; Jiwei et al., 2004), promising as alternative choices
to PZT. However, a main concern is involving with the development of the material
properties, in particular, piezoelectricity of the BZT which is still interior to that of the
PZT.

Basically, the physical properties of the perovskite-type materials
strongly depend on their stoichiometry and morphology which are closely related to
the electromechanical behavior of the materials. For the fabrication of the
piezoelectric BZT bulk, powder and films in this work, different preparation methods
and associated factors have been used. The sol-gel process is chosen for fabricating
thin film. The same sol-gel route will be also used to produce the BZT powder whose
crystal defects can be minimized. Solid-state reaction and its appropriate calcining
and sintering conditions are chosen for, especially, synthesizing BZT ceramic at low-
sintering temperature. A newly developed technology of free-standing PZT thick film

has been firstly validated for fabricating free-standing BZT in this work.

1.2 Thesis outline

The thesis consists of seven chapters. In the present chapter, the
statement of the problem is addressed, including the research objectives.

Chapter 2 presents the background of the piezoelectricity and related
effects. Methods of the fabrication of perovskite materials of various forms are
described. General background of thick films technology is given.

Chapter 3 describes the realizable synthetic route, acetic sol-gel, for
production of BZT thin films. The thin films have been deposited using the spinning
method. The material properties of the thin film have been presented and thoroughly
discussed.

Chapter 4 describes the fabrication of homogeneous BZT powder.
Methods for characterizing the properties of the powder and an effect of sintering

additive on BZT powder are also presented.



Chapter 5 presents the fabrication and characterization of BZT
ceramics without and with sintering additive. The BZT ceramic synthesized at low-
sintering temperature and its property are completely reported in this chapter.

Chapter 6 presents the background of thick-film fabricating technique,
focusing on the free-standing geometry. The application of the free-standing
fabricating technique to BZT thick film is validated in this chapter.

Chapter 7 concludes the findings presented in the present work. The

prognosis for future work and difficulties arisen during the course of study are

addressed.

1.3 Objectives of research

1. To develop, through qualified sol-gel route, uniform thin films,
powders, and ceramics at low sintering-temperature of Ba(Zr,Ti;x)O3, x = 0.00, 0.05,

0.10, 0.15 and 0.20.
2. To validate procedures for fabricating BZT thick film.



CHAPTER 2

BACKGROUND THEORY

This chapter presents the background of the piezoelectricity and related
effects. Several techniques for the fabrications of perovskite materials of various

forms are described. Finally, background of thick films technology is addressed.

2.1 Introduction to piezoelectricity

2.1.1 Polarity, polarization behavior and poling process

Dielectric materials are electrical insulators. It can be grown in single
crystal or polycrystalline forms. Those substances in which the centers of positive and
negative charges do not coincide will form an electric dipole. The application of an
electrical field modifies the distribution of charges in each molecule in such, that
dipole moments are induced. The dipole moment averaged over the volume is the
polarization, denoted by P. The polarization is thus presented in a polar crystal or
polycrystalline material. The polarization P and the overall charge neutrality of

dielectrics in an external field £ is described by (William and Callister, 2005)

D=¢gE+P 2.1)

Considering a simple parallel plate capacitor filled with dielectrics, if
the applied voltage is kept constant ( £ = constant short circuit condition), additional
free charges need to flow into the system to increase D (electrical displacement). If
the charges on the plates are kept constant (D = constant open circuit condition), the
field £ and the voltage between the plates will therefore decrease according to

equation (2.1).



For many dielectric materials, P is proportion to the electric field in a

linear approximation (William and Callister, 2005) by
P=¢gyE or D=¢ge E=¢cE (2.2)

Where the electric susceptibility, y is related to the dielectric constant or relative

permittivity (&) by y = &¢-1. € and g, are the permittivity of the material and free

space (8.854x10'? F/m), respectively.

When an alternating current is applied to a dielectric material, the
dipoles are no longer able to follow the oscillation of the electric field at a certain
frequency. This result is energy dissipation, defined as the dielectric loss or tan ¢ or

loss tangent or dissipation factor (D)

D=tans=2=% (2.3)

The dielectric material that is polarized will exhibit polarity. Polar
materials are always piezoelectric as described in next topic (2.1.3). If the direction of
the dipole can be reversed by means of an external electric field, the material is called
ferroelectric. Nevertheless, we need to apply a high DC field to the crystal or
polycrystalline material. The details will be addressed in next paragraph.

Poling is a process by which a DC electric field is applied to a
specimen of multi-domain crystal to switch the direction of electric dipoles. An
electric field of the order of kV/mm is applied to the crystal to align the internal
electrical dipoles in a single orientation, as shown in figure 2.1. The permanent
dipoles begin to move towards the direction of an externally applied field. When the
electric field is removed, some dipole moments rotate back, but incompletely,
resulting in a remnant polarization. At this point the materials exhibit both
piezoelectric and pyroelectric effects. The piezoelectricity is the phenomenon of

interest in this section. In order to know what material is piezoelectric, the concept of



the crystal symmetry is introduced as extensively reported by Moulson and Herbert,

(1990), Ikeda (1990), Uchino (1997) and Bottger (2005).

oo, ANIZZ| LA L
e AT K
Random dipoles Polarization processing The polarization axes are
in DC electric field oriented upward.

Figure 2.1 Poling of ferroelectrics (Bottger, 2005).

According to the crystal symmetry with respect to a point,
classifications of the crystal can be made as illustrated in figure 2.2. From 32
crystallographic point groups or crystal classes, 21 are non-centroysmmetric. Of these

21, 20 are piezoelectric. Of these 20, 10 are pyroelectric.

32 classes
(paint groups) 61 non centrosyimmetrical ™

(" 20 pezosactic A
{stress-induced polanzafion)
d 10 pyroslaciric A
(polar with spontaneous polarizafion)
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quartz AN
turmaling | Znd
O 2/

Figure 2.2 Classification of the crystallographic point groups (Béttger, 2005).



It is important to point out that all ferroelectrics are piezoelectrics. In
principle, a ferroelectric phase transition is a structure phase transition which is a
spontaneous polarization, polarization in the absence of an electric field; this
spontaneous polarization is a result of the positioning of the positive and negative
charges within the unit cell of the material. The ferroelectric phase transition occurs at
the ferroelectric Curie temperature, denoted by 7¢. Above 7¢ the crystal is
centrosymmetric paraelectric state. Below T, the crystal is non-centrosymmetric
characteristics, which result in the ferroelectric state. At 7¢, the dielectric constant (&)
exhibits a maximum value, as shown in figure 2.3 Above T¢, the relationship between

¢ and the temperature follows the Curie-Weiss law:

(2.4)

Where C is the Curie constant and 7y is the Curie-Weiss temperature.

80001
_ Transition :'
& 6000 - Curve for
T Ferroelectrics
4000 1+
2000 1+
0 l | I I
-200 -100 0 100 200

Temperature * C

Figure 2.3 Illustration of the ferroelectric phase transition (Swartz, 1990).



2.1.2  Perovskite-type materials

The perovskite structure allows the non-zero polarization in the unit
cell and common occurrence of ferroelectric in this structure. The perovskite ABO;
structure consisting of A atoms are located on the crystal corner which are monovalent
or divalent metal, such as barium or lead. The B atom located at the centre of the unit
cell is a tetravalent or pentavalent metal, such as zirconium or titanium atoms. The
oxygen atoms appear at the face centers, respectively. The perfect peroskite crystal is
cubic as illustrated in figure 2.4(a). It is the shape of paraelectric state. Below the
Curie temperature the cubic lattice is tetragonal lattice distortion (figure 2.4 (b))
which is manifest ferroelectric phase or some material display a rhombohedral

ferreoelectric phase (figure 2.4 (c¢)) (Uchino, 1997).

Figure 2.4 Perovskite crystals in its (a) cubic, (b) tetragonal, and (c) rhombohedral
states (Damjanovic, 2005).

The polarization is only allowed along certain directions depending on
the crystallographic class as an example showed in figure 2.5. Not all domains will be
precisely aligned to the poling direction but will be as close as the crystal orientation
permits if given sufficient energy and time.

The greater the number of polarizable directions the closer the polar
axes can align to the poling field to increase the piezoelectric properties. In
polycrystalline piezoelectrics the maximum attainable polarization can be given as a

fraction of the single crystal value. For a tetragonal perovskite, there are six polar



directions giving a fraction of 0.83. In practice, the value is limited by internal strains
that inhibit 90° domain switching. The switching of 180° domain can be almost

totally accomplished (Moulson and Herbert, 1990).

C

e Spontaneons polaization direction

Figure 2.5 Directions of spontaneous polarization in (R) rhombohedral, (O)
orthorhombic, (T) tetragonal and (C) cubic crystals of barium titanate

(Moulson and Herbert, 1990).

2.1.3 Piezoelectric effect

Thermodynamics predicts the existence of a direct and an inverse
effect for piezoelectric material. Direct effect is considered to be the generation of
charge by an applied mechanical stress, while the inverse effect is the generation of
strain by an applied field. Since there are two of each type; namely, mechanical stress
(7) and strain (S) and electrical displacement (D) and field (E), there are four different
piezoelectric coefficients. In the present case, our interest is centered on the
dependence of the mechanical strain on the electric field. This dependence is
described by the piezoelectric d coefficient.

The constitutive equations for piezoelectric materials describing the
effects with respect to electrical and mechanical properties are presented in the

following equations:



10

D=dT+&"E (2.5)

Where D, E and T are the electric displacement, the electric field, (V/m), and the

machanical stress (N/m?), respectively. The constant ¢’ is a dielectric constant at
constant stress (F/m) and d the piezoelectric coefficient.
The second piezoelectric form is the converse effect, which is able to

convert an applied electrical potential into mechanical strain energy.

S=s"T+dE (2.6)

Where S is the mechanical strain, and s” is elastic compliance at constant electric
field (m/N).

There are two important types of the piezoelectric coefficient: the
longitudinal (d3;) and transverse (d3,) piezoelectric coefficients (figure 2.6). When the
electric field is applied to the original volume of a material, the original volume
transforms into the inner volume. This has created the extension in the z direction
(poled direction), while contraction in z- or x-axis directions, due to constant sample
volume. From equations (2.5) and (2.6) the direct piezoelectric effect is responsible
for the materials ability to function as a sensor while the converse piezoelectric effect

is accountable for its ability to function as an actuator.

E
[ y, da,

Poling Direction ——

Field Direction ... -

Figure 2.6 Effect of electric field on a piezoelectric material, before and after the field

is applied (outer and inner cubes, respectively) (Modified from Masys et al., 2003).
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There are two independent and equivalent techniques of measuring
piezoelectric coefficient in a material. First, measuring of the direct piezoelectric
effect. A probe for observing a charge amount produced by imposing a load is directly
placed on the material and the ds; can be extracted. Second, a measurement of the
reverse piezoelectric effect. The probe for observing the displacement induced by
applied electric field is used. The latter is more difficult, however, more precise.

It is common to measure the eletromechanical coupling coefficient, k&

of a piezoelectric material. It is defined as follows:

k* = stored mechanical energy/input electrical energy

or k= stored electrical energy/input mechanical energy

In practice, the electromechanical coupling coefficient is often defined by (Ikeda,

1990):

2.7)

The electromechanical coupling coefficient for various geometries of
piezoelectric materials is listed in table 2.1. The electromechanical coupling
coefficient can be determined for various modes of vibration using one of the two
following methods. First, the static method is the original measurement using the
direct effect. In detail, putting a weight on a material and observing the charge
generated by charge detector such as an electrometer. This method is rather
indeterminate since it may depend on how much of the charge generated has leaked

off during the measurement.



Table 2.1 Vibration modes of piezoelectric materials.

12

Mode Shape Electromechanical
of : Polarization direction Coupling
Vibration —: Direction of displacement Coefficient
Disk ,
Radial kf,;[z.syf“_f’j—(f“_f’j
1 1
Thickness 2 /, (7? f,J
. S = cot| —- =L
extension I 2 f,
b=d
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oy [
22—
Longitudinal K2 = T f cot] . S
length £ ! 2 Ja 2/,
—
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Rectangular plate
ﬁ ) 2
Transverse ' ks, __ﬁ_fa Ot[ﬁ_LJ
length Y s 0 -k 2 f 2 f
£>4a a>3t
Rectangular plate
J/
. —
Thickness K 77775 , T f T f
ki =—-“Lcot| —- =&
shear R&W% | ) . ( 2 f. ]
| t
*
I:> g>a=>t

(PIEZOTITE®, 2008; Ferroperm Piezoceramics, 2003).
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The second method is an easy and accurate method to evaluate the & -
value. It is by measuring the resonance and anti-resonance frequencies which relate to
the k -value (Mason and Jaffee, 1954). In this method, if an AC voltage of varying
frequency is applied to a piezoelectric ceramic of a certain shape (as listed in Table
2.1), there is a specific frequency at which the ceramic produces a very strong
vibration. This frequency is called the resonance frequency which depends on the
shape, orientation of polarization, and the direction of the electric field. Each

vibration mode has a unique resonance, f, (the impedance is at a minimum) and anti-
resonance f, (oppositely, the impedance is at a maximum).
The effective electromechanical coupling k,, is frequently used to

express the electromechanical coupling of an arbitrary resonator regardless of its

shape as given by:

k2, :fa;frz (2.8)

Where f, is the resonance frequency of piezoelectric material at minimum impedance
while the current is at a maximum. Oppositely, the f, corresponds to the frequency at

the lowest current value and at the highest impedance.

2.2 Common piezoceramics

Piezoelectric ceramics are a type of multi-crystal dielectric with a high
dielectric. Important piezoceramic materials are introduced for MEMS (Micro-
Electro-Mechanical System), sensors, actuator and transducers. (Tadigadapa and

Mateti, 2009) and are listed into two main groups as below.

1) Lead-based Piezoceramics such as lead zirconate titanate (PZT)
Solid-solution of PbTiO;-PbZrO; (PZT) is one of the most
important ferroelectric and piezoelectric materials (Jaffe, Cook and Jaffe, 1971). PZT

adopts a distorted version of peroskite structure as illustrated in figure 2.7, the
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structural changes at the Curie temperature and the morphotropic phase boundary
(MPB), separating the rhombohedral and tetragonal structure at about 45 mole percent
PbTiOs. For large polarization, the composition near the MPB is preferred. It is
believed that the tetragonal phase with six equivalent domain states (in the <100>
directions) and the rhombohedral phase with eight domain states (in the <I11>
directions) co-exist for these compositions, resulting in 14 possible different

directions of alignment over a wide temperature range (Jaffe, Cook and Jaffe, 1971).

500 1] ' l T ] ' ' .."
Cubic

400 .
O |
o Tetragonal
o Six <001> y
-
= HS o
© Y $
‘5 'Y Y o
% ~ Eight <111 >\ T -
Q o 4
— -i- i

] el 1 A ]
60 80 100
PbZrO, Mole% PbTiO, PbTiO;

Figure 2.7 Phase diagram of PZT (Jaffe, Cook and Jaffe, 1971).

The lone pair electron may play an important role in stabilizing
ferroelectric structure. Thus the ferroelectric transition temperature and spontaneous

distortion of PbTi0O; is much larger than BaTiO; (Jaffe Cook and Jaffe, 1971).

2) Non-lead or lead-free piezoceramics
Lead-free piezoceramics such as KNN base, NBT and KBT base,
and BaTiOs; base was shown in figure 2.8 (a and b) the piezoelectric coefficient of

BaTiO; base ceramic is lower than PZT, but those values are compared to the others.



B PZTs material
© Lead free material

4000 +

Dielectric Permittivity

2000 +

100 200

Curie Temperature (°C)

(@)

8 PZTs material
1000 - 0 Lead free material

800 |-

400 +

]

Piezoelectric Coefficient (pC/N)
(3]
8

200 NET & KBT ba
- BT based
1 i 1 i [ i 1 i
100 200 300 400 500
Curie Temperature ("C)

(b)

Figure 2.8 Property comparisons between PZT materials and lead-free materials:
(a) dielectric permittivity as a function of the Curie temperature; (b) piezoelectric

coefficient as a function of the Curie temperature (Shrout and Zhang, 2007).
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2.3 Barium titanate and barium zirconate titanate systems

2.3.1 Barium titanate ( BaTiO3) system

Barium titanate or BaTiO; ceramic is one of the most intensively
studied ferroelectric materials and used in various applications such as electro-optic
and electronic component. BaTiO; has an A"BYO; type perovskite structure. A
general unit cell of a cubic perovskite. This material is interesting due to it has a series
of phase transitions (cubic to tetragonal to orthorhombic to rhombohedral) as shown
in figure 2.9. Below the Curie point (~130 °C), the structure is slightly distorted to
the tetragonal form with a dipole moment along the ¢ direction. Other transformations
occur at temperatures close to 0 °C and -90 °C below 0 °C, the unit cell is
orthorhombic with the polar axis parallel to a face diagonal and it is rhombohedral

with the polar axis along a body diagonal below -90 °C.

Cubic Monoclinic —
Q Orthorhombic  ------
O O ﬂ’.\\
O ofEENE
& O" P N
O340 Tetragonal ; P h
0 Coun 05 O
’ .l‘O
i
Ot
o O
o

Figure 2.9 Unit cell distortions of BaTiOj; single crystals (Kay and Vousdan, 1949).
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A consideration of the ion displacements accompanying the cubic-
tetragonal transformation can give insight into how the spontaneous polarization
might be coupled from unit cell to unit cell. X-ray studies have established that in the
tetragonal form, taking the 4 central (B) oxygen ions in the cubic phase as origin, the

other ions are slightly shifted was shown in figure 2.10.

Figure 2.10 Ion displacements in the cubic-tetragonal distortion in BaTiOs
(Moulson and Herbert, 1990).

2.3.2 Barium zirconate titanate (Ba(ZrxTi1x)O3) system

BaTiO; based-material is used as the dielectric and original solid
solution for many other ceramic systems such as BaySri4TiOs; (BST) and
Ba(ZrcT1,4)O3; (BZT). Recently, BZT is a new dielectric as a possible alternative to
BST for applications in electronic devices. Perovskite BZT has been studied for areas
requiring high permittivity such as dynamic random access memory (DRAM),
multilayer ceramic capacitor (MLCC), ferroelectric random access memory (FERAM),
etc. It is realized that the Zr substitution in BaTiO; decreases and shifts the Curie
temperature below room temperature. The Zr*" ion is more chemically stable than Ti**
and has larger ionic size to expand the perovskite lattice. It is also reported that an
increase in Zr content induces a reduction in the average grain size, decrease in
dielectric constant (&) and maintains a low and stable leakages current. (Dobal et al.,

2001; Dixit et al., 2002; Pontes et al., 2004 and Qi et a/ 2006). The well-known



crystal phase transitions in Ba(Zr,Ti)O3; material is as shown in figure 2.11 (Qi et al.,
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2006).
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Figure 2.11 Lattice constants of the nanoparticles (open circles and dash lines
(Qi et al., 2006)) and ceramics (solid lines (Spinger-Varlag, 1981))
of Ba(ZryTi;x)O; system.

2.4  Various techniques for fabricating the powder, ceramic and thin film of

perovskite materials

Sol-gel methods can be used for several purposes including the
formation of fine powders homogeneous thin and thick films, fibers, homogeneous
bulk material, porous solid, and powder as shown in figure 2.12 (Brinker and Scherer,
1990).

For powder synthesis, the process is normally achieved via ceramic
processing routes such as solid-state reaction or mixed-oxide method. The process
generally starts with the mixing and milling of the precursors, then the mixed powder

is calcined. During the calcinations the crystallization is formed. This method is often
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used because it is easy and has a low cost. In contrast, a high calcination temperature

is required and impurities in powder can easily occur.
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Figure 2.12 Overview of various sample geometries prepared by sol-gel method

(Brinker and Scherer, 1990).

There are several methods employed to prepare powders such as
precipitation, hydrothermal and sol-gel processes. Precipitation methods are mainly
used for nano size powders which consist of only a few elements. If more elements
are required in the powder, it is difficult to obtain the desired stoichiometry due to the
differences in solubility of the various metal ions. Precipitation method commonly
leads to the formation of small particles in the solution (Bernardi et al., 2007).
However, these small particles might form hard aggregates either during the
precipitation process or during further processing steps, like filtration, washing,

drying and calcinations.
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Hydrothermal is a method involving the reaction that occurs at
elevated temperature and pressure condition (T > 100 °C, p > 100 kPa) in aqueous
solution with in close system. There are various benefits obtained by this method,
such as, cost effective precursor, low temperature process and high purity.

The sol-gel process normally starts with the product of sol, which is
converted by a gelatin process into a gel. A polycrystalline can be further obtained
from calcinations process. The powder obtained via sol-gel process is very interesting
due to its superior mechanical stability and a high chemical purity for the production
of high technology ceramics. Advantages of this method are fine grain size, easier
composition control, and short process cycle. Sol-gel method is probably
disadvantageous for the production powder due to only relatively small qualities of
powders are obtainable from large quantities of the solution. If the liquid in a wet gel
is removed under specific conditions, an aerogel which is a highly porous and
extremely low density material will be obtained as shown in figure 2.12.

Generally, polycrystalline materials are prepared by solid-state or
mixed-oxide method and started with powders of compound. Ceramics prepared from
a homogeneous mixture of the powders result uses high temperature profile in order
to obtain dense polycrystalline ceramics. For this reason the ceramics obtained from
sol-gel process can reduce the expense of the overall process.

For fabricating thin films, table 2.2 summaries various techniques in

the literature.
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Table 2.2 Advantages and disadvantages of various techniques for processing of

ferroelectric films (Jayadevan and Tseng, 2002).

Process

Advantage

Disadvantage

Sputtering

Possibility of a wide variety
of materials at affordable

cost, using multi-target

Different sputtering yield

variations in compositions

assembly
Pulse-laser- | Efficient and quick Volatility of some species leads to
deposition non-uniform flux distribution and
(PLD) unsuitable for depositing large

surface area

Molecular Highly efficient for Sophisticated, highly expensive
beam fabrication of superlattices apparatus
epitaxial
(MBE)
Metal- Dense films deposited at low | Complex reaction kinetics in the
organic temperature on selected area | chamber affecting the film quality
chemical
Vapor
deposition
(MOCVD)

Atomic layer

Layer by layer depositions

Sophisticated apparatus,

MOCVD decomposition of individual
(ALM source materials affects
MOCVD) deposition process

Metal- Suitable for fabrication of Sophisticated, highly expensive
organic supperlattices apparatus, complex reaction
Molecular kinetics in the chamber

beam epitaxy

(MOMBE)
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Table 2.2 Advantages and disadvantages of various techniques for processing of

ferroelectric films (Jayadevan and Tseng, 2002) Cont.

Process Advantage Disadvantage
Sol-gel Economically affordable, low | Difficult to active good conformal
method process temperature, good coverage on selective deposition,
control over compositions, contamination due to decomposed
deposition on large area groups in a gel
substrate

Among the techniques, sol-gel processing is an effective chemical

method for preparing thin films. The common method for sol-gel synthesis involves

hydrolysis and condensation alkoxides, starting from drying and densification of

resulting gels in order to produce a ceramic material.

M(OR)+H,0 — > M(OR),;(OH)+R-OH Hydrolisis
2M(OR)4.1(OH) — M,;0(OR)y3+ R-OH Condensation
2M(OR)4.1(OH) — M,;0(OR)y+ H,O Condensation

The starting reagents are typically metal alkoxide compounds, M(OR)y,

where M is a metal and R is an alkyl group, metal carboxylates, M(OOCR)y, and
metal B-diketonates, MOy(CH3;-COCHCOCH3;)y. The thin films have been prepared

by sol-gel methods using a variety of metal organic precursors and solvent systems.

Several methods are in current use for preparing sol gel, each of which has its merits

and disadvantages. For example, 2-methoxyethanol route, this method was first

reported by Budd, Dey and Panye (1986). The benefits of this method are controllable

and reproducible chemistry and minimal aging effects. High cost of precursors,

methoxyethanol is volatile and hazardous and a lot of chemistry for non-chemists is

the disadvantages of this method. The other method is acetic acid route by using

alkoxide compounds but modified by chelating reaction
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M(RO); + nCH;COOH —— M(OR),.,(OOCCH3), + nROH

The advantages of this method are simple solution preparation and
non-hazardous. The selection of the starting reagents is dictated by solubility and
reactivity considerations and the type of solution precursor species desired. Sol-gel
method is normally followed by the deposition or coating technique such as spinning
spray, dipping. Here we used the spin coater with high spinning speed. At each stage,
temperature and time in a suitable range is necessary in order to obtain the crystalline
film with good texture (Schwartz, Schneller and Waser, 2004).

Other thin film growth techniques from liquid and solution phase are spin
casting, spraying, or dip coating. In this work the spin coater with high spinning
speeds is used. At each stage, temperature and time in a suitable range is necessary to

control in order to obtain the crystalline film with good texture.

2.5 Thick film technology

2.5.1 Screen-printing process

Thin films technology normally requires extreme deposited time, and
are limited in the various thicknesses range. This is because the increase of internal
stress during deposition possibly leads to the cracking of the thin films. Thick film
technology such as tape casting, ink-jet and screen printing thus play an important
role in a wide range of industrial applications. Among these techniques the screen
printing offers several benefits such as simple, flexible and cost effective. When thick
films are deposited by the screen printing process, it is possible to batch print diverse
pattern on a variety of substrate materials. The thickness can be obtained from 1 to
100 um. This process, for example, is as shown in figure 2.13. Using this method, the
deposition on insulated substrate of layer having different electric and functional
properties can be obtained. Subsequently, the wet film is dried and fired at a high

temperature.
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Figure 2.13 Screen-printing process (a) and screen mesh (b) (Ferrari, 2005).

Many factors relating to the preparation should be taken into
consideration, such as the properties of the paste, the type of screen mesh and the

substrate materials.

2.5.2 Paste materials

The paste is consisted of active material for application in electronic
device, glass frits or oxide for densification and organic vehicles for deposition. The
percentages of solid and liquid depends on the application and specific process.
Screen printing techniques begin with making the paste or ink. The main property of
the paste is enabled to pass through the screen easily and continuously, retaining the
printed geometry with low temperature curing (Torah et al., 2007).

The conductive inks normally use are gold, platinum-gold, gold-
palladium, silver-palladium and silver. They meet the requirements which are solder
ability, good adhesion, and high electrical conductivity, well-known physical and
chemical stability with a relatively low cost.

A sintering additive is sometimes added into the ink in order to reduce
sintering temperature. The process of distribution of active material and sintering aid

form a liquid at temperatures in the region of 700-900 °C, which are introduced



25

through the liquid phase during the sintering process in order to enhance the packing
of ceramic particles, also to activate diffusion paths for atomic species, and to

increase the densification process of the thick film.

2.5.3 Screen meshes
Screen-printing most commonly used in MEMS technology is made of
a woven stainless steel or nylon mounted on a steel frame. There are varieties of
screen mesh, the characteristics of these materials are listed in table 2.3 .It can be seen
that screen type 325 and 400 screen mesh is normally used in electrode screen printed
layer due to its thin layer, For screen printing piezoelectric layer when thickness 50-

70 um will be obtained, the screen type 70 is used.

Table 2.3 Characteristics of conventional screen meshes (Castille, 2010).

Screen type Wire Empty mesh Thickness Thickness of

(mesh) diameter (um) of screen wet film
(nm) (um) (um)

70 51 266 211 185-230

105 75 160 162 144-178
200 41 86 94 81-97
325 30 51 66 58-71
400 25 38 56 50-61
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2.5.4 Substrates
The screen-thick film can be printed on different types of substrate,
such as alumina silicon, glass and stainless steel. A 96 % Alumina substrate is widely
used for thick films can be printed hybrid circuit, because of their excellent
mechanical strength, good thermal stability and dimension stability during the heat

treatments (Torah et al., 2007).

2.5.5 Screen-printed elements of various designs

Recently, the free-standing piezoelectric thick-films made with a
sacrificial layer process for MEMS applications have been reported. They are very
attractive due to move freely. The process of sacrificial layer involves three steps,
firstly, deposition and consolidation of the sacrificial layer. The deposition of
temporary structural layers with called sacrificial layer, then sintering. Finally, the
sacrificial layer is eliminated by dissolving it in a solution. The basic requirements of
the sacrificial layer in thick films technology are to provide mechanical support for
depositing other layers, withstanding thermal especially, during sintering process and
easy to remove in weak acetic acid (Lucat ef al., 2007; Ginet, 2007; Lucat et al., 2008;
Castille et al., 2009; Castille., 2010).There applications are such as electrothermal,
microactuators, microresistors, strain gauges, microchannels etc. as illustrated in

figure 2.14.
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Figure 2.14 Examples of MEMS made by screen printing techniques with
sacrificial layer (a) Gold cantilever beam (top) photograph and (bottom) SEM
micrograph of AA cross section, (b) Screen-printed copper actuator (left) top view
photograph and (right) SEM micrograph of AA cross-section, (c) Free-standing AgPt
resistor of cantilever type (left) top view and (right) SEM, (d) Photograph of a silver
microchannel (left) and SEM micrograph of AA cross-section (right) (Lucat et al.,
2008) and (e) Multi-stage screen-printing Au/PZT/Au (Castille et al., 2009).
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(d)

Figure 2.14 (Cont.) Examples of MEMS made by screen printing techniques with
sacrificial layer (a) Gold cantilever beam (top) photograph and (bottom) SEM
micrograph of AA cross section, (b) Screen-printed copper actuator (left) top view
photograph and (right) SEM micrograph of AA cross-section, (c) Free-standing AgPt
resistor of cantilever type (left) top view and (right) SEM, (d) Photograph of a silver
microchannel (left) and SEM micrograph of AA cross-section (right) (Lucat, et al.,
2008) and (e) Multi-stage screen-printing Au/PZT/Au (Castille, et al., 2009).
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(e)

Figure 2.14 (Cont.) Examples of MEMS made by screen printing techniques with
sacrificial layer (a) Gold cantilever beam (top) photograph and (bottom) SEM
micrograph of AA cross section, (b) Screen-printed copper actuator (left) top view
photograph and (right) SEM micrograph of AA cross-section, (c) Free-standing AgPt
resistor of cantilever type (left) top view and (right) SEM, (d) Photograph of a silver
microchannel (left) and SEM micrograph of AA cross-section (right) (Lucat, et al.,
2008) and (e) Multi-stage screen-printing Au/PZT/Au (Castille, et al., 2009).



CHAPTER 3

SOL-GEL BARIUM ZIRCONATE TITANATE THIN FILMS

Piezoelectric elements of different compositions and dimensions are
widely applied in a number of commercial products such as actuation and sensor. The
integration of the piezoelectric bulk into the MEMS-based products is, however, often
expensive or cannot achieve the functional requirements. The present work thus aims
to describe the reliable synthetic route, acetic sol-gel, for production of BZT thin
films. The thin films were deposited on the substrates using the spinning method and
systematically characterized and discussed in this chapter. This is to increase the
competitiveness of these films with lead-based piezoelectric elements available to

date.

3.1 Introduction

Lead-free piezoelectrics whose properties are comparable to those of
lead-based compositions have long been desired and extensively investigated. This
includes remarkable barium titanate (BaTiOs) and lithium titanate (LiTiOs3) (Shrout
and Zhang, 2007). Particularly, barium titanate system such as perovskite
Ba(Zr,Ti;x)O; or BZT have re-gained great attention because they are friendly to
the environment and public welfare. Furthermore, in chemistry and material science
basics the Zr*" ion is more chemically stable than the Ti*" ion. Larger ionic radius of
the Zr*" ion (86 pm) when compared to that of the Ti*" ion (74.5 pm) leads to a
bigger distortion of the perovskite lattice, resulting in high strain levels and high
piezoelectric strain coefficient. There have been, nevertheless, only a few reports
(Choi et al., 2002; Dixit et al., 2003; Zhai et al., 2004; Cheng et al., 2006) regarding
the crystallographic data and material properties of the BZT thin films. The present
work thus aims to fabricate the BZT thin films with different Zr/Ti ratios and
identifies their crystallographic phases. Their composition-dependent properties
including the piezoelectric coefficient are determined. Possible applications of these

films have been also pointed out.
30
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3.2 Review of previous work

In elaborating the thin films the chemical solution deposition (CSD)

techniques are the most attractive due to several advantages achieved such as mild

processing conditions with low cost, high homogeneity of the products and

controllable stoichiometry. An important benefit of using this process is that an

elaborated film is generally fired to complete its crystallization at a temperature lower

than that in the solid-state reaction normally used for ceramic fabrication (Schwartz, ,

Schneller and Waser, 2004; Schwarzhkopf and Fornari, 2006).

There are four basic steps normally used in the CSD processes:

(1)
(1)
(iii)

(iv)

Synthesis of the precursor solution,

Deposition by spin-casting or dip-coating,

Low-temperature heat treatment (300-400 °C) in air or
oxygen for drying, pyrolysis of organic species and
formation of an amorphous film, and

High-temperature heat treatment (typically 500-1100 °C) in
air or oxygen atmosphere for densification and

crystallization of the coated film.

The CSD methods can be divided into following three main routes:

(2)
(b)

(c)

Sol gel processes using 2-methoxyethanol solvent.

Chelate or hybrid processes using the modifying ligands
such as acetic acid.

Metal-organic decomposition (MOD) route using water-

sensitive metal carboxylate compounds.

Among these methods, the sol-gel process is the most widely used for

thin films fabrication.

This is because it enables the realization of highly

homogeneous films into relatively large surface area with relative ease, however, time

consuming. There are two main mechanisms involved with relative the sol-gel process

(Schwarzhkopf and Fornari, 2006):
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(1) Hydrolysis reaction, consisting of a nucleophilic attack of water
on the metalorganic or metal-salt molecules presented in the
solution, this results in the formation of a so-called “sol”.

(2) Condensation, where the 2- or 3-dimensional networks of an

amorphous phase are firstly formed.

Several efforts have been used to improve the film qualities which are
strongly depended upon the deposition conditions; non-stoichiometry occurr during
the process, electrode materials, dopants, ceramic film-metal substrate interface, and
microstructure, thickness and homogeneity of the films etc. The previously work by
Khaenamkaew et al., (2007) reported on the lead zirconate titanate or PZT thin films
with various Zr/Ti ratios. They fabricated the PZT thin films on Pt/Ti/Si02/Si
substrates by using the sol-gel 2-methoxyethanol route. All the PZT thin films
crystallized into a single perovskite phase and had a dense texture without cracks. The
PZT thin films with compositions located in the morphortropic phase boundary (MPB)
shown the most attractive ferroelectric properties. They also fabricated the PZT films
on Pt/Ti/Si0,/Si with gradual change in Zr content across the thickness direction to
obtain either up-graded or down-graded PZT thin films (Khaenamkaew et al., 2008).
These films contained successive layers of various compositions with a slight
difference in order to facilitate the non-uniform distribution of stresses in the metal-
ceramic interfaces, leading to the reliability and lifetime extension of the ferroelectric
structure. However, the PZT graded thin film exhibited lower piezoelectric response
than the PZT thin film of MPB composition (Muensit et al., 2008). Thin films with
single-composition deposition are therefore the main interesting structure adapted to
the fabrication of the BZT thin films in the present chapter.

Dixit et al., (2002) synthesized the sol-gel Ba(Zr,Ti;403), (x = 0.0-1.0)
thin films deposited on (100) oriented lanthanum aluminate substrate. Barium acetate
or Ba(CH3COO),, zirconium n-propoxide or Zr(OCs;H7)4 and titanium isopropoxide or
Ti(OC3H7)4 were used as starting materials, and the solvent was acetic, In order for
the complete dissolution of barium acetate in acetic, ethylene glycol was added. Their
BZT thin films of an average thickness of 400 nm were pyrolysed at 600 °C for 5 min.

The thin films were annealed at 1,100 °C for 2 h. From their investigation obtained
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from an atomic force microscopic data it was indicated that the Zr content
significantly influenced the evolution of the microstructures and average grain size of
the films. The observation from Raman spectra of the film has shown a cubic crystal
structure in the film with x > 0.20.

Dixit et al., (2005) characterized the dielectric property for sol-gel
BZT thin films with various Zr contents and thicknesses of 0.55-0.59 um. They
reported the dielectric constant and dielectric loss measured at 100 kHz for the films
of Ba(Zr015Ti9.095)O3, Ba(Zro015Ti0.095)O3, and Ba(Zry 915Ti9.095)O3 were 516 and 0.05,
606 and 0.05, 335 and 0.03, respectively.

Jiwei et al., (2004) prepared the Ba(Zry 35Tio65)O3 thin films of highly
(100) preferred orientation by introducing a buffer layer of LaNiOs onto Pt/Ti/Si02/Si
substrates. The BZT precursors of different molars of 0.3, 0.1 and 0.05 M yielded the
films with thicknesses of 330, 310 and 420 nm, respectively. It was found that the
films were annealed at a temperature lower than 1,100 °C, i.e., 700 °C. It suggested
that the concentration of the precursor directly related to the crystallization behavior
and the microstructure of the thin films. The precursor with small concentration
(0.3 M) produced the film with large average grain size and thus large P-E loop. The
film with the largest thickness (420 nm) obtained the maximum dielectric.

Zhai et al., (2004) fabricated the sol-gel the thin films of
Ba(Zr35Tip75)O3. Their starting materials were similar to those mentioned earlier.
According to their preparation procedure, the viscosity of the precursor solution was
controlled by adding the ethylene glycol (CH,OHCH,OH). Good control in viscosity
of the solution led to the resultant film without cracks and voids. It was important to
reflux the solution until the concentration of the solution was 0.1 M. After 24 h-aging,
the deposition of the film on Pt/Ti/Si0,/Si(100) was done by spin coating. All the wet
films were dried and annealed at 500 °C. The amorphous films were then fired at
700 °C for 30 min in order to allow the crystallization to take place. By repeating the
spin-coating—drying—annealing process, the final thickness obtained for the BZT film
was 320 nm, which was relatively small. (This was considered in the present work to

be a major disadvantage in using thin films in microelectronic applications).
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Halder et al., (2005) reported the electromechanical property of sol-gel
Ba(Zr,Ti;—)Os thin films on Pt/TiO,/SiO,/Si substrates of various compositions
(x = 0, 0.03, 0.05, 0.07, 0.1, 0.2, 0.3 and 0.4). A double-beam interferometric
technique for the measurements was performed. The films were annealed at 750 °C
for 30 min and sputtered a gold metal onto the surface of the film to use as electrodes.
With increasing Zr content up to 0.07 and above, the electromechanical response in
the films were found to decrease. The best value of the piezoelectric coefficient dss
about 30 pm/V was obtained from the Ba(Zr( ¢sTi995)O3 thin film. The present work
has also employed the interferometric technique which is a single-beam approach
available in the Material Physics Laboratory, Prince of Songkla University to observe
the piezoelectric response in all samples of the BZT system.

Recently, Cheng et al., (2006) also prepared the Ba(Zrg ¢sZr(.95)O3 thin
film using sol-gel process. The first two starting materials were also barium acetate
and zirconium-n-propoxide. The third one was tetrabutyl titanate or Ti(OC4Hy)s and
acetylacetone or CsHgO, was a reagent to stabilize the tetrabutyl titanate in 2-
methoxyethanol or C3HgO; solvent. The prepared BTZ film was fired at a relatively
low temperature of 650 °C for a short time of 10 min in an oxygen atmosphere. The
330 nm thickness BZT films had good ferroelectric properties showing the remanent
polarization and coercive electric field of 3.54 pC/cm? and 95.5 kV/cm, respectively.
At 10 kHz, the dielectric constant and dielectric loss of the film were 201 and 0.029,

respectively.

3.3 Materials and methods

3.3.1 Preparation of the Ba(ZryTi1.x)O3 precursors

In this work the precursor solution of Ba(ZrsTi; )O3 was prepared
based on the acetic route reported by Zhai et al., (2004) and Jiwei et al., (2004)
without depositing buffer layer. Chemical substances and the manufacturers used
were barium acetate (Ba(CH3COO),, Ajex Finechem), zirconium (IV) isopropoxide
(C12H2804Zr, Aldrich, 70 wt% solution in 1-propanol), and titanium (IV)
isopropoxide (C;yH»304Ti, Aldrich, 97% purity), acetic acid (Merch, 100% purity)
and 2-methoxyethanol (CH3;0OCH,CH,OH, Ajex Finechem). In the preparation
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procedure, barium acetate was initially heated and dissolved in acetic acid. After
cooling to room temperature, zirconium (IV) isopropoxide (Ci2H,304Zr) was mixed
with in the 2-methoxyethanol and followed by adding titanium (IV) isopropoxide
(C12H2304T1). The mol ratios of Zr:Ti were varied as 0.00:1.00, 0.05:0.95, 0.10:0.90,
0.15:0.85 and 0.20:0.80, respectively. The acetyl acetone (CH,OHCH,OH) was added
into the mixture to control the viscosity and prevent cracking of the films. The
solution was mixed and refluxed for 1 h. The concentration of the final solution was
adjusted to be 0.1 M. The precursor was aging the hydrolyzed solution for 24 h. The
preparation procedure for BZT solution was shown in figure 3.1. Subsequently, the
BZT gel was analyzed the mass changed with temperature by using a

Thermogravimetric Analyzer (TGA7; Perkin Elmer).

Barium acetate + acetic acid

\L Zirconium(IV) isopropoxide
+
Titanium(IV) isopropoxide
Barium acetate solution <« +
2-Methoxyethanol

+
\L Acetylacetone

Zr-Ti solution
+

Barium solution

\L refluxed 1 h.

BZT solution

Figure 3.1 Preparation procedure used in the BZT sol-gel process.



36

3.3.2 Thin film fabrication
Commercial (111)Pt/Ti0,/Si0,/Si substrates of an area of 0.8x0.8 cm’

were used for depositing the BZT films. The deposition was repeated until the film

had a thickness in a range of 200-400 nm. The wet films were dried at 150 °C and

pyrolysed at 350 °C. These amorphous films were then annealed from 800-1,000 °C

for 30 min. Figure 3.2 summaries the preparation procedure described in this section.
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Figure 3.2 Flow chart of the BZT thin film and the preparation conditions mainly

used in this work (Modified from Schwartz, Schneller and Waser, 2004).
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3.3.3 Characterization of the thin films
3.3.3.1 Phase analysis of the thin films
The crystal structure for all the films was analyzed using Phillips PW
3710 Powder Diffractometer (PHILLIPS X’pert MPD) with Ni filtered CukK,
radiation. The patterns were recorded in the 20 range of 20-60°. The Raman
spectroscope (NT_MDT; NTEGRA spectra) with an optical objective lens with 100X

was used for focusing the 633 nm radiation from a Coherent He-Ne laser on each film.

3.3.3.2 Microstructure of the thin films

The SEM equipment was a JEOL JSM-5800 LV (SEMS5800).
The morphology of the films was observed in details by a Field Emission Scanning
Electron Microscope (FE-SEM, HITACHI 4700) with magnifications ranging from
20X to 500,000X (0.2-0.3 eV). An Atomic force Microscope (AFM, SEIKO SPA
400) was used for investigating the topology of the thin films.

3.3.3.3 Dielectric properties and piezoelectric coefficient

determination of the thin films

A layer of gold was sputtered through a rigid mask to form an
electrode of an area of ~0.3 mm® on the surface of the film. At one corner of the
specimen the film was etched away using a 40% hydrofluoric acid in order to use the
bare metalized substrate as one of the electrodes (Khaenamkaew et al., 2008). The
dielectric constant (&) and dielectric loss (tan ) as a function of frequency
measurements were measured at room temperature in a frequency range of 10* to 10°
Hz using a LCR meter (Hewlett Packard 4263B and Aligilent 4285A).

The piezoelectric response in the film was investigated by means of a
single-beam Michelson interferometer with a spatial resolution of 10™° m. Details of
the experimental setup and principles of the techniques, have been reported elsewhere
(Muensit and Guy, 1998; Muensit and Khaenamkae, 2002). In the arrangement (figure
3.3) a He-Ne polarized laser (1135p, Uniphase) was used as a light source. A beam
splitter divided the incoming laser beam into two arms, reference and probing arms.
The electrode surface of the film was used to reflect the laser beam in the probing arm

back to the beam splitter while the other beam was reflected by the reference mirror.
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Two reflected beams caused the interference fringes as well as a change in laser
intensity caused by ambient vibration (<1 kHz). These displacement variations were
stabilized electronically by a feedback amplifier. When an ac voltage was applied by
a signal generator (DS 340, Stanford Research System) to the film, the film exhibited
the inverse piezoelectric effect and caused a small change in the laser intensity which
was detected by a p-i-n photodiode detector (BPX 65). The detector converted these
optical changes into an electrical signal detected by a lock-in amplifier (SRS 10,

Stanford Research System).

Transducer

Reference muror

Lock-in Amplifier | |

Beam Splitter i

[ \z =
He-Ne Laser iP
—] ac Oscilloscope

Detegtor

Substrate | Signal Generator

e {

Feedback Amplifier

Figure 3.3 Schematic diagram of the modified Michelson interferometer used for the

determination of the piezoelectric coefficient (Khaenamkaew, 2008).
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In practice, the c-axis of the film is set to be perpendicular to the plane
of the film. When the electric field applied parallel to the c-axis, the ds3 value can be
determined using the relationship given by (Zhang, Pan and Cross, 1988):

d33 — _—ac _ out (31)

where V is the rms voltage driving the film, Vp, is the peak-to-peak voltage
corresponding to the change in interference light intensity, A is the wavelength of the
polarized He-Ne laser (632.8 nm, Vo is the output from the lock-in amplifier
measured at the reference frequency from the function generator and dyc is a small
electric-field induced displacement related to the strain of the film. The obtained d
values were the clamped one. In analyzing the true d values of the films (Muensit, et
al., 2008), the elastic compliances measured at a constant electric field are needed in

the calculation, which was, however, not included in the present work.

3.4 Results and discussion

3.4.1 Thermogravimetric characterization
The thermogravimetric analyzer (TGA) curves were shown in figures
3.4. The mass lossed during the heat treatment, three mechanisms were involved as
follows: (i) dehydration of the gels in a 25-200 °C range, leading to the mass loss 5-
10 %, (ii) pyrolysis in which all samples lost their weights for 40-50 % between 200-
650 °C and (iii) decomposition of residual CO, and crystallization between

650-1,200 °C with the mass loss 10-15 %.
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Figure 3.4 TGA curves of the Ba(ZrsTi; )O3 gels.

3.4.2 X-Ray diffraction data
The XRD patterns of Ba(Zrp20Tigg0)O; thin films deposited on

(111)Pt/Ti/SiO,/Si substrates annealed at different temperatures were shown in

figure 3.5.
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FIgU re 3.5 XRD results of the Ba(Zro.onio,go)Oﬂ (11 1)Pt/Ti1/Si0,/Si annealed at

various temperatures.

By using the Bragg’s Law, the lattice constants could be extracted
from the XRD data (ICDD reference pattern: 00-036-0019) (figure 3.5) and

summarized for all the films as shown in tables 3.1-3.3.



Table 3.1 Summary of the Bragg planes, 20,d,,,, and lattice constants of the

Ba(Zro,oniO.go)O3 thin film annealed at 800 °C.

Lattice constants
(D 26 Aoy (A) (a)
(A)
(001) 21.75 4.04 4.0497
(011) 31.23 2.85 4.0445
(002) 44.58 2.02 4.0586
(112) 55.27 1.65 4.0675
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Table 3.2 Summary of the Bragg planes, d,,, 20, and lattice constants of the

Ba(Zr20Ti.80)O3 thin film annealed at 900 °C.

Lattice constants
(D 20 dig (A) (a)
(A)
(001) 22.76 4.07 4.0786
(011) 31.12 2.87 4.0593
(002) 44.72 2.23 4.0479
(112) 55.56 1.65 4.0462
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Table 3.3 Summary of the Bragg planes, d,,,, 20, and lattice constants of the

Ba(Zry20Ti9.80)O3 thin film annealed at 1,000 °C.

(hkl) Lattice constants
20 dhkl (A) (a)
(A)
(001) 22.03 4.04 4.042
(011) 31.20 2.86 4.049
(002) 44.79 2.02 4.045
(112) 55.59 1.65 4.044

The average lattice constants of Ba(Zry20Ti050)O3 films were 4.055,
4.058 and 4.045 A for the films annealed at 800, 900, and 1000 °C, respectively.
From XRD patterns, It can concluded that a suitable annealing temperature for the
film was then 800 °C because the annealed at 800 °C sample was polycrystalline
perovskite without pyrochlore. Consequently, the XRD patterns of Ba(Zr,Ti;.x)O3 thin
films with various Zr/Ti ratios annealed at 800 °C were shown in figure 3.6. The (110)
diffraction peak of BZT system shifted lower of diffraction angle as Zr increased

The lattice parameter of the thin films displayed in figure 3.7, for the
film with x = 0 or BaTiO; thin film, the lattice parameters of a = 3.965 A and
¢ =4.017 A were evaluated from the XRD peaks at 20 = 32.33° and 32.75 to revealed
the tetragonal crystalline phase. When x = 0.20, the cubic phase was indicated due to
the lattice constant of a = 4.05 A (Wu, Wu and Chen, 1996; Pontes et al., 2004; Qi et
al., 2006). For the Ba(Zr0Tios0)Os thin film, the cubic phase was confirmed from
the lattice constant, a = 4.055 A evaluated from the XRD peak at 45°. An exact
crystalline phase of films at other compositions, 0 < x < 0.2, was not able to be

identified due to the close proximity of diffraction angles of the phases (figure 3.6).
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Figure 3.6 XRD pattern of the Ba(Zr,Ti;x)O3/ (111)Pt/Ti/SiO,/Si annealed at 800 °C;

x =0.00-0.20.
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Figure 3.7 Lattice constant of the Ba(Zr,Ti;x)O; thin films.

3.4.3 Raman spectroscopy

The figures 3.8-3.10 represented the Raman spectrum of the
Ba(Z1cTi;x)O; thin films. The random grain orientation of the BZT films the
directions of the phonon wave vectors are random from one grain to the others with
respect to the crystallographic axes (Moura et al., 2008; Dobal et al., 2001). When the
Zr content reached 10 mol%, the frequency mode was at about 129 cm™ absent. This
is because the ionic radius of the Zr*" ions is larger than that of the Ti'" ions.
Moreover, it can be concluded that the phase transforms from orthorhombic to
rhombohedral (Dobal et al., 2001; Dixit et al., 2002; Pontes et al., 2004; Moura et al.,
2008).
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Figure 3.8 Raman spectra of the Ba(Zr,0sTio.95)O3 thin film.
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Figure 3.9 Raman spectra of the Ba(Zr(.19Ti0.90)O;3 thin film.
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Figure 3.10 Raman spectra of the Ba(Zry 15Ti.85)O3 thin film.

3.4.4 Microstructure of Ba(ZrcTi;x)Os thin films
From the SEM micrographs, the thicknesses of all films were
approximately 300-400 nm and uniform in grain dimension. As seen in figures
3.11-3.15, these images could reveal the nucleation at the film-substrate interface and
within the bulk of the film. This could be seen as a non-columnar microstructure (the

columnar-type was normally found in the PZT thin films (Khaenamkaew et al., 2007).



PSU 1008 20k 05um

Figure 3.11 SEM cross-sectional image of the BaTiOs thin film.

PSU 4072 20kY  0.5um x35,000

Figure 3.12 SEM cross-sectional image of the Ba(Zry 5Ti.95)O3 thin film.
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20kY  0.5um x35,000

Figure 3.13 SEM cross-sectional image of the Ba(Zry 10Tig.90)O3 thin film.

PSU 1010 20kV  0.5um

Figure 3.14 SEM cross-sectional image of the Ba(Zry,15Tio.s5)O3 thin film.
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PSLJ 4069 20kY  0.5um

Figure 3.15 SEM cross-sectional image of the Ba(Zr 20Ti9.80)O3 thin film.

Apart from the texture of the films observed from SEM images, the
FE-SEM planar images were shown in figures 3.16-3.20. It could be seen that the

increase of Zr content the morphology became dense, smoother and smaller grain size.

Figure 3.16 FE-SEM planar image of the BaTiO; thin film.



Figure 3.17 FE-SEM planar image of the Ba(Zr 05 Ti0.95)O3 thin film.

Figure 3.18 FE-SEM planar image of the Ba(Zry 19Ti.90)O3 thin film.
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Figure 3.19 FE-SEM planar image of the Ba(Zr 15Tio g5)O5 thin film.

Figure 3.20 FE-SEM planar image of the Ba(Zr0Tioss)O;3 thin film.
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The surface morphologies were observed for using an area of 1 pm x
1 um. The AFM images corresponding to the FE-SEM images were shown in figures

3.21-3.25. It is obvious the surface were smooth and the grain sizes of the films were
about 40-100 nm.

Figure 3.21 AFM planar image of the BaTiO; thin film

Figure 3.22 AFM planar image of the Ba(Zrg 5Tig.95)O3 thin film.



Figure 3.23 AFM planar image of the Ba(Zr.1¢Tio.90)O3 thin film.

Figure 3.24 AFM planar image of the Ba(Zr.15Tio.5)O3 thin film
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Figure 3.25 AFM planar image of the Ba(Zr(20Tigg0)O3 thin film.

3.4.5 Dielectric property and piezoelectric coefficient

The results of the dielectric constant and loss tangent were presented in
figures 3.26-3.27. These values measured at 1 kHz for all the films were summarized
in table 3.4. As frequency increase, the dielectric constant decreased because of the
rapid reversal electric field preventing a charge orientation in the dielectric film. The
dielectric loss increased with frequency due to the dielectric relaxation in the
frequency range of 10°-10"° Hz (Su et al., 2003; Zhai et al., 2004; Harlder et al., 2005;
Cheng et al., 2006). The dielectric constant of the film increased with Zr content. This
is because the measurements were performed at room temperature and was related to
a shift in Curie temperature to lower temperature for higher content Zr as described in

following chapter (chapter 5).
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Figure 3.26 Variations of dielectric constant with frequency for the Ba(Zr,Ti;.4)O3

thin films with different compositions.
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Figure 3.27 Variations of dielectric loss with frequency for the Ba(ZrxTi;4)O3 thin

films with different compositions.
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Table 3.4 The dielectric constant and dielectric loss measured at 1 kHz for the
Ba(Zr«Ti;x)O3 thin films.

Ba(Zr,Ti;4)O3 Dielectric Dielectric
thin films constant loss
x=0.05 148.7 0.012
x=0.05 250.0 0.014
x=0.10 262.0 0.011
x=0.15 275.0 0.027
x=0.20 381.2 0.030

The piezoelectric response measured at 5 kHz for the BZT thin films
was displayed in figures 3.28-3.31 by using equation (3.1) and substituting a slope of
the graph, the piezoelectric coefficient ds3 for each film was determined and listed in

table 3.5

Table 3.5 The clamped values of the ds; coefficient for the poled Ba(Zr«Ti;x)Os thin

films.

Ba(Zr«Ti;x)Os3. thin films Clamped d33 (pm/V)

x=10.00 29.1+£ 0.5
x=0.05 344+ 0.5
x=0.10 16.6 £ 0.5
x=0.15 9.0+ 0.5

x=0.20 -
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Variation of displacement with applied voltage for the BaTiOj; thin film.
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Figure 3.29 Variation of displacement with applied voltage for the Ba(Zrg s Ti0.95)O3

thin film.
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The resulting piezoelectric strain in the film produced a small
displacement of the electrode surface of the film which in turn produced a small
change in the intensity of the interference pattern. As can be seen, the ds3 has its
maximum of (34.4 £ 0.5) pm/V in Ba(Zr¢sTip95)O3 thin film and this value was
almost double the values in the Ba(Zr 10Ti9.90)O3 and Ba(Zr 15Ti9.85)O3 thin films.
The d33 component associated with the extension and contraction of the film in the
direction of the poling field which is perpendicular to the surface of the film.
However, the spontaneous directions in a crystal are not always aligned with the
poling field. There are different possible polar directions in different crystal structures.
The tetragonal, orthorhombic and rhombohedral structures respectively have six,
twelve and eight polar directions (ANSI/IEEE Std 180-1986; Dixit et al., 2003). The
higher the number of polarizable directions aligned to a poling field means the larger
the piezoelectric coefficient obtained. In addition, the spontaneous polarization
depends strongly on crystal symmetry. A crystalline-phase structure containing the
polar axis aligned along the crystal symmetry possesses high piezoelectric coefficient.
From these concepts the Ba(Zry ¢sTio95)O3 was therefore identified to be orthorhombic

while both Ba(Zry 10Ti9.90)O3 and Ba(Zr¢ 5Ti9.85)O;3 thin films were rhombohedral.

3.5 Conclusions

This work has adapted reliable procedures to develop promising BZT
thin films. The BZT thin films with different Zr/Ti ratios deposited on commercial
Pt/T1/S10,/S1 substrates have an average thickness of 350 = 50 nm According to TGA
and XRD results the suitable pyrolysis of the films is 350 °C and the annealing
800 °C. All the films crystallized into perovskite structure without pyrochlore. This
work intently studied the crystallographic data for all the films. The confirmation of
crystal structure for the thin films of different Zr/Ti ratios has been made as follows:
the thin film without Zr crystallized into tetragonal perovskite whereas
Ba(Zr5Tip.95)O3 is orthorhombic. It is rhombohedral for both Ba(Zry 10Ti.99)O3 and
Ba(Zry.15Ti985)O3. Finally, Ba(Zr¢20T1080)O3 is cubic. Unlike most of the PZT thin
film, the BZT thin films have non-columnar microstructure with the average grain

size decreased with increasing Zr content. The permittivity of the film increased with
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Zr contents with a very low dielectric loss. The values of the dielectric constant for all
the BZT thin films are comparable to the BZT films fabricated by rf magnetron
sputtering but higher than those obtained by a chemical spin-coating technique (Wu,
Wu and Chen, 1996; Pontes et al., 2004). These values are of the same each those of
the lead-free ones (Harlder et al., 2005; Liang and Wu, 2005). The piezoelectric
property of BZT were characterizing by the single-beam Michelson interferometer.
The Ba(ZroosTipes)O3 thin film exhibits the best piezoelectric response and its
clamped piezoelectric coefficient ds; is 35 pm/V. This value is comparable to the
maximum 033 value of Ba(ZrgsTip95)O3 thin film characterized by Halder et al.,
(2005).

As mentioned earlier in the chapter, the miniaturizations of MEMS
products require piezoelectric thin film. These are, for example, thin films of 100 nm
or less for dynamic random access memory (DRAM) applications. The BZT thin

films produced in this work are probably introduced in such applications.



CHAPTER 4

BARIUM ZIRCONATE TITANATE POWDERS

This chapter describes herein the fabrication of the BZT powders by
sol-gel process. The BZT powders were characterized crystalline phase and particle
size. An effect of sintering additive on BZT powder is studied. The knowledge of
correlations between the preparation conditions and properties of the BZT is then

applied to the BZT ceramics described in chapter 5.

4.1 Introduction

Due to increasing concerns regarding environment and public health,
the piezoceramics of lead-free compositions have been highly desirable in order to
replace or reduce the use of the lead-based materials. Barium zirconate titanate or
Ba(ZrcTi;4)O3, BZT) is one of the promising candidates as it is derived from two
non-lead perovskite substances, i.e., barium titanate (BaTiO;) and barium zirconate
(BaZrO;). There have been reports that the zirconium substitution in the titanium
lattices enhances the dielectric and piezoelectric properties (Yu et al., 2002; Tang et
al., 2004). The BZT-based materials, therefore, have a high potential for using as
active elements in today technologies and nano- or micro-fabrication processes
(Yu et al., 2002; Tang et al., 2004). In promoting the product for development, the
importance factor in using the materials of fine particle sizes with homogeneous

distribution must be taken into account.

4.2 Review of previous work

The preparation for homogeneous powders needs to control the two
most critical factors, which are temperature and time. Powder processing involves the
control of both particle size and mixing rate, no matter what the starting materials are

powders or partly reacted powders (Wang and Chen, 2006).
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Generally, the chemical reactions are limited by diffusion at atomic
level. It is necessary to take into account the prior production of fine and well mixed
particles. In the sol-gel techniques described in chapter 3. The sol describes the
dispersion of colloids in liquids. If the viscosity of the sol is made to increase
sufficiently, e.g., by partial loss of the liquid phase, it becomes a rigid gel. Sol-gel
method is a typically wet chemical method to make the particles by chemical in
solution starting with metal oxide as the precursor. Sol-gel techniques are also used
for several purposes including the formation of fine powders homogeneous thin and
thick films, fibers, homogeneous bulk material, porous solid, and powder. This project
used the sol-gel process for producing uniform mixtures of fine particles as presented
in this chapter.

Increasing in miniaturization and integration of the films in the
electronic device industry leads to the formation of thinner layers in order to obtain
more area per unit volume. However, the decrease in layer thickness leads to the
dielectric breakdown and electrical degradation under DC field stress. In order to
reduce the layer thickness the powders have to be developed (Setter, 2001). The well-
defined morphology also decreases the sintering temperature. This also allows the use
of less expensive conductors and reduces the energy consumption instead of using
expensive electrode materials such as platinum or palladium. (Valant et al., 2006).

Veith et al., (2000) prepared nanopowder of BZT via alkoxide and
semi-alkoxide (hydroxide and acetate) routes. Each process used different starting
materials. A temperature required for the decomposition of the intermediates of semi-
alkoxide precursors higher than that of alkoxide one. On the other hand, the semi-
alkoxide routes are rather simple and suitable for large scale synthesis of pervoskites.
But it is possible that the final ceramic material is contaminated with small amounts
of undesired phases especially in the case of acetate route.

Tang et al., (2004) prepared powder of Ba(Zr,Tips)O3 by using the
sol-gel method. The dry gel was annealed at 1,100 °C for 5 h and after grinding, BZT
powders were obtained. The annealed powders were pressed into disks. The pellets

were sintered at 1,300-1,550 °C for 5 h and cooled in a furnace.
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Qi et al., (2006) reported the relationship between the lattice parameter
and Zr content of the powders. As shown in a previous chapter (chapter 2, figure
2.11).

Chen et al., (2010) prepared Ba(Zr,Tipg)O3 nano powder by sol-gel
method. The obtained nano powders were calcined at 700, 800 and 900 °C for 4 h.
The suitable calcined is 900 °C for 4 h due to the absence of BaCOj it can be implied
that this is the temperature necessary for forming BZT single perovskite phase. The
lattice parameter obtained from XRD pattern the c¢/a ratio about 1.005-1.017 from this
result it can be concluded that the structure of Ba(Zr,Tiop )O3 powder is cubic. The
crystalline size of Ba(Zr(,Tiy )O3 powder were calculated from the Scherrer equation
ranging from 20.6-22.2 nm corresponding to TEM image which the average grain size

about 20-28 nm, respectively.

4.3 Materials and methods

4.3.1. Preparation of the Ba(ZryTi1x)O3 powders

The sol-gel route (Jewei et al., 2004 and Zhai et al., 2004) of barium
acetate, zirconium isopropoxide and titanium isopropoxide starting materials was used.
Acetic acid, 2-Methoxyethanol (2-ME) were the solvents. Poly ethyleneglycol
(Cons2Han 60442, Poch) was used as surfactant; it was dissolve in precursor solution.
The preparation procedure was described in chapter 3. A clear gel was obtained after
the removal of volatiles in vacuum and kept in an oven until dried. Different
temperatures starting from 700 °C to 1,100 °C for 2 h were used in calcination. The

preparation procedure was shown in figure 4.1.
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[ BZT gel J

l kept in oven at 120 ° C until dried

[ BZT dried gel }

l calcined from 700 °C to 1,100° C for 2 h

[ BZT powder ]

Figure 4.1 Preparation procedure for the BZT powder.

4.3.2 Low-temperature synthesized Ba(Zro s Tip.05)O3 powder
The BZT of composition of best piezoelectric properties was modified
with sintering additive and studied its influence on the obtained powder. The dried gel
was added 1.5 wt% of lithium oxide powder (Li,O, Aldrich, 97% purity) and
homogeneously mixed by ball milling 3 h before calcined at a temperature of 700 °C

for 10 h by ball-milling for 3 h as shown in figure 4.2.

[ Ba(Zr; (sTig95)0; calcined powder+ Li,O ] Ball-milling for 3 h

l calcined at 700 °C for 10 h.

[ BZT +Li,0 powder ]

Figure 4.2 Preparation procedure for the Ba(Zr0sTip.95)O3 with sintering

additive powder.
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4.4 Characterization of the Ba(ZrTi1x)O3 powders

XRD Diffractrometer (PHILLIPS X’pert MPD) with Ni filtered CuK,,
radiation, Raman Spectroscope (NT MDT; NTEGRA spectra), the particle size
distribution were carried on Mastersizer 2000 Version 5.1 (MALVERM).

4.5 Results and discussion

45.1 XRD patterns, Raman spectroscopic data and TEM analysis

4.5.1.1 XRD patterns

The crystallographic data from the XRD results indicate that the
calcination at 700-900 ° C the BaTiO3; powders has cubic perovskite structure (ICDD
reference pattern: 01-075-0461). When increasing the temperature to 1,000 °© C the
BaTiO; powder has tetragonal perovskite structure (ICDD reference pattern: 01-089-
1428) (figure 4.3). For the Ba(Zry20Ti080)O3 powder, it displays the cubic phase
(ICDD reference pattern: 00-036-0019) as shown in figure 4.4.
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Figure 4.3 XRD patterns of the BaTiO; powder calcined at various temperatures.
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Figure 4.5 XRD patterns of the Ba(Zr,Ti;.x)O3; powders calcined at 1,100 ° C for 2h.

The BZT powders calcined at 1,100 °C for 2h were XRD analyzed as displayed in
figure 4.5. The powder without zirconium has the tetragonal phase which is noticeable
from the splitting XRD peaks (ICDD reference pattern: 01-089-1428), and the
Ba(Zr20Tip.80)O3 powder shows the cubic phase (ICDD reference pattern: 00-036-
0019). Figure 4.6 summarizes all the calculated latticed constants of the BZT powders
and shows that the lattice constants increased with the zirconium content. This agreed
well with the report by Qi et al. (2006). The samples at other compositions, i.e., 0 < x

< 0.2, was further identified based on the Raman Spectroscopic data.
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Figure 4.6 Calculated lattice constants as a function of the Ba(Zr,Ti;4)O3 calcined

powders at various Zr contents.

4.5.1.2 Raman spectroscopic data

The Raman spectrum at room temperature (figures 4.7-4.9) were
presented to clarify the crystalline phase for the BZT with compositions of 0 <x <(.2.
Owing to the random grain orientation of the BZT powders, the direction of the
phonon wave vectors radiate randomly from one grain to the others with respect to the
crystallographic axes (Moura et al., 2008; Dobal ef al., 2001). As observed, when the
Zr content reached 10 mol%, consideration this mode frequency is expected to be
about 129 1/cm for Zr replacing Ti sites, which will be reduced further by an increase
in the ionic radius [R(Ti*") = 0.0745 nm, R(Zr*") = 0.086 nm]. The additional mode
could therefore be associated with a normal mode involving Zr atoms. Since this
mode disappears in the Ba(Tig.90Zro.10 )O3 and Ba(Ti 85710 15)O3 compositions, it may

be considered an indication of the orthorhombic to rhombohedral phase transition.
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Figure 4.7 Raman spectra of the Ba(Zr,0sTio.95)O3 powder calcined
at 1,100 °C for 2 h.

Intensity (a.u.)

(A,(LO,)/A(LO))

200 400 600 800
Raman shift (1/cm)

Figure 4.8 Raman spectra of the Ba(Zr.19Tio.00)O3 powder calcined

at 1,100 °C for 2 h.
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Figure 4.9 Raman spectra of the Ba(Zr.;5Tio5)O3 powder calcined
at 1,100 °C for 2 h.

4.5.1.3 TEM analysis

The crystal structure of Ba(Zrg05Tip.95)O3 powder could be observed
and analyzed by TEM technique using convergent-beam electron diffraction (CBED)
mode. Comparison between CBED pattern obtained and simulation from simulation
program “JEMS” were taken to confirm the information of the BZT structure (Y ordsri
etal., 2011).

The CBED patterns of Ba(ZrysTig9s)O3 powder and the simulation
were shown in figure 4.10 and 4.11. Two zone-axis CBED patterns were taken from
the same area of BaZr(sTi.9503 to indicate the structure shown in figure 4.10(a) [102]
zone axis pattern and figure 4.10 (b), the simulated patterns by JEMS. The [001] zone
axis pattern displayed in figure 4.11 (a) corresponding to the pattern the simulated

pattern in figure 4.11 (b).



(b)

Figure 4.10 CBED patterns (a) and simulated (b) images for [102] zone axis of

Ba(Zro0sTio.05)03 powder.
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Figure 4.11 CBED patterns (a) and simulated (b) images for [001] zone axis of

Ba(Zro,05Tio05)03 powder.
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45.2 Particle size characterization
4.5.2.1 XRD patterns

The crystalline size for all the BZT powders after calcinations was

calculated by using equation 4.1 and the (111) peak was chosen for the calculation.

Table 4.1 lists all the results

J ~0.894
M Beosd

Where /1 is the wavelength of Cu-K, radiations (1.54 A), § is the full width at half

maximum of the peak and & is the angle obtained from 26 value corresponding to

maximum intensity peak of XRD patterns.

Table 4.1 The crystalline size of the Ba(ZrTi;x)O3; powders.

Ba(Zr,Ti;x)O3 powders (;gzt?llllrirlll)e
x=0.00 62
x=10.05 63
x=0.10 56
x=0.15 43
x=0.20 50
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4.5.2.2 Laser particle size analyzer
In order to enhance the distribution of the calcined powder, the
ultrasonic mixer was used and the particle size distributions were as shown in figures
4.12-4.16. A board peak distribution ranging from 10 to 100 um, including a small
portion of the powder with particle size larger than 100 um could be observed for all

compositions. This means that there are the agglomerations of the powder after

calcinations.
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Figure 4.12 Particle size distribution of the BaTiO; calcined powder.
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Figure 4.13 Particle size distribution of the Ba(Zr.0sTio.95)O3 calcined powder.
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Figure 4.14 Particle size distribution of the Ba(Zr.19Ti.99)O3 calcined powder.
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Figure 4.15 Particle size distribution of the Ba(Zr.;5T1i.85)O3 calcined powder.
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Figure 4.16 Particle size distribution of the Ba(Zr(,0Ti0.s0)O3 calcined powder.

4.5.3 Effect of sintering additive

The Li,O was added in the gel of Ba(Zr 5Ti9.95)O3 before calcinations.
Therefore, the effect of the additive on the properties was investigated. For
comparison purpose, figure 4.17 displays the XRD patterns of Ba(Zrg0sTio95)O3
powders with and without Li,O. In both compositions, the main crystalline phase is
perovskite. However, a small amount of Li,O resulted in the second phase of the
BaCOs; (ICDD reference pattern: 01-071-2394) as observed in figure 4.17.

The TGA analysis was carried out for the Ba(Zr sTi9.95)O3 gel without
Li,O and for the calcined powder of Ba(ZrosTipos)Os with 1.5 wt% LiO. The
results were shown comparatively in figure 4.18. A relatively high weight loss
occurred in the Ba(Zr(05T10.95)O3 gel during the heat treatment. A lower weigh loss in
the Li,0O doped powder was observed because the powder was calcined. In both cases,
the thermal analysis contained three common mechanism of thermal decomposition:
solvents removing, organic complex decomposing and BZT phase form. A further
increase in the sintering temperature promotes the formation of BZT, without the

novel chemical reactions took place.
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Figure 4.17 XRD patterns of Ba(Zr,0sTio.95)O3 powder calcined at 1,100° C for 2 h
and Ba(Zr,0sTig.95)O3 with 1.5 wt% Li,O powder calcined at 700 ° C for 10 h.
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Figure 4.18 TGA patterns of the Ba(Zry 05Tio.95)O3 gel and the Ba(Zr.0sTig.05)O3 with

1.5 wt% Li,0O powder calcined at 700 °C for 10 h.
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Based on the Raman spectrum at room temperature, the crystalline
phase of the Ba(Zr5Tip95)O3 with 1.5 wt% Li,O was identified to orthorhombic
phase. The addition of Li,O showed no effect on the phase of the sample as confirmed
by the results in figures 4.19. In addition, it was able to calcine the Ba(Zr( 5Ti9.95)O3
with 1.5 wt% Li,O at 700 °C and obtain the same crystalline phases as 1,100 °C-
calcined sample. This means that the surface energy of the particle is higher in the

Li,O-added sample led to the lower calcination and sintering temperature.

— Ba(Zrg,05Tig.95)03
—— Ba(Zrg (5Tip 95)03+1.5 Wt%LiZO

A(TO,)

=
o
S
0
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Intensity (a.u.)
A1(LO,)/E(LO)

0 200 400 600 800
Raman shift (1/cm)

Figure 4.19 Raman spectras of the Ba(Zr(,0sTi9.95)O3 powder calcined at 1,100 °C for
2 h and Ba(Zry,05T19.95)O3 powder with 1.5 wt% Li,O calcined 700 ° C for 10 h.
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The particle sizes of the powders of Ba(ZrysTip9s5)Os and
Ba(Zr5Tip.95)O3 with 1.5 wt% Li,O were analyzed. Without Li,O, the powder was
around 50-60 um in diameter (figure 4.20). With the additive, the primary particles
agglomerated and formed two main sizes of around 0.5 pm and around 40 um (figure

4.21) caused by the inhomogeneous mixing of the additive.
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Figure 4.20 Particle size distribution of the calcined Ba(Zr,0sTi0.95)O3 powder.
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Figure 4.21 Particle size distribution of the calcined Ba(Zr ¢,0sTi .95)O3 with 1.5 wt%

Li,O powder.
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4.6 Conclusions

The BZT powder could be prepared using sol-gel process. A major
disadvantage of this method is probably due to only small qualities of powders are
obtainable from large quantities of the solution. In this chapter the crystal structure for
the Ba(ZryTi;x)O3 powders were all identified as follows. The powder without Zr
crystallized into tetragonal perovskite whereas the Ba(Zr sT10.95)O3 is orthorhombic.
It is rhombohedral for both Ba(Zr10Tip00)Os and Ba(ZrgsTigpss5)Os. Finally,
Ba(Zr20Ti80)O3 is cubic. The phase analyses of all the samples could be additionally
confirmed by the measurements of the piezoelectric coefficient which was described
in detail in Chapter 5. The Li,O additive was able to lower calcination temperature
without the effect on the crystalline phases. The size of the primary particles was
reduced, however there was the mixture of the secondary particles. The application of
the BZT powders obtained in this chapter was further used for fabricating ceramic and

thick film as respectively mentioned in chapters 5 and 6.



CHAPTER S

UNDOPED BZT CERAMICS AND BZT CERAMICS SYNTHESIZED AT
LOW-SINTERING TEMPERATURE

In general, ceramic materials have high sintering temperatures. This is
a major disadvantage for promoting the BZT material close to industrial requirements,
e.g., high energy density and low energy consumption, one of the methodologies used
is the addition of sintering additive that permit the densification of the ceramics at low
temperature. It is realized that BZT ceramics derived from sol-gel powders are
homogeneous and purified than those produced by solid-state reaction. This chapter
thus aims to present the fabrication and characterization of BZT ceramics without and
with sintering additive using the powder produced by sol-gel process. The effects of
lithium oxide additive on the material properties are thoroughly studied.

5.1 Introduction

Since environmental concerns, lead-free ceramics such as KNN, NBT,
and BZT (Shrout and Zhang, 2007) have been a growing interest in applications such
as actuators and sensors. Among them, barium zirconate titanate (Ba(ZrxTi;«)Os,
BZT) has become most attractive because it has been reported that the zirconium
substitutions into the titanium lattices enhance the dielectric and piezoelectric
properties (Yu et al., 2002). The BZT-based materials, therefore, have high potential
for usage as active elements in micro-fabricated devices (Stojanovic et al., 2002 and
Stojanovic et al., 2004).

84
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5.2 Review of previous work

Sol-gel technique can be used for several purposes including the
formation of homogeneous thin films and powders as described in this analysis in
chapters 3 and 4. The formation of thick film based on sol-gel derived powder will be
discussed in chapter 6. There have been reported on BZT prepared by various routes
or preparation conditions as described below.

Tang, Chew and Chan (2004) produced BZT ferroelectric ceramic
(Ba(ZrxTi1x)03, x = 0.2, 0.25, 0.30 and 0.35) by sol-gel process. Barium acetate,
zirconium-n-propoxide and titanium n-butoxide were used as starting materials.
Acetic acid and 2-methoxyethanol were the solvents. The dried gels obtained from
this method were annealed at 1,100 °C for 5 h, and then sintered at 1,400 °C for 5 h.
The silver paste was used as electrodes for electric characterization. The maximum
dielectric constant at 1 MHz was 12250. It appeared that the Curie point shifted to
lower temperature as Zr content increased. The ferroelectric phase transition occurred
at Ba(Zro20Ti0.80)O03-Ba(Zro25Tio.75)O3 compositions.

Yu et al., (2002) used solid-state reaction to prepare BZT ceramics of
various Zr/Ti ratios, e.g. Ba(ZryTi1x)Os with x =0, 0.03, 0.08, 0.15, 0.20, 0.25, and
0.30. The most interesting composition was Ba(Zro s Tip.95)O3 due to its high value of
electromechanical coupling (0.565) and piezoelectric coefficient (236 pC/N). The
high strain levels of ~0.18 % at 40 kV/cm and of ~0.25 % at ~120 kV/cm were
reported for 0.03 < x < 0.08.

Moura et al., (2008) also fabricated Ba(ZrTi;x)Os (x =0.05, 0.10, and
0.15) via solid-state reaction. Single phase BZT powders were obtained from
calcination at 1,200 °C for 2 h. and sintering at 1,550 °C for 4 h. Raman
spectroscopic analysis of the BZT indicated that there was a change in the crystal
structure from orthorhombic to rhombohedral with increasing Zr content up to 10
mol%. Corresponding to this phase transition, the decrease in permittivity and

remnant polarization was observed.
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Fu et al., (2009) focused on the microstructure and dielectric property
of Ba(Zry,Tigg)O3 obtained from solid-state reaction. At this composition the BZT
was reported to be tetragonal, very close to cubic phase. An average grain size was
about 45 um and the dielectric constant was about 7500.

Regarding the reports on using sintering additive, they have been
addressed in the following topic. In this work, the study of BZT prepared by sol-gel
route with a change of Zr content (x) across the BaTiO3-BaZrO; phase diagram (Qi et
al., 2006) from x = 0.0, 0.05, 0.10, 0.15, and 0.20 are carried out. All the BZT
crystal structure will be completely identified and discussed in correlation to the

material properties which is considered for adding sintering additive.

5.3 Sintering process

Sintering is the term used to describe the process of consolidation. The
pores in a granular material will be eliminated by atomic diffusion driven by capillary
forces. The sintering is often accompanied by shrinkage and densification. There have
been proposed the methods to control the quality of the sintered products as described

below.

5.3.1 Normal sintering
In the preparation of ceramics based on solid-state reaction, the mixed
oxides undergo the cycles of mixing and heat treatment to achieve complete phase
formation. There are two mechanisms involved: first, neck formation (by surface
diffusion) and then, shrinkage (by grain boundary diffusion). This method is prepared

by the following the chemical reaction (Ciomaga et al., 2006)

BaCO, + (1-x)TiO, + xZrO, — Ba(Zr,Ti,_,)O, (5.1)

Ciomaga et al., 2006 used the reaction above to prepare the BZT from
the BaCOs;, ZrO; and TiO, starting materials. The average grain size of the BZT
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sintered at 1,350 °C is 0.75 um and it became to 2.6 um as sintering temperature

increased to 1,450 °C.

5.3.2 Sintering additives

One of the main challenges in developing lead-free piezoelectric
ceramics is to obtain composition that can form the desired structure at low
temperatures and still remain good properties. In addition, the ceramics can be co-
fired them with less expensive conductors, leading to a reduction of the energy
consumption without using expensive electrode materials such as platinum or

palladium.
Sintering additive is a particle which can be soluble or diffused into the

ceramics in order to reduce grain boundary mobility. Sintering additive may also
result in liquid-phase formation, then a reaction with the ceramic and, followed by the
enhancement of elementary sintering mechanisms. Various sintering additives such
as, B,Os, LiF and Li,O were reported to have been used in BT and BST system,
however, the report on the additive for BZT system still lack (Valant and Suvorov,
2004; Valant et al., 2006; Hsi et al., 2008 and Chou et al., 2008).

For BaTiO; system, Valant et al., (2006) studied a basic mechanism of

low-sintering temperature or reaction liquid-phase sintering. The reaction of sintering

additive and a matrix was

BaTO, + Li,0 +CO, - BaCO, + Li,TiO, (5.2)

This reaction occurred at temperatures lower than 750 °C and the
BaCO; usually starts melting at 811 °C. By adding 0.4 wt% of Li,O the sintering

temperature was as low as 820 °C.

Hsi et al., (2008) prepared BaTiOs; ceramic and used calcium
borosilicate glass (CBS) for accelerating the densification and used LiF for reducing

sintering temperature. The dense ceramics was obtained at low temperature (less than



88

900 °C). The suitable proportion of the CBS was 2 wt% and 4 wt% of LiF led to the
high dielectric constant (>1700 at 1 kHz) and low dielectric loss (~0.01).

In 2004, Valant and Suvorov (2004) prepared low-sintering
temperature Ba(SrogoTio40)O3 or BST by a solid-state method. A small amount of
Li,O (0.4 wt %) additive reduced the sintering temperature to 900 °C. The BST had
an apparent density of 97 %. However, there were two secondary phases or
intermediate formation occurred during sintering process, Li;TiOzand Ba,TiO,.

Chou et al., 2008 prepared low-sintering temperature a (Zro3sTioes5 )O3
using B,Os-Li,O co-additive through the solid-state method. Ba(ZrossTioe5)O3
ceramics was normally sintered at 1,500 °C for 5 h. The Ba(ZrossTi 065)0 3+ 4 wt%
Li,O was sintering at 1,000 °C for 4 h. The Ba(Zro3sTi 065 )0 3 + 4 wt% Li,O + 0.75
wit% B,03 was found to sinter at 1,000 °C for 4 h. The co-doped ceramics increased in

dense microstructure of BZT ceramics obtained by means of liquid-phase sintering.

5.3.3 Two-step sintering

This method is normally used for preparing nanocrystalline ceramics
and achieving the complete densification of ceramic bodies without grain growth. The
first step, the ceramic was fired at a higher temperature (T;) to succeed an
intermediate density, then cooled down and hold at lower temperature (T2) until it was
completely dense (Wang and Chen, 2006). Wang et al., (2008) studied BaTiO3
ceramic via modified oxalate precipitation method and two-step sintering method.
The ceramic gain size ranging from 8 to 500 nm was obtained from the heat profile of
Ty at 1,220 °C for 5 min and T, at 1,150 °C for 2 h. The ceramics showed high

dielectric constant of 9000 and low dielectric loss.
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5.4 Materials and methods

5.4.1 Preparation procedure of the Ba(ZryTi;x)O3 ceramics
The gels received from the BZT solution prepared as described in figure
3.1, chapter 3. Firstly, the gels were kept in an oven until dried and calcined at
different temperatures. Then a small amount of the calcined powders (1,100 °C for 2
h) was pressed into a pellet with a diameter (d) of 13 mm, finally the green body was

sintered at 1,250 °C as shown in figure 5.1.

[ BZT calcined powder ]

l pressedinto pellet,d 13 mm.

[ BZT green body ]

l sinteringat 1,250°C, for 2 h

[ BZT ceramic ]

Figure 5.1 Preparation procedure of the BZT ceramic.
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5.4.2 Process with the sintering additive
In order to lower sintering temperature, the composition of best
piezoelectric properties, Ba(ZroosTipgs)Os calcined powder was modified with
sintering additive. The dried gel was added 1.5 wt% of lithium oxide powder (Li,O,
Aldrich, 97% purity) and homogeneously mixed before being calcined at 700 °C for
10 h. The BZT ceramic disks were then sintered at 900 °C for 4 h as shown in figure
5.2.

Ba(ZryesTiges)Os + 1.5% wt Li,0

calcined powder

l pressedinto pellet,d 13 mm.

[ BZT +Li,0 green body J

l sinteredat 900 °C, for 4 h

[ BZT +Li,0 ceramic ]

Figure 5.2 Preparation procedure of the Ba(Zro.0sTio.95)O3 with 1.5 %wt Li,O

ceramic.
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5.4.3 Microscopic characterization
The surface morphology of sintered ceramics was featured using
JEOL JSM-5800 LV (JEOL Apparatus).

5.4.4 Densification analysis
The densifications of ceramic were identified by Archimedes’ method
(ASTM, 1977). First, the sample was measured its dried weight (Wg), and then
immersed in the water for 24 h. After that it was weighted in the air (W;). A final
weight (Way) was obtained by immersing the sample in the water for 24 h before
weighting the immersing sample. All the weights were measured in grams. The

density (oy) in units of g/cm? for each sample can be calculated from:

Wao
- w 5.3
P W, —W_ (5.3)

Where p, is the density of water (in g/cm®).

5.4.5 Dielectric and piezoelectric properties characterization

The silver paste was used as electrodes. The electroded samples were
heated at 600 °C for 10 min with heating rate 15 °C/min. Subsequently, they were
found to be effectively poled at 3 kV/mm for 30 min in a silicone oil bath.

The LCR meter (Hewlett Packard 4263B) was employed to observe the
dielectric properties. A resonance method was used to determine the transverse
piezoelectric coefficient.

The piezoelectric strain coefficient for the ceramic sample was
determined by the Piezo ds; tester (APC Part number: 90-2030) (Berlincourt Piezo ds3
meter manual, 1974).
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5.5 Results and discussion

The gels results were already analyzed and reported in chapter 3. The

following is data on material properties which have yet not been mentioned.

5.5.1 Microstructure of the Ba(Zr«Ti1.x)O3 ceramics
The SEM images of the BZT ceramics with various compositions are
shown in figures 5.3-5.7. They are highly dense, only small amounts pores were
observed. The grain sizes were decreased with increased Zr contents. Their density
and grain sizes were listed in table 5.1.

Figure 5.3 SEM image of the BaTiO3 ceramic.



Figure 5.5 SEM image of the Ba(Zro 10Tip.90)O3 ceramic.
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Figure 5.7 SEM image of the Ba(Zry 20Tip.g0)O3 ceramic.
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Table 5.1 Density and grain size of the Ba(ZrxTi.x)O3 ceramics.

i Density Grain size
Ba(ZrcTi1x)O3
ceramics 2 (k)

3

(g/cm®)
x = 0.00 5.04 39.60 + 3.5
x = 0.05 5.06 2754 +2.8
x=0.10 5.09 21.63+4.2
x =0.15 5.38 20.19 + 3.2
x=0.20 5.41 1594 +45

5.5.2 Dielectric properties of the Ba(ZrxTi;x)O3 ceramics

95

The dielectric constant and dielectric loss for all the samples measured

at 1 kHz and at room temperature were summarized in table 5.2. The temperature

dependence of dielectric constant was plotted in figure 5.8.

Table 5.2 Summary of the room-temperature dielectric properties measured at 1 kHz

of the Ba(ZrTi;x)O3 ceramics.

Ba(Zr,Ti1 )O3 Dielectric | Dielectric
ceramics constant loss
x=0.00 1302 0.04
x =0.05 1361 0.04
x=0.10 1957 0.05
x=0.15 3704 0.06
x=0.20 5118 0.07




96

At room temperature, the dielectric constant and the dielectric loss
increased with Zr content. The increase in dielectric constant relating to the shift in
Curie temperature (T;) was shown in figure 5.8. The Zr substitution in BaTiOs;
ceramic affected the transition temperatures. When 0.0 < x < 0.2, the transition
temperatures were considerably above room temperature and became closer when the
unit cell changed towards the cubic structure. This is due to the O-Ti-O bond is
weaker than the O-Zr-O bond (Kuang et al., 2009). Moreover, the Ba(Zr20Ti0.80)O3
ceramic displayed the broad curve of the dielectric constant measured near the T..
This is because of the inhomogeneous distribution of Zr ions in the crystal lattice and
the mechanical stress existed in the grains (Tang et al., 2004). For Ba(Zro0sTio.95)O3
ceramic, a change in the dielectric constant near 55 °C was clearly noticeable. This
was the tetragonal- to-orthorhombic transition (T;) only appeared in this crystalline
phase (Kuang et al., 2009)

10000 -

103°C —e— x=0.00

8000 -
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Temperature ( °C)

Figure 5.8 Variations of the dielectric constant with temperature of Ba(ZrxTi;x)O3

ceramics.
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The electromechanical properties for all the BZT ceramics were
summarized in table 5.3. The Ba(ZroosTio95)O3 exhibited the highest piezoelectric
response and good electromechanical coupling. It is known that the higher the
number of polarizable directions aligned to a poling field, the larger the piezoelectric
coefficient is (Moura et al., 2008; Dixit et al., 2003). Possible polar directions in the
tetragonal, orthorhombic, and rhombohedral structures are six, twelve, and eight,
respectively (ANSI/IEEE Std 180-1986). This is corresponded to the crystalline
phases identified earlier by this work that the Ba(Zr s Tip.95)O3 is orthorhombic while
the Ba(Zro.10Ti0.00)O3 and Ba(Zrp15Ti 0g5)O3 are rhombohedral.

Table 5.3 Summary of the electromechanical properties of the Ba(ZryTi1x)Os

ceramics
Ba(ZrTi1x)Os3 fr fa Kp -d3; dss

ceramics (kHz) | (kHz) (%) (pC/N) (pC/N)
x =0.00 236 240 46 25.65 101 +£5.0
x =0.05 263 268 48 26.82 126 £5.0
x=0.10 264 268 46 24.56 83+5.0
x=0.15 202 204 44 19.27 36 £5.0
x=0.20 - - - - -

5.5.3 Effect of the sintering additive

Ba(ZrosTio5)O3 ceramic was the subject of the study due to the
highest electromechanically properties. The microstructures of Ba(ZrogsTip.95)O3
ceramics without sintering additive was shown in figures 5.9. The grains are cubic in
shape. A change in shape was clearly observed when adding the Li,O. A significantly
reduction in grain size was shown in figure 5.10. This was because the reaction of a
liquid-phase during sintering process and thus accelerated the sintering mechanism
(Valant et al., 2004; Chou et al., 2008). The density and grain sizes were listed in

table 5.4. The values of the dielectric constant were listed in table 5.5.



Figure 5.10 SEM image of the Ba(Zrp.05Tio.95)O3 with 1.5 wt% Li,O ceramic.
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Table 5.4 Density and grain size of the Ba(Zro.05Ti0.95)O3 ceramics, without and with

the sintering additive.

Density Grain size
BZT ceramics (p)
(g/cm®) (um)
Ba(Zro.05Tio.95)O3 5.06 2754+ 2.8
Ba(Zro.05Tlo.95)O3 with 1.5 wt% Li,O 5.59 4.00+1.2

Table 5.5 Room-temperature dielectric properties of the Ba(Zro s Tip.95)O3 ceramics,

without and with the sintering additive.

dielectric Dielectric
BZT ceramics constant loss
(1kHz) (1 kHz)
Ba(Zro.5Ti0.05)O3 1361 0.041
Ba(zro,o5Tio,95)O3 with 1.5 wt% Lizo 1250 0.026

The density and grain sizes were listed in table 5.4. It can be noticed

that the diffusions of Li" ions greatly affected the grain growth of ceramic, and

consequently, reduced the grain size. Clearly, the phase transition was not

significantly affected due to only the small amount of Li,O was used (figure 5.11).

In table 5.5, the values of the dielectric constant of both samples were

close to each other while the loss tangent was reduced after adding sintering additive.

This was because of a large reduction in grain size in Li-doped sample which was

followed by the higher concentration of grain boundaries (Moulson and Herbert,

1990). This also leaded to a broader and lower dielectric constant as a function of

temperature as shown in figure 5.11. However, these values are still relatively high

when compared to conventional ceramics.
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Figure 5.11 Variations of the dielectric constant with temperature for
Ba(ZI’o,o5Tio_g5)03 without and with 1.5 wt% leo

Table 5.6 Electromechanical properties of the Ba(ZroosTip9s5)O3 ceramics, without

and with the sintering additive.

fr fa k -d ds3
. p 31
BZT ceramics (kHz) | (kH2) | (g5) (pC/N) (PC/N)

Ba(Zro.osTio.e5)O3 263 | 268 48 26.82 126 + 5.0

Ba(Zro05Tig.95)O03 with
1.5 wt% Li,0

280 283 44 22.25 120 £5.0

The electromechanical properties of the Ba(ZroosTio.g5)O3 was unchanged
after adding the Li,O as seen in table 5.6. The net polarization in BZT samples was
not affected by the sintering additive which was not piezoelectric.
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5.6 Conclusions

Barium zirconate titanate of different Zr contents was studied their
physical and electromechanical properties and the use of lithium oxide as sintering
additive was evaluated. The composition of best piezoelectric properties obtained
from Ba(Zro.05 Tio.95)O3 ceramics. With the additive, the densification of the BZT took
place at 900 °C which is lower than the melting points of the conventional conductive
materials like silver and gold (melting points 960° C and 1,063 °C, respectively). The
Li,O additive which is not piezoelectric affected only on the physical properties in the
low-sintering-temperature BZT without influencing their good electromechanical
properties. The mechanically activated powders of this material are attractive for, e.g.,
making paste materials used in conventional screen-printing techniques which was

addressed and discussed in chapter 6.



CHAPTER 6

FREE-STANDING BARIUM ZIRCONATE TITANATE THICK FILM

Piezoelectric BZT thin films have been previously presented in chapter
3. The BZT films with thicknesses larger than nanometer range can actually be
fabricated and incorporated into different kinds of devices For instance, the films with
thicknesses of 0.1-1 um are normally used in IR sensors while those with typical
thickness of 10-50 um are needed in actuators. However, there have been a few
reports regarding the fabrication and properties of BZT-based thick films in spite of
their possible applications in capacitors and tunable microwave devices (Stojanovic et
al., 2004; Tick et al., 2008). Chapter 6 aims to present the background of thick film
technology, focusing on free-standing thick films with sacrificial layer procedure.
Subsequently, the mentioned technology is applied to produce free-standing BZT
thick film.

6.1 Introduction

The miniaturization of piezo-actuators and sensors is often difficult
due to the lack of piezoelectric films of several micron thicknesses. Thick film
technology has thus been introduced in order to effectively fill the technology gap
between thin film and bulk. Thick films of ferroelectric materials are desired for
fabricating MEMS which are required to withstand high operating voltages and
generate a large driving force of energy with the properties close to the bulk.
(Tadigadapal and Mateti, 2009; Kim et al., 2005). Conventional dipping and spin-
coating procedure do not allow achieving thickness of more than several microns.
Thick film technologies are thus often required at industrial level.

Among the thick film technologies, the screen-printing method was
chosen for producing BZT thick films with free-standing structure (Lucat et al., 2007;
Ginet, 2007; Lucat et al., 2008; Castille et al., 2009; Castille., 2010).
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None of the free-standing BZT thick film has been previously reported.
Therefore, the report in this work increases the possibility of using BZT elements in

MEMS and other related technologies.

6.2 Free-standing thick films and concepts of a cantilever

It has been a few years since the free-standing thick films have been
developed in the IMS laboratory of Bordeaux1 University, Bordeaux, France (Lucat
et al., 2007; Ginet, 2007; Lucat et al., 2008; Castille et al., 2009; Castille, 2010).
This technology can achieve piezoelectric components released from the substrate
through the combination of standard screen printing method and sacrificial layer. As
can be seen from figure 6.1 the sacrificial layer acts as a mechanical support for the
up-coming active layer. A removal of the sacrificial layer would leave behind a
cavity between the active layer and the substrate, leading to the so-called free-
standing or free-moving structure.

Choices of substrate, electrode materials and sacrificial layer all play
an important role in the technology. Strontium carbonate (SrCOs) was chosen as
sacrificial layer because its chemistry and decomposition temperature are compatible
with the overall procedure and temperature profile. The strontium carbonate can be
remove after the final heat treatment by emerging the fabricated structure in a
phosphoric acid of mild concentration. Common metals such as gold and silver are
often used as electrodes because their melting temperature is lower than the firing
temperature used in the procedure. Some additives or eutectic materials such as
borosilicate glass frits are often used in order to lower the firing of the fabricated
structure down to a temperature less than 1,000 °C without fracture and phase change.
In the screen-printing process, the MEMS patterns will be placed on a variety of
substrate materials. Alumina substrate is frequently used due to its high chemical and
thermal stability and low corrosion. In general, the MEMS devices can be fabricated
into three different structures, i.e, pates, diaphragms and cantilever. The most popular
structure is the last one. The vibration configuration of a cantilever has two main

modes, the vertical transversal vibration (figure 6.2 (a)) and the horizontal
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longitudinal vibration (figure 6.2 (b)). The latter is of interest in this work because the
piezoelement is moving more freely than the first.

substrate

sacrificial layer

-

Figure 6.1 Thick film procedure with sacrificial layer deposited onto a
substrate at the beginning step and removed afterwards at a final step
(Lucat et al., 2007; Ginet, 2007).

4 B Electrode
‘ : ......... = [] Piezoeletric material
[ (a) Cantilever and
Substrate alumina Substrate alumina (b) support structure
> Direction of vibration
(@) (b)

Figure 6.2 Transversal vibration (a) and longitudinal vibration (b) (Castille, 2010).
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The frequency ( f) of free standing structure as shown in figure 6.2 (b),
according to ANSI/IEEE Std 176-1987 the longitudinal vibration, the propagation
velocity wave along the structure of length (L), width (b) and thickness (h) is given as
(ANSI/IEEE Std 176-1987).

1

E
V P beam Sll

[k
£ = o 6.2
=z 62)

where K=——o (6.3)

Uy =

(6.1)

Then the frequency can be obtained by placing (6.3) into (6.2) to yield

fa) =2+ E o fs(l")z—/131 —1E (6.4)
2zL\ p, 2zL\ pis;

The Eigen values of A\’ are defined corresponding to the longitudinal

(6.4)

vibration given by (ANSI/IEEE Std 176-1987)

2n-1
— T

A0 = S n=12.. (6.5)

6.3 Review of previous work

The previously works have been reported on the lead-based thick films
deposited on different substrates by screen-printed process and was described in
figure 6.3 (Yao and Zhu, 1998). Moreover, PZT thick films (cantilever types) of

various dimensions were shown in figure 6.4 (Castille et al., 2009; Castille, 2010).
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PZT powders | Balimiling o | Piozoslectio paste |
J Ball milling
PbO powders
Pd-Ag el -
Organic vehicle | d-Ag electrode paste

Screen-printing and drying alternatively

Sandwiched multilayers |

AlL,Ossubstrate
Appling isolatic pressure Co-firing and cutting

» Laminated green bodies

] Painting external electrodes . . ]
Microactuator - Individual multilayer film

Bonding leads poling

Figure 6.3 Flow chart of the preparation of PZT thick-film actuator
(Yao and Zhu, 1998).
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— =l ] 2mm

[ PZT
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: : AA
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: Alumina
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Figure 6.4 The PZT thick film geometry with various shapes
(Castille et al., 2009; Castille, 2010).
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Zhang et al., (2003) fabricated the PZT cantilever, the width of 100 um
and the length of 130-280 um, for operating at its resonance in a frequency range of
6.1-29.6 kHz. The PZT-cantilever was actuated with an applied electric voltage of
100 V, with typical tip displacement of 30 um.

Cotton et al., (2007) fabricated the screen-printed PZT-Pz29 thick film
using the paste without any binders. A maximum piezoelectric coefficient ds3 of 168
pC/N was obtained. This value was 28 % more than those of other conventional
piezoelectric thick films.

Stojanovic et al., (2002) fabricated barium titanate ((BaTiOs) thick
films of three layers by using the screen-printing technique on alumina. A small
amount of the LiF was used as a sintering additive. Thicknesses of the BT films
ranging from 25-75 mm were obtained by sintering at 850° C for 1 h. The relative
permittivity or dielectric constant for all the films were 500-2600 and the Curie
temperature was ~120 °C. These values are similar to those of the bulk.

Zimmeermanm et al., (2004) prepared BST (BaSrosTip403) and BZT
(BaZry3Tip703) thick films with an average grain diameter of 30 nm. The materials
for making the pastes were prepared by solid-state reaction. After calcination of the
powders at 1,100 and 1,250 °C for BST and BZT, respectively, the paste for each
material was made. When each paste was mixed with the binder until a paste was
established, the paste was screen-printed onto alumina and followed by firing at
1,200 °C and 1,080 °C for BST and BZT, respectively. For BZT, the maximum
dielectric constant was 500 (at Curie temperature of -50 °C) while the room-
temperature relative permittivity of the BST was 230 at 25° C.

Palukuru et al., (2010) reported on the screen-printed barium strontium
titanate (BST) thick films for integrating them into tunable microwave device. They
used the BST powder doped with 0.8 wt% of Li,O and pre-heated at 500 °C for 10 h.
The paste was prepared by mixing 80 wt% of BST powder, 16 wt% of organic
medium and 4 wt% of dispersant. Alumina was used as substrate. The films were
sintered at 900 °C for 3 h.
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Tick et al., (2008) described the LiO,-doped BST thick films prepared
by double screen-printed method. The thickness obtained after sintering 60 um. The
films were fired with different sintering temperatures, 500, 700 and 900 °C (for the
same period of 10 h). The highest density of 72 vol%, was received from the 500 °C
film. In accordance of the sintering temperature mentioned earlier, the dielectric
constants (1 MHz) were 700, 730 and 790 while the dielectric loss were extremely
low, 0.0042, 0.0051 and 0.0055.

The neat BZT is usually at high temperature as high as 1,250 °C which
leads to the elaborating of electrode is possible. To achieve the desired BZT structure
that can be sintered at low temperatures and to be co-fired with inexpensive
conductors like gold, possible additives for reducing sintering temperatures are used,
for example, B,Os, LiF and Li,O were reported their use in BT and BST system,
however, the report on the additive for BZT system is rarity (Valant and Suvorov,
2004; Valant et al., 2006; Hsi et al., 2008 and Chou et al., 2008).

The free-standing piezoelectric thick films which combine the standard
screen-printed and the sacrificial layer of graphite or glass have been reported for
making thick films and LTCC (low temperature co-fired ceramics). The sacrificial
layer is normally eliminated at the end of the process to release the beam and allow it
to move freely. Various applications benefit from this technology are, for example,
electrothermal microactuators, microresistors, strain gauges, microchannels, and
implementation of piezoelectric devices (Lucat et al., 2008).

Lucat et al., (2008) selected the strontium carbonate material as
sacrificial layer due to mechanical and thermal stability, and solubility in acidic acid.
Castille et al., (2009) fabricated free standing PZT cantilever for gas sensor by a
screen-printed and a sacrificial layer techniques. The piezoelectric paste was prepared
by PZ26 powder. Lead borosilicate and ESL400 were the glass frit and organic
vehicle, respectively and the pastes were screened on the alumina substrate. The best
resonance behavior and quality factor was obtained from the cantilever with
dimension of 8x2x0.08 mm®. By using the longitude vibration mode, the self-
actuating cantilever could detect the toluene with a 44 um PEUT (polyetheruretane)

coating.
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6.4 Materials and methods

6.4.1 Preparation of the sacrificial layer paste

The sacrificial paste was prepared by using the strontium carbonate or
SrCO; (Carlo Erbe Reagent, purity: 99%) due to its decomposition temperature
(1,200 °C) which is less than the standard temperature in screen-printing process
(lower than 1,000 °C). Epoxy resin (ELS 400, Electro-Science Laboratories, Inc) was
selected as the organic vehicle because it has more ability to be used on a flexible
substrate. Among the polymers it can serve as a basis for a screen-printed paste, the
epoxy resin seems to be the best compromise due to its good chemical compatibility
with other materials, an application compatible with screen-printing and good
temperature resistance. The stating powder was sieved at 38 um. The powder was
dried at 120 °C for 1 h to discard the humidity. The SrCO3 dried powder (80 wt%)
was mixed with epoxy resin in mortar for 20 min before being homogenized for 4 h

by two turntables machine (Castille, 2010).

6.4.2 Preparation of the BZT pastes

Owing to the sintering temperature below 950 °C it is preferable, due
to the melting point of gold electrode (1,063 °C), it is necessary to add different
compounds to achieve liquid-phase sintering or assist sintering. The best
electromechanically properties, Ba(ZroosTiogs5)O3 (BZT) was employed as active
powder as described in chapters 4 and 5 was used in this endeavor. Three groups of
the BZT powders; namely A, B and C were desired. After that the ratio between BZT
and resin were characterized before preparing thick films. The suitable ratio of

preparing the pastes was described below.
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Group A. BZT + 1.5 wt% Li,O powder

The powder of the BZT + 1.5 wt% Li,O derived from sol-gel method
described earlier was selected as starting powder. Before weighting and mixing the
powder, it was dried and kept for 1 h in an oven (120 °C) in order to remove the
moisture. The powder was sieved in a 38 um mesh. The powder and the organic
vehicle were mixed using 75 wt% of powder and 25 wt% of vehicle. The powders
were homogeneously milled for 20 min in a mortar agate before being homogenized

for 4 h by two turntables machine.

Group B. BZT + 1.5 wt% L.i,0 ceramic

The BZT with 1.5 wt% Li,O calcined powder was also prepared from
sol-gel method and was used for making the paste. This powder was pressed into disk
and sintered at 900 °C for 4 h to obtain the BZT ceramic. The BZT disks were
undergone the grinding process in methanol by planetary ball milling for 24 h. The
ground powder was dried in an oven until the dried powder was obtained. Then the

powder was fed to make the paste in a similar manner as Group A.

Group C. BZT ceramic + Li,CO3-Bi,O3-CuO powder

The BZT used here was also prepared from sol-gel method as
previously described in chapter 4. This powder was pressed into disk and sintered at
1,250 °C for 2 h. The same grinding process for Group B was also used for this group.
The common additive, Li,CO3-Bi,03-CuO (40-10-50 wt %) for PZT element was
applied to the BZT powder in order to reduce sintering temperature (Seveyrat and
Gonnard, 2003). Next, the rest of the procedure was described for the first two groups.
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6.4.3 The BZT thick film fabrication

The process for preparing thick film was shown in figure 6.5.

[ Active powder ( Group A, B and C) J

l paste fabrication

[ Group A, B or C paste ]

l screen-printing

[ Wet film ]

l driedat 120°C, 20 min

Dried film

N v

l sintered

Thick film

Figure 6.5 Flow chart of the thick film elaborating.

The preparation of cantilever-type structure was presented in figure 6.6
(Castille, 2010). First, the gold electrode (8838 A , Electro-Science Laboratories,
Inc.) was screened on alumina substrate through a 325 screen mesh (figure 6.6 (a))
The next step was depositing the sacrificial layer by using a 70 mesh of screen, and
dried this layer for 20 min at 120 °C. The thickness of the film obtained was 100 um
(figure 6.6 (b)). Then the bottom electrodes were screened (figure 6.6 (c)). The BZT
layer was a screen 70 mesh to obtain a final thickness after dried film about 160 um
(figure 6.6 (d)). Finally, the top electrode was screened (figure 6.6 (€)). The films

were dried in an oven at 120 °C for 20 min before sintering.
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(d) (e)

Figure 6.6 Patterned screen for (a) the tracks of gold (b) the layer sacrificial (c) the
lower electrode (connected to conductive tracks), (d) the layer piezoelectric and
(e) the top gold electrode (Castille, 2010).

6.4.4 Pressing the thick films
The procedure of pressing thick film in order to improve the
compactness of the film was depicted in figure 6.7. All samples were packed in
polyethelyne (PE) bags sealed by heat. The PE films used to protect from high
pressure (figure 6.8). Next, the sample was pressed at 100 MPa using the pressing
machine (ICMCB (Institut de Chimie de la matiere condensée de Bordeaux, Bordeaux
1 University, Bordeaux, France) as shown in figure 6.9.
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Figure 6.7 Procedure of pressing thick film.

Figure 6.8 Samples encapsulated in polymer film.
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Figure 6.9 The pressing machine.

6.4.5 Removal of the sacrificial layer
The removal of the sacrificial layer was performed in a phosphoric acid
for 2 h. It is possible to accelerate the reaction rates by increasing the temperature of
the solution of phosphoric acid and/or by placing the sample and the acid solution in
an ultrasonic bath (Castille, 2010).

6.5 Results and discussion

Depending on the staring material, powder/binder ratio, and additives
in making the paste, the results were reported and discussed.

Three groups powder A, B and C stand for Group A (BZT + 1.5 wt%
Li,O powder), Group B (BZT + 1.5 wt% L.i,O ceramic) and Group C (BZT ceramic +
Li,CO3-Bi»03-CuO), respectively.
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6.5.1 Particle size distribution

Three groups of the BZT powders A, B and C were characterized

particle size by using the laser particle size distribution as described below.

The particle size distribution of A, B and C were shown in figures

6.10, 6.11 and 6.12, respectively. It can be seen that groups A and C consisted of both

nano and micro sizes. While group B has only nanopowder.

Volume (%)

Particle Size Distribution

0.1 1 10 100 1000 3000
Particle Size (um)

Figure 6.10 Particle size distribution of group A powder.

“olume (%)

Particle Size Distribution

0.1 1 10 100 1000 3000
Farticle Size (pm)

Figure 6.11 Particle size distribution of group B powder.
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Particle Size Distribution
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]

%.01 0.1 1 10 100 1000 3000
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Figure 6.12 Particle size distribution of group C powder.

6.5.2 Effect of sintering condition

6.5.2.1 Green bodies of group A thick films (BZT + 1.5 wt% Li,0

powder)

The thick films were sintered at various sintering conditions as listed in
table 6.1. It was noticed that the sintering condition of 900 °C, with a rate of
15 °C/min for 30 min was the best condition because of well sintering and low cracks
was shown in figure 6.13. The sample is thus suitable for poling. Different
temperature profiles and sacrificial layers were tested but the cracks still remained in
the film. It seems that the appearance of crack caused by the inhomogenity of the
paste. Often that the cracks appeared close to the anchor plot as displayed in figure
6.14.
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Table 6.1 Summary of sintering conditions of group A thick films.

Temperature | Heating rate Firing Characteristics of sintered BZT
(°C) (°C/min) time thick film
(min)
850 20 60 The sample was well sintered, and

lots of micro-cracks were observed.

850 20 120 The sample was well sintered, and
lots of micro-cracks were observed.

950 20 15 The sample was well sintered, and
micro-cracks were observed.

950 20 25 The sample was well sintered, and
micro-cracks were observed.

900 5 240 The sample was well sintered, and
micro-cracks were observed.

900 15 30 The sample was well sintered, and
low micro-cracks were observed
was shown in figure 6.14

Figure 6.13 The BZT (group A) cantilever of the element of dimension of

10x2 mm? thickness ~60 pm.
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Figure 6.14 A picture and a sketch of the element of dimension of 8x2 mm showing
the cracks (0) (Modified from Castille et al., 2009).

6.5.2.2 Green bodies of group B thick films(BZT + 1.5 wt% Li,O

ceramic).
The results of the screen-printing in group B at various sintering

condition were shown in figure 6.15

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

Figure 6.15 The thick film made from group B paste sintered at various sintering
conditions (a) 850 °C for 0.5 h, (b) 900 °C for 0.1 h, (c) 900 °C for 0.5 h,
and (d) 900 °C for 2 h.

It was observed that all the samples were well sintered but were not
attached on the substrate and there was the bending of the beam. This was possibly
due to the less viscosity of the nanopowder started paste leading to more shrinkage of
the BZT thick film.
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6.5.2.3 Green bodies of Group C thick films(BZT ceramic + Li,COs3-
BizO3-CUO)
Green bodies of Group C thick films fired at various sintering

conditions were listed in table 6.2.

Table 6.2 Summary of sintering conditions of group C thick films.

Temperature | Heating rate Firing Characteristics of sintered BZT
(°C) (°C/min) time thick film
(min)
850 15 30 The sample was well sintered, as

shown in figure 6.16

900 15 10 The sample was well sintered.

900 15 30 The sample was well sintered.

Figure 6.16 The Group C thick films sintering at 850 °C with a rate of 15 °C/min for
0.5h.

From table 6.2, the sintering condition of 850 °C, with a rate of
15 °C/min for 0.5 h was suitable for poling. This was because the lowest sintering
temperature and suitable temperature used with gold electrode is (melting point
1,063 °C).
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6.5.3 Poling effect

The poling procedure was performed in order to activate the
piezoelectricity in the polycrystalline element (see Chapter 2, section 2.1.1). This
method involves with heating the piezoelectric component near the Curie temperature
before applying an electric field. The dipoles in the sample will align their orientation
in parallel to the direction of the electric field. For the cantilever, this procedure was
done by placing the piezoelectric element in a cell thermostatically coupled to a
vacuum pump where the moisture was removed and the helium coolant was used.

Normally, the poling field in a range of 3-5 kV/mm was used (Castille, 2010).

6.5.4 Preliminary results

The poling process was carried out on the samples in group A
(Ba(ZrogsTip.g5)O3 +1.5 wt% Li,O powder) and group C (Ba(ZroosTio.g5)O3+Li,COs3-
Bi,O-CuO ceramic) with sintering conditions mentioned earlier. After poling, the
dielectric constant of the samples (group A and C at best sintering condition) was
measured by using HP4194A (Agilent). The value of dielectric constant and dielectric
loss of group A (sintered at 900 °C with a rate of 15 °C/min for 30 min) were 300,
and 0.1, respectively. Group C (sintering temperature to 850 °C, with a rate of 15
°C/min for 30 min.), the value of the dielectric constant and dielectric loss were 78.5,
and 0.035, respectively. The preliminary results on electromechanical characterization

of BZT cantilever were summarized in table 6.3

Table 6.3 Electrocmechanical characterizations of BZT cantilever.

fr fa k31 -d31
Group of powder kHD) | (kHo) %) | (pCIN) Qm
Ba(Zro_o5Ti0_95)03+Li2C03-
Bi,0-CuO ceramic (Group C) 48.450 | 48.675 10.66 10.28 162
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6.6 Conclusions

The integration of BZT material into thick film technology was
demonstrated in this chapter. The screen-printing process and free-standing cantilever
structure were applied to produce the free-standing BZT cantilever. The screen-
printing ink or paste has been produced from either BZT nanopowder or BZT
micropowder for comparison. From the study, good cantilevers are obtained from the
pastes made of micropowder of the Ba(ZroosTiogs)Os with 1.5 wt % Li,O and the
Ba(Zro 5 Tiogs)O03 with 3 %wt Li,CO3-Bi20-CuO.



CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Main conclusions

(1) The integration of the piezoelectric bulk into the MEMS-based
products is often expensive and some functional requirements are not achievable.
Therefore, the piezoelectric thin films have been highly required. The present work
presents the reliable synthetic route of acetic sol-gel and spinning method for the
production of the Ba(ZrxTi;x)O3z or BZT thin films. The sol-gel BZT thin films with
different x values ranging from 0.00-0.20 have been deposited on commercial
Pt/Ti/SiO,/Si substrates and have an average thickness of 350 + 50 nm. The pyrolysis
of 350 °C and annealing of 800 °C were used in the procedure. All the films possess
single perovskite phase crystallized into different crystal structures, depending on the
Zr/Ti ratios. The thin film without Zr crystallized into tetragonal structure whereas the
Ba(Zro.05Tlo.95)O3 film is orthorhombic. It is rhombohedral for both Ba(Zrp.10Ti0.90)O3
and Ba(Zro.15Tiogs)O3. Finally, the Ba(Zro20Tiog0)O3 film is a cubic type. Unlike most
of the PZT thin film, the BZT thin films have non-columnar microstructure and the
grain size is decreasing with increasing Zr content. In contrast, the values of the
dielectric constant for all the BZT thin films are increased with Zr and are comparable
to those of the BZT films fabricated by other methods such as rf magnetron sputtering
(Wu, Wu and Chen, 1996). Owing to its well-known capacity and high special
resolution, the single-beam Michelson interferometer has been applied for
measurement of the piezoelectric response in the thin films. Among the prepared BZT
thin films, the orthorhombic Ba(Zr0sTiog5)O3 exhibits best measured value of the
piezoelectric coefficient, dsz of 35 pm/V. This can be explained that it is because the
highest number of polarizable directions is found in the orthorombic crystal structure,

leading to the largest magnitude of the piezoelectric coefficient.
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(2) The BZT powders of different Zr/Ti ratios can be derived from the
sol-gel prepared previously in (1). This can be done by calcinations of the gel at
1,100 °C. The calcination has been further reduced to be 700 °C when adding the
LiO additive into the gel. Concerning the crystalline structures of the calcined
powder of different Zr/Ti ratios, they are completely similar to those of the thin films
of the same compositions.

(3) In order to promote the use of BZT ceramics in applications where
the bulk structure is necessary such as piezoelectric transformer and actuator, the
sintering temperature should be lower and the production procedure could be simpler.
In this work the Li,O additive has been used in the preparation of the BZT ceramics
and then the densification of the ceramics is taken place at temperature lower than the
melting temperature of the electrodes. The grains of the BZT ceramic are much
smaller after doping while the density is higher. However, the additive which is not
piezoelectric has no effect on the electromechanical properties of the BZT ceramics.

(4) There have been a few reports regarding to the fabrication and
properties of BZT-based thick films in spite of their possible applications in MEMS-
based devices. This work presents the integration of BZT material into thick film
technology focusing on screen-printing process and free-standing cantilever structure.
The screen-printing ink or paste has been produced from either BZT nanopowder or
BZT micropowder for comparison. Good cantilevers are obtained from the pastes
made of micropowder of Ba(Zrp.05Tio.95)O3 with 1.5 wt % Li,O and Ba(Zro s Tig.95)O3
with 3 %wt Li,COs-Bi,O-CuO.

7.2 Future work

Some difficulties arisen during the course of this work are:
(a) a problem caused by a short circuit in the films with thick electrode layer,
(b) the agglomeration of the powder which leads to a non-homogeneous paste,
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The following topics are of interest for future study:

(@) Measurements of the electromechanical coupling factor, k, an indicator of the

energy conversion.
(b) Measurements of the piezoelectric coefficient of the thick film.

(c) The chemistry and the sintering mechanism of the element made from

nanopowder.
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