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PREFACE

Energy-converting materials have been developed and progressed with the
advancement of informational society. Piezoelectric materials, which possess the
capabilities of mechanical-electrical energy conversion, have been applied in various
fields, such as optics, photonics, metrology, precision mechanics, mechanical
engineering, and microelectronics. In practical applications, lead-containing
piezoelectric materials are widely used because of their beneficial properties. The
research of lead-free materials has stagnated due to the avoidance of lead contamination.
However, lead-free materials cannot be completely alternative to lead-containing
materials in performance. Therefore, the improvement of lead-free materials is still a
crucial topic.

This thesis focuses on the preparation and the properties improvement of lead-free
material films. Chapter I of this thesis introduces the background and current situation
of lead-free film, thus arriving at the subject and significance of this thesis. Chapter II
describes the preparation and evaluation methods of oxide films and emphasizes the
reason for the selection of the Pechini process. Chapter I1I systematically describes the
modified Pechini process, which is suitable for multicomponent systems of BaZrOs-

(Ko.45Nag sLio.0s)NbO3-(BiosNao.s)TiOs/(La, [Na, )TiO,. A detailed fabrication process

is explored and the contemporary elements of lead-free material research are described
to fit the Pechini process. Chapter IV considers the effect of prepress on the lead-free
(Bio.sNao5)TiO3-BaTiO3; materials. The application temperature of (Bio.sNao.5)TiOs-
based materials is improved by the compressive prepress from the difference of

coefficients of thermal expansion between the (Bio.sNao s)TiO3-based thick film and the



substrates. Chapter V is the conclusion of this thesis. All work will be summarized, and

the contribution is emphasized.
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CHAPTER 1

INTRODUCTION

1.1 Piezoelectricity

Piezoelectricity is a property of certain crystalline materials with non-center-
symmetries.!) Direct piezoelectricity was first discovered by Pierre and Jacques Curie
in 1880 while studying the effect of pressure on the generation of electrical charges in
natural crystals such as quartz, tourmaline, Rochelle salt, etc.? They found that when
an external force was applied to the dielectric material in a certain direction, the material
itself generated an internal polarization with the deformation which led to the orderly
arrangement of dipoles. Sequentially, the electric potential difference generated due to
the same amount of opposite charge appeared on the corresponding material surface.
After releasing the external force, the ordered orientation was no longer maintained,
and the potential difference disappeared. Subsequently, the converse piezoelectric
effect was predicted by Lippmann® based on thermodynamic considerations and
confirmed experimentally by Curie brothers® in 1881. The converse piezoelectric effect
can be described as a phenomenon where dielectric materials under an electric field

generate stress and strain, which disappear with the withdrawal of the electric field.>®
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Fig. 1.1 Direct and converse piezoelectric effects.

1.1.1 Piezoelectric coefficient

Due to the anisotropy of piezoelectric materials, physical constants relate to both
the direction of the applied mechanical or electric force and the directions perpendicular
to the applied force. Consequently, each constant generally has two subscripts that
indicate the directions of the two related quantities.

The piezoelectric charge constant (d) is the polarization per unit of mechanical
stress (7) applied to the piezoelectric material, or the mechanical strain (S) per unit of
the electrical field applied to the piezoelectric material. The first subscript of d
represents the direction of polarization that occurs within the material when the electric
field E is zero, as well as the direction of the applied electric field. The second subscript
represents the direction of applied stress and induced strain, respectively. ds3 induces
polarization in direction 3 (parallel to the direction in which ceramic element is
polarized) per unit stress applied in direction 3 or induced strain in direction 3 per unit
electric field applied in direction 3. d33 can be obtained as following:”

dsz = k3zv/s53853 (1-1)
where k33 is the electromechanical coupling coefficient for longitudinal vibration in
direction 3, s£; is accompanying strain in direction 3, and &5 is the dielectric constant

in direction 3.



1.1.3 Curie temperature

Curie temperature (7c) is the temperature at which a ferroelectric material
transition to paraelectric. Hence, Tc is the temperature where ferroelectric materials
lose their spontaneous polarization as a first or second order phase change occurs.®
However, due to the complicated phase transition occurring in the relaxor system

materials, definite Curie temperature is difficult to determine. Consequently, 7w, the

temperature of the max value of relative permittivity, is generally applied.

1.1.4 Dielectric loss

Under the alternating electric field, dielectric loss is generated due to the delayed
dipole transformation, and the forced dipole moment rotation turns into heat energy
consumption. The dielectric loss factor is defined as the tangent of the loss angle (tand).”
Usually, the consumption of electrical energy in a dielectric is expressed as the

resistance (R):

1
tand = E (1-2)

(Q)
where C is the dielectric electrostatic capacity and o is the angular frequency of the

alternating electric field. Usually, a low dielectric loss represents good performance.

1.1.5 Spontaneous polarization

In a crystal cell, the centers of positive and negative charges do not coincide,
resulting in an inherent electric dipole moment. The periodic repetition of the structure

causes the electric dipole moments to be arranged to form a high polarization. This



polarization originates with an internal structure instead of external electric fields and

thus is called spontaneous polarization.'?)

1.1.6 Ferroelectric hysteresis loop

The ferroelectric hysteresis loop is a characterization of piezoelectric materials
measured by their polarization (P) as a function of the applied AC electric field (E).!!"!?
The dielectric behavior of piezoelectrics is distinctly nonlinear. Due to the motion of
domain walls, the variation of polarization under the electric field is hysteretic.!*!%

As shown in Fig. 1.2, at a low electric field, there is a linear relationship between
P and E because the electric field is insufficient to switch any domain and the
piezoelectrics behave as normal dielectrics. As the external field increases, the domain
changes to the direction more inclined to the electric field and the polarization increases
rapidly until all the domains change and the polarization becomes saturated, which is
related to the spontaneous polarization Ps. As the strength of the electric field is reduced
to zero, some regions will remain in the positive direction and the crystal will show
remanent polarization (Pr). Remanent polarization can only be eliminated when the
applied field along the negative direction reaches a certain value, which is called the

coercive electric field (£c). An ideal hysteresis loop is symmetric and the positive and

negative values of E. and P are equal.'”



Fig. 1.2 A typical polarization hysteresis loop in ferroelectrics.

1.1.7 Piezoelectric domains

A spontaneous polarization of piezoelectrics occurs below the Curie temperature.
Piezoelectric domains are uniformly polarized regions with sizes ranging from a few
nanometers to tens of micrometers.'® The boundary between two domains with a
thickness of a few lattice cells is called the domain wall.'” The domain wall is thin
enough to reduce the elastic energy generated by the strain near the walls.'® The
formations of the ferroelectric domain and domain walls depend on the number of

conceivable orientations of the dipole moment by the spontaneous polarization.'”)

1.2 Piezoelectric Materials and Film Application

Piezoelectric materials have been studied for over a century. Piezoelectric
materials are widely used in devices that require the conversion of electrical and
mechanical energy. Barium titanate (BaTiOs, BT) ceramics were first commercial

products for phonograph pickups in 1947.29 Subsequently, lead zirconate titanate
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(PbZr1xTixO3, PZT) started to be applicated because of their superior dielectric and
piezoelectric properties. Table 1.1 shows a list of piezoelectric material application
fields in photonics, mechanical engineering, microelectronics and life science.

Table 1.1 Application fields of piezoelectric materials.?"

Classification Applications
Image stabilization; Scanning microscopy; Autofocus systems;

Optics, Photonics and Interferometry; Fiber optic alignment & switching; Fast mirror

Measuring Technology scanners; Adaptive and active optics; Laser tuning; Mirror
positioning; Holography; Stimulation of vibrations

Vibration cancellation; Structural deformation; Out-of-roundness
grinding, drilling, turning; Tool adjustment; Wear correction;
Precision Mechanicsand | Needle valve actuation; Micropumps; Linear drives; Piezo
Mechanical Engineering ) ) ) ) ]
hammers; Knife-edge control in extrusion tools; Micro engraving

systems; Shock wave generation

Nano-metrology; Wafer and mask positioning; Critical dimensions

Microelectronics measurement; Microlithography; Inspection systems

Patch-clamp drives; Gene technology; Micromanipulation; Cell

Life SCig“_Cf' Medicine, penetration; Micro dispensing devices; Audio physiological
iolo
o stimulation; Shock wave generation

For piezoelectric films, inchoate research can be traced back to late 1960s and
early 1970s.2>?Y The development of Si devices and thin-film technologies attracted
interest in the use of piezoelectric films to make non-volatile memories. Then
Complementary Metal Oxide Semiconductor (CMOS) and microelectromechanical
systems (MEMSs) were invented in succession. Until now, ferroelectric random-access
memories (FRAMs), MEMSs, and microwave electronics are still three main
applications of piezoelectric films. Among them, due to the high performance and low
cost, toxic lead contained piezoelectric films are still mainstream in the practical

application.



1.2.1 FRAM

FRAM is a semiconductor device which utilizes the polarization inversion of
ferroelectrics under external electric field. The positive and negative remanent
polarization states stand for “0” and “1” in binary. FRAM is a type of non-volatile
memory and is widely used in frequent data logging requirement situation, such as
networking, infrastructure, manufacturing, medical records, etc. Although PZT based
FRAMs is almost widely used in practical applications, lead-free materials have been
studied successively due to the toxicity of lead. Among them, SrBi2Ta;O9 (SBT) is

representative lead-free FRAM with a low storage capacity.

1.2.2 MEMS

MEMS is a miniature machine with both electrical and mechanical components.
MEMSs are composed of micrometer-level parts such as microsensors,
microprocessors, microactuators, data-processing units, and parts that interact with
exterior pieces. Since the 1990s, piezoelectric MEMSs such as ultrasonic micromotor,
micropump, miniature electronic tubes, accelerometers, gyroscopes, acoustic sensors,
cantilever sensing and driving elements of the atomic force microscope, and ultrasonic

transducers for medical and sonar applications have been invented and produced.>

1.2.3 Microwave electronics

Piezoelectric thin film transducers are the key components of the surface acoustic
wave (SAW) devices. The wave transmission frequency (fo) is calculated as:

Jfo=Vs2t  (1-4)



where Vs is speed of sound, and ¢ is the thickness of thin film. By the control of the

micron-level thickness, the piezoelectric thin film transducers can work at 2-12 GHz.?”

1.3 Piezoelectric oxides

It is well known that the piezoelectric materials can be divided into perovskite,
tungsten-bronze, bismuth layer, etc. Among of them, perovskite structure oxides are
pivotal piezoelectric materials. The name of the “perovskite structure” is derived from
the structure of Calcium titanate (CaTiO3). The general chemical formula of perovskite
structure is ABOs3, where A and B are vastly different sized cations. This typical
perovskite unit is called an oxy-octahedron. This oxy octahedron shows a
centrosymmetric structure above 7c and does not display piezoelectricity. When the
temperature is below 7c, B atom is shifted from its central position, resulting in a shift
of the positive and negative charges. The spontaneous polarization (Ps) occurs and
piezoelectricity appears. For perovskite structure, it exists more than 6 orientations of
Ps. The randomly arranged perovskite structure with multiple Ps orientations in
ceramics lead to its superior piezoelectricity to tungsten-bronze, bismuth layer, and

other structures.

S 7%

csO0 P, »

Fig. 1.3 Perovskite crystal structure.
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Since barium titanate (BaTiO3), the earliest ferroelectric with perovskite structure,
was discovered, the exploration of new perovskite structural ferroelectrics has yet to
cease. Substitutions of the A and B ions can generate a variety of perovskite
ferroelectrics and the substitutions must keep sizes according to the Goldschmidt

tolerance factor ¢, defined as follows:

_ ra+ro
V2(rg+70)

(1-3)

where 14, 15, and 1, are the radii of the A, B cations and oxygen ion, respectively. The
vales of ¢ are generally at a range of 0.88 to 1.09 for a stable perovskite structure.?”
Possible substitutions of A and B ions were summarized by Roy.?" For piezoelectrics,

BaTiOs;, (Bi1,Na)TiOs, BiFeOs, and Ko.sNaosNbOs3 are typical perovskite structure

materials.

1.4 Lead-containing and Lead-free Piezoelectric Materials

1.4.1 Lead-containing piezoelectric materials

Perovskite structural piezoelectric materials, especially those consisting of lead
based piezoelectric ceramics, have served as excellent and indispensable materials. For
example, PZT, the earliest-studied lead-containing piezoelectric material, has been the
most incisively explored and the most widely used for its desirable elastic, dielectric,
piezoelectric, pyroelectric, ferroelectric, and optical properties.>? After the PZT, other
lead-containing piezoelectric materials such as lead titanate, lead barium lithium niobite,
and modified lead titanate were prepared and studied in succession.

Considering that environmental pollution is against the sustainable development

of society, there is no question of the environment-friendly lead-free piezoelectric

-9-



ceramic development is one of the main development concerns of modern piezoelectric
ceramics. However, in practical applications, the compositions of PZT-based materials
are at their almost perpendicular morphotropic phase boundaries (MPB), as shown in
Fig. 1.4 (a). To piezoelectric materials, MPB is referred to the phase transitions between
the tetragonal and the rhombohedral phases based on the change of the composition.
From the phase diagram of PZT, the composition with x = 0.47 shows the MPB, x <
0.47 shows the rhombohedral phase, and x > 0.47 shows tetragonal phase, respectively.
With the temperature increasing, the tetragonal phase and the rhombohedral phase and
transform to cubic phase, respectively. As shown in equation (1-1) in Chapter 1.1.1, the
piezoelectric coefficient (d33) is the multiplication of the dielectric constant (&) and the
electromechanical coupling constant (k). Due to the PZT with MPB composition
displaying the largest & and &, the piezoelectric coefficient of PZT is the highest at the
MPB as shown in Fig. 1.4 (b). The MPB of PZT is almost vertical, indicating the
temperature stability of piezoelectricity in a large temperature range. Thus, the PZT
with the MPB composition is mainly applicated in industry. In addition, compared with
lead-free materials, PZT exhibits excellent piezoelectric properties, low cost of raw
materials, and easy preparation. Consequently, PZT is widely used in practical
application.

However, the commercial PZT-based materials contain above 60 wt% of lead
oxide which is a serious hazard to the human brain and nervous system. Due to the
toxicity of lead oxide in these materials to both humans and the environment, lead-
containing materials are restricted to use according to the Directive on the restriction of
the use of certain hazardous substances in electrical and electronic equipment
(RoHS).?? Nevertheless, lead-containing materials are still used in practice, because

the performance of lead-free materials is not yet capable of replacing lead-containing
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materials completely. Consequently, the development of environmentally friendly lead-
free piezoelectric materials that can replace the lead-containing materials is very

important.

50 —
.. X ’. -/
o % b Cubic (a)]
400 o‘ :o. d
o 1
< A o Tetragonal
o 30 A Six <001>
2 .,., » - .
© E y A i
. a \ * Rhombo | O )
£ \ < Eight <111> 45" p \
g /N s ~ -
\/ Facm\ ' |
» \ . -
’ 20 40 60 80 100
PbZrO, Mole% PbTiO, PbTIO,
1600} 1 (bHo.4 =&
(®)]
W 1400} /' k %_
 — P
S 1200 - 40.3 3
2 - .
g 1000f T
© soof < {02 §
: i Al i
@ 600} 7 AR é
[T N
o 400 . 7| {01 8
- £ ! LA
200} r ; \‘“ L%
: R | :
0 20 40 60 80 100
Mole% PbTiO,

Fig. 1.4 (a) Phase diagram of Pb(Zr,Ti)O3 and (b) dielectric constant and electromechanical
coupling constant in the Pb(Zr,Ti)O3 system.*!

1.4.2 Lead-free piezoelectric materials

According to the crystal structure, lead-free piezoelectric materials can be divided
into perovskite, tungsten-bronze, bismuth layer. Due to the low properties, Tungsten-

bronze and bismuth layer structure materials is rarely studied. According, studies are
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focused on the perovskite structure piezoelectric materials, especially potassium

sodium niobate [(K,Na)NbO3;, KNN]-based materials, sodium bismuth titanate

[(Bi,Na)TiO3, BNT]-based materials, and barium titanate (BaTiOs, BT)-based materials.

However, comparing with the PZT, lead-free piezoelectric ceramics with binary

components show inclined MPBs in phase diagrams, as shown in Fig. 1.5 (a). Thus,

lead-free piezoelectric ceramics do not show temperature stability of piezoelectricity,

commonly.
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Fig. 1.5 Phase diagrams of (a) (1-x)Ba(Zro2Tio.s)O3-x(Bao7Ca03)TiOs (BZT-BCT)*® and (b)
(1-x-y)BaZrOs-x(Ko 45Nag sLio.0s)NbO3-1(Big sNag 5) TiO3 (BZ-KNLN-BNT)*¥.
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KNN refers to the solid solution of ferroelectric potassium niobate (KNbO3) and
anti-ferroelectric sodium niobate (NaNbO3). In the phase diagram of the KNN solid
solution (Fig. 1.6), KNbO3 shows the phase transition of rhombohedral-orthorhombic-
tetragonal-cubic with increasing temperature. NaNbOs; shows the antiferroelectric
phase at room temperature which undergoes a series of complex phase transitions with
increasing temperature. Finally, NaNbO3; becomes cubic above 630 °C. All KNN show
an orthorhombic phase at room temperature. Among them, Ko sNaosNbO3z shows the
highest piezoelectric properties. The Ko.sNaosNbO3 phase transition process is similar
to that of KNbOs3, and the phase transition temperatures of Ko.sNao sNbOs are about -
160 °C, 200 °C and 400 °C. In previous studies, by the introduction of BaZrO;
rhombohedral phase Ko.sNao sNbO3-BaZrOs solid solution could be obtained, as shown
in Fig. 1.5 (b).>¥ The MPB in Ko sNag sNbOs-BaZrOs is sloped and the phase transition
around the MPB composition is rhombohedral-tetragonal-cubic with temperature
increasing. The temperature instability of the properties disallows them from
application in a wide range of temperatures. However, in previous studies the inclined
MPB of Ko.5Nao.sNbO3-BaZrO; was found to be changed to vertical with the addition
of a third component, e.g., (Bio.sNao.s)TiO3 and (Lag sNao 5)TiO3.>**> In addition, K and
Na elements are easily volatilized at high temperature. This makes it difficult to sinter
high-density ceramics using the conventional process. By partial replacement of A site
(K", Na’) using Li", the melting point of KosNaosNbOs solid solution could be
decreased and made easy to sinter. In addition, the introduction of Li could also increase
the Tc.

As stated above, the compositions of modified MPB in the lead-free piezoelectric
KNN-system materials are always complicated, and the thin film preparation of this

kind of lead-free piezoelectric materials is difficult. In this study, BaZrOs-
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(Ko.45sNag 5L10.0s)NbO3-(Bio.sNao.s) TiO3/(Lao.sNao.5)TiO3 (BZ-KNLN-BNT/LNT) thin
films are attempted to be prepared. The vertical MPB compositions of these KNN-based

lead-free piezoelectric material are applied.
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Fig. 1.6 Phase diagram of the KNN solid solution (Fr-ferroelectric rhombohedral with
high potassium, Fu-ferroelectric monoclinic, Foi-ferroelectric orthorhombic,
Fop-ferroelectric orthorhombic, Fomi-ferroelectric orthorhombic field enforced
in pure NaNbO3, Fomz-ferroelectric orthorhombic, Fri-ferroelectric tetragonal
with high potassium, Fr2-ferroelectric tetragonal, Frv-ferroelectric tetragonal
obtained with additives, Ao-antiferroelectric orthorhombic, Pc-paraelectric
cubic, Pom-paraelectric orthorhombic, Prm-paraelectric tetragonal, Prma-
paraelectric pseudo tetragonal, Prvs-paraelectric pseudo tetragonal).*®)

BNT, as an expected replacement of lead-contained materials, shows the non-
centrosymmetric rhombohedral symmetry structure and a high 7c of 320 °C. However,
the difficulty of polarization caused by the large Ec of 73 kV/cm at room temperature
(RT) and poor piezoelectric properties limits its practical application. The tetragonal

phase BT is added in the BNT system to improve its properties. The MPB of (1-

x)(B1,Na)TiO3-xBaTiO3 (BNT-xBT) ceramics is in the range of 0.06<x<0.07, as
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shown in Fig. 1.7. These ceramics have low depolarization temperatures (74, 110-
120 °C) and cannot be applied in a wide temperature range. BNT-xBT with MPB
compositions exhibit complex phases such as coexisting rhombohedral and tetragonal
phases.’® In addition, T4’s of BNT-xBT (x < 0.05 & x > 0.11) are above 160 °C and
they exhibit rhombohedral and tetragonal structures, respectively. 0.83(Bi,Na)TiO3-
0.17BaTiO; (BNT-17BT) exhibits the highest T4 of 209 °C.3” The application
temperature improvement of the BNT-xBT thick films is another crucial subject in this

study.

Temperature (°C)

0 1 1 L 1 1
0 5 10 15 20 25 30

Fig. 1.7 Phase diagram of BNT-xBT. (Fa, ferroelectric rhombohedral phase; Fg,
ferroelectric tetragonal phase; AF, antiferroelectric phase; P, paraelectric
phase.)*?

1.5 Films and Deposition Techniques

Thin film and thick film usually refer to nanometer and micrometer-level thickness

films, respectively. However, the differences between thin film and thick film are not
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only their thicknesses but their deposition processes as well. The progress of the
exploration of thin film deposition techniques creates the possibility to manufacture
new electronic equipment and mechanical parts with higher performances. High-
integrated electronic films have been widely explored and applied. Piezoelectric films
with high piezoelectric properties are practically applied in SAW substrates, ultrasonic
micro-actuators, and infrared detectors. As stated above, in practical application, lead-
contained piezoelectric films are still mainstream. Lead-free materials cannot
completely substitute the lead-contained materials yet. Thus, research of lead-free films
1S necessary.

For thin films, the progress of the exploration of thin film deposition techniques
provides the possibility to manufacture new electronic equipment or mechanical parts
with higher performances. The deposition techniques are divided into three
classifications: physical vapor deposition (PVD),*'*? chemical vapor deposition
(CVD),* and solution-based chemistry (SBC).**¢) Most of PVD and CVD methods
require a vacuum condition. The growth rate of these deposition methods is usually
slow and the cost is large to achieve excellent epitaxial growth.*” Generally, chemical
methods offer lower cost and easier device requirements than other methods. In this
study, Radiofrequency (RF) sputtering was used to prepare bottom electrodes, and the
sol-gel deposition method was applied to prepare the precursor solution, respectively.

Sol-gel is a representative SBC thin film deposition technique which was
discovered and used in 1846 by J. J. Ebelmenand to form silicate glass by hydrolyzing
and inducing polycondensation of silicic acid.* All sol-gel processes are started with
the acquisition of precursors, whose compounds are small in molecular size. The first
chemical reaction process is proceeded in a liquid solution at approximately room

temperature. Precursors are converted into dispersed colloids, which could be either a
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sol or a polymer solution. In the next process, the previously dispersed colloids were
transformed into interconnected colloids which is called as “gel”. As the gel is dried, it
comes up to the third process. After heat treatment in different conditions, various
products could be obtained, such as glass, fiber, and ceramics.*” The advantages of sol-
gel techique could be summarized as lower processing temperature, high homogeneity
and purity of resulting materials, and possibility of various forming processes.
Generally, sol-gel process contains two steps: hydrolysis reaction to form M-OH and
condensation reaction to form metal oxide bonds, as shown in Fig. 1.8.

Hydrolysis
M(OR),, + H,0————M(OR),_, (OH) + ROH

Alcohol
condensation
——

M(OR), + M(OR),_, (OH) (OR),_;M — 0 — M(OR),,_, + ROH

Condensation

M(OR) 1 (OH) + (OH)M(OR) -y ————(OR) ;1M — O — M(OR),_; + H,0

M: Metal element,R: Alkyl

Fig. 1.8 General scheme of the sol-gel process mechanisms.

In a general sol-gel process, metallic alkoxides are used as the raw materials.
Metallic alkoxides show high chemical activity and instability in water, resulting in its
flammability in air. The Pechini method, also known as the polymeric precursor method,
is a modified sol-gel method which could avoid using metallic alkoxides. The raw
materials used in Pechini method are citric acid (CA, CsHgO7) and carbonate mineral
or metal hydroxide instead of alkoxide, thus there is no danger in raw material storage.
The main reactions of this method contained: (1) chelation between metal cations from

carbonate mineral or metal hydroxide and CA; (2) polyesterification of excess
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hydroxycarboxylic acid with glycol,’” as shown in Fig. 1.9. In the preparation of thin
films, the key point is a stable and transparent solution without precipitation in every
step above. Thus, even though the Pechini technique is applied for multicomponent
films theoretically, multicomponent films using this technique have not been

extensively studied in practical.

0 0
OH
HO ) HO OH
OH + @ - _.OH
I
0 1 D
HO™ ~O Ho o O
Citric Acid Metallic Citrate
0
0 f”“
OH OH HO ©
HO + E— ..OH
_-OH , @
1
HO n

0'11@
)

Metallic Citrate

HO (

0”0
II(}I

Ethylene glycol Polvester
Esterification .

Fig. 1.9 Scheme of the Pechini method reactions.

Although the thin film deposition technology is ahead of the development of thin
films, the research of piezoelectric thin film is still confined to simple composition thin
films, especially for lead-free piezoelectric. Even the sol-gel deposition technology
support for the complex composition thin film, due to the complexity of its processes
and the severity of its chemical reactions, it has little effect on facilitating relevant
research on multi-component lead-free piezoelectric thin film.

For thick film preparation, screen printing, spin coating, and tape casting are
widely used. Regardless of any kind of thick film deposition technique, a stable ink

plays an important role in it. Generally, the ink components contain solvent, surfactant,
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dispersant, binder, and plasticizer. As a popular coating technique, screen printing
possesses the technical specifications as below:

Thickness capability: 10-30 um per layer, up to ~200 um thick;

Ink viscosity range: 1-10 Pa-s (shear-thinning behavior acceptable);

Powder loading: 10-40 vol%.
Due to these beneficial properties, screen printing process was used in the thick film

preparation of this study.

1.6 Thesis Objectives and Organization

1.6.1 Thesis objectives

KNN-based and BNT-based lead-free piezoelectric materials are the most
promising candidates for PZT materials. This thesis focuses on the preparation of KNN-
based thin films with MPB compositions and the using temperature improvement of
BNT-based materials.

For KNN-based lead-free piezoelectric ceramics, there is no property temperature
stability because of its inclined MPB. To improve the property temperature stability, the
compositions of modified MPB in the lead-free piezoelectric KNN-system materials
are always complicated. In previous studies, the so-called vertical MPB of BZ-KNLN-
BNT/LNT was found in ceramics. However, these KNN-based lead-free piezoelectric
thin films with the vertical MPB compositions, which are expected to be applied in high
integration devices, have been studied less. The first purpose is to study lead-free BZ-
KNLN-BNT/LNT thin film preparation using the Pechini method. Due to the precise

control of composition ratios, the Pechini method is expected to prepare complicated
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componential films. However, in the field of piezoelectric materials, the Pechini method
has not been used for composition systems larger than three elements. Preparing multi-
component films proves to be a formidable challenge. Accordingly, in this study the
Pechini method is expected to prepare multi-componential films by the precise control
of composition ratios.

On the other hand, lead-free piezoelectric BNT are respected to be another
substitute of PZT-based materials due to the large Pr of 38 nC/cm? and relatively high
Tc of 320 °C. However, BNT is difficult to polarize because its large Ec of 73 kV/cm at
room temperature. To improve this, BT has been introduced to BNT and the Ec was
decreased to 30 kV/cm. Meanwhile, the addition of BT results in the decrease of 7.
Although BNT-BT lead-free piezoelectric ultrasonic vibrators have been already
commercialized, their low 74 limit that they cannot be applicated at high temperatures.
The second objective of this thesis focuses on the improvement of the application
temperature of BNT-BT thick film. Among BNT-xBT solid solutions, BNT-17BT
shows the highest T4 and the phase transition is tetragonal to cubic with temperature
increasing. The emphasis is on effects of prestress arising from the different coefficient
of thermal expansion between BNT-17BT thick films and substrates.

Currently, lead-free piezoelectric materials are still unable to match lead-
containing materials, as exemplified by piezoelectric properties and manufacture cost.
Researches on lead-free materials are aimed to improve the piezoelectric properties to
a usable level, and then to a substitutive level of lead-containing materials, finally and
hopefully to an exceeded level of lead-containing materials. It is the vision of all

researchers working on lead-free piezoelectric materials.
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1.6.2 Thesis organization

This thesis consists 5 chapters. Chapter I introduces the research background and
objectives. Chapter II describes the preparation and characterization methods of films.
Chapter III shows the exploration of BZ-KNLN-BNT/LNT thin film preparation.
Chapter IV discusses the prestress effects on lead-free BNT-17BT thick films. Chapter

V states the conclusions of this research.
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CHAPTER 11

PREPARATION AND

CHARACTERIZATION OF FILMS

2.1 Introduction

For ferroelectric films, inchoate research can be traced back to the late 1960s and
early 1970s."*) With the development and integration of Si devices, thin-film
technologies attracted interest in the use of ferroelectric films to make non-volatile
memories. CMOSY and MEMSs® were invented subsequently. Until now,
microsystems, memories, and high-frequency electrical components are still the three
main applications of ferroelectric thin films.

Thick films are films with a thickness range of 10-100 pm. Thick film technology
was started in the 1950s and was one of the earliest microelectronic-enabling
technologies.” Nowadays thick film technology is widely applied to manufacture
electronic devices such as surface-mount devices, hybrid integrated circuits, heating
elements, and sensors, especially for a mass of applications in the automotive industry.
For piezoelectric thick films, the earliest introduction was in 1987 by Baudry.” During
the studies of piezoelectric thick films, PZT materials®'? were always the mainstream.
Piezoelectric thick films have been used in numerous applications, such as micropumps,
accelerometers, ultrasonic motors, prosthetic hands-slip sensors, resonators, elastic
wave sensors, multi-modal sensors, microfluidic separators, pyroelectric thick film

sensors, and thick-film actuators.'"
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2.2 Preparation and Characterization of Thin Films

2.2.1 Preparation of substrates

Sliced Si substrates with a size of 1x2 cm were ultrasonically cleaned in deionized
water, acetone, Semiko clean #23, and methyl alcohol for 10 min orderly. The single-
crystal silicon substrates with diamond cubic structures were used as original substrates.
In order to prepare well-oriented bottom electrodes, a SiO» layer that could prevent the
interdiffusion of elemental Si'® was prepared by an oxidation furnace. This oxidation
furnace is designed to be in the gas flow regulation range of 0 to 5 atm and in the
temperature range of 600 to 1000 °C. In this experiment, a 500 nm-thick SiO2 layer

could be formed on the surface of (100) Si for 1.5 h at 900 °C.

2.2.2 Preparation of bottom/top electrodes

To measure the electrical properties of the thin films, bottom/top electrodes with
high conductivities were prepared using RF/DC (Radio Frequency/Direct Current)
sputtering devices, respectively. Sputtering belongs to PVD, which is an atomic
deposition process. In this process, the target materials can be solid or liquid. The
atomic vapor of the target materials is evaporated and transported to the substrate as a
vapor through either a vacuum, low-pressure gas, or plasma environment and then
condensed on the substrate. DC sputtering is applied to metallic electric conductor
target materials coatings such as Pt and Au instead of dielectric target materials coatings.
RF sputtering is widely used in dielectric thin film preparation. The epitaxial growth of
thin films is influenced by the orientation of the bottom electrode. Metallic and semi-

conductive bottom electrodes with high electrical conductivity and orientation are
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widely used for the epitaxial thin films. In this study, high oriented (100)-Pt/TiO> and
(001)-LaNiO3 (LNO) electrodes were prepared by the RF-sputtering method. In RF
sputtering processes, the electrical potential of the current in the vacuum environment
is alternated by radio frequencies to clean up the charge accumulation on the target
materials in order to make the sputtering continue. The radio frequency of 13.56 MHz

1S an international standard.

2.2.3 Synthesis of the precursor solution

The Pechini process was selected for lead-free piezolectric thin films. The Pechini
method is a peculiar sol-gel method named after its inventor, M. P. Pechini.'>'®) The
Pechini process is showed in Fig. 2.1. The raw materials used in the Pechini method are
CA and carbonate minerals or metal hydroxide instead of alkoxide, which is used in
common sol-gel process. Thus, there is no hydrolysis equilibria reaction in the process.
The main reactions of this method contained the raw martials in the second reaction
process are metallic citrates and ethylene glycol (EG). Next, the precursor solution
undergoes the sol change and wet gel change with the heat treatment. In the end,
ceramics or thin films would be produced with different heat treatment routes. For thin
film preparation, the key point is the synthesis of stable and transparent metal-CA
solution, sol, and wet gel. The Pechini process has been widely applied in preparation
of solar cell with complex oxides.!*!> However, complex oxide piezoelectric thin film
has not been synthesized and studied yet. For the BZ-KNLN-BNT/LNT thin films, the
raw materials of Nb, Zr, and Ti were difficult to react in the Pechini process. Their
intermediate products that can react with CA solutions were explored. For the Nb source,

the preparation of Nb2Os - H20 will be discussed. The powder Nb2Os - H2O was filtered
by vacuum filtration and washed with an ultrasonic vibrator in deionized water. For Zr
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and Ti sources, their hydrolysates from titanium butoxide {Ti[O(CH2)3CH3]s} and
zirconium butoxide {Zr[O(CH2)3CH3]s} were used. With the exception of the three
components above, other sources were prepared by normal Pechini processes. In
addition, due to the complicated compositions, the reactants in the synthesis interact

each other, and the preparation conditions in each step will be discussed in chapter I11

Metal-CA

solution | Condensation
_b
polymerization

Wet Gel

Gelling

Evaporation/ |

Heating

. . Xerogel .
Ceramics Coating

Heating iis Slsleasitien SR e RASIRIERT

Dense film Xerogel film

Fig. 2.1 Schematic diagram of the Pechini process.

2.2.4 Spin-coating deposition

The gel solution was dropped and spin-coated onto the substrates. Simultaneously,
in the second spin-coating step, a halogen point heater (HPH-30A/f30, HEAT-TECH
Co., Ltd.) was applied to dry the coating layer in air at 120 °C, as shown in Fig. 2.2.
The thin film surface temperature was measured by a radiation thermometer (AD-5616,
A&D Co., Ltd). Usually, the inorganic components of thin films are evaporated in
drying oven. By using the halogen point heater, the thin film preparation process is

simplified.
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Point heater
/

_Thin film

Spin coater |

Fig. 2.2 Schematic of spin-coater (MS-B100, MIKASA Co., Ltd) with the point heater.

225 TG/DTA

In this experiment, TG/DTA (thermogravimetric & differential thermal analysis)
was measured with the EXSTAR6000 series (SII Nano-Tech Inc.). From the TG/DTA
curve, the heat treatment reaction processes of the precursor solutions could be analyzed

and then the heat treatment conditions of thin film specimens could be decided.

2.2.6 X-ray diffraction analysis

The phase analysis of powders from heated precursor solutions is based on the
patterns measured by X-ray diffraction (XRD) diffractometer (RINT2200) with Cu K
radiation operated at 40 kV and 40 mA. The crystal structure data is from the release
2004 of the powder diffraction file (PDF) by using the JADE 6.0 software (Materials
Data, Inc.). As shown in table 1-1, the crystal structure is determined by the (200) peak
around 26 = 45°, which is a structure characteristic peak of the perovskite structure. A
single peak represents either the cubic or rhombohedral phase. Twin peaks with a
stronger right peak indicate the tetragonal phase. Twin peaks with a stronger left peak

indicate the orthorhombic phase.
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Table 1.2 Relationship of (200) peak pattern and crystal phase.

(200) Peak pattern Crystal phase
= Cubic
fr C
g L o .
5 o ) a=b=c,a=p=y=90
£ % / b
= P a
é 7 7 Rhombohedral
Pl C/// ///
= ‘ ‘ - : 7b a=b=c,a=B=y # 90°
44 45 46 47 -
20 (9)
=
3
o0
3 Tetragonal
2 c
2 a=b#c,a=B=y=90°
£ £ b
a
44 45 46 47
20 (9)
=
3
E Orthorhombic
2
g ) azb#c,a=p=v=90°
= ~ b
a
44 45 46 47
20 (9)

2.2.7 Scanning electron microscopy

Morphology photos were taken with a scanning electron microscopy (SEM) (S-
300N) and the crystalline state and thickness were identified. Additionally, this system

was also used for Energy dispersive X-ray analysis (EDXA).
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2.3 Preparation and Characterization of Thick Films

The screen-printing method was used in the fabrication of the thick film and the
bottom/upper electrodes. As shown in Fig. 2.3, the particles were arranged in order by
printing the paste through a multi mesh screen. To prepare thick films, several layers

would be printed on the substrate repeatedly.

Squeegee

' : Paste Screen l

Su hstrate

Fig. 2.3 The process of screen-printing.

Thermomechanical analysis (TMA; SIIEXSTARG6000) was used to measure the
thermal expansion coefficient of bulk ceramics with increasing temperature. Room-
temperature and high-temperature XRD (Rigaku Smart Lab.) were used to characterize
the crystalline phase and residual stress of the thick films. Residual stress was measured
with two-dimensional X-ray diffraction (XRD?). Fig. 2.4 (a) shows the geometric
definition of diffraction cones in the laboratory coordinates system, X, Y Z.. The stress
measurement is based on the fundamental relationship between the stress tensor and the
diffraction cone distortion. Fig. 2.4 (b) shows a diffraction cone cross-section on a 2D

detector plane. The 28 is a functional relationship with respect to y, 260 = 260(y).
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X, X-ray
-
4 Y,
(®) stress-free
regular cone
L
X-ray

stress-effected
distorted cone

Fig. 2.4 The geometric definition of diffraction rings in laboratory axes (a) and
Diffraction cone distortion due to stress (b).'®

The fundamental equation for strain measurement using 2D detector is given by He and

Smith in 19989

sin @
f11811 F f12812 + foo€22 + f13813 + fa3823 + f33833 = ln( D) (2-1)

sin @
fi1 = h%
fi2 = 2hyh;
fi3 = 2hqh3
faz = h3
f23 = 2hyh3
f33 = h3 (2-2)
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hi =acos¢ — bcosysing + csiniy sin ¢
h, = asin¢g + b cosy cos¢ — csiny cos ¢

h; = bsiny + c cosy (2-3)
a = sinf cosw + siny cos @ sinw

b = —cosycos@

¢ =sinfsinw — siny cos 8 cos w (2-4)

where g; is the strain, fij is the strain coefficient determined by the specimen orientation
and the direction of the diffraction vector at each data point on the diffraction ring, 4;is

the component of the unit vector Hj of the diffraction vector expressed in specimen
: in 6 . . : : .
coordinates, and In (?}T;) expresses the distortion of the diffraction cone at a specific

(7, 26) position. To isotropic materials,

Sl = —E
Sz 1+v
S = f (2-5)

where S is the macroscopic elastic constant, E is Young’s modulus, and v is Poisson’s

ratio. Then the equation (2-1) changed to

in 6
P11011 + P12012 + P2p025 + P13013 + Pp3033 + P33033 = In (Sslir;go) (2-6)
where
1 e fij .
Pij—g[(1+v)fij—v]—527+51 i=j
1 e fij .
Pij_E(1+v)fij_SZ7 L#] (2-7)

By fitting the integral to each diffraction ring, (, 2 ) data points could be obtained. The
stress tensor could be fitted to the data points by least-squares method. Equation (2-1)

can be written as:
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s
S1(011 + 093 t033) + ;2 (011h% + 0y2h5 +033h5 +201,h by

+ 20'13h1h3 + 20‘23h2h3) = ln (Sineg) (2-8)

sin @

An impedance analyzer was used to measure the temperature dependence of the
capacitance and the dielectric loss factor (tand) of the specimens. An atomic force
microscope (MFP-3D Infinity) was used to investigate the domain structures of the
thick films. The temperature dependence of the piezoelectric coefficients was measured
by a quasi-static piezo ds3 meter (ZJ-6B). A ferroelectric test system (Toyo FCE-2) was

applied to measure the P-E hysteresis loops at 100 Hz.
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CHAPTER III

MULTICOMPONENT LEAD-FREE THIN

FILMS

3.1 Introduction

KNN-based lead-free piezoelectric materials'"> have been scientifically attractive
and widely reported due to their large d33 and high 7c. However, the MPB of these lead-
free piezoelectric materials are inclined. Among these KNN systems, the so-called
vertical MPB of BZ-KNLN has been discovered by using rhombohedral BNT as the
third component.®) The piezoceramics with the composition near MPB exhibited the
temperature stability of the piezoelectric properties in a wide temperature range.
However, due to the evaporation of Bi2Os in the sintering process, La, which shows a
same +3 oxidation state and an atomic radius of 187 pm, was considered a substitution
of Bi according to the Goldschmidt tolerance factor . The existence of vertical MPB in
BZ-KNLN-LNT ceramics substituting La for Bi were confirmed.” However, the thin
films with this composition were not attractive enough by other researchers. Although
these multicomponent ceramics with vertical MPB compositions exhibit the excellent
temperature stability of piezoelectric properties, the complexity of composition restricts
the development of the thin films. PVD®!? and CVD!"!? cannot be used to prepare
multicomponent oxide films because the application of gas during the deposition will
negatively affect the condensation of vapor onto the substrates. In this part, a modified

Pechini process to prepare the multicomponent precursor solution method is proposed
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for first time, and the multicomponent thin films are prepared successfully and
characterized. In addition, some complex components were successfully synthesized

within the precursor solution.

3.2 Experiment

3.2.1 Selection of raw materials

The first step of Pechini method is the chelation between metal cations from metal
salt and CA. The ionization state distribution diagram of CA is shown in Fig. 3-1. With
the pH value increasing, the primary ionization, secondary ionization, and tertiary
ionization of CA occurs sequentially. The max quantity of the primary ionization
product AH»" is at a pH value of 4. As shown in Fig. 1.8, the reaction in the first step of
Pechini process is the primary ionization product AH>™ and metal carbonates or metal

hydroxides. Consequently, the excess of CA is a necessity for the CA solution.

AH: o Os OH AH OO %
HO™ L on HOJ\/O%OH
AH": 09599 A" 0% %0
oA OF)J\OH 'O)K/OE/U\O

Fig. 3.1 Ionization state distribution diagram of CA (A: C¢Hs07).!>
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Carbonate mineral or metal hydroxide would be the best selection due to their
acid-based neutralization with CA. For the compositions of BZ-KNLN-BNT/LNT,
sodium carbonate (NaxCOs3), potassium carbonate (K>COs3), Lithium carbonate
(Li2CO3), and lanthanum carbonate [Lax(COs3)s3] are water-soluble carbonate minerals
and can be used directly. However, barium carbonate (BaCO3) is not dissolved in water
but it is soluble in the CA solution. And bismuth (III) nitrate [Bi(NO3)3*5H20O] could
also be solubilized in the CA solution and used as one of the raw materials.

For the niobium (Nb) source, there is not a commercial raw material that reacts
with CA, but Nb2Os-nH>O [Nb(OH)s] is a usable powder material that can be prepared
from niobium pentoxide (Nb,Os) as follows:'+!%

The powder of Nb,Os was added into HF in a hot water bath of 80 °C. After the solution
became transparent, NH3 - HoO was dropped into the solution until the pH value to 8.
The liquid mixture containing white precipitate was kept in a drying oven for 12 h. The
powder was filtered by vacuum filtration and washed with an ultrasonic vibrator in

deionized water. The cycle of filtering and washing was repeated 3-4 times until a pH

value of 7 was achieved. Nb2Os - nH20 powder was obtained after drying for 10 h. In
the previous studies, (NH4)>C204 was added after adding NH3 - H>O, as shown in Fig

3.2 (a).'*!® The NH4" from (NH4)>C204 played the role in promoting the generation of

Nb20s-nH20. In this study, the pH vales were controlled from 8-12 by adjusting the
dosage of NH3-H>O and meanwhile the dosage of (NH4)2C204 was reduced, as shown
in Fig 3.2 (b). Finally, at the pH value of 10, Nb2Os-nH>O was also prepared

successfully without using (NH4)2C204, as shown in Fig 3.2 (c). Compared the XRD

pattern of the product and the PDF card of Nb.Os-nH>O in Fig. 3-3 (a, b), it was

confirmed that the product without using (NH4)2C204 was also Nb2Os-nH>O. Due to
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the existence of (NH4)2C204 is not in the following cleaning process, the washing of

the product is easy and the cost was reduced.

(@) Nb,O; () Nb,O¢ ©  (Nbs0.
HF HF HF
o
W pH:10
Y NHD.C.0. J
1209G,12h 120°C,12h 120°C,12h

(NH,),C,0,4

]
s
(e+]

| Washing:3-4 times | | Washing:3-4 times | | Washing:3-4 times |
Dryingt 10h Drying: 10h

szOs'nHzo szOs'nHzo szOs'nHzo

Fig. 3.2 Synthesis route of Nb2Os-nH>O [Nb(OH)s].

(a)
."é'
=
xe)
8
> (b)
K7
c
(1]
€
10 20 30 40 50 60

Fig. 3.3 (a) XRD pattern of the product without using (NH4),C204 and (b) PDF card of
Nb20s-nH0.
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The carbonates and hydroxides of the titanium and zirconium were unstable in
their natural state. In first step of this study, their hydrates were expected to be prepared
in the same manner as Nb because they are near to Nb in the periodic table. However,
the XRD patterns of prepared powders (Fig. 3-4) showed that the productions were
(NHa4)TiFs (PDF#30-0067) and (NH4)3ZrF7; (PDF#07-0024). The reaction process is

written as:

MO; + yHF — Hy(MFy) + 2H20
Hy(MF,) + xNH;* HoO— (NHq4):MF, |+ xH,0

M: Ti, Zr;

(NH.),TiF

[ntensity (arb. unil

| I PDF#30-0067
I | I sl & . P |'I -

T
10 20 30 40 30 60

26 ()

é(I\TI—IQEZrF-

Intensity (arb. unif

ﬁ LULML_M_

PIbFum 0024
I I i I BV ; - al
10 20 30 40 50 60

Fig. 3.4 XRD patterns of prepared powders.
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Lastly, titanium butoxide {Ti[O(CH2);CHs]s} and zirconium butoxide
{Zr[O(CHz)3CH3]4} were attempted to react with the CA solution in the Pechini process.
The sediments initially appeared and then disappeared in CA solution at 80 °C due to
the sediments of hydroxides reacting with CA at high temperature. Finally, the titanium
butoxide and zirconium butoxide were chosen as raw materials of the Ti and Zr sources,
respectively.

The information on the chemical formula, purity, molecular weight, and

manufacturer of the raw materials are listed in Table 3-1.

Table 3.1 Information on raw materials.

Chemical formula Purity (%) Molecular weight Manufacturer

KoCO;s 99.5 138.21 Wako
NaxCO3 99.8 105.99 Wako
Li,CO3 99.99 73.8874 Kojundo
Lay(COs)3 90 457.84 Wako
BaCO; 99.95 197.34 Kojundo
Bi(NO3);-5H0 99.5 485.07 Wako
Nb,Os 99.9 265.809 Kojundo
HF 46 20.01 Wako
NH3-H,O 17.03 28 Wako
Ti[O(CH2);CH3s]4 95 340.33 Wako
Zr[O(CH2)3CHz]4 85 383.68 Wako
Ce¢Hs0O7 98.0 192.12 Wako
(CH:0H)» 99.5 65.07 Wako
(NHa4)2C204 99.5 142.11 Wako

* Wako: Wako Pure Chemical Industries, Ltd.
Kojundo: Kojundo Chemical Laboratory Co.Ltd.

3.2.2 Exploration of the precursor solution synthesis

In the early stages of the experiment, carbonates and CA were directly added into
deionized water similar to the processes of other simple component thin films, and the

prepared Ti/Zr salts {(NH4)>TiFs&(NH4)3ZrF7} were used to prepare the all component
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precursor solutions. The conditions are listed in Table 3-2. However, due to the multi-
element components, the precipitation occurred regardless of changing ratios of CA and
EG, as shown in Fig. 3-5.

To determine the reason for the appearance of precipitation, condition No. 5 was
selected and metal source solutions were prepared, respectively. The photos show the
reacted solutions, and solutions which used the prepared Ti/Zr salts produced
precipitation. On the contrary, other metal solutions were transparent without

precipitation.

Table 3.2 Preparing conditions and statuses of precursors.

No. CA/EG Time (h) Temp. (°C) Color Precipitation

1 1:1 12 80 white Yes
2 1:2 12 80 white yellow Yes
3 1:3 12 80 yellow Yes
4 1:4 20 80 brown Yes
5 1:5 20 80 dark brown Yes
6 1:6 20 80 white yellow Yes

Fig. 3.5 Photographs of prepared precursor solutions.
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Table 3.3 Preparing conditions and statuses of metal solutions.

Metallic salts | BaCOs | Li>COs chos&Nazco,| szOs-nH20| (NH,),TiF, | (NH,),ZrFs [Bi(NO3)s5H,O

M*: CA: EG 1:3:15 1:30:150
Time (h) 20 20
Temp. (°C) 80 80

pH

8
— . .. 2N = % N N —
State \ ' ) \
after heating

Afterwards, titanium/zirconium butoxides were used as raw materials as stated in

Chapter 3.2.1. By controlling the temperature, pH, and the ratios of metal ion and CA,
transparent individual metal-CA solution sources were obtained. Consequently, the
multicomponent precursor solutions were prepared successfully by mixing the different
metal-CA solution sources. Compared to simple component thin film, this step was an
improvement of the Pechini process for multi-component chemical compounds.

The synthesis route and conditions of stable precursor solutions are shown in Fig.

3-6 and Table 3-4. Nb2Os - nH>O was dissolved in the CA solution by mixing for 12 h.

Then a small amount of Nb source solution was heated at 900 °C for 2 h in a platinum

crucible. The molarity of Nb was calculated as follows:

_ Nx(m3—m1)
T Mx(my—my)

(3-1)
where b is the molarity, N is Nb atomic number in Nb2Os, M is the molar the weight of
Nb2Os, m, is the weight of platinum crucible, m, is the weight of the Nb source
solution (including the platinum crucible), and ms is the weight of prepared Nb2Os
(including the platinum crucible).

NaxCO3, KoCO3 and Li;CO3 were directly dissolved in the CA solution,
respectively. BaCO; was dissolved in the CA solution and then the pH was quickly

adjusted to 8 by adding NH3 - H>0. Lay(COs)3 was added into the CA solution and then
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adjusted the pH value of 8 by dropping NH3 - H>0. La source was obtained after mixing
for 12 h. Bi(NO3)-5H>0 was dissolved in the alkali CA solution. By heating the
mixtures of Ti[O(CH2)3CH3]4/Zr[O(CH2)3CHs]s and CA solutions at 80 °C until the
solutions became transparent, the Ti and Zr sources were obtained, respectively. The
molarities of each metal source could be calculated as the same as equation (3-1). The
metal sources were then mixed at the demanded composition ratios. Finally, ethylene
glycol (EG) was added to the mixture above at different CA/EG ratios of 1/3, 1/4, and
1/5, and the pH value was subsequently adjusted to 10 by adding NH3 - H,O. However,
after the chelation process at 120 °C for 24 h, sediments appeared in the solutions at
CA/EG ratios of 1/3 and 1/5. Thus, the CA/EG ratio of 1/4 was chosen to prepare the
stable precursor.

The elements used in this study include almost all elements used in lead-free
piezoelectric materials, so the precursor solutions of other piezoelectric materials could

be prepared easily by using the prepared metal sources.

Ti[O(CH,),CH,]/ Bi(NOy), 5H,0/ K,C0,/Na,COy/
Gom)(e ) EmmmD) (e ) (o) (o)) (o) F) ()

= > w

T @&
source

-

120°C

/BZ-KNLN-LNT
precursors

Fig. 3.6 Synthesis route of BZ-KNLN-BNT/LNT precursors.
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Table 3.4 Preparing conditions of metal-CA solutions.

Metal-CA Metal:CA (mol) pH Temp. (°C)
Nb-CA 1:3 8 -
Ba-CA 1:3 8 -

K&Na&Li-CA 1:3 - -
Bi-CA 1:30 8 -
La-CA 1:30 8 -
Ti-CA 1:30 - 80
Zr-CA 1:30 - 80

*«<.: no controlling.

Here, the reaction mechanism of precursor solution synthesis will be described in

the following equations.

The reactions between carbonates and CA are:

K;CO:; +

NasCO4q +

Li;CO;; +

Laz[C03J3 +

BaCO; +

ST

/
-

J\/
*/o

ST e —
ol —

O
OH0

H

16)

0. _0OK

o) o)
— 2 + HO0 + COyf
HO OH

OH

0. .ON

0
— =2 w + HO 4+ coﬂ
OH HO OH

OH

o OLb

0
—» 2 m + HO0 + Oy}
OH HO OH

Ba

La
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The Bi(NO3); dissolved in CA aqueous solution:'”

OH
O.__OH 10
) o) O Bi|O
Bi(NOgz); + 3 /U\LL — OH| + HO +
HO L ToH g
o
OH
- 3
The process of Ti and Zr source preparation:
M’o/\/\]4 + 4HO0 —>» MOH),y + 4-"7"~""0H
_ on
o
o (0] OWD Mlo
M(OH), + 4 — OH + 4H,0
HO OH OH O
O
OH
= —4
M: Ti;Zr
The preparation of Nb2Os*nH,O [Nb(OH)s]:
[0}
Nb,Os5 + BHF —> NbFs + 5H,0
NbFs + 5NHOH —» Nb(OH)s | + 5NH,F
_ on ]
(0]
o Ox O, NblO
Nb(OH)s + 5 —_ OH + 5H50
HO OH o}
OH 0
OH
- -5
The polycondensation between metal-CA and EG:
Mn+ MI’H‘
O _OH
n n HO —
HO b5 oH " 0OH oo

M™: metallic cations.
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Finally, the oxidation of the polymeride:

n+
oM oH

9 9 + O —>» MO, + CO4 + HO\

OH n

3.2.3 Exploration of the bottom electrode

In this study, (111)-Pt /TiO2/Si02/Si and (100)-LaNiO3 (LNO)/SiO2/Si substrates
were prepared using a RF sputtering device. The thickness of the bottom electrode
layers were about 200 nm and 280 nm, respectively. The XRD patterns of these
substrates are shown in Fig .3-7. In Fig .3-7 (a), when the film-formation temperatures
were 200 °C and 300 °C, the Pt (200) peak appeared and subsequently disappeared at
550 °C. Similarly, in the case of LNO/SiO2/Si substrates the impurity peak at 44.2°
disappeared at 300 °C. This indicated that a high film-formation temperature was in
favor of the oriented film formation. Although perfect (111)-Pt/TiO2/S10,/Si substrates
were successfully prepared at 550 °C, holes with size of approximately 2 pm appeared
on the film surface due to the defects on the substrate itself, as shown in Fig .3-8.
Consequently, excellent (100) orientated LNO/S102/S1 substrates (300 °C) were chosen.
The deposition conditions of each layer are shown in Table 3-5. To excite the

conductivity of LNO, the substrates were heated at 650 °C for 1 min.'®
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Fig. 3.7 XRD patterns of (a) Pt/TiO2/SiO2/Si and (b) LaNiO3/SiO2/Si substrates.

X 3000 (@) J <4000

'10.0 pm/diy

Fig. 3.8 Surface images of Pt/Ti02/Si0,/Si by electron optical microscope (a) and films
on Pt/Ti02/S102/Si by SEM (b).
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Table 3.5 Sputtering conditions of bottom electrode layers.

Target Ti Pt LaNiO;
Substrate Si02/Si Ti02/Si0/Si Si0,/Si
Temperature (°C) | 200/300/550 200/300/550 50/150/150/300
Gas pressure (Torr) | 2-9x107 2-9x1073 2-9x1073
Gas flow (sccm) Ar:18; O2:12 Ar:18 Ar:18; O2:12
Power (W) 150 150 150
Time (min) 3 5 60

3.2.4 Exploration of the spin-coating condition

The spin speed and spin coating times affect the film thickness directly. In this
study, a two-step spin-coating method was used with the conditions in Table 3.6. By
comparing specimens No. 2 and No. 3, increasing the time of step I had little effect on
the film quality. Flaws in specimens No. 1 - 4 appeared after pyrolysis at 400 °C. This
was due to the effective film-formation components being relatively limited due to the
existence of massive organic components. This is also the reason the high inner-stress
producing during the pyrolyzation. For the specimen No. 5, the thickness was enough

to sustain the inner stress, so no flaws appeared and approximate 700 nm in thickness

of thin film were obtained in the following process.

Table 3.6 Spin-coating conditions.

Step I Step I1
X X Times State after pyrolysis
Time (s) Speed (rpm) Time (s) Speed (rpm)
1 5 500 30 3500 5 Flaw
2 5 500 30 3000 3 Flaw
3 10 500 30 3000 3 Flaw
4 5 500 30 2000 3 Flaw
5 5 500 30 1700 3 No-flaw
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3.2.5 Thermal treatment process

In this study, the thermal treatment process included the evaporation of inorganic
components, the pyrolyzation of organic components, and the crystallization of thin
film. The evaporation of inorganic components was proceeded in the step II of spin-
coating at 120 °C. Additionally, the pyrolyzation condition of organic components was
determined as 400 °C for 30 min and the heating rate was 1 °C/min. For the
crystallization process, two main factors were considered: temperature and heating rate.
The effect of temperature on the phase transition will be discussed in Chapter 3.3.
Heating rate mainly affects the film-formation quality. A Rapid thermal annealing (RTA)
system and a muffle furnace were used for thin film crystallization. RTA is a heating
system which can heat specimens over 1000 °C in a matter of seconds. The specimens
crystallized by RTA displayed rough and powdery surfaces. This indicated that a rapid
rise in temperature was not conducive to film-formation quality of massive organic
components. Ultimately, a muffle furnace was used to create a crystallization process
with a slow heating rate, as shown in Fig. 3.9. Thus, the quality of film-formation was

improved.

750 ‘ ‘ 1
—~ — —BZKNLNBNT /——‘
O ool T—BZKNLN-LNT A
~ ! ! P
: A
= 450 : ; B
5§ s / i \
= s I
5 300 ‘ 3 r \
= ; o 2n ©
—1°C/min——» |
150 s e
i
0 B 12 16
Time ( h)

Fig. 3.9 Curve of heating rate in the crystallization process.
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3.3 Results and Discussion

3.3.1 BZ-KNLN-BNT

The precursor solution of  0.055BaZr03-0.935(Ko.45Nao.5Lio.05)NbOs-
0.01(Bio.sNao 5)TiO3 was synthesized. The TG/DTA curve is shown in Fig. 3.10. The
DTA curve displayed an endothermic peak before 200 °C and an exothermic peak
appeared at 550 °C. The endothermic peak refers to the evaporation process of inorganic
and organic compositions and the polycondensation between EG and metal-CA. The
exothermic peak shows the synthesis reaction. From the TG curve, the weight loss was
drastic before 200 °C and steady above 650 °C. This means the final synthesis reaction
is achieved at 650 °C. According to the experience in TG/DTA data, the actual heat

treatment temperature could be confirmed to about 700 °C.

100 0
S0
= DTA
S ot _
2 s
g =
S -s0p 150 5
- 2
T -100 -
-150
TG
-200 ' ' ' -100
200 400 600 800

Temperature (°C)

Fig. 3.10 TG/DTA spectrum of BZ-KNLN-BNT precursor.

To confirm the heat treatment temperature, the precursor solutions were heated at
650 °C and 700 °C for 2 h, respectively. The XRD patterns of the powders are shown

in Fig. 3.11. Pyrochlore structure peaks appeared at 20° and 28° at 650 °C due to the
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incomplete reaction at this low temperature. However, in the case of 700 °C, the powder
from the precursor solution showed a perovskite structure. Consequently, the heat

treatment temperature was determined to be 700 °C. This corresponds to the results

from the TG/DTA curves.

(110)

(100)

(200) 1T}

\- A (ZJI\—JO) Nl 700 °C
~‘\J\ A—A-A s Nt P 650) °C

10 20 30 20 50 60

Intensity(arb. unit)

Fig. 3.11 XRD patterns of powder from heating the precursor solutions.

The qualitative EDXA of the powder was measured with the SEM system. Li
cannot be detected in this EDXA due to its low energy of characteristic radiation. Other
element peaks appeared in Fig. 3.12. Although the accuracy of the quantitative EDXA
is affected by the multi-component compositions, the count peaks indicated the
existence of the elements of the composition. According to the reliability qualitative
EDXA, it is confirmed that the modified Pechini method is effective in regard to the

preparation of the stable multicomponent precursor solution.
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Fig. 3.12 EDXA spectrum of BZ-KNLN-BNT powder.

Next, the films were grown on LNO/Si0»/Si substrates with the prepared precursor
solution. The films were heated at 700 °C for 2 h. Fig. 3.13 shows the XRD patterns of
thin films and substrates. The (100) and (200) peaks of the thin films were observed at
20 =22.88° and 45.46°, and the (100) and (200) peaks of LNO were observed at 26 =
23.22°and 47.36°, respectively. Comparing with the XRD pattern of powder in Fig 3.11,
the strongest (110) peak of the thin film did not appear but a strong (100) peak appeared
on the (100) oriented LNO/Si0,/Si substrate. This indicated that the BZ-KNLN-BNT
films on LNO/Si02/Si substrates showed a preferential (100) orientation on the (100)

oriented LNO/Si0,/Si.
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Fig. 3.13 XRD patterns of (a) KNLN-BZ-BNT films on LNO/SiO2/Si substrate
crystallized at 700 °C and (b) LNO/Si0,/Si substrate.

Surface and cross-sectional SEM images of the thin films are shown in Fig. 3.14.

Fig. 3.14 (a, b) shows that the surface of thin film grown on Pt/TiO2/S102/Si substrate

was rough. Thus, the substrate LNO/Si102/Si was used to replace the Pt/Ti02/S102/Si

substrate. The picture shows that the grain size of the thin films grown on LNO/Si02/Si

was about 200 nm and the thicknesses of the thin film and LNO layer were about 700

nm and 280 nm, respectively, as shown in Fig. 3.14 (c, d).
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(a) surface B - _~ - Far (b) cross section

PvTi0,/S10,

(c) surface

Fig. 3.14 SEM images of thin films on LNO/SiO»/Si: (a, b) and Pt/Ti02/Si0./Si: (c, d).

The temperature dependence of the dielectric constant at 100 kHz is shown in Fig.
3.15. The figure shows that the 7c of the films was 292 °C, and this value was near to
that of the bulk ceramics (270 °C) in previous research. The values for the dielectric
constant were lower than that of the bulk ceramics (&= 1600 at RT) due to the restraint
from the rigid substrates. The dielectric loss, however, was unable to be measured. This

may be the result of the defects and inadequate thickness of the films.

(@100kHz
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Fig. 3.15 Temperature dependence of dielectric constant of KNLN-BZ-BNT films.
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3.3.2 BZ-KNLN-LNT

In this part of the experiment, the components of the precursor solution were

prepared based on the chemical formula of (I-x-y)BaZrO,-x(K ,,Na, Li, ,.)NbO,-
¥(La, [Na, )TiO, (BZ-KNLN-LNT) (y = 0.0075). In this composition, La was used to

instead of Bi, due to the evaporation of Bi,O3 in BZ-KNLN-BNT at high temperature.
This composition of bulk ceramics proved of the existence of the vertical MPB at x =
0.9025. To investigate the existence of the vertical MPB using the Pechini method, the
precursor solutions with the compositions at x = 0.9, 0.9025, and 0.905 were
synthesized.

The chemical reaction process was also characterized by TG/DTA, as shown in
Fig. 3.16. The drastic polycondensation between EG and metal-CA occurred before 220
°C. With the temperature increasing, the gel process finished at 650 °C, allowing the
synthesis reaction to be achieved above 650 °C. Due to little discrepancy in the

compositions, only the TG/DTA of x = 0.9025 was measured as a representative.

60

40 DTA
20 |

-20 A +-50

Weight (%)

40 +

Heat Flow (uV)

-60

-80 I
TG ,
-100

- ! -100
200 400 600 800

Temperature (°C)

Fig. 3.16 TG/DTA spectrum of the precursor solution (1-x-y)BZ-xKNL-yLNT (x =
0.9025, y =0.0075).
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The precursor solutions were heated at 700 °C for 2 h. Fig. 3.17 shows the XRD
patterns of the powders. The (100), (110), and (200) peaks were at 260 = 22.16°, 31.56°,
and 45.36°, respectively. All obtained powders showed the perovskite structures as the
same as ceramics by solid-phase synthesis”. The high-temperature XRD patterns of the
powders in the range of room temperature to 300 °C are shown in Fig. 3.18. With the
temperature rising, in the case of x =0.905, the shape of the characteristic peaks showed
a mixed twin peak with a stronger right peak at low temperature and then changed to a
single peak above 200 °C. This meant that the phase transition of x = 0.905 was from
tetragonal to cubic. In the case of x = 0.9, the characteristic peaks showed single peaks
with temperature increasing. Because the composition of x=0.9 was very similar to x =
x = 0.905, the phase structures of x = 0.9 could be surmised to be rhombohedral at 50
°C and cubic at 300 °C. In the case of x = 0.9025, the characteristic peaks showed mixed
peaks at low temperature, and the characteristic peaks changed to single peaks above
200°C. This indicated that the phase transition of x = 0.9025 was mixed rhombohedral-
tetragonal to cubic. The change of the characteristic peaks of x = 0.905 and x = 0.9025
above 200 °C illustrated that the 7c¢’s could be about 200 °C. Consequently, by
comparing the phase transition of these three specimens, it could be confirmed that the
precursor solution with x = 0.9025 prepared by the Pechini process was at the vertical
MPB composition. These corroborated with results of (1-x-y)BZ-xKNL-yLNT ceramics

in previous studies.

-58 -



x=0.905

Intensity (arb. unit)

x=0.9025

x=0.9

0 60

._
o
)
=
W
=)
~
o
W

29 (0)

Fig. 3.17 XRD patterns of (1-x-y)BZ-xKNLN-yLNT (x = 0.9, 0.9025, 0.905, y = 0.0075)
powders from heating the precursor solutions.
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Fig. 3.18 High-temperature XRD patterns of (1-x-y)BZ-xKNLN-yLNT (x=0.9, 0.9025,
0.905, y = 0.0075) powders (R, thombohedral phase; T, tetragonal phase; R-
T: mixed rhombohedral-tetragonal phase; C, cubic phase).
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The bulk ceramics were prepared with the obtained powder from the heated
precursor solutions. The temperature dependence of the dielectric constant and tano
curves of bulk ceramics were shown in Fig.3.19. From the dielectric constant curve, the
Tc’s of x =0.9025 and x = 0.905 were about 202 °C and 205 °C, respectively. This result
was similar to that of the previous studies. Based on the 7¢’s and the high-temperature
XRD patterns (Fig. 3.18), the phase diagram of (1-x-y)BZ-xKNLN-yLNT (x = 0.9025,
0.905, y = 0.0075) could be obtained, as shown in Fig. 3.20. The composition of x =
0.9025 was at vertical MPB. With the temperature increasing, x > 0.9025 showed the
tetragonal transition, and x < 0.9025 should be the rhombohedral-cubic phase transition,

respectively.
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Fig. 3.19 Temperature dependence of the dielectric constant and tand of (1-x-y)BZ-
XxKNLN-yLNT (x = 0.9025, 0.905, y = 0.0075) bulk ceramics at 100 kHz.
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Fig. 3.20 Phase diagram of (1-x-y)BZ-xKNLN-yLNT (x = 0.9, 0.9025, 0.905, y =
0.0075) powders from the precursor solution.

Next, the thin films were grown on (100)-oriented, Nb-doped SrTiO3 (STO)
substrates using the spin-coating technique. The precursor solutions after heat-
treatment at 120 °C for 2 h were grown on (100)-oriented Nb-doped STO substrates
using the spin-coating technique. The surface SEM (Fig. 3.21) shows that tight thin

films were obtained on STO substrates.

Fig. 3.21 SEM of (1-x-y)BZ-xKNL-yLNT/STO (x = 0.9, 0.9025, 0.905, y = 0.0075).
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The XRD patterns of BZ-KNLN-LNT/STO are shown in Fig. 3.22. The (100) and
(200) peaks of the thin films were at 260 = 22.16° and 45.42°, whereas the (110) peaks
of all thin films at 26 = 31.56° did not appear. This indicated that all specimens show
the (100) oriented epitaxial growth. The specimen of x = 0.9025 shows a superior (100)

orientation on the STO substrates, as the (100) peak was higher than that of the STO.

v:Film
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10 20 30 40 50 60

20 (())
Fig. 3.22 XRD patterns of (1-x-y)BZ-xKNLN -yLNT (x = 0.9, 0.9025, 0.905, y =

0.0075) films grown on (100)-oriented SrTiOs3 substrates (690 °C).

The frequency-dependent dielectric properties of films were measured using an
impedance/ gain-phase analyzer (4194 A), as shown in Fig. 3.23. In the frequency range
of 10 k < 100 k, the dielectric constants of x = 0.9, 0.9025, and 0.905 were 760-1100,
950-1360, 580-680, respectively. Although x = 0.9 showed unstable dielectric constants
with frequency changing, x = 0.9025 showed higher dielectric constants than x = 0.9
and 0.905. The dielectric losses of x = 0.9 and 0.9025 appeared the values exceed 0.1,

and x = 0.905 showed dielectric loss values less than 0.1. However, in the frequency
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range of 100k < 1M, all film specimens showed stable dielectric properties with

changing frequency. The dielectric losses of x = 0.9 and 0.905 were in the value range

of less than 0.05 with frequency changing and the specimen of x = 0.9025 showed large

dielectric losses of more than 0.1 at a low-frequency ranges. However, with the

increasing of frequency, the specimens of x = 0.9, 0.9025, and 0.905 exhibited the

dielectric constants of 800-850, 600-650, and 950-1000, respectively. The specimen of

x =0.9025 showed higher dielectric constant values than x = 0.9 and 0.905. The result

confirmed that the dielectric constants at the almost vertical MPB composition

displayed the maximum values, as mentioned in the introduction.
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Fig. 3.23 Frequency-dependent dielectric properties of (1-x-y)BZ-xKNL-yLNT/STO (x =

0.9, 0.9025, 0.905, y = 0.0075).

The ferroelectric properties of films were characterized by P-E hysteresis loops,

as shown in Fig. 3.24. The E. values of specimens (x = 0.9, 0.9025, 0.905) were about

2 kV/em, 2 kV/em, and 3 kV/cm, respectively, and the P: values were 0.67 uC/cm?,

1.94 nC/cm?, and 0.52 uC/cm?, respectively. The lower ferroelectric properties may be
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attributed to restraint from the hard substrate. Among the three specimens, the specimen
at x = 0.9025 still showed higher P; than that of others. This meant that the specimen at
x = 0.9025 showed a harder domain switch than other specimens. The superior
ferroelectric properties of the specimen at x = 0.9025 also demonstrated that the

composition of thin films was in vertical MPB.
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Fig. 3.24 P-E loops of unpoled (1-x-y)BZ-xKNLN -yLNT (x = 0.9, 0.9025, 0.905, y =
0.0075) thin films on (100)-SrTiO3 at 100Hz.

3.4 Summary

A modified deposition method for complex multi-component lead-free thin films
was proposed for the first time. The transparent and stable source solutions of Nb, Ti,
and Zr were prepared successfully. BZ-KNLN-BNT/LNT thin films were prepared
successfully by this method as well. The BZ-KNLN-BNT thin films heated at 700 °C

exhibited a perovskite of (100) orientation on (001)-LNO/S10,/Si substrates and a ¢
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of 292 °C. To BZ-KNLN-LNT, the powders with x = 0.9, 0.9025 and 0.905 were
obtained by heating the precursor solution and the ceramics were prepared. The 7¢’s of
the ceramics with x = 0.9025 and 0.905 were 202 °C and 205 °C, respectively. By
investigating the high temperature XRD patterns and the temperature dependence of
the dielectric constant, the vertical MPB composition with x = 0.9025 of BZ-KNLN-
LNT precursor solution synthesized by Pechini process was verified. BZ-KNLN-LNT
thin films were grown on (100)-oriented Nb-doped SrTiOsz substrates and showed
superior (100) orientation along with the substrates. Precise control of multicomponent
composition was achieved through the use of the improved Pechini method. The results
indicated that the preparation of thin films would not be limited by multi-component
materials and the high performance of lead-free piezoelectric films is possible to be
achieved. This work brings lead-free materials one step closer to seeing wide use in

industry.
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CHAPTER IV

LEAD-FREE PIEZOELECTRIC THICK

FILMS AFFECTED BY PRESTRESS

FROM SUBSTRATES

4.1 Introduction

Within the last twenty years, the thick film field of piezoelectric materials has been
undergoing a revolution. Thick films containing PZT have been widely applied in
numerous fields due to their wide range of desirable properties, such as superior
piezoelectric coefficients. However, the application has been limited throughout the
years due to lead oxide pollution. Consequently, the high properties lead-free
piezoelectric materials are urgently explored.

Perovskite-based materials are considered to be a suitable candidate replacement
for PZT-based materials such as BaTiOs-based materials,! (Bi,Na)TiOs-based
materials,*® and (K,Na)NbOs-based materials.”'” Lead-free piezoelectric materials
based on (1-x)(Bio.sNao.5)TiO3-xBaTiO3 (BNT-xBT) solid solution, which possess good
properties are promising alternatives for PZT.!" However, the T4’s of the BNT-xBT are

low, e.g., the MPB composition (0.06 < x < 0.07) with 74’s of 110-120 °C. In addition,

Tq’s of BNT-xBT with x > 0.11 are above 160 °C. In this study, 0.83(Bio.sNao.5)TiO3-
0.17BaTiO3; (BNT-17BT) was selected due to its relative higher 74 of 209 °C. With the

increase in temperature, BNT-17BT exhibits a phase transition from ferroelectric
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(tetragonal) to antiferroelectric (cubic) at 74. The antiferroelectric phase transforms into
a paraelectric one at the maximum temperature value (7). Correspondingly, the crystal
structure changes from tetragonal at room temperature to pseudo-cubic above 7y. The
anisotropic tetragonal structure is easy to produce because of the compressive stress
influence. In this study, the compressive prestress arising from the substrates was
considered to be used. Based on the different thermal expansion coefficients between
BNT-17BT thick film and substrates, the compressive prestress produced during the
cooling process could be considered as a favorable condition for the increase of the c-
axis preferential tetragonal degree and 7Tc of BNT-17BT with the temperature increasing,
as shown in Fig. 4.1. Thus, the application temperature of BNT-17BT would be

assumed to improve.

Non-prestress Cooling Compressive stress Heating
Cubic Cubic

T>Tc
i fe
_________ Ttragonal
T<Tc
Random c-axis preferential

Fig. 4.1 Schematic of phase transition influenced by external stress.
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4.2 Experiment

Firstly, raw materials from reagent-grade powders of sodium carbonate (Na2CO3)
(Furuuchi Chemical, 99.999%), barium carbonate (BaCO3) (Kojundo Chemical
Laboratory, 99.95%), titanium dioxide (TiO2) (Furuuchi Chemical, 99.99%), and
bismuth oxide (Bi2O3) (Kojundo Chemical Laboratory, 99.99%) were used to prepare
a certain amount power of BNT-17BT by a solid-phase synthesis method. A small
amount of CuO powder was added to the ground powder as a sintering aid. Calcination
was at 900 °C for 4 h. The calcined bulk was crushed and ground using ball milling for
1 h in absolute ethanol. Secondly, the paste for screen-printing was prepared as follows.
An organic vehicle was prepared by mixing ethyl cellulose and a-terpineol at a weight
ratio of 1:9. BNT-17BT powder, the organic vehicle, a-terpineol, ethyl acetate, and non-
ionic surfactant were mixed with the weight ratio of 9: 1.5: 1.5: 1: 0.2.

Next, the aluminum oxide (Al2O3) and magnesium oxide (MgO) substrates with
different thermal expansion coefficients were used. Then, screen printing was used to
prepare Pt bottom electrodes and fired at a temperature of 1380 °C for 1 h in air. Lastly,
the paste of BNT-17BT was printed on the Pt/substrate by using a 325-mesh screen
mask, and then the BNT-17BT thick films were sintered at 900 °C for 4 h. After three
identical cycles of printing to sintering, the BNT-17BT thick films were prepared
successfully and the thickness of the films was approximately 30 um. Afterwards, a 3x3

mm? Au electrode was printed on the thick films and fired at 850 °C for 20 min in air.
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4.3 Results and Discussion

The thermal expansion curves of BNT-17BT, MgO, and AlO3 ceramics were
measured in the range of RT to 1000 °C, as shown in Fig. 4.2. From Fig. 4.2, MgO bulk
ceramics show a higher thermal expansion curve than BNT-17BT and Al,O3 ceramics.
In the temperature range of RT to 700 °C, the thermal expansion of Al>Os is a bit lager
than that of the BNT-17BT. That just means BNT-17BT/MgO could generate
compressive stress during the time of refrigeration after sintering, and tensile
compressive stress could possibly appear during the refrigeration of BNT-17BT/Al,0O3

14) was used

after cooling to room temperature. The two-dimensional X-ray diffraction
to calculate the residual stress and the values of BNT-17BT/Al,O3; and BNT-17BT/MgO
were -70 MPa and -320 MPa, respectively, as shown in Table 4.1, where (-) stress values
indicate compressive stress. This indicated that the compressive stress can be formed

by the difference in thermal expansions between film materials and substrate materials

and is consistent with the thick films.

—— MgO
121 - - -ALO,
--—— BNT-17BT
1.0
S 08|
=
-
N 0.6
04 r
0.2 -
0.0
0 200 400 600 800 1000

Temperature (°C)

Fig. 4.2 Thermal expansion curves of MgO, Al,O3, and BNT-17BT ceramics in the
temperature range of RT to 1000 °C.
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Table 4-1 The volume fraction of the c-domain and residual stress of BNT-17BT bulk
ceramics and thick films prepared on Al,O3 and MgO.

Substrate O Residual stress

(MPa)
BNT-17BT 0.33 -

BNT-17BT/ALO;  0.36 -70

BNT-17BT/MgO  0.80 -320

The scanning electron microscopy was used to observe the grain sizes of bulk
ceramics BNT-17BT/Al,O3;, and BNT-17BT/MgO. Additionally, the SEM images
showed the sizes of the bulk ceramics were approximately 2-4 um and the ceramic
surface is compacted and distributed uniformly, as shown in Fig. 4.3 (a). However, the
grain sizes of BNT-17BT/Al,O3 and BNT-17BT/MgO were 1-5 um and 2-5 um,
respectively, as shown in Fig. 4.3 (b)/(c). But unlike the ceramic surface, small holes
appeared on the thick films. This was due to the press-formation being used in the
ceramic preparation process, whereas it was not used in thick-film preparation process.
However, the holes of the BNT-17BT/MgO thick films were smaller in size and much
smaller in quantity than those of the BNT-17BT/ALO; thick films. This result was

caused by stress in the thick films due to the sintering process.
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Fig. 4.3 SEM images of (a) bulk ceramics and thick films on (b) Al>O3 and (c¢) MgO.

The XRD patterns of the bulk ceramic powder, BNT-17BT/Al>O3, and BNT-
17BT/MgO were shown in Fig. 4.4. Additionally, the XRD images appear to show that
all specimens had a perovskite single phase. The volume fraction of the c-domain (ac)
was calculated with the XRD data as follows:

a. =V(002)/[V(002) + V(200)]
where V is peak area from integrating data. The calculated ac values of BNT-
17BT/MgO, BNT-17BT/Al>O3, and BNT-17BT bulk correspond to 0.80, 0.36, and 0.33,
respectively. The result is shown in Table 4.1, and the relational graph between
tetragonal degree and stress effect is shown in Fig. 4.5. Simultaneously, BNT-
17BT/MgO and BNT-17BT/Al,O; exhibited preferentially c-domains because of the

influence of compressive stress, as shown in Fig. 4.1 and Fig 4.5.
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Fig. 4.4 XRD patterns of (a) BNT-17BT powder, (b) BNT-17BT/AL>O3, and (c) BNT-
17BT/MgO.
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Fig. 4.5 Relational graph between tetragonal degree and stress effect.
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The high-temperature XRD patterns (44.5° <20 <47.5°) were used to measure the
BNT-17BT powder, BNT-17BT/Al>O3, and BNT-17BT/MgO, and the set temperature
range was from 25 °C to 350 °C (Fig. 4.6). At room temperature, the intensity of the
(200) peak at a high 26 value for the BNT-17BT powder and BNT-17BT/Al,O3 was
strong. In contrast, the intensity of the (002) peak at a low 26 value for BNT-17BT/MgO
was strong. When the temperature exceeded 200 °C, the twin peaks of the BNT-17BT
powder and BNT-17BT/ALO; transformed into the single peaks. For BNT-17BT/MgO,
the twin peaks changed to the single peak at temperature above 250 °C. The phase
transition temperature can be confirmed when the two peaks changed into one peak.
This result indicated that the crystal structure of the BNT-17BT thick films changed
from tetragonal to cubic with increasing temperature, and the thick films prepared on
MgO substrates exhibited a higher phase transition temperature. Thus, the thick films
on MgO exhibited preferential c-domains during the phase change from tetragonal to
cubic with increased temperature. This also indicated that the more random tetragonal

c-direction of BNT-17BT was ordered by the compressive stress from MgO.
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Fig. 4.6 High-temperature XRD intensity of (a) BNT-17BT powder and BNT-17BT
thick films on (b) Al2O3 and (c) MgO.

Piezoresponse force microscopy (PFM) was used to observe the domain structure
of BNT-17BT/Al,0O3, and BNT-17BT/MgO, as shown in Fig. 4.7. All BNT-17BT thick
films exhibited similar polycrystalline morphology in topography images. In phase
images, the bright yellow area represented the 180° domain area and the black area
represented the 90° domain area. BNT-17BT/MgO showed clear wave-like domain
areas and BNT-17BT/Al,O3; showed relatively ambiguity spindle-like domain areas.
The larger distinct 180° domain area in BNT-17BT/MgO compared to those in BNT-
17BT/AL2O3 confirmed that the preferential c-axis orientation in thick films can be

obtained under the effect of the compressive stress.
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Fig. 4.7 PFM images of un-poled BNT-17BT thick films at 25 °C. (a, c) topography
images of (a) BNT-17BT/MgO and (c) BNT-17BT/Al>Os, (b, d) phase images
of (b) BNT-17BT/MgO and (d) BNT-17BT/ALOs.

The high-temperature PFM images in the temperature range of 25 °C-230 °C are
shown in Fig. 4.8. As shown in the topography images, crystalline sizes increased with
temperature. As shown in the phase images, for BNT-17BT/MgO, when the
temperature was from room temperature to 150 °C, the wave-like 90° domain gradually
increased and until 200 °C connected into a large area. For BNT-17BT/ALOs, the
spindle-like 90° domain also increased with temperature increasing. This indicated that
the domain inversions of BNT-17BT/MgO and BNT-17BT/Al>O3 occurred above 220

°C. Thus, the T¢’s of BNT-17BT/MgO and BNT-17BT/Al,0O3 should exceed 220 °C.
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Fig. 4.8 High-temperature PFM images of BNT-17BT thick films on (a) MgO and (b)
AL Os.
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The temperature dependence of the dielectric constant and tand of bulk ceramics
and BNT-17BT/MgO are shown in Fig. 4.9. The temperature at which the dielectric
constant shows a hump indicates 74.'"*’ Combined with the previous experimental
data,”!V in the case of BNT-17BT bulk ceramics, an obvious hump appeared at about
210°C and a Tm 0 266 °C. It showed BNT-17BT bulk ceramics is a relaxor ferroelectric.
However, BNT-17BT/MgO showed an ambiguity hump and a 7m of 340 °C. This
indicated that BNT-17BT thick film on the MgO had the same temperature dependence
of the dielectric constant curve shape as the ordinary ferroelectrics. The 74 of BNT-
17BT/MgO should be at the Tm. This result illustrated that the compressive stress
produced by the difference of thermal expansion coefficients could result in the Tq4

improvement of BNT-17BT.
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Fig. 4.9 Temperature dependence of the dielectric constant and tand of (a) bulk ceramics
and (b) BNT-17BT/MgO at 1 kHz, 10 kHz, and 100 kHz.
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Fig.4.10 shows the temperature dependence of the piezoelectric coefficient d33
measured with a heating rate of 5 °C/min. The polarization conditions of bulk ceramics
and thick films were 2 kV/mm at 150 °C for 5 min in silicone oil and 100 V at 120 °C
for 5 min in air, respectively. The temperatures of the d33 maximum values of the bulk
ceramics, BNT-17BT/Al,03, and BNT-17BT/MgO were 220 °C, 310 °C, and 340 °C,
respectively. The depolarization occurred above the peak temperature and this
corroborated with the results in Fig 4.9. BNT-17BT/MgO showed a high 74. This was
because tetragonal phase transition occurred easily due to effect of the compressive
stress from the MgO substrate in the cooling process. The d33 values of BNT-
17BT/MgO and BNT-17BT/AlO; were smaller than that of the bulk ceramics below
the temperature of 220 °C. This was caused by the restraint effect of the rigid ceramic
substrates to the thick films. However, the thick films still displayed piezoelectric

properties until the temperature approaching 250 °C.
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Fig. 4.10 Temperature dependence of the piezoelectric coefficient ds3 of bulk ceramics
and BNT-17BT/ALxO3, and BNT-17BT/MgO.
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The P-E hysteresis curves of the bulk ceramics and the thick films prepared on the
AlO3 and MgO at high temperatures are shown in Fig. 4.11. The electric fields applied
were 60 kV/cm on the thick films and 40 kV/cm on the bulk ceramics. The insulation
breakdown and current leakage occurred in the bulk ceramics over 40 kV/cm. The P;
values of BNT-17BT/MgO and BNT-17BT/AlO; were 10 uC/cm? and 4 pC/cm?,
respectively. The high c-axis orientation of the thick films on the MgO substrate
resulted in a high P: value, exceeding that of the thick films on the Al,O3 substrate. The
double hysteresis loops of the bulk ceramics indicated the existence of an
antiferroelectric phase at 220 °C, whereas in the case of the thick films at 270 °C, an
antiferroelectric phase was not observed. This indicated that the 74 of BNT-17BT on

substrates was improved.
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Fig. 4.11 P-E loops of the bulk ceramics at 220 °C and thick films prepared on Al>O;
and MgO ceramics at 270 °C.
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The temperature dependence of Pr and E. for the specimens is shown in Fig. 4.12.
The P: values of BNT-17BT/MgO and BNT-17BT/Al>O3 increased and then declined
at approximately 220 °C and 200 °C, respectively. In the case of BNT-17BT/MgO, the
corresponding temperature of maximum P: value was higher because of its more
preferential c-axis orientation than that of BNT-17BT/Al>O3. The P: values of the BNT-
17BT thick films were inferior to that of the BNT-17BT bulk ceramics due to the
restraint effect of rigid substrates. However, when the temperature exceeded 220 °C,
BNT-17BT/MgO still exhibited high piezoelectric properties. By contrast, the P; value
of soft PZT/YSZ was nearly 0, and the P: value of hard PZT/Y SZ could not be measured
due to the leakage current. The E¢ values of all specimens decreased as the temperature

increased.
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Fig. 4.12 Temperature dependences of (a) P and (b) Ec to BNT-17BT bulk ceramics,
BNT-17BT thick films, soft PZT/YSZ (3 mol% Y20s-stabilized ZrO>), and
hard PZT/YSZ.
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4.4 Summary

In summary, the 7y of BNT-17BT thick film was successfully improved by the
prestress from the different thermal expansion coefficients between BNT-17BT thick
film and substrates. The random tetragonal c-direction of BNT-17BT was ordered
effectively by the compressive prestress from the different thermal expansion
coefficients between the substrates and BNT-17BT during the cooling process.

All BNT-17BT thick films exhibited individual 180° domain areas. The o, values
of BNT-17BT/Al,O3 and BNT-17BT/MgO were 0.36 and 0.80. BNT-17BT/MgO
showed a high c-axis preferential tetragonal degree. The temperature dependence of
dielectric coefficient, and the temperature dependence of the piezoelectric coefficient
ds3 indicated that 74’s of BNT-17BT/MgO and BNT-17BT/Al,O3 were 340 °C and 310
°C. The temperature dependence of the P and E. indicated the high piezoelectric
properties of the BNT-17BT thick films. Moreover, for temperatures exceeding 220 °C,
the piezoelectric properties of the BNT-17BT/MgO thick films were superior to those
of PZT system materials.

These results for BNT-17BT thick films demonstrated that the application of the
compressive prestress is an effective method to enhance the application temperature of
lead-free materials. The detailed studies in this work provided the possibility to exceed

the application temperature of lead-containing materials.
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CHAPTER YV

CONCLUSION AND PROSPECT

In this chapter, a concise work summary and some prospects will be presented.
The aim of this dissertation is to prepare the lead-free piezoelectric KNN-based thin
films with MPB compositions and improve the using temperature of BNT-based

materials.

To KNN-based thin films, a modified Pechini process for multi-component lead-
free 0.055BaZr03-0.935(Ko.45Nao.5Lio.05)NbO3-0.01(Bio.sNao.5)TiO3 (BZ-KNLN-BNT)
was developed for the first time. As for the components that were hard to be used in the

Pechini process, Nb2Os - nH>O was prepared successfully by a simple method and a new

preparation method of Ti and Zr sources was found. By the separate preparations of
metal sources and the detailed investigating synthesis conditions, the optimal condition
for a stable transparent precursor solution was obtained. (100)-oriented BZ-KNLN-
BNT thin films were successfully prepared on the (100)-oriented LNO/Si02/Si
substrates.

Next, (1-v-y)BaZrO,-x(K ;sNa, sLi, s NbO;-1(La, Na, )TiO, (BZ-KNLN-LNT)

0.45
(y = 0.0075) with the vertical composition at x = 0.9025 was studied. The BZ-KNLN-
LNT precursor solutions with the compositions around the vertical MPB (x = 0.9,
0.9025, 0.905) were successfully synthesized by the similar Pechini process of BZ-
KNLN-BNT. By the phase transition analysis based on the high-temperature XRD

patterns, it was verified that the prepared precursor solution with x = 0.9025 was at the

vertical MPB. From the temperature dependence of the dielectric constant and tano
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curves, the 7¢’s of the bulk ceramics (x = 0.9025, 0.905) prepared with the powders
from the Pechini process were about 202 and 205 °C, respectively. These results were
corroborated with the ceramics prepared with the solid phase reaction method in
previous studies. By using the precursor solutions synthesized by the modified Pechini
process, the BZ-KNLN-LNT thin films were successfully grown on Nb-doped (100)-
oriented SrTiO3 substrates. Each of the BZ-KNLN-LNT thin films exhibited an
excellent (100) orientation along with the substrates and high dielectric properties at a

high frequency.

To BNT-based thick films, BNT-17BT thick films were prepared by the screen-
printing method and the compressive prestress effects from substrates on the thick film
properties were investigated. By using the difference of thermal expansion coefficients
between BNT-17BT and substrates, BNT-17BT/Al2O3 showed light compressive
residual stress with the value of -70 Mpa and BNT-17BT/MgO showed large
compressive residual stress with the value of -320 Mpa. The volume fractions of the c-
domain of BNT-17BT, BNT-17BT/Al,0O3, and BNT-17BT/MgO were 0.33, 0.36, and
0.80, respectively. From the temperature dependence of the dielectric constant and tand
curves, the Tq’s of BNT-17BT bulk ceramics and BNT-17BT/MgO were about 210 °C
and 340 °C. The temperature dependence of d33 showed a similar result: 74 BNT-17BT/MgO >

Ta BNT-17BT/ALO, > Ta BNT-178T. These results proved that the application of the

compressive prestress from substrate improved the c-axis preferential tetragonal phase
degree and increased the 74 of BNT-17BT. By comparing the temperature dependence
of Pr, when the temperature was above 220 °C, BNT-17BT/MgO still exhibited high

piezoelectric properties, but PZT thick films did not.
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The KNN-based vertical MPB compositions applied in this work covered most
elements in lead-free piezoelectric material studies. The successful preparation of these
multi-component thin films provides the possibilities for the practical application of
these vertical MPB composition thin films. Moreover, the modified Pechini method is
also suitable for other lead-free composition thin films.

The application of prestress in this study was proved to be an effective method to
enhance the application temperature of BNT-17BT ceramics. The detailed work in this
study indicated that external stress could also order the random tetragonal c-direction
in other ceramics to improve the piezoelectric properties and the application

temperatures.

This work describes the possibility of the preparing multi-component lead-free
precursor solutions for piezoelectric thin films and the possibility of the improving the
application temperatures of lead-free thick films by the compressive prestress. These
detailed studies not only bring the field of lead-free piezoelectric materials a step closer
to finding a practical substitute for lead-containing materials, but also provide the

possibilities of exceeding lead-containing materials in the future.
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