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ABSTRACT

This thesis mainly focused on the lead zirconate titanate (PZT)
materials for their outstanding ferroelectric, dielectric and piezoelectric properties. All
of PZT ferroelectric thin films were prepared by a sol-gel method on a conventional
Pt(111)/TiO,/S10,/Si(100) substrate, in which metal alkoxides were used as the raw
materials. These thin films were systematically investigated for the electrical
properties and the crystallographic characterizations.

The compositional variation in relation with Zr/Ti ratio ranging from
20/80 to 80/20 across the morphotropic phase boundary (MPB) of bulk materials was
studied for niobium-modified PZT (PNZT) thin films with two types of textured films:
[100] and [111] orientations under the influence of seeding layer. The B-PbO thin
seeding layer on the interface of the PNZT film and the substrate resulted in the
formation of single-phase perovskite and highly [100]-textured PNZT films. Similarly,
[111]-textured PNZT thin films were carried out by introducing rutile-TiO, thin
seeding layer to the interface. X-ray diffraction (XRD) was used to examine the
crystallization of the films and examination results showed that there was distinct
phase transition only for the PNZT(100) films from titanium-rich tetragonal to
zirconium-rich rthombohedral when the Zr/Ti ratio varied across the MPB close to
52/48. Strong dependence on the Zr/Ti ratio was investigated to develop both
ferroelectric and piezoelectric films with remanent polarization, dielectric constant
and piezoelectric coefficient. For the [100] orientation, enhanced remanent
polarization and improved piezoelectric coefficient, whose best values reached 75
uC/cm? and 161 pm/V, respectively, were measured at the composition close to MPB.

This was consistent with the largest remanent polarization of 80 uC/cm” and the

v



corresponding high dielectric constant of 1550 for 52/48 PNZT(111) film. All these
values were superior to those of undoped PZT films.

Highly oriented [100], [111] and randomly oriented films of 30/70
PNZT were deposited on the platinized silicon substrate to study thickness
dependency on electrical properties. The thickness of the PNZT films was varied from
80 to 400 nm. The XRD data showed that the materials crystallized into a tetragonal
perovskite phase. The PNZT thin films with preferred orientation exhibited a similar
characteristic of the ferroelectric hysteresis loop. The films with increasing thickness
possessed the higher remanent polarization with a lower coercive field. The highest
remanent polarization of 108 pC/cm® was obtained from [111]-oriented PZNT thin
film with its thickness of 400 nm.

Addition of different amounts (0.4 and 0.6 wt%) of multiwalled carbon
nanotubes in the precursor solution prior to spin coating proved to be an excellent
method for developing porous structure in sol-gel derived Pb(Zry 5,Tig45)O3 thin films.
The crystal structure of as deposited films, which were analyzed by XRD, revealed
that the perovksite phase with secondary fluorite phase took place to randomly orient
for dense and porous films after annealing at 650 °C. The microstructure of the dense
film showed columnar grain structure but globular one for porous films. Significant
changes in lowered dielectric constant of the PZT/MWNT porous films were
observed. In addition, all the porous films had asymmetric and slightly distorted
ferroelectric hysteresis loops. The presence of small amount of the MWNTs induced

changes of the properties of the ferroelectric films.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the problem

Ferroelectric thin films have evolved into several areas of scientific
and technical interest for high potential applications such as non-volatile ferroelectric
random access memories, microelectromechanical systems (MEMSs) device, infrared
device, optical switch and surface acoustic wave (Verardi et al., 1998; Oh and Jang,
2000). Most experimental studies have been carried out to emphasize a promising
ferro-, and piezoelectric Pb(ZrsTi;x)O3 (PZT) owing to simpler crystal structure and
advantageous combination of properties including ferroelectric and piezoelectric
properties at the so-called morphotropic phase boundary (MPB) region (Gong et al.,
2004). Typically, the low processing temperature in the range 500-700 °C are used for
the deposition, thus allowing incorporation of PZT ceramic layers into a standard I1C
technology (Pérez et al., 2007).

Much works have been made to develop high-performance PZT films
on platinized silicon substrates. However, polycrystalline PZT thin films deposited on
silicon substrates show high energy loss and low electrical properties compared with
bulk PZT materials (Zeng et al., 1999). One effective approach to tailor this problem
is to fabricate thin films with a preferential crystallographic orientation. In view of the
texture of PZT thin films, the largest piezoelectric coefficient was found in [100]-
textured films (Gong et al., 2004). Experimental and theoretical results demonstrated
that the [100] orientation was more suitable for the MEMSs sensor and actuation
applications (Taylor and Damjanovic, 2000; Du et al., 1998). It is well known that the
crystal symmetry changes from tetragonal to rhombohedral with an increasing x of
about 0.5 for MPB together with a change in polar axis from [001] for the tetragonal
to [111] direction for the rhombohedral (Oikawa et al., 2004). This suggests that the
oriented film is expected to have superior properties to randomly oriented ones. It is

also found that [100]-oriented PZT thin films in both crystal symmetries show a better
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fatigue characteristic than those with [111]-oriented ones (Wu et al., 2007). Therefore,
the orientation control of the PZT films is also important in order to obtain good
electrical properties. However, compositional optimization for PZT films is also
indispensable because the substrate constraint may affect the phase structure and
hence the location of MPB (Oh and Jang, 2001). In fact, the MPB of epitaxial PZT
films on single crystal substrate, i.e. SrTiOz substrates, is not observed at the well-
known composition close to Zr/Ti = 52/48 (Zhu et al., 2007).

However, PZT is especially attractive for material property designing.
Chemical modification is almost always used with a foreign ions substitution part of
host atoms (Pb, Zr and Ti) to improve and optimize the basic properties of PZT films
for specific applications. For instance, Nb ion substituting B-site (Zr and/or Ti)
expected to act as a donor was compensated by negatively charged defects originated
from Pb vacancies (Matsuzaki and Funakubo, 1999), so that the leakage of the film
decreased. Donor doping, on the other hand, introduces immobile defect dipoles
which should result in a decrease of the mobile defect dipole concentration and hence
in a reduction of imprint and fatigue (Grossmann et al., 2002). In addition, ceramics
produced with this additive is characterized to reduce oxygen vacancies, resulting to
an improvement of dielectric constant, piezoelectric response, pyroelectric coefficient
and remanent polarization (Kwok et al., 2004; Haccart, Remiens and Cattan, 2003).

In recent years, pyroelectric materials have been largely used as point
detector or arrays in many applications, e.g. intruder alarm, air condition control, gas
analysis and thermal imaging which are based on advantages such as lower system
cost, room-temperature operation, fast and wide spectral response with high
sensitivity (Li et al., 2004). The materials of choice for such applications mostly rely
on PZT either in bulk ceramic or thin film formation due to their enhanced
pyroelectric coefficient but (Es-Souni et al., 2005), however, the quality is based on
their figure of merit in which it is necessary to maximize the pyroelectric coefficient
and/or lower the permittivity (Stancu et al., 2007). Porous films with reduced
permittivity are carried out to overcome this challenge by forming a matrix-void
composite. Some issues related to thermal annealing (Seifert, Muralt and Setter, 1998)
or adding a polymer (Stancu et al., 2007) in PZT precursor but porosity by carbon
nanotubes seems to be lacking.



1.2 Thesis outline

This thesis consists of six chapters. In chapter 1, the statement of the
problem is presented with additional objectives of research.

In chapter 2, a general introduction of physics in ferroelectric material
is described. An overview of PZT material focusing on single composition with
alternative chemical dopings is introduced. Various techniques for the fabrication of
PZT thin films are presented.

Chapter 3 presents a study on the preparation and characterization of
niobium-modified and highly oriented PZT thin films focusing on single-composition.
Understanding the role of composition on phase transition and electrical properties of
both [100]- and [111]-orientation is discussed.

In chapter 4, a study on microstructure, crystallographic texture and
ferroelectric property of thickness dependent PNZT thin films under highly
preferential and random orientation.

Chapter 5 presents the fabrication and characterization of CNT
incorporated PZT thin films for the influence of pore formation on ferroelectric and
dielectric properties.

In chapter 6, a main conclusion is provided for each stated one in

previous chapters and recommendations for future works are given.

1.3 Objectives of research

The objectives of this work are the following:

1. To fabricate Nb-modified PZT or PNZT thin films of two types: [100]- and [111]-
oriented films under the control of metal oxide seeding layer using a two-step sol-
gel processing.

2. To investigate the effect of Zr/Ti ratio on the crystallographic structure and
electrical properties of both types of highly oriented PNZT films and find out the
location of MPB.

3. To prepare PNZT thin films with various thicknesses and to observe their effect on

the ferroelectric property.



4. To fabricate carbon nanotube incorporated PZT thin porous films by sol-gel

processing for characterizing the microstructure and ferroelectric properties.



CHAPTER 2

BACKGROUND ON FERROELECTRIC MATERIALS

This chapter is to provide an overview of physical phenomenon in
ferroelectric materials through ferroelectricity, piezoelectricity, pyroelectricity and
their state-of-the-art applications. The subject of interest is the lead-zirconate-titanate
based thin films together with the alternative chemical doping. Other materials of
ferroelectric perovskite are introduced for selective choices. The processing methods

of ferroelectric thin film are reviewed as well.

2.1 Introduction to the perovskite materials

2.1.1 Ferroelectricity

Ferroelectricity was found first in 1921 by Valasek in Rochelle salt for
medical purpose (Cross and Newham, 1987). Although the term is analogous to
ferromagnetism, in which a material exhibits a permanent magnetic moment, the
prefix “ferro” meaning iron, is to describe the property despite the fact that most
ferroelectric materials do not consist of iron in their unit cell. In 1940, the discovery
of ferroelectric ceramic is remarkable breakthrough by the introduction of ceramic
perovskite dielectrics such as barium titanate (Jaffe, Cook and Jaffe, 1971). Because
of the anomalously high dielectrics in capacitors, these materials raise strong interest.
The discovery of ferroelectric switching in 1945 showed the existence of
ferroelectricity in simple oxide materials for the first time (Haertling, 1999). This
leads to the discovery of a large number of ferroelectric materials and furthermore a
lot of important phenomenological and theoretical work in the field of ferroelectrics.

At first, ferroelectricity was found in crystalline materials which are
linked to the crystal symmetry. The ferroelectric crystals are classified as a subset of
pyroelectric crystals in up to 10 of the 32 symmetry point groups. Pyroelectric crystals
are a subset of piezoelectric crystals and show a spontaneous polarization at zero

external field. Because of the hierarchy, the ferroelectric crystals show both
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piezoelectric (section 2.1.2) and pyroelectric (section 2.1.3) properties. Meanwhile,
ferroelectricity has also been found in a variety of other material classes. Liquid
crystals reveal ferroelectric properties in certain phase if the molecules provide a net
electric dipole moment (Xu, 1991). There are even ferroelectric polymers, such as
polyvinylidenfluoride (PVDF) (Bauer, 1996).

Ferroelectrics materials are dielectric materials characterized by a
spontaneous electrical polarization that is switchable by an external electric field. This
polarization is present even in the absence of an external electric field. Ferroelectricity
is established if the spontaneous can be switched between at least two equilibrium
states of orientation by the external electric field of practicable magnitude. The
switching behavior is highly non-linear and exhibits a hysteresis loop (P-E loop) in
terms of the ferroelectric polarization as a function of the external electric field as
shown in Fig. 2.1. Unit cell of a ABOs-perovskite ferroelectric material is illustrated
in Fig. 2.2., in which it is intended that: A is cation with valence +1, +2 or +3 and B
cation with +3, +4, +5 or +6. The A cations occupy the corner sites of a cubic cell,
whereas the oxygen anions are located at the face-centers of the cubic cell forming a

BOg-octahedron with the B ions arranged in the centers of the cubes.

Figure 2.1 A typical ferroelectric hysteresis loop (Jona, 1993).



When an electric field is applied, the B-site ion, which has two
thermodynamically stable positions inside oxygen octahedral, is displaced relative to
the oxygen upward or downward, depending on the polarity of the electric field. The
spontaneous polarization is generated from noncentrosymmetric arrangement of these
ions in unit cell, which produces an electric dipole moment align in the direction of an
external electric field. Adjacent unit cells are inclined to polarize in the same direction
and form regions called ferroelectric domains, separated by domain walls.

In ferroelectric materials, the domain walls are extremely narrow, often
not more than one or two lattice layers. Basically, in the absence of an electric field,
the domains are randomly oriented, leading to a net polarization. In an electric field,
the domain initiates to align in the field direction by movement of the domain walls
and rotation of the dipoles, and the polarization reaches the maximum of saturation
polarization P,,. When the electric field reduces to zero or no applied electric field,
domains cannot return to their original states, yielding a non-zero polarization or
remanent polarization P,. Of interest also is the spontaneous polarization P, obtained
by extrapolating the polarization at high fields P, back to zero field along a tangent.
P; is somewhat higher than P, in ceramics, but is virtually equal to P, in crystals. In

order to reverse the direction of polarization, we need to apply a coercive electric field

E..
Applied electric
field

‘:A ‘:O @B

Figure 2.2 ABOj; perovskite unit cell under an applied electric field.



The occurrence of ferroelectricity is typically limited to certain phases
of the material. Above a critical temperature called the Curie temperature 7., these
materials become a centrosymmetric structure and hence loss all spontaneous
polarization. In this state, the material is termed paraelectric. As the temperature is
lowered through the Curie point, a phase transformation takes place from paraelectric
state to ferroelectric state and therefore a lot of material property, i.e. dielectric
constant &, shows a remarkable temperature dependence, especially close to this phase
transition. In paraelectric state, the relationship between ¢ and the temperature follows

the Curie-Weiss law through (Jaffe, Cook and Jaffe, 1971):

£ , 2.1

where C is the Curie constant and 7, the Curie-Weiss temperature, which in most
cases equal to or slightly different from 7.. Generally, the center ion displaces from its
body-center and the cubic unit cell further deforms to assume one of the
noncentrosymmetric structures dependent on their crystallographic structure such as
tetragonal, rhombohedral and monoclinic (or orthorhombric) structures.

Ferroelectric materials are classified into two groups according to their
size and dimension. One is bulk ceramic and the other is ceramic film. A ferroelectric
ceramic is a polycrystalline material in which the grains are randomly oriented. The
bulk ceramics has been of interest in wide range of applications. Recently, the
production of ferroelectric film has been developed in the form of thick film (1-20 um)
and thin film (less than 1 pm) on a substrate (Araujo, Scott and Taylor, 1996) with an
advantage of low processing temperature. However, the properties of ceramic films
are poorer than those of bulk ceramics, due to their high porosity and the clamping
effects of the substrate (Sung-Gap et al., 2008). In addition, the availability of film
ferroelectric opens to integration of ferroelectrics with semiconductor circuits (Muralt,
2008). Along with the rapid development of microelectromechanical system (MEMS)
technology, ceramic films have attracted much attention because of their excellent
properties such as high piezoelectric constant and high electromechanical coupling
coefficient. Another trend is that of the downscaling of ferroelectrics to new

generation of nanotechnology based devices (Setter, 2001).



2.1.2 Piezoelectricity: constitutive equations and PFM measurement

Since the discovery in 1880, the experimental work on asymmetric
crystal shows an additional creation of an electric charge produced by the applied
stress (direct piezoelectric effect). Mathematical prediction of a converse effect (i.e.
that a crystal becomes strained when in an electric field) in 1881 from basic
thermodynamic principles was successively verified. Intensive research from the first
technically relevant application of the piezoelectric effect was aimed to lead the
development of materials with enhanced electromechanical properties. In current
applications, the most used materials are polycrystalline ferroelectric ceramics, e.g.
PZT and piezoelectric polymers, e.g. PVDF. However, PZTs pose a stronger

electromechanical coupling.

Tensor of the piezoelectric coefficients

The piezoelectric effect can be explained in relation with a vector
quantity (field £ or displacement D) to a second rank tensor (strain S or stress 7). In
general, the piezoelectric coefficients are tensors of rank three with 27 components
represented as djx where each subscript corresponds to the Cartesian axis but, indeed,
posses 18 independent components due to a symmetric type of the stress tensor. Using
the contracted notation, the piezoelectric coefficient can be written with two
subscripts, one representing the direction of the electric variable (i = 1-3), while the
other represents the mechanical variable (j = 1-6). The fundamental piezoelectric
relations can be expressed in constitutive matrix as shown in Egs. 2.2 and 2.3 for the

direct and converse effect, respectively (Nye, 1985).

S, dy, d, dy
S, d, d, d
S; _ di; dy dy (E1 E, E3) 22)
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In the case of the piezoelectric films, the convention for assigning axes

is shown in Fig. 2.3.

3 Direction of a field

A
2 Transverse direction

/

Surface of a film

» | Direction of a
stretching

Figure 2.3 The conventional method of assigning Cartesian coordinate axes for a

piezofilm which has been uniaxially drawn and poled.

The 3 direction is always associated with the film thickness, and this is invariably the
direction of the applied field. If the film has been oriented by stretching, then the 1
direction is associated with the stretch and the 2 direction is perpendicular to 1 and 3.
For un-oriented films, the directions of the 1 and 2 axes are arbitrary. In the twenty
piezoelectric crystal classes, various symmetries lead to particular piezoelectric
coefficients being zero, or being equal to other coefficients. For a poled ceramic film

which has not been oriented by stretching, the matrix of piezoelectric coefficients is

(Nye, 1985):

0 24
0 :
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For a uniaxially stretching film, which has been poled, the component d,, will change
to djs.

For the method using the converse effect, piezoelectric thin films
deposited on a substrate always suffers clamping by substrate so that the ratio
strain/field (or displacement/stress) does not represent the coefficient ds; of the free
sample. For the inverse piezoelectric (ip) effect where a voltage is applied to induce a
strain which is measured, this effective piezoelectric coefficient ds;(ip) can be
calculated based on the assumption of the opposite extreme condition, i.e. in-plane
strain is zero due to the extremely strong lateral constraint through (Lefki and
Dormans, 1994):

dyy(ip) = dyy — 225 @5)

S+,
where S;3, S;2 and Sy, are the mechanical compliances of the piezoelectric film and d3,
the transverse piezoelectric coefficient. It is expected that d;;(ip) gives an

underestimation of the real ds;.

Piezoelectric measurements: Classification

Techniques for piezoelectric measurement of thin films classified into
two groups: direct measurement and indirect measurement. One relies on a direct
probe of either the displacement induced by applied electric field or charge amount
produced by imposing a load, from which d33 can be extracted. The measurement
considers the intrinsic linkage between the mechanical properties (stress and strain)
and the electrical ones (voltage and charge), utilizing piezoelectric effects such as
bulk or surface acoustic wave. An incomplete list of those is given as follows (Liu et
al., 2002):
(1) Piezoelectric effect (classified as direct techniques), e.g. normal load, periodic
compression force, cantilever,
(2) Reverse piezoelectric effect (classified as direct techniques), e.g. single-beam
optical interferometry, double-beam optical interferometry,
(3) Other indirect techniques, e.g. bulk acoustic wave, surface acoustic wave,

impedance and return loss, composite resonance.
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Piezoresponse force microscopy

The rapid emergence of thin-film ferroelectric materials resulted in
considerable interest to piezoresponse force microscopy (PFM) as a key tool for
ferroelectric characterization on local electromechanical properties which result in
rapid development of this technique in the ferroelectric community. Along with the
local measurements of piezoelectric coefficients and domain visualization, this
technique allows for a direct matching of local properties to the microstructural-
nanoscale details, since both are imaged simultaneously. In addition, because of PFM
technique employed to carry out piezoelectric measurement, some of PFM principles
are briefly discussed later.

The linear coupling between the piezoelectric and ferroelectric
parameter infers that the domain polarity can be determined from the sign of the field-
induced strain. Application of the uniform electric field along the polar direction
results in the elongation of the domain with polarization parallel to the applied field
and in the contraction of the domain with opposite polarization. The field-induced

strain in this case can be written as:

S=""=4d,FE, (2.6)

where AZ is the sample deformation and Z is the sample thickness. Eq. 2.6 can be
written as:

AZ ==+dV, @.7)

where V' is an applied voltage. The + sign reflects the piezoelectric coefficient of
opposite sign for antiparallel domains. Thus, opposite domains can be visualized by
monitoring their voltage-induced surface displacement.

However, domain imaging based on detection of static piezoelectric
deformation is difficult to implement unless a sample has a very smooth surface. The
reason is that the static cantilever deflection due to the piezoelectric deformation will
be superimposed on the deflection signal due to the surface roughness, which renders
static piezoresponse domain imaging in samples with rough surfaces highly

problematical.
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Based on Eq. 2.7 one may conclude that the electrically induced
topographic contrast between opposite domains can be infinitely enhanced by
increasing the imaging voltage. However, there is a strict limitation imposed on this
parameter to perform nondestructive visualization of domain structure. The imaging
voltage should be kept below the coercive voltage of the ferroelectric sample. In
addition, a high imaging voltage will lead to an increased contribution of the
electrostatic signal to the tip-sample interaction, which in some cases can obscure the
domain image.

A problem of low sensitivity of a static piezoresponse mode has been
circumvented by employing a dynamic piezoresponse imaging method based on the
voltage modulation approach, which allowed sensitivity to be increased by three
orders of magnitude (Guthner and Dransfeld, 1992; Gruverman et al., 1997). In this
approach, an ac modulation (imaging) voltage V = V), cos wt is applied to the
ferroelectric sample and surface displacement is measured using a standard lock-in
technique by detecting the vertical vibration of the cantilever (Fig. 2.4(a)), which
follows sample surface oscillation. A domain can be mapped by scanning the surface
while detecting the first harmonic component of the normal surface vibration (vertical

piezoresponse, or VPFM):

AZ = AZ cos(awt + @), (2.8)

where AZy = d,V) is a vibration amplitude, d, is effective piezoelectric constant and ¢
is a phase difference between the imaging voltage and piezoresponse, which provides
information on the polarization direction. With the modulation voltage applied to the
probing tip, positive domains (polarization vector oriented downward) will vibrate in
phase with the applied voltage so that ¢(+) = 0C, while vibration of negative domains
(polarization vector oriented upward) will occur in counter phase: ¢ (-) = 180° Note
that while Eq. 2.8 is rigorous for a uniform field case, the field below the SPM tip is
highly nonuniform. The rigorous solution has been given by Kalinin, Karapetian and
Kachanov (2004) and it was shown that for transversally isotropic materials (e.g. c-
domains in tetragonal perovskite ferroelectrics, poled polymers, etc.) d, =~ d;3,

recovering the early assumptions in PFM data interpretation (Gruverman et al., 1997).
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In lateral PFM (LPFM) (Eng ef al., 1998), a-domains are visualized by
detecting the torsional vibration of the cantilever (Fig. 2.4(b)). Application of the
modulation voltage across the sample generates sample vibration in the direction
parallel to its surface due to the piezoelectric shear deformation. This surface
vibration, translated via the friction forces to the torsional movement of the cantilever,
can be detected in the same way as the normal cantilever oscillation in vertical PFM.
For the uniform field for @ domain, the amplitude of the in-plane oscillation is given
by:

AX, =dV,, (2.9)

while polarization direction can be determined from the phase signal since oscillation
phases of opposite a-domains differ by 180°. It should be noted, however, that
quantification of the shear piezoelectric coefficients in LPFM is a challenging
problem that is complicated by the tip-surface tribology, inhomogeneous field

distribution and mechanical clamping effects.

Figure 2.4 Schematics of the vertical (a) and lateral (b) PFM signal detection
(Gruverman and Kalinin, 2006).

2.1.3 Pyroelectric effect
Pyroelectricity refers to the change of the ferroelectric polarization
resulted from fluctuation of temperature in crystalline materials. A change in
temperature will alter the ionic and electronic force within the crystal cell leading to

change the dipole moments in polar materials. Over a range of temperature below the



15

Curie point and excluding other phase transitions the temperature variation of this

ferroelectric polarization is reversible and maybe defined by a pyroelectric coefficient:

_AP_ AQ

2 , 2.10
P=AT T aaT 210

where p: pyroelectric coefficient, AP: change in polarization, AT: change in
temperature and AQ: change in pyroelectric charge over the cross-area 4. Since the
unit cells of the crystal are aligned, a net change in crystal polarization occurs and
results changing the surface bound charge density. The additional bound charges will
compensated by free surrounding ones when the materials are left for long time. If the
change of temperature is fast enough then there is no time for charge compensation to
occur. The result is that a pyroelectric current will flow in circuit with external load.

The quantity p can be related to the figures of merit, which are (Stancu et al., 2007)
F =pls, (2.11)

for voltage responsivity, where & relative dielectric constant and

F, =p/cy(e, tano) (2.12)

for current responsivity, where c: specific heat of the materials and tan o: loss factor.

2.1.4 Ferroelectric domains

Ferroelectric crystals are not uniformly polarized in general. More
typical is the formation of domains characterized by different orientations of the
spontaneous polarization. The number of possible domain orientation depends on the
perovskite phase. There are uniaxial ferroelectrics that have only two antiparallel
states of orientation like for instance triglycinsulfate or lithium niobate, while there
exist also multiaxial ferroelectrics that have more than two states. It is believed that
PZT showed up to six and eight equivalent polar directions in the <100> directions of
the spontaneous polarization in its tetragonal phase and in the <111> directions for

rhombohedral phase, respectively, and the monoclinic [110] phase with 12 directions.
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Thereby, the tetragonal-rhombohedral coexisting phase will result up to 26 possible
different directions of alignment. For the simplest instance, if we assume that the
sample surface is parallel to one of the tetragonal unit-cell faces, then these states can
be divided into two groups. Four states correspond to the a domain orientation with
the spontaneous polarization being parallel to the sample surface, while for the
remaining two ¢ domain states the spontaneous polarization is oriented normal to the

sample surface. Quite complex domain structures can be illustrated in Fig. 2.5.

six states of a domain a domain ¢ domain
orientation: : .
90° boundary 180° boundary
complex domain / |
distribution:

RNENNIZa

Figure 2.5 Ferroelectric domain types and structures in tetragonal phase. Up to six

domain orientations with the spontaneous polarization oriented parallel (¢ domain) or
normal (¢ domain) to the sample surface can be found. Different domain orientations
can be observed to form quite complex domain patterns with mixing 90° and 180°

domain (Moulson and Herbert, 1990).

An equilibrium domain configuration is established only if sufficient
time is allowed for domain wall mobility. The pattern generated will depend on the
electrical and mechanical stress conditions (Arlt, 1990). The electrostatic conditions
defining the domain pattern change when an external field is applied and may result in
displacement of the domain walls. The surface energy of the domain wall will be
increased when it is set in motion because of the inertia of the ions which change
position slightly as their dipole moment changes direction on passage of the domain

wall. The vibration motion of the domain wall as an extrinsic contribution to
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polarization response of ferroelectric materials was a subject of many theoretical and
experimental studies. However, clamping by adjacent grains hinders the formation of
any domain configuration. As the tetragonal structure is anisotropic a change of
domain direction by 90° will require a change in shape. This is different to magnetic
domains that are not related to crystal structure but to the electron configuration.

Concerning the formation of domain structure, also the thickness of a
single domain wall is of interest, since it determines the lower limit of the domain size.
In ferroelectrics, no long-range ordering is present and therefore very narrow domain
walls with width in the order of the lattice constant are expected (Lines and Glass,
2001). Nevertheless, a complete understanding is still lacking due to limited
experimental data and little theoretical work. The thickness of a 180° domain wall is
assumed to be in the order of 5-20 A (Wadhawan, 2000; Padilla, Zhong and
Vanderbilt, 1996).

Note that surface grains will twin differently compared to bulk grains
due to reduced clamping stresses. An un-poled piezoelectric will have randomly
orientated domains that produces no overall polarization. Poling requires the
alignment of 180° domains and rotation of 90° domains (Sayer et al., 1981). The
intention of poling is to cause as many domains as possible to be aligned in the poling
direction. Domains can be switched (90° domain rotated while 180° domains reversed)
by electrical fields due to the ferroelectric properties of the material (Ogawa, 2000).
Application of mechanical stresses can only produce 90° domain rotation due to

crystal dimension anisotropy (Zhu and Yang, 1997).

2.1.5 Possible polarization vectors in ferroelectric film

The main introduction of this section is to review the nature of
polarization reorientation or rotation behavior in each crystal phase of each
orientation. For simplification, the complicated domain structures are assumed to
depend on their crystallographic structure and texture (Taylor and Damjanovic, 2000).
The magnitude of polarization and piezoelectric response is not only affected by
clamping of the film by the substrate, but also by domain structure as well as the
mobility of the domain walls. For the rhombohedral structure, one can consider

possible orientations of domains for two crystallographic orientations in a [111]-
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oriented film. There is one possible orientation normal to the film substrate and three
canted an angle of approximately 71° or 109° with the normal to the film given in Fig.
2.6(a). As an adequate electric field is applied on, all the domains tend to rotate (or
switch). That is all polarization orientations are the same normal to the film/substrate
interface. The origin of the domain rotation lies in the reorientation of the
displacement vector of B-site ions in the oxygen octahedron without induced strain.

In contrast, the domains in the [100]-texture film display four
equivalent orientations, which cant at an angle of about 54.7 to the normal of the film
shown in Fig. 2.6(b). However, the ultimate polarization orientation of the domains is
perpendicular to the film as the poling treatment is accomplished. Therefore, the
rotation of domains is associated with the lattice distortion, leading to remarkable
local stress in the grains, which is the origin of the depolarization. In the case of
tetragonal, the spontaneous polarization is align with [001] direction which is the
fourfold axis of the oxygen octahedron for pseudoperovskite structure as shown in
Figs. 2.6(c) and 2.6(d). Therefore, as the film is [100]-textured, the domain
orientations are parallel with the surface of the film. The domain rotations caused by
an electric field applied in out-plane direction result in significant stress. Finally, the
domain structure not only depends on PZT texture and composition, but also or

defects, internal and external stress, and so forth.
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Figure 2.6 Possible orientations of the polarization vector in textured ABOs films: (a)
(111)- and (b) (100)-rhombohedral films, (c) (111)- and (d) (100)-tetragonal films
(Gong et al., 2004).

2.1.6 Ferroelectric film applications

As ferroelectric materials have a special nature and posses a unique
combination of properties, a broad spectrum of potential applications in commercial
devices can be developed with these materials. Figure 2.7 gives a schematic overview
of these applications and some of them are detailed later. Though the largest number
of applications with ferroelectrics is still associated with bulk materials, important
applications are under development for ferroelectric films. This is because the
feasibility of practical applications is still dependent on the status of the film
preparation, processing and integration technologies. Each application has different
requirements which might be fulfills certain requirements and not others. In addition,

the ferroelectric film properties can differ largely from the bulk ones.
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Figure 2.7 Overview of typical ferroelectric thin-film applications (Auciello, Scott

and Ramesh, 1998).

Memories

Ferroelectric films have attracted a lot of attention especially for their
use in memories. The largest emphasis is probably on NVRAM (Nonvolatile Random
Access Memory) (Larsen et al., 1994; Ramesh, 1997). The application is based on the
hysteresis properties of ferroelectrics. States of negative and positive remanent
polarization can be used as binary of 1 and 0 in data storage. This is due to low
fatigue with low operation driven voltage in SBT and more ease of integration with
higher polarization value in PZT (Nagel et al., 2001).

Ferroelectrics are also being considered for other types of memories:
DRAM (Dynamic Random Access Memories), which are volatile (the information is
required power supply to retain its state). These are based on transistors tandemed
with capacitors (Ramesh, 1997). Increasing miniaturization requires higher

capacitance for smaller feature size.
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Microelectromechanical systems (MEMs)

The MEMs technology is the integration of mechanical elements and
electronics on a same substrate, usually silicon. Micromachining and microelectronics
are brought together to obtain a complete system on one chip. By adding sensors and
actuators to MEMs, the aim is to transform MEMSs into smart structures, which can
sense and react to environment or stimuli. Therefore, ferroelectrics are studied for
their piezoelectric properties to be used as sensors and actuators in these type of
systems. As an order of magnitude, an average value for piezoelectric coefficient of a
ferroelectric material bulk is 100 pC/N. The converse piezoelectric effect would lead
to a displacement of 100 A for V =100 V. A piezoelectric coefficient (d3;) of 65 pC/N
was measured on a 200 nm thick MOCVD PZT layer grown for this study (Rossinger
and Misat, 2000).

Electro-optic application

By varying the ferroelectric polarization with an electric field, one
produces a change in the optical properties of the ferroelectrics. Ferroelectric films
can be used in nonlinear optic applications to convert light to different wavelength
(Fork, Armani-Leplingard and Kingston, 1996), or in electro-optic modulators
(Buchal and Siegert, 1999). The advantage of films is twofold. Wave guide electro-
optic modulators require relatively low driven power in comparison to bulk
modulators, because of the optical confinement in the film. Additionally, thin films
produced on heterostructure substrates used in the semiconductor industry are more
readily integrated than bulk hybrid technologies. Efforts are always directed to
implement new technologies on Si wafers to integrate optical devices in existing
silicon technology on a large scale. There are several thin film candidates for electro-
optic technology. These include LiTaOs (Buchal and Siegert, 1999), BaTiOs (Wessels,
1998), PLZT (Dogheche et al., 1995) as well as electro-optic polymers. All of these
are highly transmissive at the infrared wavelengths used in optical communication
networks. Additionally, the polymers can be deposited onto a wide variety of

substrate (Steier et al., 1999).



22

Infrared sensors

Uncooled infrared image sensors are increasingly demanded for many
applications such as automobile, biomedical, plant monitoring and security system. IR
sensors can be classified into two major types including photon sensors and thermal
sensors. Photon sensors are based on the photovoltaic, photoconductive or
photoelectric effect. They are wavelength selective. Photon sensors are often cooled
to cryogenic temperature to obtain a better performance. Thermal type IR sensors,
such as bolometer, thermopile and pyroelectric sensors, can be operated at room
temperature (uncooled) with little wavelength dependence of the response over a wide
infrared range. IR sensors using pyroelectric material have the highest sensitivity in
thermal type IR sensors. To realize uncooled pyroelectric IR image sensors, an
integration of pyroelectric material and circuitry using silicon devices is required. A
change of pyroelectric current perpendicular to the polar axis on the crystal faces with
a change of temperature was considered in ferroelectric materials. Si integrated
pyroelectric IR sensors using PVDF thin films have been reported, however that
pyroelectric film is lower sensitivity compared to the pyroelectric ceramics (Fujitsuka
et al., 1988). On the other hand, high sensitive pyroelectric sensors using PbTiO;
films on MgO single crystalline substrates have been reported (Iijima et al., 1986).

2.2 Ferroelectric materials

2.2.1 Lead Zirconate Titanate (PZT)

Lead titanate (PbTiO3) was reported to be ferroelectric in 1950 on the
basis of its structural analogy with BaTiO; and the discovery of a high temperature
transition around 500 °C (Shirane, Hoshino and Suzuki, 1950). Substitution of Zr"™
for Ti"™ in PbTiO; reduces the tetragonal distortion of P4mm symmetry and ultimately
causes the appearance of another ferroelectric phase of rhombohedral R3m symmetry.
In Pb(Zr,Ti)O; (PZT) crystals, lead and oxygen atoms appear at the corners and face
centers, respectively. Octahedrally co-ordinated titanium or zirconium ions are
located at the center of the unit cell. Solid solutions form with their boundary nearly
independent of temperature (morphotropic). More amount of Zr'™* cause the

appearance of the orthorhombic antiferroelectric phase with a small field of stability
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of a tetragonal antiferroelectric phase near the Curie point. Curie temperature
variations from 220 °C to 490 °C are dependent of the compositional PZT (Newham,
1997; Jaffe et al., 1971). When Zr/Ti is within a region of 0.9 < x <1, antiferroelectric
and rhombic phase exists at the normal conditions, however, in some application the
antiferroelectric to ferroelectric phase transitions induced by external electric field are
used in applications. Ceramics based on these compositions are promising for shape
memory applications due to relatively high coefficients of electroelasticity. The
deformation of these ceramics can be controlled by various domain configurations
and structures (Cross, 1995). Additional applications of these ceramics are relation to
fabrications of elements with high electron emission obtained during ferroelectric-
antiferroelectric phase transition controlled by external electric field and mechanical
stress (Okuyama, Asano and Hamaka, 1995). There are two rhombohedral phases at
Zr/Ti within 0.6 < x < 0.9. The ferroelectric phase transition from the low-temperature
to the high-temperature phase is accompanied by the loss of oxygen octahedron tilt
angle and corresponding superstructure (Glazer, Mabud and Clarke, 1978). These
ceramic are characterized by relatively low spontaneous deformations and low range
of dielectric constants and are used in electromechanical transducers and surface
acoustic wave devices. Another feature of this compositional range with dopant is the
experimentally observed states of metastable polarization which is typical for relaxor
(Dalington, 1988; Cross, 1995).

The phase diagram originally established by Jaffe e al. (1971) in Fig.
2.8 shows the morphotropic phase boundary (MPB) which separates the
rhombohedral and tetragonal structure at about 45 mole percent PbTiOs. The
investigation of the piezoelectric property in this solid solution showed the coupling
factor and dielectric constant to be the highest near the MPB (Jaffe and Roth, 1954).
Since the boundary in nearly morphotropic, the temperature dependence of the
electromechanical properties is practically free of polymorphic irregularities in
contrast with BaTiO3;. Compositional rich in PbTiOs were not successfully poled, but
a significant piezoelectric effect existed throughout the rhombohedral range. It is
believed that the proximity to such a phase boundary between ferroelectric phases
favors strong piezoelectric effects in a ceramic because of the increased ease of

reorientation during poling. In addition, in such compositional range (0.4 < x < 0),
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tetragonal crystal structure possess relatively high anisotropy of piezoelectric
coefficient d3; and d3; and corresponding electromechanical coupling factors k; and k,
(Turik and Topolov, 1997; Tashiro et al., 1987). Other features of these compositions
are relatively high coercive field and high spontaneous deformations. Some

applications of these materials include filters and frequency stabilizers.
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Figure 2.8 PZT phase diagram. In the middle, the standard phase diagram is shown
(Jaffe, Cook and Jaffe, 1971). The diagram around the MPB showing the monoclinic
phase between the tetragonal and rhombohedral phases is shown at the upper right

(Noheda et al., 2000). Fy stands for ferroelectric monoclinic in the inset.

Recently, the discovery of a new intermediate monoclinic phase is
within a narrow region of 0.45 < x < 0.52 for bulk PZT around the MPB (Noheda et
al., 1999; Noheda et al., 2000). The very high electromechanical response seems to be
directly related to the existence of the low symmetry monoclinic phase (Noheda,
2002). Since the monoclinic structure can be constructed from the tetragonal structure
by shifts of the Pb and Zr/Ti atoms along a tetragonal [110] axis, the monoclinic
structure can also be considered as a “bridge” between the tetragonal and
rhombohedral phase in PZT. Therefore the authors suggested that this is not a really

morphotropic phase boundary, but rather a morphotropic phase connecting the



25

tetragonal and rhombohedral phases of PZT. Glazer et al. (2004) also discussed the
local structures of the tetragonal, rhombohedral and monoclinic phases across the
MPB of PZT. They argued that on an appropriate length scale all three phases may be
considered to be monoclinic at the local level and there is no need to invoke any
discrete phase boundaries across the MPB. A new intermediate monoclinic phase with
a composition close to the MPB of bulk ceramics was also theoretically predicted for
epitaxial PZT films in Ref. (Pertsev et al., 2003). This phase is strain induced and
similar to the monoclinic phase of PZT bulk ceramics with x = 0.48. However, for
PZT films the monoclinic phase is not confined to a composition close to the bulk
MPB, but it rather exists for all studied compositions (x = 0.4-0.9) depending on the
misfit strain. However, the direct transformation of the paraelectric phase into the
monoclinic phase can only be observed during cooling in PZT films with x < 0.7 for
film-substrate systems with no lattice mismatch. If a misfit strain exists in the films,
the paraelectric phase transforms either into the tetragonal phase (for Aa/a < 0) or into
the orthorhombic phase (for Aa/a > 0) and, at still lower temperatures, into the

monoclinic phase.

2.2.2 Chemical modification

PZT is especially attractive for material properties designing. Wide
range of physical can be obtained by variation of Zr/Ti ratio, particularly in so-called
MPB region. In addition, to meet stringent requirements of applications, ferroelectric
ceramics have been modified in various ways. PZT ceramics are almost always used
with a dopant or a modifier to improve and optimize their basic properties for specific
applications (Jaffe and Berlincourt, 1965; Haertling, 1986). The donors, such as Nb>*
replacing B-site cations (Zr*",Ti*"), are compensated either by A-site vacancies or by
electrons. The donors are usually compensated by A-site vacancies. These additives in
combination with corresponding vacancies appear to enhance domain orientation with
respect to undoped material. Ceramics produced with these additives are characterized
by square hysteresis loops, high dielectric loss, high mechanical compliance,
advanced piezoelectric properties, reducing ageing and easy depoling. This type of

ceramics is called Soft PZT (Jaffe, Cook and Jaffe, 1971; Gerson, 1960).
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Acceptors like Fe’™ replacing B-site cations are compensated by
oxygen vacancies and usually have only limited solubility in the lattice. These
additives lead to opposite effect to those of donors. Domain reorientation is limited,
and, hence, ceramics with acceptor additive are characterized by poorly developed
hysteresis loops, lower dielectric constant, low dielectric losses, low piezoelectric
properties, low compliances, higher aging rate and ceramics are more difficult to
depole. These ceramics are called Hard PZT (Jaffe, Cook and Jaffe, 1971).

Isovalent additives, such as Ba®" or Sr*" replacing Pb*" or Sn*'
replacing Zr*" or Ti*" in which the substituting ion is of the same valency and
approximately the same size as the replaced ion, usually lead to inhibited domain
orientation and poorly developed hysteresis loops. Other properties include lower
dielectric loss, low compliance, and higher aging rates. For some applications the
isovalent modifiers are used to change Curie temperature, for example, the transition
temperature of Sr-modified PZT ceramics decreases about 9.5 °C per each atomic

percent of Sr concentration (Ikeda, 1959).

2.2.3 Other alternative ferroelectric materials

Promising lead-free ferro- and piezoelectric materials with perovskite
structure which could be alternative to PZT are Na;,Bi1,,Ti0; (NBT) (Chiang, Garrey
and Soukhojak, 1998) and textured (Ko 44Nags2Lig04)(NbggsTag 1Sboos)O3 (LF4T)
(Saito et al., 2004). While LF4T is an alkaline niobate-bated solid solution at the
MPB, NBT is a chemical compound, in which one half of the A cation sites are
occupied by Na™ ions, the remaining by Bi’" ions.

Bismuth layer structured ferroelectrics (BLSF) such as Bi4Ti;0;, (BiT),
SBT and their related compounds exhibit ferroelectric properties, which are indeed
slightly inferior to those of PZT, but they show no fatigue effect which is of interest in
NvFRAM cells (Auciello and Foster, 1998; Kingon, 1999; Park ef al., 1999). For this
reason they were extensively investigated in the last decade. A family of layered
Aurivilius family such as SrBi,Ta;O9, SrBi;NbTaOy and SrBi,TisO;s has been of
interest (Jona, 1993; Auciello, Scott and Ramesh, 1998). Their general chemical
formulas are represented as (Bi202)2+(Am_1BmO3m+1)2' where A is a large mono di- or

trivalent metal cation such as Na, K, Ca, Bi, Sr, Ba or Pb, and B is a small cation with
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high electric charge of tetra-, penta- or hexavalent like Ti, Nb, Ta, Mo or W (Paz de
Araujo et al., 1995; Aurivillius, 1949; Irie, Miyayama and Kudo, 2001). m is an
integer from 1 to 8 and denotes the perovskite-like units (A,,-1B,O3,+1) along the c-
axis between two bismuth oxide layers (Bi,0,)*". The layered structured structure of
this kind of material is given in Fig. 2.9. These materials yield a high endurance
during electrical cycling with excellent improved fatigue-free properties. This good
fatigue behavior is believed due to the oxygen-rich bismuth layer preventing
degradation of the polarization. Other materials are based on BaTiO; and its chemical
modification. For example Ba,Sr;TiO; or abbreviated BST is currently being
investigated as a dielectric material for tunable microwave-device applications and
decoupling capacitors due to its large field-dependent permittivity, high dielectric

constant, and relatively low-loss tangent.
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Figure 2.9 Layer perovskite structure (Auciello, Scott and Ramesh, 1998).

Ferroelectric material such as NBT based composition has received
much attention for electromechanical applications like MEMS, actuators, micro-

machines, and pressure sensors due to their often superior piezoelectric properties
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compared to the more traditional materials like ZnO and quartz (Damjanovic, Muralt
and Setter, 2001; Uhlmann et al., 2000; Chiang et al., 1998). Ferroelectrics with
electro-optic activity like KNbO; (Chow et al., 1994) and LiNbO; (Sakashita and
Segawa, 1995; Yamaguchi et al., 1998) are applied in color filter devices or computer
displays. The thickness of the oxide films depends on the application: while for
piezoelectric and IR sensing devices the thickness should be in the region of 0.1-1
mm, the typical thickness needed for actuators is about 10-50 mm (Whatmore ef al.,
2003) and for ferroelectric memory cells 100 nm or less. Room temperature values of
the dielectric, piezoelectric, and electromechanical properties have been complied and
tabulated in Table 2.1. As a major concern compared to lead based materials, these

discussed materials do not contain toxic, which is an important environmental aspect.

Table 2.1 Dielectric and piezoelectric properties of lead-free perovskite piezos “past

and present” (Zhang, Xia and Shrout, 2007).

Material & loss ds; (pC/N) k, ks; T. (°C)
BaTiO; 1,700 0.01 190 0.36 0.5 115
BaTi0;-CaTiO;-Co 1,420 0.005 150 0.31 0.46 105
(Ko.sNag s)NbO; (HP) 500 0.2 127 0.46 0.6? 420
(Ko.sNag s)NbO; 290 0.4 80 0.35 0.51 420
KNN-Li (7%) 950 0.084 240 0.45 0.64 460
KNN-Li3%; Ta20% 920 0.024 190 0.46 0.615 310
KNN-LF4* 1,570 / 410 0.61 / 253
KNN-SrTiO3 (5%) 950 / 200 0.37 / 277
KNN-LiTaO3 (5%) 570 0.04 200 0.36 / 430
KNN-LiNbO3 (6%) 500 0.04 235 0.42 0.61 460
KNN-LiSbO3 (5%) 1,288 0.019 283 0.5 / 392
NBT-KBT-LBT 1,550 0.034 216 0.401 / 350
NBT-KBT-BT 820 0.03 145 0.162 0.519 302
NBT-KBT-BT (MPB) 730 0.02 173 0.33 0.59 290
SBT-KBT90 870 0.04 110 0.15 0.507 296
SBT-KBTS85 1,000 0.05 120 0.16 0.491 250
BBT-KBT90 837 0.05 140 0.23 0.538 297
BBT-KBTS80 630 0.04 95 0.15 0.361 290
Sr,NaNbsOs* 1,100 / 120 / / 280

*Textured; HP: Hot Pressed; NBT: (Naj sBig5)TiO3; KBT: (K¢ sBigs)TiO;
LBT: (L105B105)T103, BT: BaTlO:;, SBT: (SI'07B102)T103, BBT: (B307B102)T103
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2.3 PZT film fabrication

2.3.1 Possible preparations of PZT films

The PZT films have been fabricated using several techniques, each of
which has to satisfy different requirements:

(1) device compatibility, ease of oriented control or single-crystalline films
and heterostructure with specific properties like resistance to fatigue effect, long
polarization retention time and no imprint behavior,

(2) integration with metallic or conductive oxide substrate,

(3) ability to produce patterned, multilayered or superlattice structure,

(4) relatively low processing temperature to avoid a harmfully undesired
structure and unintentional diffusion,

(5) good film quality (conformity and uniformity),

(6) high reproducibility,

(7) simple, inexpensive and environmental-friendly fabrication process.

The preparation processes in PZT films can be classified into three
groups:

(1) physical vapor deposition (PVD) e.g. sputtering deposition and pulsed
laser ablation deposition (PLAD),

(2) chemical vapor deposition (CVD) e.g. metalorganic chemical vacuum
deposition (MOCVD),

(3) chemical solution deposition (CSD) e.g. sol-gel method and metalorganic
deposition (MOD).

However, one of the methods that were far more popular to employ in
the past few years is the sol-gel method which gives several advantages of
stoichiometric control including the addition of dopants which is very important for
multicomponent systems, ease of process integration with standard one-IC-chip

technology and low-cost consumption.

2.3.2 Chemical solution deposition
During the 1980s, the experimental results based on CSD of PZT films
were carried out (Budd, Dey and Payne, 1985; Fukushima, Kodaira and Matsushita,
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1984) and some examples of systems suitable for growing perovskite film with the
same properties as bulk ceramics were provided. The CSD as well as sol-gel method
is very versatile and offer many advantages but, however, it suffers from several
drawbacks such as for instance the difficult deposition of epitaxial and ultra-thin films
(thickness < 30 nm). Furthermore, conformal coating of 3D structures with a high
aspect ratio represents a problem (Schwartz, Schneller and Waser, 2004). Chelating in
metal compound allows the formation of crack-free films that they can block the
condensation reaction sites, offering structural flexibility of gel films and suppressing
crack formation (Schmidt et al., 1988). Fabrication of the sol-gel method composed of
four basic steps (Schwartz, Schneller and Waser, 2004; Schwartz, 1997):

(1) synthesis of the precursor solution,

(i1) deposition by spin, spray or dip coating, where drying processes usually
begin depending on the solvent,

(ii1) low-temperature heat treatment (300-450 °C depending on the oxide
material) in air or oxygen for drying, pyrolysis of organic species and formation of an
amorphous film,

(iv) higher temperature heat treatment (typically 500-700 °C) in air or oxygen
atmosphere for densification and crystallization of the coating into the desired
perovskite phase.

Often influences of the heat treatment scenario including the
atmosphere also play the important role on the texture selection of the perovskite
phase evolution which transfers from amorphous phase to a pyrochlore-lie (or fluorite)
intermediate phase independent of the precursor system (Chen and Chen, 1998). In
addition to the two-step heat treatment described above, there is also a single-step
process described elsewhere (Schwartz, Schneller and Waser, 2004; Tuttle and
Schwartz, 1996) by rapid heat treatment (omitting step (iii)) to the crystallization
temperature which results in both organic pyrolysis and crystallization. The purpose is
to enhance film densification by delaying the onset of crystallization to higher
temperature, thus resulting that the film texture is promoted to grow a preferred [111]
orientation (Jiang et al., 2006). In accordance with the reports (Reaney et al., 1994;
Brooks et al., 1994), the pyrolysis of the as-deposited films at temperature above
~400 °C leads to a preferred [100] oriented growth while in the range between 350 °C
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and ~400 °C a preferred [111] textured film is obtained after the final crystallization
step. Liu and Phule (1996) hypothesize that a layer of “seed nuclei”, which is only
formed if a 400 °C pyrolysis step is applied, is responsible for the development of
[111] oriented film during the final crystallization at 700 °C. Schwartz et al. (1997)
explain the differences in the microstructure and texture evolution of various
chemically different CSD routes to PZT films with a thermodynamic model deduced
from the standard nucleation and growth theory. They propose that changes in the
film pyrolysis temperature cause changes in the crystallization temperature, which in
turn alter the driving force governing the transformation from the amorphous to the
crystalline phase. These changes in the pyrolysis temperature are induced by the
precursor chemistry. All such variations in the driving force cause a change in the
thermodynamic barriers that define the active nucleation mechanism, and thereby the
microstructure or texture development. The typical film thickness of one deposition
cycle is in the range of 50-100 nm (Scott, 2000; Wright et al., 2002) except for thicker
film which inevitably concerns step (ii) and (iii) through repeated several times for the
desired thickness.

The microstructure of the ferroelectric perovskite phase is determined
by solution chemistry, stoichiometry and the underlying substrate as well as the
substrate treatment (Tuttle and Schwartz, 1996). The substrate can be altered in
various ways in order to control the nucleation of the perovskite crystallites at the
electrode-film interface. The influence of a very thin seeding or buffer layer was
intentionally introduced to control the overlaid film texture. Thereby the nucleation
activation energy may be reduced. Because of the abundance of nucleation sites, fine
grains and more uniform microstructures are formed. A thin Ti or TiO; film on a Pt/Si
electrode can induce a strong [111] texture (Muralt ef al., 1998), while pre-depositing
a thin [100] oriented layer of PbTiO; (Hiboux and Muralt, 2004) or PbO (Gong et al.,
2004) on Pt/Si can lead to a strong [100] texture in the PZT films. In addition, when
film and substrate have different structures or large lattice mismatches, highly
oriented texture is achieved through a two-step process where first a polycrystalline
film is deposited and then heated to cause it to break up into isolated grains (seeds)
that posses a low interfacial energy. The isolated islands may then act as nucleation

sites for the subsequent growth of a highly oriented film. The use of Ag or Au as
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alloying elements to expand the lattice parameter of the Pt electrode produces a closer
lattice match to PZT which improves the degree of film orientation (Whatmore ef al.,
2003). Norga et al. (2004) described the dependence of the orientation of
polycrystalline PZT films on pyrolysis conditions. For oxygen-rich conditions, a
quasi-amorphous intermediate phase occurred resulting in a [100] preferred
orientation due to its minimum surface energy in perovskite structure. If in reverse a
reduced oxygen partial pressure was used during pyrolysis a homogeneous crystalline
fluorite developed as intermediate phase. The fluorite grains were believed to be [111]
textured leading to [111] oriented perovskite PZT grains after crystallization.

The most important part in the sol-gel process would be the synthesis
of an appropriate precursor solution. The microstructure and physical properties of
sol-gel derived PZT films can be greatly influenced by their precursor solution.
Solution preparation generally involves the use of one or more metal-organic
compounds which are dissolved in a common solvent. The sol-gel reaction in the
precursor solution is not known in more detail, but it is considered that this reaction
proceeds in three steps: stabilization of metal complex, partial hydrolysis and
condensation (Kwon et al., 1999). The chemical properties of sol-gel solutions can be
altered by modifying the organic ligands from the metal complexes or using different
stabilizer and/or solvent systems. In turn, the modified solutions affect the physical
properties of the resultant PZT films since the thermal decomposition of sol-gel
precursors and the formation of nuclei and grains are not mutually independent

procedures.

2.3.3 Sol-Gel precursor solution
The raw starting materials will be selected by their solubility, reactivity
considerations and the type of solution precursor species desired, all of which are
typically metal alkoxide compounds M(OR), (where M is a metal and R is an alkyl
group), metal carboxylates M(OOCR), and metal [-diketonates MO(CHs-
COCHCOCH3)y. The most common used sol-gel approaches are:
(1) sol-gel processes which use 2-methoxyethanol (or namely ethylene

monoethylether) as reactant and solvent,
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(2) chelate or hybrid processes which use modifying ligands such as acetic
acid or acetyl acetone or both,

(3) metal-organic decomposition route which uses water-sensitive metal
carboxylate compounds.
In step (2) and sometimes towards to step (3), the reactivity of the reagents is high and
the structure of the species in solution can bear little resemblance to the starting
compounds and contains more than one type of cation. In contrast, for the long-chain
carboxylate compounds the reactivity is low and chemical interactions between the
different precursor compounds are minimal (Schwartz, Schneller and Waser, 2004).

The common choices of precursors when making sol-gel are metal
alkoxides because they provide a convenient source for inorganic network, or
oligomers, which in most cases are soluble in common solvents. Another advantage of
using the alkoxides is the possibility to control the reaction rate by controlling
hydrolysis and condensation, which are the most critical processes in sol-gel
technique (Banno, 1995).

There are several routes based on a solvent to prepare precursor in sol-
gel processing, such as 2-methoxyethanol (Kwon et al., 1999; Budd, Dey and Payne,
1985), acetic acid (Kwon ef al., 1999) and 1,3 propanediol (Tu et al., 1996). Although
2-methoxyethanol is toxic and unfriendly for use because of its carcinogenic and
teratogenic properties (Zhang, Whatmore and Vickers, 1999) which lead to a greater
emphasis on the use of other simple solvents, processes based on 2-methoxyethanol
has been most appropriately considered sol-gel processes for pure perovskite phase at
lower pyrolysis temperature (600 °C or below) (Budd, Dey and Payne, 1985). The
reaction can be described as a hydrolysis of the precursor which leads to the formation
of M-O-M bonds, followed by a polycondensation process with the departure of a
water molecule or an alcohol molecule (Calzada et al., 1995). In general, the course of

the sol-gel process can be described through (Brunckova ef al., 2004):

Hydrolysis
M(OR)x + mH,O = M(OR)x.m(OH),,, + mROH, (2.13)
Water condensation

2M(OR)n(OH)m = (RO)x.rn(OH)m t M-O-M(OR) .o OH) 1 + H20, (2.14)
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Alcohol condensation

2M(OR),.(OH); > (RO)y.n(OH) . M-O-M(OR ) 1.1 (OH),, + ROH . (2.15)

Prehydrolysis of less reactive alkoxides may also be used to improve solution
compositional uniformity. However, the use of complex alcohol gives the alcohol-
exchange reaction that results in a decrease in the hydrolysis sensitivity of metal-

alkoxides through:

Alcohol exchange

M(OR), + xR’OH > M(OR ), + ROH, (2.16)

where OR is a reactive alkoxy group and OR’ is the less reactive methoxyethoxy
group. Due to instability and limited commercial availability, lead carboxylate as well
as lead acetate was often chosen in 2-methoxyethanol route. This is because one of
the acetate groups in lead acetae is replaced for the formation of the soluble lead
precursor, Pb(OOCCH;3)(OCH,CH,OCHj3).0.5H,0.

The precursor chemistry has an important influence. Malic et al. (2005)
concluded from an extended X-ray absorption fine structure (EXAFS) study on
chemically differently modified precursors that the distributions of constituent metal
atoms in the sols can be homogenized by the tailored addition of acetic acid. Residual
organics such acetates in the pyrolyzed film result in a strongly [111] oriented film
and that films with large densities of OH bonds prior crystallization exhibit a mixed
[111]/[100] orientation. A study of the reactivity of the starting compound lead(II)
acetate with the transition metal n-propoxides and n-butoxides shows differences in
the amount of released ester (Kosec and Malic, 1998). The resulting precursor
structures are supposed to affect the microstructure of PZT due to a lack of
homogeneity in the solution-precursor caused by zirconium. Coffman et al. (1996)
studied the structural evolution of precursor solutions prepared by two different
synthetic schemes from the 2-methoxy ethoxides of titanium, zirconium and lead. The
residual acetate alkoxy and carbonate groups as well as the hydrolysis conditions
influence the pyrolysis behavior of the gels and the resulting film microstructure. The

effect of chelating acetylacetone (Hacac) on the crystallization behavior and the
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resulting physical properties of PZT films by the inverted mixing order route have
been investigated (Schwartz et al., 1995). The result showed that upon addition of two
or three moles Hacac/mol PZT to aged precursor solutions the ferroelectric response
and the optical scattering losses could be significantly improved.

The particle size and shape (branched or linear) as a result of
hydrolysis conditions and aging of sol-gel precursor are key factors that influence film
orientation. Zhang et al. (1999) found linear particle size in the range of 5-16 nm.
With the increase of the particle size, the intensity of [111] orientation decreased and
the non-ferroelectric pyrochlore phase seemed to appear more significantly which in
turn resulted in a failure of the ferroelectric properties. Besides that, weakly branched
precursor species allow for a better interpenetration and rearrangement during the
deposition process than highly branched ones (Chen, Ryder and Spurgeon, 1989). As
an important factor which governs the shape of the particles the type of applied
hydrolysis catalyst (acid or base) has been considered (Coffman et al., 1996; Dey,
Budd and Payne, 1987; Livage, Henry and Sanchez, 1988). Due to different
mechanisms, acid catalyst such as nitric or acetic acid lead to more linear and less
cross-linked species, whereas base catalysts such as ammonia yield stronger cross-

linked structure (Jacobs and Salamanca-Riba, 2003).



CHAPTER 3

HIGHLY ORIENTED AND NIOBIUM-MODIFIED PZT THIN FILMS

This chapter presents in details the properties and characterization of
the niobium-doped PZT thin film of [100]- and [111]-orientation. The process used is
based on 2-methoxyethanol with chelate or hybrid process as introduced in chapter 2.
The PNZT thin films derived from the same route discussed on texture and thickness

dependent properties were presented separately in chapter 4.

3.1 Introduction

PZT thin films have received much attention for their practical or
potential applications in various fields, e.g. ferroelectric nonvolatile random access
memories, infrared sensors, piezoelectric micro-actuators and microelectromechanical
systems (MEMS) (Wang, Kokawa and Maeda, 2005; Akai, 2005). Platinized silicon
1S a conventional substrate for the microfabrication of MEMS devices, and much
work has been done to develop high-performance PZT films on silicon substrates.
However, the PZT films deposited on platinized silicon substrate tend to crystallize
polycrystalline films with complicated grain orientations and exhibit weak
spontaneous and piezoelectric response which leads to difficulties in yielding the
desired properties (Guo et al., 2007). One effective approach to resolving this
problem is to fabricate thin films with a preferential crystallographic. In literatures
(Gong et al., 2004; Kalpat and Uchino, 2001), most feasible attempts were taken to
tailor crystal alignment. Several studies also found that the PZT thin films posing the
[111] orientation have better ferroelectric and dielectric properties and the [100]
orientation for enhanced piezoelectric response both of which these properties are
great than those of the randomly oriented ones (Gong et al, 2004;
Ruanghchalermwong et al., 2008; Du et al., 1998).

The main objective of the present study was to develop the PZT-based

thin films with high ferroelectric, dielectric and piezoelectric properties. For this

36
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purpose, highly textured PZT films were fabricated and characterized. Although the
properties of the PZT material were well acceptable for ABO; ferroelectric, they need
to dope elements either on B(Ti, Zr)-, A(Pb)-sites or both for improving not only the
ferroelectric but also the piezoelectric properties. The Nb doping was always reported
an optimal one for the improvement of dielectric constant, remanent polarization and
piezoelectric coefficient (Haccart, Rémiens and Cattan, 2003; Remiens et al., 2003;
Kwok et al., 2004). Then, the properties of the niobium doped PZT films are of great
interest for device fabrication. Because it is well known that the composition near the
morphotropic phase boundary (MPB) region has its optimal values in the spontaneous
polarization and the reorientation of domains under the maximum of an external
electric field (Khaenamkaew et al., 2007), the phase structure and electrical properties
of the present Nb-doped PZT films were investigated systematically as a function of
Zr/Ti ratios to find out the existence of MPB for high orientation and its location. The
relationship between electrical property and composition was also discussed as well

with an emphasis placed on the effect of MPB.

3.2 Review of previous works

The work of highly oriented PZT film has received much attention at
the beginning of film fabrication each of which [100]- or [111]-orientation is
appropriate for different kinds of device operation, i.e. [100] for MEMs (Taylor and
Damjanovic, 2000) and [111] for FeERAM (Ruangchalermwong et al., 2008). The
orientation control in thin film technology has been carried out both by solution
technique and physical vapor deposition as well as MOCVD. In general, for a reliable
investigation of the solely orientation-related effects of these films, crystal orientation
can be controlled through three ways (Kalpat and Uchino, 2001): (1) control of the
growth parameters during the in situ crystallization; (2) control of the parameters
during the post deposition annealing; (3) change of buffer layer or use of single
crystalline substrate.

For the PZT films deposited on silicon substrate, the growth parameter
under the use of buffer layer/single crystalline substrate is the simplest one.

Furthermore, platinum deposited on silicon substrate is usually used as a bottom
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electrode, because it has reasonably good thermal stability and chemically inert in the
oxidizing conditions. However, it was discussed by Aoki et al. (1995) that Pt(111) is
not the ideal substrate to induce the perovskite nucleation of PZT films due to a low
nucleation density and consequently high leakage current. The same authors
recognized that a few nanometer-thick Ti play a key role in the nucleation of the
perovskite phase. As suggested by Muralt et al. (1998), Ti film works as a seed layer
for [111] oriented growth of PZT. The same behavior for nanometer thick was
confirmed by TiO, (Gong et al., 2004) and TiOx (Millon, Malhaire and Barbier, 2004).
In growing the [100] textured PZT films, there were reports of using PbO (Gong et al.
2004; Fu et al., 2002) and PbOx (Wu et al., 2007).

In addition to buffer layer as the metal oxide of which its ingredient
elements relate mainly in PZT films, [100]- and [111]-orientations have been reported
through Pt(100) and Pt(111), respectively (Kim et al., 2002). The comparison of such
a study found that [111]-oriented tetragonal PZT films exhibited highly square
polarization hysteresis loops with a slightly better fatigue endurance than the [100]-
oriented films but, however, the measured ds3 values of [100]-oriented films were
somewhat higher than those of [111]-oriented films. Another orientation control has
been carried out under the use of [110]-oriented LaNiO; buffered silicon substrate
which leads to [110] preferred PZT films with good pyroelectric and well satisfied
ferroelectric properties although [110] orientation is often preferred in randomly
oriented PZT films (Guo et al., 2007). Regarding PZT, it has been found that it also
grows epitaxially with various degree of epitaxy and orientation control of [100], [110]
and [111] on a lot of systems including SrTiO; (Yokoyama et al., 2005), MgO
(Wakiya et al., 1999), LASCO (Ramesh et al., 1992), YbCO (Boikov et al., 1992) and
Al,O; (Adachi et al., 1991).

Many studies concerned with phase transition and electrical properties
of the PZT thin film with controlling composition. With respect to thin films, PZT’s
properties are greatly different from those of bulk ceramics due to fine grains,
extrinsic stress, and substrate effects (Gong et al., 2004). The effect of Zr content on
properties of randomly oriented PZT films was reported by Khaenamkaew et al.
(2007). It was found that among investigated films, the PZT films at Zr/Ti = 52/48

exhibited the highest remanent polarization and excellent dielectric constant of 24
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uC/em® and 1200, respectively. Phenomenological calculation for the composition
near MPB found that, for a tetragonal PZT, the effective ds3 along the perovskite [001]
direction was much larger than those along the spontaneous polarization [111] and
similar behavior was found for a rhombohedral PZT (Du et al., 1998). However, the
distinct peak in ds3 at the MPB found in bulk PZT ceramics was not observed in
[111]-textured thin film PZTs (Kim et al., 2003). Similarly, compositional studies
were carried out though [100]- and [111]- textured PZT films but narrow variation of
Zr/Ti ratio (Gong et al., 2004). The employment of epitaxial growth of PZT thick
films was suggested to compositional study on [100], [110] and [111] oriented films
(Yokoyama et al., 2005). Although the effects of the Zr/Ti ratio had on the crystal
structure, dielectric and ferroelectric properties, and piezoelectric response with
different crystal orientations, the existence of MPB was not confirmed in agreement
with each other orientation and polycrystalline bulk ceramics. As reviewed above,
some studies show that no distinct phase transition was observed from tetragonal to
rhombohedral in the film form when the Zr/Ti ratio was varied across the MPB of the
PZT system, indicating the complexity of the PZT films relative to bulk ceramics.
Many aliovalent compositional alternations to PZT have been studied
either with higher valence substitutions (donors), either with lower valence ions
(acceptors). However, some of the critical properties of PZT were optimized by the
addition of donor dopant ions. Pereira, Peixoto and Gomes (2001) found that the
solubility limit of Nb in PZT bulk ceramics (perovskite structure) is about 7 mol%.
Above this concentration, a secondary pyrochlore phase is formed. The addition of Nb
decreases the dielectric constant maximum and the Curie point. In addition, grain size
and porosity decrease as the Nb concentration increase and texture becomes more
intense with increasing Nb concentration (Durruthy, 1999). Although the niobium
modification relates with PZT film in the range of small level 1-4 mol%, the XRD
patterns reveal the same resultant diffraction peaks with pure PZT films (Han et al.,
2008). This is consistent with another report of similar doping level but the XRD
results were found that an annealing temperature for perovskite phase transformation
rises to higher crystallized temperature, i.e. from 600 to 700 °C at doping level of 7
mol% (Kurchania and Milne, 2003). This is because the amount of a secondary

fluorite phase increases with increasing niobium content (Pintilie et al., 2004). In
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addition, crystallographic orientation has been reported independent to niobium level
(Haccart, Remiens and Cattan, 2003). The microstructures obtained for the niobium
doped PZT films are considerably finer than those obtained with non-doped PZT
which indicates that Nb doping affects the morphology of the crystallized grains (Es-
Souni et al., 2001). The electrical properties of Nb-modified PZT ceramics have been
generally studied in thin film form. Kwok et al. (2004) optimize the Nb level for
improving the piezoelectric and pyroelectric properties at about 2 mol%. The
observed ds3, Py and p values were about 95 pm/V, 30 uC/cm’ and 350 pC/m’K,
respectively. The optimum level of 2 at% Nb concentration was also confirmed by
authors (Remiens et al., 2003; Klissurka et al., 1997; Tuttle et al., 1992) for the best
electrical properties measured. Nowadays, the publication of Nb-modified PZT films
are taken into account for enhanced ferroelectric, pyroelectric and piezoelectric device
operations.

Therefore, to obtain the desired better electrical properties, chemical
doping is necessary to accompany with orientation control. Besides, the compositional
Zr/Ti ratio plays a key role to tailor the electrical properties of PZT films
(Khaenamkaew et al., 2007).

3.3 Materials and methods

3.3.1 Preparation of the PNZT solutions

As introduced in chapter 2, lead zirconate titanate solution can be
prepared by the most frequent approaches which are grouped into three categories. In
this work, the procedure of the preparation of precursor solution was based on chelate
or hybrid process proposed by authors (Takahashi et al., 1990; Yi and Sayer, 1991;
Schwartz, Assink and Headley, 1992). By the same way, the process of precursor
solution was also used for PNZT and PZT solution in chapter 3 and 4, respectively.
The sol-gel method was used to prepare the films on the platinized silicon substrates.
The precursor solution was obtained from lead acetate trihydrate
[Pb(CH3;CO0),.3H,0, Alfa-Aesar, 99%  purity], zirconium n-propoxide
[Zr(OCH(CHj3)2)s),  Alfa-Aesar,  70%  purity], titanium  iso-propoxide
[Ti(OCH(CHs),)4), Alfa-Aesar, 97% purity] and niobium ethoxide [Nb(OC;Hs)s,
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Alfa-Aesar, 99.999% purity] as raw materials and 2-methoxyethanol (2-ME)
(CH30CH,CH;,0H, 95% purity) as a solvent. The purity of raw materials and solvents
would influence to the properties of the PNZT films. Therefore, chemical materials
were kept by consistent purity in this work. The process preparation of the precursor
solution was described as follows: lead acetate trihydrate including Pb excess of 8
mol% for PNZT(100) films and 20 mol% for PNZT(111) films was dissolved in the
mixing solvent between 20 mL 2-ME and ImL acetylacetone (CsHsO,, 95% purity),
and then refluxed for 3 hours at 128 °C. This stage is to remove the water
contaminated in the lead acetate powder and to avoid the formation of titanium
hydroxide later. Acetylacetone also chelate with lead acetate to stabilize the lead
containing organic solution and to prevent the precipitation in the final PNZT solution.
Before an addition of titanium, acetylacetone was added to stabilize the titanium iso-
propoxide in order to reduce the hydrolysis speed at molar ratio 1:1 and not to be
sensitive to moisture when exposed to air (Sun, Tan and Zhu, 2006). Then, titanium
iso-propoxide, zirconium n-propoxide, and niobium ethoxide were added into
anhydrate lead acetate solution at the same time and the PNZT solution was
continuously refluxed for 3 hours at the same temperature. Each PNZT solution was
doped with Nb at 2 at% according to the formula Pb(Zrx,Ti;.x)0.0sNbg.020O3. The
desired compositional solutions were x= 0.2, 0.3, 0.4, 0.52, 0.53, 0.6, 0.7 and 0.8. 1
mL formamide (HCONH,, 99.3% purity) was also added to prevent the films from
cracking. The preparation of PNZT solution concerns with refluxing at temperature of
about 128° for 3 hours because this condition of temperature used was optimal for the
best quality of PNZT film surface without surface defect. In addition, 1 mL acetic
acid (CH3CO,H, 99.5% purity) was added to stabilize the final solution in order to
avoid lead oxide precipitation. The procedure of the preparation was summarized in

Fig. 3.1. The precursor solutions were diluted to 0.5 M and aged for 24 hours or more.
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Figure 3.1 Flow chart of the preparation of PNZT solution.

3.3.2 Preparation of metal containing organic solution

In order to control the phase evolution of the top PNZT film, lead and
titanium containing organic solutions were the source of metal elements which were
oxidized to deposit as the seeding layers. Similar to the PNZT precursor preparation,
the seeding solutions were prepared by dissolving lead acetate or titanium iso-
propoxide into the mixing solvent of 2-ME, 1 mL acetylacetone and 1 mL acetic acid.
The solution was refluxed at 128 °C for 2 hours to stabilize and to avoid a
precipitation. The final solution was diluted to a concentration of 0.05 M and aged at

least 24 hours.

3.3.3. PNZT thin film deposition
Commercial Pt(111)/Ti0,/S10,/Si(100) substrate was composed of
different thickness of the pre-deposited films such as Pt layer of 1500 A, TiO,
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adhesive layer of 200 A and SiO, layer of 3000 A. The substrate, which was used to
deposit PNZT films was about the size of 0.6x0.6 cm”. Before PNZT film deposition,
each substrate was cleaned with absolute ethanol and then dried on hotplate at 200 °C.
Heat treatment for the substrate before coating was necessarily done to prevent
surface void and to obtain the best PNZT film surface.

As given in Fig. 3.2, the lead containing solution was first deposited
onto the platinized silicon substrate as the lead oxide layer which was employed to
control the [100]-orientation of PNZT thin films (Gong et.al., 2004) using a common
spin coater at spinning rate 4000 rpm for 30 seconds and then annealed for
crystallization at 500 °C for 2 minutes. Two layers of lead oxide were also prepared
because it was found that the layer thickness was sufficient for the formation of well

[100]-textured PNZT thin films.

Lead containing
organic solution

: — Multiple
Spin-coating onto substrate and coating

firing at 500 °C for 2 min vy

A 4
PbO seeded substrate
PNZT
< solution

F

A 4 ]
Spin-coating and pyrolysis at Mult.1ple
200 °C and 450 °C for 5 min coating

?

A 4
Firing at 650 °C
for 5 min

A4

Perovskite film

Figure 3.2 Flow chart for the PNZT(100) deposition by sol-gel method.
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Subsequently, the PNZT films were deposited onto the lead oxide
coated substrate by spin-coating at 4000 rpm for 30 seconds, followed by pyrolysis at
450 °C for 5 minutes for each deposition. The deposition was repeated several times
to obtain a desired film thickness. The PNZT films were finally annealed at 650 °C
for 5 minutes by rapid thermal processor (RTP) in air. For each PNZT film, the fresh
solution of PNZT was employed to control and avoid aging effect.

Similarly, one deposition of TiO; served as the seeding layer for the
control of [111]-textured PNZT thin films. The seeding precursor solution was
derived from the titanium containing organic solution which was then annealed at
600 °C for 2 minutes. One deposition of the TiO; thickness was sufficiently employed
for the seeding layer in order to avoid the non-ferroelectric TiO, layer which would be
harmful the electrical properties of the overlaid PNZT films. The PNZT precursor
solutions were spin-coated on the TiO; seeded substrate under the same heat treatment
as the preparation of the PNZT(100) thin films but pyrolysis temperature was set as
low as 350 °C.

3.3.4 Thin film characterization

The crystal structure and the texture of the PNZT thin films were
analyzed using the high-resolution X-ray diffraction (XRD, Rigaku D/max-RB) with
Cu-Ka radiation. Because of the XRD machine set up without Ni filter, each sample
was scanned twice: first 26 ranging from 20° to 39.6° and second from 40.2° to 60° in
order to avoid the interference sharp peak of single crystal Pt(111). The XRD patterns
were also recorded at a step scanning rate of 2°/min for the crystal structure and
texture analysis. The chemical composition of the film was examined using an Auger
Electron Spectroscope (AES, ULVAC-PHI, PHI 700 SAN). The Auger spectra were
obtained in the derivative mode for the specific energy ranging from 0 to 2400 eV.
Argon gas was introduced into the analyzer chamber until the argon and residual gas
pressure reached 4x 10" Pa. Sputtering was carried out with a 1.0 kV Ar” beam for the
spot area of 2x2 mm’. The surface and cross-sectional fracture morphology of the
PZT films were observed using a field-emission scanning electron microscope (FE-
SEM, Hitachi S-4800). Furthermore, to investigate the electrical properties, top

platinum electrodes, approximately 0.1 pum in thickness and 0.35 mm in diameter,
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were sputtered onto the surface of the PNZT films through a shadow mask. A
ferroelectric test module (aixACT TF Analyzer 1000, Germany) was employed to
evaluate the dielectric and ferroelectric properties. The effective piezoelectric

coefficient dsz was measured by a scanning probe microscopy system (SPM, Seiko

SPI4000 and SPA300HV, Japan).

3.4 Results and discussions

3.4.1 Crystallographic and structural analysis of PbO seeding and
PNZT(100) thin films
To confirm the role of the seeding layer, the surface morphology and

crystallographic orientation of seeding crystals deposited on the Pt substrate were
examined as shown in Figs. 3.3 and 3.4, respectively. The PbO seeding dispersed well
uniformly on the surface of the platinized silicon substrate, with the discontinuous
crystals and fine crystal size ranging from 50 nm to 130 nm. The XRD result of the
seeding layer composed mainly of PbO(001) and PbO(002) compared with PDF card
No. 65-28009.

900nm '

Figure 3.3 SEM surface morphology of the PbO seeding layer.
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Figure 3.4 XRD pattern of the PbO seeding layer compared with standard PDF card
No. 65-2809.

Due to annealing temperature of 500 °C and light yellowish film
surface, the PbO(001) seeding layer should be in a form of B-PbO, an orthorhombic
phase stable at high temperature (>490 °C) (Veluchamy and Minoura, 1998). As
suggested by Gong et al. (2004), the formation of [001]-oriented B-PbO crystals
provided the nucleation sites and pose good lattice matching to promote [h00]-
oriented perovskite structure of the overlaid PZT film. The B-PbO(001) crystallizes at
annealing temperature of 500 °C but a large number of different polymorphous lead
oxide would form with increasing the annealing temperature (Venkataraj et al., 2001).
However, the problem of evaporation will be always taken into account for lead-based
materials when the lead oxide is heated at crystallization temperature for long time,
leading to failure in controlling the overlaid PNZT orientation. Furthermore, the lower
annealing temperature contributes to the as-deposited PbO which then interact with
the underlying platinum electrode to form a Pb-Pt intermetallic phase, resulting to
partly grow the [111]-oriented films, so that the PbO seeding preparation was

restricted under the above preparation condition. Therefore, to avoid a surface



47

degradation and an effect of non-ferroelectric phase, the PbO seeding layers with two
layer depositions resulted in a proper thickness in our study.

Figures 3.5 and 3.6 showed the XRD patterns of the PNZT thin films
with different Zr/Ti ratios. All the PNZT thin films exhibited the typical XRD patterns
of single-perovskite structure without metastable pyrochlore phase. In the entire range
of Zr/Ti ratios, all the PNZT films exhibited mainly strong (h00) diffraction peaks,

which indicated that the crystallites would be textured with a-axis out-of-plane

orientation.
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Figure 3.5 XRD patterns of PNZT(100) thin films with different Zr/Ti ratios on PbO

seeding layers.
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Figure 3.6 XRD patterns of PNZT(100) thin films with different Zr/Ti ratios for step

scanning of (002)/(200) peaks. The inset shows the magnification by log scale of

(002)/(200) peaks for Ti-rich composition.

Typically, strong (110) peaks with minor (100) and (111) peaks (or

random orientation) could be observed in the PZT films on unseeded substrates

(Khaenamkaew et al., 2007), but they disappeared in the studied films on the same

substrates with the PbO seeding layer. Another experiment showed that the formation

of the [100]-oriented PZT films could be obtained from the silicon substrate with the
PbO seeding (Gong et al., 2004) and PbOy (Wu et al., 2007), However, epitaxially

grown PZT films would be derived from a single crystal SrTiO3(100) substrate for the

selective textures, i.e. [n00]-oriented rhombohedral and [00l]-oriented tetragonal PZT

films (Nagashima, Aratani and Funakubo, 2001).

The preferential orientations were analyzed and quantified through the

orientation degree as follows:
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| (3.1)
(hid) x100%,

o =
(k)
{I(loO) + |(110) I(m)}

where Iy is the XRD intensity of the corresponding diffraction peaks. In this study,
the XRD results of the o100y values for all the compositions were given in Fig. 3.7 and
revealed that all the PNZT thin films behave highly preferred [100]-orientation,
whose orientation degree exceeded 88% at most Zr/Ti ratios. For Zr/Ti=80/20, the
PNZT film showed a sudden decrease of (100) peak as compared to the others. The
reason for this difference is not clear. If a-axis oriented PNZT films were closely
scrutinized, Zr-rich thombohedral phase became more stable and probably caused
larger lattice-mismatch orientation between [100]-oriented PNZT film and [001]-
oriented PbO seeding layer in order to increase a stress. Therefore, when the PbO

seeding effect is weakened, the reduction of the o100) was obtained.
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Figure 3.7 Orientation degree summarized for the PbO seeded PNZT thin films.
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Using the XRD results from (200) peaks, the a-axis lattice parameters
as a function of Zr/Ti ratios were calculated and showed in Fig. 3.8. The out-of-plane
lattice parameters increased monotonously with increasing Zr content and the (200)
peaks shifted to lower 26 as shown in Fig. 3.6. It is attributed to larger unit cell.
Interestingly, the slopes changing at 52-53 mol% Zr of the [100]-oriented PNZT films
should be defined as the MPB, suggesting that a phase transition occurred in the
present [100]-textured films at the same composition in agreement with that of a bulk
PZT materials. The lattice parameters for compositions < 52 mol% Zr were smaller
than those extrapolated from compositions > 53 mol% Zr. This indicated that the
films with compositions < 52 mol% Zr were of tetragonal phase, which agreed well
with the above discussion. The splitting of (002) and (200) in tetragonal composition
were scarcely observed in the prepared films owing to their highly [100]-textured
structure. The c-axis lattice parameters of the films with compositions < 52 mol% Zr
corresponding to the in-plane lattice constants were not measured because of the
limitation of our XRD equipment. However, in Ti-rich region, small (002) eventually
meet (200) at Zr/Ti=52/48 as shown in the inset of Fig. 3.6. It revealed that the in-
plane and out-of-plane lattice parameters would meet each other when the phase
structure was at the tetragonal-rhombohedral coexisting phase. In PNZT films studied,
due to Nb doping and [100]-orientation control, the obtained out-of-plane lattice
parameters were in the range of 3.999-4.096 A. This range was less different from
those of random polycrystalline PZT films (3.991-4.115 A) at the same composition
(Khaenamkaew et al., 2007). The stress relaxation would be a possible reason in
reducing 2-D tensile thermal stress because of the mismatch of thermal expansion

coefficient between the film and the substrate (Zhu et al., 2008).
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Figure 3.8 Calculated a-axis lattice parameters as a function of Zr content for

PNZT(100) films.

The typical surface morphology and cross-sectional microstructure of
the lead oxide seeded PNZT film (Zr/Ti=52/48) were shown as the FE-SEM images
in Figs. 3.9 and 3.10, respectively. The PNZT film was crack-free with a film
thickness of 0.4 um and the well developed columnar grains were observed in Fig. 3.9.
The PZT film was doped with Nb exhibited the surface morphology in Fig 3.10.
When the lead oxide was introduced as the seeding layer, all the as-deposited PNZT
films with varied compositions exhibited the same dense, fine grain and uniform
microstructure (not shown). The grain size of PNZT films was in the range of 50-200
nm without observable variation as a function of Zr/Ti ratios. In addition, although the
PbO seeding layer was firstly deposited prior to the deposition of the PNZT layer, it
was difficult to distinguish interfacial PbO layer between the PNZT film and the
substrate by the cross-sectional FE-SEM image. It was evident that the XRD results
showed the absence of the PbO seeding layer with no (001)/(002) diffraction peaks
due to thin thickness of the films and/or the PbO seeding layer which might dissolve
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into the overlaid layer to form the additional PNZT film.
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Figure 3.9 FE-SEM cross-sectional image of the PNZT thin film with PbO seeding.
The sample contained a Zr/Ti ratio of 52/48.
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Figure 3.10 FE-SEM planar image of the PNZT thin film with PbO seeding. The
sample contained a Zr/Ti ratio of 52/48.
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The PNZT films were deposited by the sol-gel method and the Auger
Emission Spectroscopy (AES) was used to confirm the stoichiometry of the PNZT
films deposited. The compositional depth profiles of the PNZT thin films with two
compositions were shown in Figs. 3.11 and 3.12 for Zr/Ti = 52/48 and 70/30,
respectively. The compositional distributions exhibited almost constant in the
thickness direction, except for the outmost surface layer and the transient layer close
to the surface of Pt electrodes. On the surface (indicated as region I), the existing
oxygen and lead elements were slightly higher due to a little evaporation of the PbO
during the annealing process. In the film interior (region II), no compositional
fluctuation was observed even though the film was deposited layer by layer. The
elemental contents were almost uniform across the film thickness. The homogeneity
of the PNZT films was obtained throughout the film thickness. The calculated values
of the Zr content were approximately 0.524 and 0.715 for the nominated Zr/Ti= 52/48
and 70/30, respectively. The desired stoichiometry was under the acceptable control.
The signal of the Nb-doping was not clearly shown in the figure because of its small
amount which was out of the detectable range. The seeding of PbO crystal was not
found evidently at the interface region. The lead element in the seeding layers would
diffuse to the bulk region in order to compensate for the lead loss during the annealing

process.
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Figure 3.11 Compositional depth profile of PNZT thin films with Zr/Ti= 52/48 on

PbO seeding layers; regions I: the surface and II: the interior of the PNZT film, and
III: the film-Pt interface.
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Figure 3.12 Compositional depth profile of PNZT thin films with Zr/Ti= 70/30 on
PbO seeding layers; regions I: the surface and II: the interior of the PNZT film, and
III: the film-Pt interface.
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3.4.2 Crystallographic and structural analysis of TiO; seeding and
PNZT(111) thin films

Discontinuous and fine grains of the TiO, seeding layer exhibited
irregular polyhedral morphology in Fig. 3.13. The crystalline texture showed in Fig.
3.14, indicating the seeding layer only composes of [101]-oriented rutile phase as
compared with PDF card No. 73-1232.

The TiO, diffraction peak in our study did not accord to the (110) peak
of the other report (Gong et al., 2004). The TiO, was necessarily controlled to give
the phase evolution of the overlaid PNZT thin film for desired [111] orientation. The
thickness of the seeding layer could be obtained by controlling the concentrate of the
seeding solution. The complete of orientation would concern with the seeding-layer
thickness. In this study, the titanium solution of 0.05 M was higher concentration than
that used by Gong et al. (2004) (0.02 M). However, the concentration of 0.02 M was
used to produce the PNZT(111) films and the resultant XRD patterns of the
PNZT(111) gave the undesired diffraction peak, e.g. (110) and (100) peaks. Therefore,
the 0.05 M titanium solution was introduced to all PNZT(111) production.

450 nm

Figure 3.13 SEM surface morphology of the TiO, seeding layer.
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Figure 3.14 XRD pattern of the TiO; seeding layer compared with standard PDF card
No. 73-1232.

The XRD patterns shown in Fig. 3.15(a) revealed that strong (111)
peaks were obtained for the films within the investigated compositional range. All of
the films showed a single perovskite phase without the undesired pyrochlore phase.
Figure 3.15(b) showed the step scanning of XRD patterns and the (111) peak shifted
toward the lower 26 angel in accordance with the composition which indicated that
the unit cell became larger. The peak shifts changed rapidly for Zr/Ti ratio lower than
52/48 but slowly when the Zr/Ti ratio exceeded 52/48. The trace of decreased lattice
parameter C could not be observed while Zr/Ti ratios were in the range of the
tetragonal compositions. It seemed to derive the MPB around 52/48 for the PNZT
films. However, it still need to be confirmed by the following results of property
characterization.

In several reports (Kim, Kim and Kim, 2006; Gong et al., 2004), the
TiO, layer coated on the Pt(111)/Ti/SiO,/Si substrates was employed to conduct the
[111]-textured growth of PZT films. The seeding layer of titanium dioxide would play
an important role on the phase evolution. Muralt et al. (1998) suggested that TiO-

seeded thin layer with 1-5 nm in thickness was the most effective and posed pure
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rutile phase with preferred [110] orientation at a crystallized temperature of 600 °C.
This seed layer could induce the growth of PNZT(111) due to a reduction of the
activation energy. Owing to a low concentration of 2 at% of Nb, the pure perovskite
phase was mainly influenced by the aid of the inserting seed layer even in the case of
the PbO seeding. Minor peaks of (100) and (110) were detected, particularly in the

films with Zr-rich compositions, but their strengths were quite low.
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Figure 3.15 XRD patterns of PNZT(111) thin films with different Zr/Ti ratios on TiO;

seeding layers; (a) overall patterns and (b) step scanning.

As shown in Fig. 3.16, the [111] orientation degree extracted by Eq.
3.1 revealed the remarkable information of the phase evolution. Almost all of the
PNZT thin films posed the orientation degree more than 90%, indicating that the
PNZT thin films deposited were highly [111] oriented. However, for the Zr/Ti ratio at
80/20 and 20/80, the orientation degrees were slightly low as compared with those of
other compositions. No precise elucidation explains this evidence but it is reasonable
to consider that the role of TiO, seeding layer was probably weak due to the increase

of stress, resulting from lattice mismatch between PNZT thin film and the TiO;
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seeding layer. As stated in the experimental procedure, other appropriate fabrication
parameters, including the pyrolysis temperature at 350 °C and much lead excess at 20
mol% would be very crucial to support the nucleation control of the [111]-oriented
films.

Generally, competition among parameters of the PNZT film
fabrication determined the texture of the PNZT films. High pyrolysis temperature was
not suitable to control the [111]-oriented PNZT films due to the existing PbO which
prefered PNZT(100) growth (Gong et al., 2004). Much lead excess easily contributed
to the Pb-Pt intermetallic phase in order to partly enhance [111]-oriented film.
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Figure 3.16 Orientation degree summarized for the TiO, seeded PNZT thin films.

Representative FE-SEM images of the [111]-oriented PNZT thin film
at Zr/Ti = 52/48 were shown in Figs. 3.17 and 3.18. These images showed the PNZT
thin film with dense, crack free and a uniform structure. The overall thickness of the
film was 450 nm, suggesting that each deposited layer was approximately 90 nm thick.

It was reported that the niobium doping influenced the size of grains in

the PZT materials. Nb dopants could suppress grain growth because of an
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accumulation of doping ions near grain boundaries, reducing the lattice diffusion of
vacancies from pores to grain boundaries (Pereira, Peixoto and Gomes, 2001) and the
average grain size was obtained as small as 50 nm. In the other work, Nb doping
could result in the grain growth but still in argument (Haccart, Rémiens and Cattan,
2003; Souza et al., 2004). Under the same doping of Nb, the grain size of PNZT(111)
was much smaller than that of PNZT(100). The other results have been reported in
such comparison for PZT film but were highly similar in all cases (Kim et al., 2002).
Although the platinum electrode was seeded by the TiO, seeding layer, no segregated
or interfacial layer was observed between the substrate and the PNZT film in the
cross-sectional Fe-SEM 1mage. TiO, seeding crystals might not remain as an
individual phase because it was dissolved into the overlaid PNZT films during the
annealing process. Thus, the XRD patterns of the PNZT films showed no TiO,

reflective peaks.

400 nm

S-4800 15.0kV 8.2mm x150k SE(M)

Figure 3.17 FE-SEM planar image of the PNZT thin film with TiO, seeding. The
sample contained a Zr/Ti ratio of 52/48.
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S-4800 15.0kV 7.4mm x60.0k SE(U) 500 nm

Figure 3.18 FE-SEM cross-sectional image of the PNZT thin film with TiO, seeding.
The sample contained a Zr/Ti ratio of 52/48.

3.4.3 Electrical properties of PNZT(100) thin films

P-E hysteresis loops were measured using a triangular signal at a
frequency of 100 Hz to determine the compositional dependence of the ferroelectric
properties for the [100]-oriented PNZT thin films. As shown in Figs. 3.19 and 3.20,
all of the films exhibit the typical P-E hysteresis loops. There P-E hysteresis loop was
slightly asymmetries on both polarization and electric field axes.

The asymmetry along the polarization axis would attribute to the
presence of trapped space charge at an electrode-ferroelectric interface. The electric
field asymmetry was the contribution of an internal electric field, which was mainly
related to work function difference of top and bottom platinum electrodes under

different heat treatments (Stancu et al., 2007).
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Figure 3.19 P—E hysteresis loops of PNZT thin films with different Zr/Ti ratios on
PbO seeding layers for Zr/Ti= 20/80, 30/70, 40/60 and 52/48.
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Figure 3.20 P—E hysteresis loops of PNZT thin films with different Zr/Ti ratios on
PbO seeding layers for Zr/Ti = 53/47, 60/40, 70/30 and 80/20.
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As shown in Fig. 3.21, the Zr- or Ti-rich compositions showed lower
remanent polarization (Py) and higher coercive field (E¢). The trend was consistent
with randomly oriented PZT films with various Zr/Ti ratios (Khaenamkaew et al.,
2007). These values both in Ti- and Zr-rich composition were not significantly
different in magnitude. If compared with the same [100]-textured PZT films without
Nb-doping, all PNZT films posed higher P; values ranging from 50 to 75 uC/cm’. In
other work (Zhu et al., 2008), the same [100]-textured PZT films Pb(Zr(3Tip7)O3; with
and without 2 at% Nb doping were prepared by the same process used in this study,
and it was found that the P, value increased from 44 to 62 ],LC/cm2 for the films with
the same thickness (0.4 pm) to the PNZT films. Therefore, it was thought that the Nb
doping contributed to the enhanced polarization values were in the PNZT films. The
maximal P, value of 75 uC/cm2 with the minimal E; value of 82 kV/cm was obtained
at the Zr/Ti ratio of 52/48, corresponding to the MPB composition in the bulk PZT
system. Usually, dielectric permittivity showed a peak around the MPB composition,
but it was difficult to understand why the present PNZT films with a MPB
composition showed a peak P, which was significantly higher than those for other
compositions. This was due to that the PNZT films were a-axis-textured, but not
100% a-axis-oriented, as shown by the XRD patterns in Fig. 3.6, which showed a
broad shoulder of (200) peak in each tetragonal film. For the Ti-rich compositions
with tetragonal structure, it was reasonable to presume that the films contain more a-
domains, whose polar axis was parallel to the film plane. Because the spontaneous
polarization direction of the tetragonal PZT was the c-axis, the P-E hysteresis loops
should contain predominant extrinsic contribution from non-180° domain switching.
For the Zr-rich compositions with rhombohedral structure, whose spontaneous
direction is <111>. It was more difficult to analyze the intrinsic and extrinsic
contributions to the P-E hysteresis loops. Nevertheless, it was reasonable to consider
that extrinsic contributions from domain rotation were dominant for the P-E
hysteresis behavior of the present [100]-textured polycrystalline PZT films. Due to the
reduced coercive field benefiting from the coexistence of two phases, a peak P, value
was obtained at the MPB composition.

Many studies have been conducted to investigate the ferroelectric

properties of PZT epitaxial films. For example, Morioka et al. (2004) obtained a
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larger P, value of 97 pC/ecm® in the 100% c-axis-oriented epitaxial tetragonal
Pb(Zr(35Ti065)O3 thin films (about 50 nm thick) on the (100)SrRuOs/(100)SrTiO;
substrates, which is due to the intrinsic contributions of the c-axis-oriented domains to
the polarization. Vrejoiu et al. (2006) reported a perfect square-shaped P-E hysteresis
curve with a further large P, value of 105 pC/cm® for the defect-free epitaxial
tetragonal Pb(Zry,Tip5)O3 thin films (90 nm thick). Even compared with these data
reported for c-axis-oriented epitaxial PZT films, the ferroelectric properties of the
present Nb-doped textured polycrystalline PZT films were fairly good. It was
expected that further larger polarization could be obtained in Nb-doped PZT films
with c-axis-orientation. However, as discussed later, the [100]-textured Nb-doped
PZT films would show good piezoelectric response due to the domain switching

effects.
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Figure 3.21 Remanent polarization and coercive field of PNZT(100) thin films as a

function of Zr content.

Figure 3.22 showed the longitudinal piezoelectric coefficients (ds3) of
the [100]-oriented PNZT thin films as a function of Zr/Ti ratios. The inset was the
typical Z-V curve of the PNZT film at Zr/Ti=52/48. A strong compositional
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dependence of the piezoresponse was also observed in agreement with P-E behavior
at MPB composition. A resulting dsz value of 161 pm/V yielded to a distinct peak
fallen at Zr/Ti=52/48, which should be verified the MPB, corresponding to XRD
results and Py values.

The maximum dsz value obtained in the present PNZT films was
almost double as much as that of the [100]-textured PZT film without Nb doping and
slightly lower than that of epitaxial PZT films (170 pm/V) deposited on SrTiO;
substrate (Zhu et al., 2007). Undoubtedly, the maximum ds3 value of oriented PNZT
films was much larger than those of randomly oriented PZT films even measured in
polling condition as summarized in Table 3.1. Piezoelectric in ferroelectric materials
is affected by displacement of domain walls and can be classified into two classes on
the basis of their origin: one is intrinsic contributions originated from the piezoelectric
and dielectric response of single domains; another is extrinsic contributions arisen
from domain wall motion (Kim et al., 2003). In addition, it is well known that the
longitudinal ds3 in thin films is affected by clamping of the film by the substrate. Note
that the ds3 values obtained in our present rhombohedral PNZT films with
compositions close to the MPB were higher than those in tetragonal films. It is more
difficult to analyze the present films which were a-axis-textured, but not 100% a-axis
oriented. Indeed, previous theoretical analysis suggests that, for epitaxial tetragonal
PZT, ds3 has the maximum value in the spontaneous polarization direction [001] (Du
et al., 1998); however, for epitaxial rhombohedral PZT, the smaller d33 has its
maximum value in a direction of 59.4° away from the polarization direction [111].
Due to excellent d33 values measured, the present Nb-doped and [h00]-oriented PZT
films on silicon substrates would be suitable for applications in many miniaturized

components and devices produced by the current microfabrication technology.
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Table 3.1 The piezoelectric coefficient of oriented PNZT(100) films compared with
randomly oriented PZT films without Nb doping.

daz (pm.V™")

Zr/Ti ratios 20/80 | 30/70 | 40/60 | 52/48 | 60/40 | 70/30 | 80/20
PNZT(100) films 42 70 80 161 90 52 60
Randomly oriented PZT - - 443 | 117.5 | 41 - -
films (Khaenamkaew et
al., 2007)
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Figure 3.22 Piezoelectric coefficient of PNZT(100) thin films as a function of Zr
content. The inset is a typical Z-V curve of PNZT film with Zr/Ti = 52/48.

3.4.4 Electrical properties of PNZT(111) thin films
The typical capacitance-voltage (CV) property and loss factor were
characterized under 10 V signal amplitude at 100 Hz. Figure 3.23 exhibited the
typical butterfly shape of CV and loss factor curves for the PNZT films with different

Zr/Ti ratios. The calculated relative dielectric constants (&) and loss factors (tan o) of
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the prepared [111]-textured PNZT thin films were varied as a function of Zr content
as shown in Fig. 3.24. The results showed a compositional dependence both for & and
tan o.

The non-linear phenomenon of CV curves in Fig. 3.23 derived from the
result of reversal polarization or switching behavior when the ferroelectric film was in
polar state. The maximum near the coercive field attributed to the large number of
coexisting domain wall. There was slight asymmetry on voltage axis that was the
contribution from an internal electric field due to the difference of work function of
the top and bottom platinum electrodes caused by different heat treatments (Stancu et

al., 2007).
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Figure 3.23 Dielectric constant-voltage curve of PNZT(111) thin films with different
Zr/Ti ratios. The inset shows loss factor at Zr/Ti = 52/48.
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Figure 3.24 Dielectric constant of PNZT(111) films as a function of Zr content.

For the result in 3.24, the maximum relative dielectric constant
(&=1550) and loss factor (tan 6 = 0.14) at the Zr/Ti ratio of 52/48 was obtained for
PNZT(111) films. These values were consistent with the MPB in bulk materials
(Yamamoto, 1996) and [100] oriented PNZT films. For PZT ferroelectric films, the
contribution of the permittivity could be divided into two categories: intrinsic
component and extrinsic component (Xu et al., 2001). Particularly, the intrinsic
permittivity exhibited a weak relationship with the Zr/Ti ratio (Kim et al., 2003). With
respect to the extrinsic contribution, the enhanced dielectric properties in the MPB
region may be attributed to the reversible domain wall motion, which also enhances
the loss factor in ferroelectric films (Xu et al., 2001). Furthermore, large lattice
distortion of the perovskite structure at the MPB region and the domain wall density
would result in increase for relaxing the stress and decreasing the strain energy. The
maximum value for the PNZT film was observed near the MPB composition. The
maximum & obtained in the present [111]-textured films was much larger as
compared to the [111]-textured PZT film without Nb doping (Gong et al., 2004) and
non-doped randomly oriented films (Khaenamkaew et al., 2007). It is due to that the



68

soft donor B-site Nb>" substituting Ti*" and Zr*" would enhance the electrical
properties in PZT films including ferroelectric, dielectric and piezoelectric properties.
In general, oxygen vacancies from oxygen losses as a result of PbO evaporation
during the final annealing are majority defects reducing the domain wall motion. The
addition of Nb-dopant was required to lower the concentration of oxygen vacancies
(Haccart, Remiens and Cattan, 2003). The values of dielectric constant of our PNZT

film compared with the other conditions are summarized in Table 3.2.

Table 3.2 The dielectric constant of oriented PNZT(111) films compared with highly
and randomly oriented PZT films without Nb doping.

&r

Zx/Ti ratios 20/80 | 30/70 | 40/60 | 52/48 | 60/40 | 70/30 | 80/20
PNZT(111) films 656 728 963 | 1548 | 1140 | 840 684
PZT(111) films (Gong et - - 900 | 1130 | 1040 - -
al., 2004)
PZT(100) films - - 790 | 1030 | 970 - -
(Gong et al., 2004)
Randomly oriented PZT - 458 929 | 1194 | 1119 | 384 -
films (Khaenamkaew et
al., 2007)

Well saturated P-E hysteresis loops for the PNZT thin films were
presented in Figs. 3.25 and 3.26. For the Zr/Ti ratio of 52/48, the highest remanent (Py)
was obtained at 80 nC/cm® and the corresponding coercive field (E¢) was 70 kV/cm.

The P, values measured in this study, was much larger than those
reported in our previous work for the highly [111]-oriented PZT films and the same
compositions. But the lower value was obtained as compared to that of in epitaxial
PZT films on single crystal substrates (Zhu et al., 2007). Such high P, might be
concerned with a preparation technique for the precursor solution. In some chemical
routes, pyrochlore phase can be reduced or waived out through an addition of

stabilizer, e.g. acetic acid and acetyl acetone (Weng, Bao and Sagoe-Crentsil, 2002;
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Fe et al., 2001), The present results revealed that the Nb-modified and [111]-oriented
PZT films on the platinized substrates would be suitable for ferroelectric device

fabrication.
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Figure 3.25 P-E hysteresis loops for PNZT(111) thin films with Zr-rich composition.
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Figure 3.26 P-E hysteresis loops for PNZT(111) thin films with Ti-rich composition.
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Figure 3.27 showed the compositional dependence of polarization and
coercive field. Both values of remanent and saturation polarization were consistent
with their compositions. When the Zr/Ti ratios were far from the MPB region, the

film properties showed the increasing Py values and the decreasing E. values.
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Figure 3.27 Remanent polarization and coercive field as a function of Zr content for

PNZT(111) thin films.

This similar trend was obtained from electrical properties of the
randomly oriented PZT films with various Zr/Ti ratios (Khaenamkaew et al., 2007)
and the PNZT(100) films. The polarization in Zr-rich region composition was greater
than that in Ti-rich region. This could be explained that the domain structure of [111]-
oriented films resulted in different mobility of the domain walls. Some of polar axis in
rhombohedral structure would lie normal to the film surface. For the tetragonal
structure, all the polar axis would tilt away with an applied electric field.
Consequently, the domain alignment under the applied field would effort to reorient
polarization in case of rhombohedral phase. The P, value of [111]-oriented films was

larger than that of [100]-oriented ones for rhombohedral composition. This is due to
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that the rhombohedral structure would lie polarization directions along [111] direction
in [111]-oriented unit cell as reviewed previously in chapter 2. However, the lower P,
value would result in the composition of the Ti-rich region. This behavior could be
attributed to the coexisting of minority (001)- together with majority (100)-peak in
tetragonal PNZT(100) films and the polarization vector in the [100]-oriented
tetragonal unit cell reorients along [001] direction (in-plane direction). Values of
remanent polarization of highly oriented PNZT films and randomly oriented PZT

films are summarized in Table 3.3.

Table 3.3 The remanent polarization of oriented PNZT films compared with randomly

oriented PZT films without Nb doping.

P, (uC.cm™)

Zr/Ti ratios 20/80 | 30/70 | 40/60 | 52/48 | 60/40 | 70/30 | 80/20
PNZT(100) films 55 57 61 75 59 55 50
PNZT(111) films 19 55 65 80 77 64 57
Randomly oriented PZT - 147 | 19.2 | 23.7 | 20.1 7.6 -
films (Khaenamkaew et
al., 2007)

3.4.5 Role of niobium modification on electrical properties
One experimental work showed that, when PZT solid solution was
annealed at crystallized temperature, lead oxide evaporation seems to occur with lead

and oxygen vacancies according to the following formula (Zhang et al., 2006):

null— V,, + VS, (3.2)

where null: a position Pb-O bonding in porovskite structure, VI','b: lead-atom vacancy
and V’: oxygen-atom vacancy. Consequently, the pinning effects on domain wall by
planes of the oxygen vacancies which can form complex dipolar defects (Haccart,
Remiens and Cattan, 2003; Zhang et al., 2008) leads to reduction in the domain wall

mobility. Generally, Nb°" ion is considered as donor doping to replace B-site atoms.
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The introduction of Nb>* is also compatible with the ionic radii of B-sites for
perovskite phase formation (Pereira, Peixoto and Gomes, 2001). The introduction of
the niobium doping with excessive oxygen atoms has a strong effect to increase
domain reorientation by reducing the oxygen vacancies density through (Zhang et al.,
20006):

Nb,0, —52NbS, +50,, (3.3)

where Nby, : the substitution of niobium to titanium atom and O, : the substitution
of oxygen atom from niobium oxide to oxygen atom vacancy in the perovskite
structure. Because of such doping effect, remanent polarization, dielectric constant
and piezoelectric coefficient were found to enhance in agreement with our measured
results. By the same composition, we obtained much larger P, and & compared to
those reported in literature of highly [111]-oriented PZT thin films (Gong et al., 2004)
and polycrystalline PZT thin films (Khaenamkaew et al., 2007) but much lower than
the reported values of epitaxial PNZT films deposited on single crystal substrates
(Zhu et al., 2007). Such the enhancement was also confirmed by results of the present
piezoelectric measurement (Kwok et al., 2004). The improvement of electrical
properties by various dopings has been discussed (Zhang et al., 2008; Kuscer et al.,
2007; Yu et al., 2003). The donor doping, in turn, introduces immobile defect dipoles,
resulting to net mobile defect density and leading to a reduction of imprint and fatigue
(Zhang and Whatmore, 2004). Some authors have studied the variation of the
electrical properties with niobium doping level (Haccart, Remiens and Cattan, 2003;
Kwok et al., 2004), 2 at% niobium is reported not only for enhanced dielectric and
ferroelectric properties but also for pyroelectric and piezoelectric properties. For more
doping, higher crystallization temperature is needed in which it may lead to the
degradation of electrical properties and the coexisting non-ferroelectric pyrochlore
phase (Kurchania and Milne, 2003) due to the unfavorable increase of crystallized
temperature for perovskite phase formation. To avoid harmful pyrochlore phase, the
appropriate temperature used must be concerned. However, there are arguments of

such optimal level reported by other authors (Souza et al., 2004; Chu et al., 2004).
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3.5 Conclusions

Preferentially oriented and Nb-modified PZT (PNZT) films with
different compositions were deposited on Pt(111)/TiO,/SiO,/Si(100) substrates by
sol-gel method. With the insertion of the seeding layers, the prepared PNZT films
showed single perovskite phase and exhibited highly [100]- and [111]-preferred
orientation for each type of seeding layer. The measured out-of-plane lattice
parameters indicated that the existence of MPB in PNZT(100) films was consistent
with that of PZT bulk materials. Although lattice parameter could not be extracted for
PNZT(111), the change in XRD result seemed to point out that the MPB for such
films agreed with the PNZT(100) films. The polycrystalline PNZT films with varied
composition displayed dense, fine-grained and uniform microstructures.

The measurements of electrical properties indicated that the electrical
properties had a strong dependence of Zr/Ti ratio. Typical P-E hysteresis loops were
obtained for all the PNZT films. The Zr/Ti ratio at 52/48 possessed the maximum P,
of 75 uC/cm2 and low E; of 82 kV/cm for PNZT(100). In addition, the ds3 values
varying with the composition showed the similar trend to that for P, and reached its
maximum of 161 pm/V at the Zr/Ti ratio of 52/48.

For PNZT(111) thin films, the composition dependent P, reached the
best value of 80 uC/cm?* at MPB (Zr/Ti=52/48) which was also consistent with that in
PNZT(100) thin films. The film with MPB composition possessed low E; of 70
kV/cm and high dielectric constant of 1550. Furthermore, by comparing with the pure
PZT films, the 2 mol% Nb-doping showed a significant contribution for improvement

of the electrical properties of PZT films.



CHAPTER 4

TEXTURE AND THICKNESS DEPENDENT NIOBIUM MODIFIED PNZT
THIN FILMS

4.1 Introduction

Lead zirconate titanate (PZT) has been growing interest in ferroelectric
materials for applications in devices, especially in ferroelectric memories due to their
two stable and large polarized stages (Lee, Ahn and Yoon, 2005). One considerable
issue is to develop high quality PZT thin film integrated in silicon-based technology
whose operation requires the reduced coercive voltage of the films. Scaling down
thickness is one of major concerns necessary which, in turn, lead to deterioration of
retaining high remanent polarization and dielectric constant, and lowering coercive
field (Lin et al, 2001; Ellerkmann et al., 2008). This is because the adverse
ferroelectric properties come at thinner film due to the effect of an interfacial layer of
low dielectric permittivity and small grain size (Kundu and Lee, 2000). However,
although most research has concentrated on epitaxial films grown on single crystal
substrates (Contreras ef al., 2003; Nonomura et al., 2002), scaling down the thickness
of polycrystalline PZT films is more important from the practical point of view,
especially in decreasing the operating voltage of FERAMs (Summerfelt ez al., 2001).

The problems also arise with the loss of preferred orientation
(Ellerkmann et al., 2008). It is reported that niobium modified PZT with optimal 2
at% Nb was verified to behave good ferroelectric material (Haccart, Remiens and
Cattan, 2003). In addition, Pb(Zr3Tio7)O; thin films have been reported their high
remanent polarization (Yan et al., 2002). This chapter thus aims to prepare Nb-
modified PZT 30/70 using the sol-gel process. The control of film texture is achieved
under an inserting buffer layer between the substrate and the PNZT film. During the
deposition cycles, the thickness of the film is controlled by the spinning rate and
varied from 80 to 400 nm. Thin films (0.3-3 um) are generally required for

incorporations in microelectronics and microsystems. Therefore, the understanding
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and tailoring of the PNZT thin films with different thicknesses are of interest from

both an engineering and a basic science viewpoint.

4.2 Review of previous works

Ferroelectric in thin film form have several key advantages over bulk
materials as active elements in electromechanical devices. Ferroelectric thin films
pose significantly higher dielectric strengths so that higher energy densities can be
achieved and require a relatively low driving voltage, thus leading to small inertia,
which allows for higher frequency applications (Lian and Sottos, 2000)

Authors have reported the dielectric and ferroelectric properties that
showed strong thickness dependence in all of the following measurements:
polarization-electric field, current-voltage, and capacitance-voltage (Lin et al., 2001;
Bouregba et al., 2006; Etin et al., 2007; Lin et al., 2008). Because of the formation of
Schottky barriers at ferroelectric/electrode interfaces, built-in electric fields are
present (Lin et al., 2001). An increment in carrier concentration and interfacial built-
in electric field versus reducing PZT film thickness was observed, which is believed
to be a dominant factor controlling the measured dielectric/ferroelectric properties.
Similarly, nonferroelectric space-charge layers at both ferroelectric-electrode
interfaces were proposed to the degradation of the switching properties in order to
explain the electrical properties dependent to film thickness (Bouregba et al., 2006).
The reduction of the ferroelectric properties of PZT thin film capacitors encountered
when their thickness is reduced. It probably arises from a mechanism of modulation
of density and sign of the space charge at both interfaces. In addition, simulation of
hysteresis loops including nonswitching dielectric layer reproduced quite well and the
increased tilt often observed when the thickness of the ferroelectric film is reduced
(Miller et al., 1990). This is consistent with the serial model since the voltage drop
across the interface capacitance is expected to yield a reduction of the field applied to
the bulk ferroelectric layer, hence a decrease of the polarization. However, the
observed thickness dependence of true coercive field cannot be recovered if the
interface dielectric layers are considered as insulating or passive layers (Cillessen,

Prins and Wolf, 1997).
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Scott et al. (1988) reported a ' thickness dependence of the coercive
field in a thick film regime (0.2-0.5 um), and a & 3 behavior for the intermediate film
thickness d regime (0.15<d<0.35 pm). Tagantsev ef al. (1994) interpret the thickness
dependence in thin films as a result of the differences in the threshold fields required
for domain wall motion and reversed domain nucleation at the electrode-film
interfaces that could arise from the semiconducting properties of the metal-
ferroelectric interface. Therefore, the key to obtaining good ferroelectricity in thinner
films is a clean interface between the PZT and bottom electrode because the decrease
in ferroelectric properties with decreasing film thickness has been related to this
interface, the so-called dead layer (Kijima and Ishiwara, 2002; Larsen et al., 1994).
Another important factor is the diminishing leakage current density when film

thickness decreases (Aratani, Nagashima and Funakubo, 2001).

4.3 Materials and methods

Lead acetate trihydrate, zirconium n-propoxide, titanium iso-propoxide
and niobium ethoxide were used as raw materials. The precursor solution was
prepared in 2-methoxyethanol and diluted to 0.5 M. The mole ratio between
zirconium and titanium was 30:70 and 2 at% Nb was added to replace B-site atom. 20
and 8 mol% lead excesses were used to compensate for lead losses in PNZT(111) and
PNZT(100), respectively, and to prevent pyrochlore formation. By similar method,
0.05 M lead- and titanium-containing organic solutions were prepared for seeding
solutions.

The lead containing organic solution was first deposited on
Pt(111)/TiO,/Si0,/Si(100) substrate by the spin coater and then annealed at 500 °C
for 2 min for PbO seeding layer to control for PNZT(100). Similarly, titanium
containing solution was deposited and annealed at 600 °C to control for PNZT(111).
Details of the fabrication of thin films with highly orientation were described in
chapter 3. The PNZT with seeded substrate and different thicknesses: 80, 160, 240
and 400 nm were fired at 650 °C for 5 min by rapid thermal processing in air while
the film thickness was controlled through deposition cycles in which each deposited

cycle gave 80 nm in film thickness. For random orientation, the PNZT films were
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directly deposited on the non-seeded substrate. The prepared films were examined the
crystallization and orientation using an X-ray diffractometer (XRD, Rigaku D/max-
RB, Cu-K,).

For the electrical measurements, ~0.1 pm-thick of gold metal was
sputtered through a shadow mask to form an electrode of an area of ~0.3 mm? on the
surface of the film. The electrical properties including dielectric constant and P-E
hysteresis loops were carried out using a standard ferroelectric test module (aixACT

TF Analyzer 1000, Germany).

4.4 Results and discussions

4.4.1 X-ray characterization for different thicknesses and orientations

All XRD patterns of PNZT films, which were annealed at 650 °C for 5
min, showed typical single-phase perovskite structure without detectable pyrochlore
phase as shown in Figs. 4.1-4.3. The PNZT films with the inserting PbO seeding layer
favorable stronger (£00) peaks over (00/) peaks for the films at bigger thickness in Fig.
4.1, indicating that strong [100]/[001] orientations were ascertained for influence of
the seeding layer. Thus, the thin films would have mainly the tetragonal single phase.
The (100) peaks shifted slightly to lower 26 as thickness of films were increased. This
could be attributed that the out-of-plane lattice constant became smaller. Figure 4.2
represented the XRD patterns of the PNZT films with the inserting TiO, buffer layer.
The crystallized thin films showed mainly preferred [111] orientation. Although the
seeding layer was applied prior to the deposition of the PNZT film, Figs. 4.1 and 4.2
did not show seeding diffraction peaks of either PbO(001) or TiO,(101) even in 80
nm thick PNZT films. As discussed early in chapter 3, Pb and Ti were the main
elements for PNZT solid solution and PbO and TiO, may diffuse to the overlaid the
PNZT layer during annealing procedure and formation of the thinner PNZT layer.
Figure 4.3 showed the XRD patterns of the PNZT thin films without any buffer layer.
The XRD results also showed that all the textures transformed into either [110]- or
random orientation.

As similar film behavior obtained from experiment in chapter 3, the

seeding buffer layer would play the important role in reducing the nucleation energy
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during the heat treatment process. However, as compared to the films with the PbO
buffer layer, no splitting peak occurred when the thin films were crystallized into
preferred [111]- and random orientation irrespective to the precursor solutions of
PNZT 30/70. Experimental results on the thickness dependence of the XRD patterns
suggested that, with increasing film thickness, the diffraction intensity increased
obviously. The corresponding results showed the slightly increased grain size in

thicker films (Li et al., 2002; Etin et al., 2007).
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Figure 4.1 XRD patterns of different thicknesses in PNZT films with [100]-preferred

orientation.
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Analysis of such preferential orientation was performed by calculating
orientation ratio of the desired (4k/) according to Eq. 3.1. As shown in Fig. 4.4, the
orientation ratios of (100), (111) and (110) peaks in PbO-buffered, TiO,-buffered and
non-buffered PNZT thin films, respectively, increased with increasing film thickness.
This was probably attributed to that the underlying PNZT layers would promote the
nucleation and crystallization for overlaid PNZT layers (Lin et al., 2008). The similar
mechanism was employed for the growth of PZT thick film by the hybrid process
which consists of the sol-gel method and other technique with a high continuous
deposition rate, e.g. PLD (Wang, Kokawa and Maeda, 2005). The PZT deposited by
sol-gel method required a lower crystallized temperature, leading to reduce the overall
temperature used whereas the PLD method used later required a higher temperature

due to the exist of nucleation site by PZT.
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4.4.2 Electrical characterization for different thicknesses and orientations

Figure 4.5 showed the leakage current characteristics recorded at room
temperature of the PNZT(100) thin films. The leakage current density increased with
decreasing film thickness. There was a slightly asymmetric behavior for negative and
positive voltage.

The asymmetric characteristic should be resulted from the different
work function of electrodes (Lee, Ahn and Yoon, 2005); even top and bottom
electrodes were the same platinum metal but different heat treatments were used after
the final annealing. As discussed in previous work (Cheng and Meng, 2001), the

leakage current density at low applied voltage increased linearly, indicating that
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ohmic conduction results from contact barrier at the film-electrode interface in
reducing the injection current and thermally excited electrons. In comparison, the
leakage current density of 80 nm film was approximately 1 A/cm? larger than that
reported in film prepared in vacuum system (Lisca et al., 2006). The inferior leakage
current density would be attributed to poor microstructure of ceramic film which
involved in preparation with the different processing conditions and/or other
contributions such as lead vacancies, residual organics and micro cracks (Gong et al.,
2004). In recent articles (Kim and Lee, 2005; Oikawa et al., 2004), the reduction of
the leakage current could obtained by improving the film surface roughness during in

situ or post annealing process.
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Figure 4.5 Leakage current density of [100]-preferentially oriented PNZT films with

different thicknesses.

Figures 4.6 and 4.7 revealed the dielectric nonlinearity and hysteresis
in ferroelectric PNZT thin films. The butterfly-type shapes were the natural result of
switching behavior where the maximum occured near the coercive voltage. This is

due to the large number of coexisting domain walls at these voltages.
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Ferroelectric properties were carried out from P-E hysteresis loops
measured at 100 Hz for each sample with different thicknesses. The measurements
were performed to keep films under the similar magnitude of the applied electric field.
The results were shown in Fig. 4.8 for the [100]-oriented films, Fig. 4.9 for the [111]-
oriented films and Fig. 4.10 for the randomly oriented ones. The PNZT films

exhibited a relatively well-saturated hysteresis loop.
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Figure 4.8 P-E hysteresis loops of different thicknesses in PNZT films with [100]-

preferred orientation.
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In Fig. 4.11, the coercive field (E.) and remanent polarization (P,) as a
function of film thickness with different orientations were shown. Each oriented film
posed the same trend of the increased £, with reduced thickness.

The origin of this would be described thought the formation of a
predominant interfacial layer with low dielectric permittivity between the film and the
substrate. This occurrence would be influenced by a nonstoichiometric phase, a
chemical reaction with platinum electrode, a space-charge layer, stress and the size
effect (Sakashita et al., 1993). An imprint behavior in which the hysteresis loop shifts
along electric field axis was significantly exhibited in thinner films. The formation of
model explaining the imprint effect based on interface space-charge layer was
detailed elsewhere (Rhun, Bouregba and Poullain; 2004). The increase of the film
thickness also led to increase the P, value ranging from 78 to 108 pC/cm?” in [111]-
oriented films. The increasing film thickness might result in the domain wall density
becoming larger with less domain wall pinning.

Considering the possible orientations of domain for crystallographic
orientations, for tetragonal structure, the polarization axis aligned along [001]
direction. The reoriented 90° domain from [001] to [100] would not be favored by
applied electric field normal to the film surface but there were small (00/) peaks or c-
domains. Thus the resulting P, values in [100]-oriented films were smaller than those
in [111]-oriented films (Chen and Sun, 2001). In randomly oriented films, all possible
orientations in perovskite crystal occured but mostly in [110] orientation which were
clearly observed in thicker films. The coexisting (100)-, (110)- and (111)-unit cells
would lead to the measured P, value lower in randomly oriented than those of
preferred oriented films due to different polarization directions, resulting to energy
loss and poor electrical properties. As the polarization was switching one poling stage
to the other, the larger E. in [111]-oriented film was due to non-90° domain
reorientation from the first stage to the later one when the domains fall in opposite
electric field. This would induce more strain. In turn, the £, was obtained the smallest

in randomly oriented films.



87

800
100 }
g
L2
% 4 600 ’Lé;
o 50 o <
E 2
@ N —
o 5=
= A 4400 é
g 0 0
% A ®-. S
g [ I .. ) 8
E AL : 4200 @)
2 -50 F A

80 160 240 320 400
Thickness (nm)
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4.5 Conclusions

Highly [100]-, [111]- and randomly oriented PNZT thin films with
thickness ranging from 80 to 400 nm were fabricated onto platinized silicon substrates
by the sol-gel process and spin coating method. The crystalline structure and preferred
orientation of the PNZT films were examined by XRD analysis and showed that all
the thin films with thickness dependence were crystallized into single perovskite
structure. XRD analysis indicated that the preferred orientation of PNZT films could
be controlled using the seeding layer.

The tetragonal perovskite structure of Nb-modified Pb(Zr3Tio7)O; is
of interest in this work due to that polarizable directions were close to the polar axes.
The electrical properties were a function of thickness in which the largest dielectric
constant and remanent polarization were obtained in [111]-oriented PNZT thin films
at film thickness of 400 nm. However, the smallest dielectric constant and coercive

field were obtained in randomly oriented films.



CHAPTER S

THIN POROUS PZT FILMS

This chapter presents the PZT thin film prepared by using the
conventional 2-methoxyethanol-sol-gel process discussed earlier. The modification
made is adding the CNTs during the preparation of the PZT precursor. The material
properties of the obtained PZT thin films have been tailored and possible for

pyroelectric detector applications as described below.

5.1 Introduction

In recent years, there is a continuous growth of interest in pyroelectric
materials for radiation energy detection, radiation power detection, and radiation
configuration imaging for continuous wave signal, pulse signal, and modulated signal
(Lines and Glass, 2001; Kruse, 2001). Unlike semiconductor or photon detectors,
pyroelectric IR detectors could be operated well at room temperature which makes
them very applicable for uncooled IR detection and imaging applications, thereby
eliminating the need for expensive multistage thermal regulation systems (Kruse,
2001). They also have broader and more uniform spectral responsively as well. The
task of designing more economical IR detection devices with a better performance has
led to the use of ferroelectric thin films as potential candidates as the operational
component of such devices (Shi et al., 2000; Bjérmander et al., 1995). In particular,
the integration of hybrid arrays of ferroelectric thin films detectors with silicon
readout integrated circuits can offer a high performance for infrared imaging
(Mantese et al., 1993).

PZTs are considered leading candidates as the active materials for
pyroelectric sensors because these compounds provide a relatively large response at
room temperature (Whatmore, Osbond and Shorrocks, 1987). Owing to the superior

dielectric and piezoelectric properties, the PZT film with x = 0.52, i.e. a well-known
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MPB is of our interest. The pure PZT (52/48) thin film is demonstrated to be a good
pyroelectric material (Akai, 2005).

One way to improve the pyroelectric device performances is the
artificial reduction of physical properties through chemical or physical modification.
If its dielectric constant can be reduced without sacrificing the pyroelectric property, a
higher figure of merit can be obtained. A method to decrease & is to prepare porous
films. The porous ferroelectric studies showed that the porosity is influenced by the
annealing rate (Muralt, 2001), the method based on burning out carbon-based fillers
(Stancu et al., 2007) or the doping as PZT/low dielectric material composite solid
solution (Sakamoto, Marin-Franch and Das-Gupta, 2002).

There are methods of adding the CNTs into a host material. In this
work, CNTs were directly mixing into the precursor solution. However, reports of the
fabrications and measurements of the sol-gel derived PZT film with CNT fillers are
scarce. It is possible that the difficulties encountered in obtaining uniform dispersion
of the CNTs in the precursor solution are a part of the reason for this. Our purpose is
to investigate the role of the multiwalled CNTs (MWNTs) as fillers on the electrical

properties in which high ferroelectric property is sustained with reduced dielectric

property.

5.2 Review of previous works

In the present study, the aim was to produce PZT films with low
dielectric constant and low dielectric loss (or loss factor). Consequently, high figure
of merits yield for such PZT films. As reviewed in the introduction, porous PZT films
are to obtain for low dielectric constant in different ways. Generally, porous PZT with
different pore size and porosities can be made by burning pore formers with different
sizes and contents such as starch (Lyckfeldt and Ferreira, 1998), PVA (Chao and
Chou, 1996), PVB (Liu, 1996), yeast (Chi et al., 2004), during heat treatment process.

Stancu et al. (2007) have reported the effect of an addition of organic
macromelecular polyvinylpyrrolidone (PVP) at different amounts (7-15 wt%) in the
PZT precursor solution prior to spin coating which proves to be an excellent method

for obtaining porous films. The dielectric constant decreases from 246.32 for dense
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films to the minimum value of 42.37 for 40% porous films at PVP doping of 7 wt%.
The addition of polymer phase also affects the crystallographic growth of the
ceramics matrix. The substantial presence of [110] orientation for porous films occurs
in comparison with more epitaxial dense films.

In addition, 5-45% porous lead zirconate titanate (PZT) ceramics were
fabricated by adding pore formers such as polymethyl methacrylate (PMMA) and
dextrin (Zeng et al., 2007). With an increase in the content of pore formers, the
porosity of sintered ceramics increased, leading to reduction of dielectric constant and
longitudinal piezoelectric coefficient as well as increase of hydrostatic piezoelectric
voltage coefficient (gn) and hydrostatic figures of merit (dygr). The hydrostatic figures
of merit of 41% porous PZT were 10 times more than that of 95% dense PZT.

Suyal and Setter (2004) studied different molecular weight of the filler
and found that the pore volume can be easily controlled by changing the molecular
weight and the concentration of the polymer used. Introduction of pores creates a
matrix void composite, resulting in high figures of merit for pyroelectric applications.
For PZT (Zr/Ti=45/55), the F, and Fq4 values were increased from 0.28 to 1.0 uC/mzK
and 38 to 80 nC/m’K, respectively, due to incorporating a nanoporous structure into
films.

Addition to porous films, reducing electric constant of the ferroelectric
materials will meet to improve pyroelectric operation through other possible ways.
Zhang et al. (2005) proposed increasing the thickness of a single layer introduced
pores into PZT films. Secifert et al. (1999) have synthesized porous thin films of
PbsCa; 4TiO;3 by controlling the nucleation and growth during RTP of the material. In
stacking structure (Sun, Tan and Zhu, 2006), PZT and PbTiO; layers deposited
alternately in multilayer PZT/PbTiOs thin films characterized that the SPZT/4PT
multilayer thin film has reduced dielectric constant, comparable pyroelectric
coefficient and dielectric loss when compared with the pure PZT thin film.
Consequently, the detectivity figure of merit of 2.1x10” Pa™"* for multilayer film is

found to be better than that of pure PZT thin film.
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5.3 Materials and methods

The Pb, 2(Zry 52, Tip43)O5 thin films were prepared by a sol-gel process
and a spin-on method. The solution components were lead acetate trihydrate,
zirconium N-propoxide and titanium iso-propoxide in 2-methoxyethanol as a solvent.
The procedure of the preparation of precursor solution was based on that described in
chapter 3. The precursor solution was diluted to 0.6 M.

Purified MWNTs (Shenzhen Nanotech) at concentrations of 0.4 and
0.6 wt% were mixed into the solution and dispersed using a sonic tip (Ultrasonic
Homogenizer 150VT) for 30 min to form a uniform suspension. 2 mL of the solution
was partially dried at 80 °C for 24 h. The obtaining dry gel was then performed the
thermo-gravimetric analysis (TGA) at a rate of 10 °C/min. The thin films were
obtained by spin-coating at the spinning rate of 3000 rpm for 30 s on a commercial
Pt(111)/Ti/TiO,/S10,/Si(100) substrate, followed by pyrolysis at 400 °C for 2 min.
The coating-drying-pyrolysis procedure was repeated 4 times for the desired film
thickness before final annealing at 650 °C for 30 min. Figure 5.1 summarized steps of
the preparation of thin films.

Phase and microstructure were characterized by X-ray diffractometer
(XRD), Philips X-Pert, Cu-Ka and scanning electron microscope (SEM), JEOL2000.
For electrical measurements, a gold electrode with an area of ~0.3 mm® was sputtered
on the surface of the films. Frequency-dependent dielectric constants were measured
using an HP 4192A LF Impedance Analyzer and polarization hysteresis loops were

determined with a Radiant Technologies RT66A at a frequency of 1 kHz.
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Figure 5.1 Flow chart of the MWNT mixed PZT film deposition.

5.4 Results and discussions

5.4.1 Thermo gravimetric analysis of PZT dried gels

TGA data of the MWNT, PZT and PZT-MWNT dried gels were
shown in Fig. 5.2. MWNTs were burnt out rapidly in nitrogen atmosphere when the
temperature increased above 600 °C. For PZT films, three weight losses were
observed up to 550 °C, due to the decomposition of the organic products. No weigh
loss was observed above 550 °C because the PZT film was completely transferred
into perovskite structure. The weight loss at the temperature around 1000-1200 °C
was probably associated with the burnt out some amount of the PZT itself. The
insertion of MWNT at level of 2 wt% would not significantly affect the thermal
decomposition behavior of the PZT-MWNT films. At 650 °C, the incorporation of
MWNT into PZT films was expected to induce porosity due to the presence of the

MWNT’s dimensional material.
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Figure 5.2 TGA curves of MWNTs and PZT dried gels with and without additional
MWNTs.

5.4.2 X-ray characterization of the dense and porous PZT films

Typical XRD results for the dense and porous PZT films were shown
in Fig. 5.3. The PZT dense film showed predominant perovskite phase with random
orientation posing a strong (110) peak. The X-ray patterns of the porous films, after
heat-treatment at 650 °C, showed the absence of MWNT, indicating that MWNT was
well decomposed. The peaks at 40° and 46.5° were the Pt(111) and Pt(200) reflections,
respectively, and the peak at 33° was the Si(200) reflection. The broadening of the
peak around 29° identified as microcrystalline detectable pyrochlore phase because of
lead loss during the annealing process at 650 °C for long time in the conventional tube

furnace.
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The SEM micrographs of the PZT thin films with dense (0 wt%
MWNT) and porous (0.4 and 0.6 wt% MWNT) structures were shown in Figs. 5.4-5.6.
The burnt out some amounts of MWNT and the PZT film would left behind voids and
microcracks. Figures 5.7-5.9 showed the cross-sectional images of the samples. The
voids and pores in the film were not clearly observed from the top to the bottom of the
film. It is possible due to nanoscale dimensions of MWNT.

Kozuka and Kajimura (2000), and Stancu et al. (2007) reported the
effect of PVP on the thickness of the sol-gel deposited films. The PVP demonstrated
to suppress the condensation reaction during the heat treatment and subsequently
increase the thickness of the films. The PZT porous films in this study resulted the
same film thickness whereas an amount of MWNT was increased from 0.4 to 0.6 wt%.
The MWNT doping level was much lower than the amount of PVP which was used at
the starting level of 7 wt%. Although there was no evidence to prove the existence of
the porosity induced by MWNT in porous films by the SEM micrographs, the
porosity would affect the electrical properties as discussed later. The globular

structure of grain growth occurred in agreement with the previous films without the
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additional MWNT produced by Seifert et al. (1999). Without presence of the MWNT,
typical columnar structure of the PZT thin film was clearly observed. All the thin
films had a thickness of approximately 600 nm.

bum x5.000

Figure 5.4 SEM planar image of PZT dense film.

bum x5.000

Figure 5.5 SEM planar image of the PZT porous film with 0.4 wt% MWNTs.



Figure 5.6 SEM planar image of the PZT porous film with 0.6 wt% MWNTs.
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Figure 5.7 SEM cross sectional image of PZT dense film.
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Figure 5.8 SEM cross sectional image of PZT porous film with 0.4 wt% MWNTs.
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Figure 5.9 SEM cross sectional image of PZT porous film with 0.6 wt% MWNTs.

5.4.3 Electrical characterization of dense and porous PZT films
Ferroelectric hysteresis loops were obtained from the thin films with
dense and porous structures as shown in Figs. 5.10-5.12. The polarization curves
changed as a function of the applied electric field intensity. It is found that when the
applied voltage was 10 V, the hysteresis loops showed typical ferroelectric
characteristics, except for the PZT/MWNT films which exhibited irregular hysteresis
loop. Asymmetry and slightly changes in the spontaneous polarization were observed

while there were no changes in the remanent polarization. It seemed that the
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ferroelectricity was accompanied by other special properties although the small
amount of MWNTs was used. This is possibly related to the large shape anisotropy
and high elastic modulus of CNTs, resulting in a decrease in the polarizibility in the
crystalline ferroelectric film (Bell and Moulson, 1985). Indeed, the main purpose of
this chapter is to carry out the influence of the carbon based filler on the pyroelectric
operation of the material but there was no pyroelectric coefficient measured out. Thus
the pyroelectric coefficient would be determined through the ferroelectric properties
of the as-deposited samples. Because it would be implied that the increase in net
polarization would directly affect to improve the pyroelectric coefficient. Pyroelectric
properties of the films as a function between the net polarization and temperature
were not mainly emphasized since the process fabrication of the quality films was the

main aim in this study.
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Figure 5.10 Ferroelectric hysteresis loops of PZT dense film.
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Figure 5.11 Ferroelectric hysteresis loops of PZT porous film with 0.4 wt% MWNTs.
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Figure 5.12 Ferroelectric hysteresis loops of PZT porous film with 0.6 wt% MWNTs.

Frequency-dependent dielectric constant and loss tangent (or loss
factor) data were shown in Figs. 5.13-5.15. The cause of relatively high loss tangent
within the 0.4 wt%-MWNT thin film was possibly the presence of microcracks. In

comparison to the PZT dense film, the dielectric constant of the PZT porous films was
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decreased by approximately 50%. This significant change would be induced by the
addition of MWNTs. Despite of introducing the porosity into the PZT films to reduce
the dielectric constant and to enhance the pyroelectric property of the materials as
reported by publications (Stancu et al., 2007; Suyal and Setter, 2004; Shaw,
Whatmore and Alcock, 2007), the addition of CNTs surprisingly led to the low-
dielectric constant composite PZT film. The decrease of the dielectric constant in
PZT/CNT porous films would have the potential pyroelectric applications. Assuming
that the pyroelectric coefficient was about the same in porous and dense films, a
larger figure of merit in the case of the porous films could be expected because of the

advantage of the lower dielectric constant.
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Figure 5.13 Frequency-dependent dielectric constant of PZT dense film.
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5.5 Conclusions

The sol-gel precursor solution of the Pb(Zr s2,Tig43)O3 thin films were
used as a matrix and MWNT as a filler in this work. The difficulties in obtaining
uniform dispersion of the CNTs were encountered. The PZT/MWNT porous film
deposited on platinized silicon substrates showed some microcracks caused by either
inappropriate annealing temperature or prolonged heating time. A small amount of
MWNTs introduced the porosity which resulted to the reduction of the dielectric
constant and slight decrease of the spontaneous polarization when compared to the
dense film without MWNT addition. However, further investigations are needed to
overcome the difficulties in obtaining uniform dispersion of the CNTs in the precursor

solution which was the main problem of reproducing these films in this work.



CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

6.1 Main conclusions

(1) Highly oriented and niobium modified Pb(Zr<Ti;<)O3 (PNZT)
films (x=0.2, 0.3, 0.4, 0.52, 0.53, 0.6, 0.7 and 0.8) of 400 nm in thickness were
prepared on Pt(111)/TiO,/Si0,/Si(100) substrates by sol-gel method. [100] and [111]
orientations were controlled under the influence of PbO and TiO, seeding layer,
respectively. The XRD results and measured out-of-plane lattice parameters
evidenced that the PNZT films were crystallized into tetragonal perovskite phase with
x<0.52 while the perovskite phase evolution yielded rhombohedral structure with
x>(0.52. The electrical properties were a strong dependence of composition for both
orientations. For PNZT(100) films, Zr/Ti ratio of 52/48 posed the maximum remanent
polarization P, of 75 uC/cm® with the corresponding low coercive field E; of 82
kV/cm. The piezoelectric coefficients were carried out to reach the maximum value of
161 pm/V at the same composition. For PNZT(111) films, the composition dependent
P, reached the best value of 80 j.lC/sz and low E; of 70 kV/cm at Zr/Ti ratio=52/48.
The film with a Zr/Ti ratio of 52/48 had a maximum dielectric constant of 1550. This
confirmed that the existence of MPB was located near Zr/Ti ratio=52/48 irrespective
to oriented crystallographic films which was consistent with bulk PZT materials. The
electrical properties of all films were higher due to the effect of niobium doping
which lowered oxygen vacancies, resulting to increase domain wall mobility. The
enhancement of ferroelectric, dielectric and piezoelectric properties could bring the
PNZT films to use in memory, capacitor and MEMs applications.

(2) Highly [100]-, [111]- and randomly oriented PNZT thin films with
thickness ranging from 80 to 400 nm were deposited on Pt(111)/TiO,/Si0,/Si(100)
substrates by the sol-gel method. XRD analysis indicated that the PNZT films
presented highly oriented perovskite structure under the influence of the seeding layer

and random orientation while the films were directly deposited on the platinized
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silicon substrate. The perovskite phase evolution took place without pyrochlore phase
even film thickness increasing up to 80 nm. The tetragonal perovskite structure of Nb-
modified Pb(Zry3Tip7)O3; would be of interest in this work due to polarizable
directions which were close to the polar axes. The dielectric and ferroelectric
properties showed thickness dependence in which the largest dielectric constant and
remanent polarization was found for [111]-oriented PNZT thin films with 400 nm in
thickness. However, the smallest dielectric constant and coercive field were obtained
for randomly oriented films. Larger remanent polarization and smaller coercive field
indicated that the thickness dependent PNZT films would be possible for non-volatile
memory device applications to operate with less consumed energy. As a result of
scaling down the film thickness with relatively acceptable ferroelectric and dielectric
properties, thinner PNZT films would be attractive to beyond capacitive limitation in
solid state data storage and memory technology.

(3) The use of MWNT as a volatile phase to introduce porosity in
Pb(Zry 52, Ti943)O3 thin films was carried out by sol-gel method. The difficulties in
obtaining uniform dispersion of the CNTs were encountered. The porous thin film
deposited on platinized silicon substrates would present some microcracks caused by
either high annealing temperature or prolong heating time. A small amount of
MWNTs induced significant reduction of the dielectric constant and slightly decrease

of the spontaneous polarization when compared to the film without MWNT.

6.2 Future works

Some difficulties arisen during the courses of this work are:
(1) relatively high dielectric loss for PNZT(111) films and very high dielectric loss
with asymmetry on voltage axis in dielectric-voltage curves for PNZT(100) films,
(2) high leakage current during ferroelectric and dielectric measurements and short
contact between top and bottom electrode,
(3) problem occurred from some platinized silicon substrate that the desired
orientation cannot be completely control,
(4) lack of profound understanding the behavior and the influence of seeding

mechanism on the perovskite growth of highly oriented PZT films,
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(5) shortage of high technology equipment for thin film measurement, e.g. AFM/PFM,
high resolution XRD with ¢ mode, HRTEM,
(6) produce a uniform CNT incorporated ferroelectric film and investigate the
possibility of using this material in the pyroelectric applications.

The following topics are of considerable interest to study:
(1) nanoscale-structure images of the PNZT films by AFM/PFM to indicate the grain
growth behavior under textured control and to map the ferroelectric or piezoelectric
domain for such materials,
(2) comparison of piezoelectric and pyroelectric coefficients of PNZT(100) to
PNZT(111) films,
(3) XPS, TEM and Raman characterizations,
(4) epitaxial growth of PNZT film on single crystalline substrate to study the
orientation dependent on the electrical properties,
(5) fabrication of highly oriented thick film (>> 1 um),
(6) the effect of other chemical dopings on the electrical properties and perovskite
phase evolution,
(7) the integration of ferroelectric films in nowadays electrical device for realistic

application.
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