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Abstract

Ferroelectric materials are ubiquitous in several applications and offer advantages for micro-
electromechanical systems (MEMS) in their thin film form. However, novel applications require
ferroelectric films to be deposited on various substrates, which requires effective integration and
know-how of the material response when selecting a substrate for film deposition. As substrate-
induced stress can alter the ferroelectric properties of the films, the knowledge of how stress
changes the ferroelectric response under different actuation conditions is essential. Furthermore,
the stress dependent behavior raises the question of understanding the reliability and degrada-
tion mechanisms under cyclic electric loading. Therefore, ferroelectric thin film's fatigue and
breakdown characteristics become more relevant.

Lead zirconate titanate (PZT) thin films are popular among other ferroelectric materials.
However, there is a tremendous effort made in the direction of finding a lead-free alternative to
PZT. Ferroelectric thin films can be deposited using different processing techniques. In this work,
the chemical solution deposition route is adapted for depositing PZT thin films on transparent and
non-transparent substrates. A correlation between the substrate-induced ferroelectric properties
and processing conditions with different electrode configurations is established. Finite element
modeling is used to understand the influence of the design parameters of the co-planar interdig-
itated electrodes for fabricating fully transparent PZT stacks. In-plane and out-of-plane ferro-
electric properties of PZT thin films in metal-insulator-metal (MIM) and interdigitated electrode
(IDE) geometries, respectively, on different substrates, are compared to establish the connection
between the stress-induced effect and the actuation mode. It is shown that the out-of-plane
polarization is high under in-plane compressive stress but reduced by nearly four times by in-plane
tensile stress. In contrast, the in-plane polarization shows an unexpectedly weak stress depen-
dence. The fatigue behavior of differently stressed PZT thin films with IDE structures is reported
for the first time in this study. The results are compared to the fatigue behavior of the same films

in MIM geometry. PZT films in MIM geometry, irrespective of the stress state, show a notable



decrease of switchable polarization during fatigue cycling. In contrast, the films actuated with
IDEs have much better fatigue resistance. The primary fatigue mechanism is identified as domain
wall pinning by charged defects. The observed differences in fatigue behavior between MIM and
IDE geometries are linked to the orientation of the electric field with respect to the columnar
grain structure of the films.

Hafnium oxide, an emerging and widely researched lead-free alternative to PZT for non-
volatile ferroelectric memory application, is also explored in this work. The breakdown proper-
ties of chemical solution deposited ferroelectric hafnium oxide thin films are also studied. The
structure-property relationship for stabilizing the ferroelectric phase in solution deposited hafnium
oxide thin films is established. Furthermore, the effect of processing conditions on the ferroelec-
tric switching behavior and breakdown characteristics are demonstrated and correlated with the

possible mechanism.
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Introduction

Ferroelectric thin films have found their application in microelectromechanical systems (MEMS).
They have revolutionized the consumer product market due to the ease of their use in the inte-
grated circuit and compatibility in complementary metal-oxide semiconductor (CMOS) technology
[1, 2]. PbZr,Ti1_,)O3 (PZT) is one of the important ferroelectric materials fabricated in thin
film form and is used for several applications like ferroelectric field effect transistors, non-volatile
memory devices, sensors, print heads, accelerometers, etc. [3]. The thin film compositions close to
the morphotropic phase boundary (z = 0.53, MPB) exhibit superior ferroelectric and piezoelectric
properties over a wide range of operating temperatures [4]. Recent interests in tunable optics for
X-ray telescopes [5, 6], interactive touch panels [7], radio frequency (RF) MEMS switches [8], etc.
have led research groups to explore the possibility of depositing PZT thin films on transparent
substrates with and without bottom electrode.

PZT thin films are deposited by the chemical solution deposition (CSD) technique. CSD is a
versatile technique that can be easily modified or adapted for different material and composition
ranges. It also offers an economic advantage over the other thin film deposition techniques. The
chemistry and microstructure of the films on various substrates can be well controlled with CSD.
However, one aspect that invariably changes with different substrates is the residual mechanical
stress induced in the film. For the solution deposited thin films, the residual stress stems mainly
from the differences in the thermal expansion coefficient of the substrate and the thin film.
With the cross-functionality and the ability to be integrated with various other materials, the
interplay between the properties of ferroelectric thin film and the substrate has to be considered
an important aspect. The effect of the substrate’s mechanical and thermal properties can impact
the ferroelectric thin film's electrical or other functional properties. Substrate-induced stress can
affect the way in which the domains are formed or oriented in the film and can eventually affect
the polarization dynamics of the material. In this scenario, understating the reliability aspect like

fatigue behavior and breakdown characteristics of the material becomes more important.



By utilizing the substrate-induced material properties and carefully selecting the electrode
geometries, one can explore various combinations of functional properties for a specific application.
PZT thin films are fabricated with metal-insulator-metal (MIM) and interdigitated electrode (IDE)
configurations to probe the out-of-plane and in-plane ferroelectric properties, respectively. Finite
element analysis is performed to understand the influence of IDE geometry on the electric field
distribution in the ferroelectric layer. The impact of substrate-induced stress on the out-of-plane
and in-plane properties is experimentally demonstrated. The film's possible domain orientation
is deduced from the stress state and the ferroelectric behavior. A phenomenological model is
put forth explaining the observed differences between the in-plane and out-of-plane properties of
differently stressed PZT thin film. Bipolar fatigue cycling experiments are performed for all the
films on various substrates with different electrode geometries. The long-term cycling behavior of
PZT thin films is shown to improve with the specific combination of microstructure, stress state,
and electrode design. The impact on domain switching and the role of defects in domain pinning
during bipolar fatigue cycling is elucidated.

Hafnium oxide (HfO32) thin films got the attention of the ferroelectric research community
after the recent discovery of voltage-dependent capacitance enhancement in Si-doped HfO, thin
films [9]. This enhancement in capacitance was linked to a metastable orthorhombic phase of

hafnium oxide. From then on, numerous research works have been carried out to understand:
e the root cause for ferroelectricity linked to the structural properties,

e deposition methodologies and processing conditions to stabilize the ferroelectric phase in

hafnium oxide, and
e their field cycling behavior to illustrate the reliability issues

A small part of this work also deals with understanding the structure and property relationship
of solution deposited La-doped HfOs thin films. In addition, the impact of processing conditions
on stabilizing the ferroelectric phase in hafnium oxide thin films and their breakdown character-

istics are addressed.

This manuscript consists of six chapters and is structured as follows:

In Chapter 1, the fundamentals of ferroelectricity with an emphasis on PZT are presented.

The domain structure, types, and switching landscapes are discussed. The properties of PZT

thin film and the influence of stress on the domain orientation and switching are discussed in



detail. A literature review on stabilizing the ferroelectric phase in HfOo thin films is discussed.
Different possible thin film deposition techniques are outlined, and the chemical solution deposition
technique is discussed in detail. PZT and HfOs thin films and the influence of various processing
parameters on their structural and functional properties are outlined. Finally, the reliability aspects
like fatigue and breakdown properties of PZT and HfOy thin films and the governing mechanism
behind these issues are summarised. An example of a ferroelectric field effect transistor is used
to discuss the application of ferroelectric thin films for non-volatile memories, and the challenges
regarding their reliability issues are outlined.

In Chapter 2, the thin film deposition methodologies and the structural and ferroelectric
characterization techniques used in this work are explained in detail. In particular, the character-
ization methodology relevant for residual stress quantification, fatigue, and breakdown studies is
also discussed.

In Chapter 3, the influence of processing parameters on the structure-property relationship
of PZT thin film deposited on different substrates is illustrated. The experiments demonstrating
the impact of pyrolysis and annealing temperature on the microstructural evolution are shown. In
addition, the effect of seed layer solvents and buffer layer on thin film texture and the resulting
ferroelectric properties are outlined for the stacks in MIM and IDE configuration, i.e., with and
without bottom electrodes, respectively. From the results of these experiments, thin film sam-
ples with good ferroelectric properties were chosen for fatigue cycling experiments and further
characterizations.

In Chapter 4, finite element analysis using COMSOL models is used to understand the electric
field distribution in the ferroelectric material with the IDEs. Bulk PZT slabs with the IDEs are
modeled initially to establish a base study for an unconstrained system. Later the design conditions
of the IDE electrodes are adapted to the thin film stack deposited on various substrates. The
limitations of the approximations and the design conditions are discussed with respect to each
system.

In Chapter 5, the influence of stress state on the domain configuration in PZT thin film
deposited on different substrates is summarised. The difference in ferroelectric behavior between
the MIM and IDE systems is elaborated, and a model is presented to describe the behavior
of each thin film system governed by the stress state and respective electrode configuration.
The results of fatigue cycling experiments are presented, and the degradation of ferroelectric
properties during bipolar fatigue cycling is elaborated. The impact of bipolar cycling on domain

wall motions is postulated with respect to the mechanism of domain pinning by charged defects.



The fatigue-resistant behavior of PZT thin films with IDEs is showcased, and possible mechanisms
are proposed.

In Chapter 6, the ferroelectric behavior of solution deposited La-doped HfOy thin film is
shown. The effect of annealing temperature and atmosphere on stabilizing the ferroelectric phase
in HfOs thin film is demonstrated. The breakdown characteristics of the HfO5 thin films deposited
following different routes are discussed in relation to the processing conditions.

To conclude, all the key results are summarised, and an outlook with a scope for future work

is presented.



Chapter 1

Background

This chapter provides an overview of the literature that laid the foundation for the work done in
this thesis. The fundamentals of ferroelectricity relating to perovskite structured materials with an
emphasis on Pb(Zr,Ti)O3 (PZT) and the importance of the morphotropic phase boundary (MPB)
compositions are presented. The domain structure of PZT and different types of domain walls are
introduced. Domain switching landscapes and possible domain reversal processes contributing to
polarization are also discussed. The fundamentals of the chemical solution deposition technique
for growing PZT and ferroelectric HfO2 (Hafnium oxide, will be referred to as hafnia) thin films
are discussed, and the influence of processing conditions on the ferroelectric properties is outlined.
The reliability aspects of ferroelectric thin films focusing on fatigue and breakdown are discussed
with their corresponding mechanisms. The current state of the art of fatigue of sol-gel deposited
PZT thin film is presented. The wake-up and breakdown characteristics exhibited by hafnia thin
films are also discussed. To conclude the chapter, an application interest relevant to this work is

presented and discussed with the relevance to the reliability criteria.



1.1 Piezoelectricity, Pyroelectricity and Ferroelectricity

The discovery of the piezoelectric effect in 1880 was based on the experiments conducted on
Quartz crystals and Rochelle salt by Pierre and Jacques Curie. They observed the development
of electric potential at each end of these crystals (in other words, the material can be polarized)
when they were subjected to compression and decompression. This effect was later termed as
direct piezoelectric effect [10]. The inverse of this effect was also proved a year later when
the material deformation was demonstrated upon application of an electric potential across the
opposite faces of the crystal, the converse-piezoelectric effect. The linear relationship between
stress and the electric potential (voltage) can be conceived by the notions given below for the
direct (equation 1.1) and converse-piezoelectric (equation 1.2) effects where the proportionality
constant is called the piezoelectric charge coefficient. Here, F; is the electric polarization, oy,
is the stress applied on the piezoelectric material and d;;i is the direct piezoelectric coefficient
given by the units (C N71). In the case of the converse effect, E}, is the electric field applied
to the material, and z;; is the strain developed on the piezoelectric material, where dy;; is the
converse-piezoelectric coefficient given by the units (m V~1). It can also be written as dﬁjk where
t denotes the transposed matrix as the piezoelectric coefficients are third-rank tensors. Due to the
thermodynamic consideration, the direct and inverse piezoelectric effects are identical and can be
expressed by the same coefficient [11, 12]. In the application context, the direct piezoelectric effect
is used in the case of sensors and energy harvesters, where the mechanical energy is converted to

electrical energy, and the converse effect is used in actuators.

Pi = diijjk (11)

Xij = dkijEk = ditjkEk (12)

Although, care should be taken not to confuse piezoelectric materials with electrostrictive
materials, which can also convert electrical energy to mechanical energy. The difference is that
strain in electrostrictive material is proportional to the square of the electric field but not vice-
versa. Whereas the piezoelectric coefficient (d) can be positive or negative and is commonly
referred to according to the direction, it is measured with respect to the direction of the applied
stress, either parallel (longitudinal coefficient) or perpendicular (transverse coefficient). For a

material to exhibit piezoelectricity, it must be non-centrosymmetric, i.e., the material should not



Piezoelectric

Pyroelectric

Ferroelectric

Figure 1.1: Classification and sub-classes of piezoelectric materials.

have an inversion center in its crystalline structure. Out of the 32 crystallographic point groups,
21 point groups lack an inversion center. An exception to this is the point group 432, which is
non-centrosymmetric. It does not exhibit piezoelectricity because the movement of charges due
to the applied mechanical stress does not induce the appearance of dipole [13]. Therefore, only
20 point groups that are non-centrosymmetric belong to the class of piezoelectric material [14].

Some point groups with low symmetry do not need an external field to produce electric
polarization; they exhibit a unique polar axis and are called polar point groups. The materials
with polar point groups exhibit spontaneous polarization even in the absence of any external
field. Among the 20 point groups that belong to the piezoelectric class, 10 of the polar point
group exhibit pyroelectricity, where the spontaneous polarization be changed with the temperature.
Pyroelectricity can be written as shown in the equation 1.3, where AP, is the change in polarization
and AT is the variation in temperature with p; being the pyroelectric coefficient. The converse

pyroelectric effect also exists and is known as the electrocaloric effect.

APi = piAT (13)

A sub-group of pyroelectric materials exists in which the direction of spontaneous polarization
can be changed by applying an external electric field, known as ferroelectric materials. Therefore,
all ferroelectric materials belong to the pyroelectric group, but it is not the other way around,
as an extremely large electric field is sometimes required to change the spontaneous polarization

direction, which can be higher than the dielectric breakdown strength of the material.



According to Poisson’s equation, the dielectric displacement (D) is given by the flux density
originating due to free charges in the material. Polarization is based on the polarizability (P =
eoX E, x is the susceptibility and g is the vacuum contribution to permittivity) of the material due
to the bound charges by dipoles. Therefore, the total charges in the material should be equal to
the summation of free charges and the charges bound to the dipole (ptotar = pfree + Poound)- The
bound and free charges in the material are equal and they cancel each other. A phenomenological
description of ferroelectricity can be given by using Maxwell equations shown below. For a
dielectric material, as in our case, the dielectric displacement can be written as a linear relationship

between the electric field and the polarization, as shown in equation 1.5.

V-D= Pfree
V.-P= —Pbound (14)
V'E: ptotal_VP
SN
D=c¢oe,E+P (1.5)

1.1.1 Ferroelectricity

Ferroelectric materials are broadly classified based on the transition from a high-temperature
paraelectric phase to a low-temperature ferroelectric phase. They are either order-disorder or
displacive transitions. The order-disorder transition is mostly seen in the materials with hydro-
gen bonds in which the motion of the protons is related to the ferroelectric properties, and the
typical examples of such materials are Rochelle salt (KNaC4H4Og4-4H20) and Potassium dihy-
drogenphosphate or KDP (KH2PO,4). Among the materials that exhibit displacive transition are
the materials with perovskite structure, ex. BaTiO3 [15]. However, many ferroelectric materials
exhibit both displacive as well as order-disorder types of transitions [16, 17]. Perovskite materials
have a general chemical formula ABOj3 following its prototypical mineral structure CaTiOg, where
A and B are the metal cations with different ionic radii (r4 > rg). A large number of cations
can be used to form a perovskite structure. According to the geometric consideration of the
'hard sphere model’ put forth by Goldschmidt [18], the ionic radii 74,75 and ro should obey the

following condition:



f=_TatTs (16)

V2(rg +r0)

Figure 1.2: Schematics of the (a) Cubic perovskite unit cell, distorted cubic structure resulting in
(b) tetragonal and rhombohedral unit cells. The arrows inside the unit cells of (b) and (c) indicates
one of the possible displacement of the A and B-site cation from the initial position resulting in
net polarization as represented in the figure, in reality all the ions are displaced against each other.

Here, t is the tolerance factor, and a perovskite structure is stable when the value of t is
between 0.8 and 1.1. The perovskite structure can be described with a cubic unit cell shown in
Figure 1.2 a) where the corners of the cube are occupied by the A cation, and the oxygen (0?7)
anions form an octahedral cage occupying the six corners located at the face centers of the cube
with B cation at the body center. The cubic perovskite structure is a high-temperature phase
that does not exhibit ferroelectricity, but below the transition temperature (Curie temperature T;),
the cubic symmetry is broken, resulting in a distorted unit cell with tetragonal or rhombohedral
structure as shown in Figure 1.2 b & c. These distortions result in the displacement of B-site
cations relative to the oxygen octahedra creating a permanent dipole moment in the unit cell,
resulting in the appearance of spontaneous polarization in the material. For a tetragonal unit
cell, there are 6 equivalent directions in which the polarization can be oriented. A rhombohedral
unit cell has 8 equivalent polarization directions, and an orthorhombic unit cell has 12 equivalent
polarization directions.

The temperature at which ferroelectric materials undergo a phase transformation from a
non-polar paraelectric phase to a polar ferroelectric phase is called the Curie temperature (T¢).
The dielectric constant above this temperature follows the Curie-Weiss behavior as shown in the
equation 1.7, where  is the dielectric susceptibility and (e;) is the relative dielectric permittivity,
C is the Curie-Weiss constant, T is the temperature, and T} is the Curie-Weiss temperature. The
temperature Tj is the constant obtained by extrapolation, while the Curie temperature (1¢) is

the actual temperature where the structural changes happen. Usually, Ty is not different from



Tc for a material that undergoes a second-order phase transition. In contrast, the material that

undergoes a first-order transition Ty will differ from that of T¢.

. C
CT-T,

X =(er—1) (1.7)

The material property near the paraelectric-ferroelectric transition region is phenomenologi-
cally derived from Landau-Ginzburg-Devonshire formalism. Here the free energy term (F') can
be written as a Taylor series expansion of an order parameter. In our case, polarization (P) is
considered, which evolves according to the symmetry change from a high-temperature paraelectric
phase to a low-temperature ferroelectric phase. The free energy of a ferroelectric system can be
written as the following. The odd power terms are not included in the equation as they tend to

be zero due to symmetry reasons.

o B s

F= §P2+ZP4+€P6“' (1.8)
Here, a, B, and ~y are the Landau—Devonshire coefficients in the Taylor expansion series. Around
the transition temperature, o, associated with the P? term, varies linearly with the temperature
(i.e., @« = ao(T — Tp)). It is important to note that below T, the ordered states +P and —P
are the same in energy leading to all the odd power terms in the series being zero by symmetry.
The sign of 3 represents the order of the phase transition: +4 indicates a second order transition
where the order parameter (P) evolves continuously below Curie temperature, and —/3 indicates

the first order phase transition where there is an abrupt change in the order parameter below T,

[19].

1.2 Domains and domain walls

Spontaneous polarization is developed for ferroelectric materials when the material is cooled
down from T,. This spontaneous polarization in the material will give rise to bound charges on the
surface. Due to the surface charges, an electric field in the direction opposite to the spontaneous
polarization is produced, called the depolarizing field. Mechanical constraints are imposed on
the material due to thermal stress or clamping in the case of thin films during phase transition.
To minimize the electrostatic energy associated with the depolarizing field and the elastic energy
associated with the stress and clamping, the material breaks down into finite volumes of identical

polarization orientation called 'domains.” The boundaries separating these domains are called
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domain walls. There is also energy associated with the formation of domain walls. The domain
wall energy also has contributions like crystal energy due to polarization in the domain walls. The
spontaneous polarization can also contribute to the spontaneous deformation of crystallites due
to a change in polarization direction in the domain wall. The elastic energy associated with it also
adds to the total energy density. Due to the piezoelectric coupling, there is also electromechanical
energy from the mechanical deformations and the electric polarization. All these energies affect

domain walls in different ways.

creation of 90° walls
ar ar

('CT

Cr Ps —> ar

stress

*"\
cubic . ar ar Cr
dc| phase \++++ +- + -
Ps
Eg
ac Cr Ps —> Cr
— -+ - F

creation of 180° walls

Figure 1.3: Schematic illustrating the formation of different domain walls in a tetragonal per-
ovskite, where ac represents the sides of the cubic unit cell, cr and at represents the ¢ and
a-axis of the tetragonal unit cell, respectively. P; is the spontaneous polarization and E; is the
depolarizing field [12].

The domains formed due to compensating the electrostatic energy from the depolarizing field
will have anti-parallel orientation. The domain walls separating anti-parallel domain orientation
are typically 180° domain walls. 90° domain walls are also formed to compensate for both
electrostatic and elastic energy [14, 20]. The mechanical strain will not result in anti-parallel
domains because positive or negative strain direction denotes either elongation or compression of
the crystal axes. However, 90° domain walls are restricted only to the tetragonal system due to
the crystallographic angle. For a rhombohedral system, it can form 109° or 71° along with the
180° domain walls that are always possible. Therefore, the 180° domain walls are ferroelectrically

active, and the non-180° domain walls are both ferroelectrically and ferroelastically active. For
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example, PbTiOgz, which is a pure tetragonal system, can develop polarization along six equivalent
pseudo-cubic (100) directions. In this case, the domains can be anti-parallel or perpendicular to
each other forming 180° or 90° domain walls, respectively. The combination of electrostatic and
elastic energy often results in a complex domain structure with mixed 90° and 180° domain walls.
A simplified view of different domains and domain wall formation is illustrated in Figure 1.3. Most
ferroelectrics will have no net polarization upon cooling due to different polarization orientations

in each domain, which cancel each other.

1.2.1 Types of domain walls

Figure 1.4: Schematic of different types domain walls in a ferroelectric system: a) Ising-type, b)
Néel-type and c) Bloch-type. Reused from [21].

Different types of domain walls are present in a ferroelectric system, and the schematics of
different possible domain wall types are shown in Figure 1.4. Domains and domain wall formation
depend on material properties like crystallite size, shape, orientation, and domain wall formation
energy. The size of the ferroelectric domain walls is typically in the order of a few unit cells. The
domain walls are regions where the order parameters change their orientation, and based on this
signature change, domain walls can be classified into the following three types [22, 23]. First, one
is the Ising-type domain walls where the order parameter (in this case polarization) decreases in
magnitude through the wall thickness and changes sign across the wall. Néel-type and Bloch-type
domain walls where the polarization does not change in magnitude but rotates in the plane and
perpendicular to the plane of the domain wall, respectively. Ising-type walls are assumed to be
prevalent in ferroelectric materials with 180° domains, but recent studies have pointed out that
non-Ising types of walls are also possible in different ferroelectric materials, including PZT [24-

27].

1.2.2 Polarization reversal and domain switching

Domain switching can happen in a single step or through multiple consecutive steps, an impor-

tant characteristic of ferroelectric material. When an electric field is applied to a polycrystalline
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sample, the randomly oriented domains can be re-reoriented in the direction of the electric field
(a-b), which can be seen in Figure 1.5. At higher fields, the domains with a polarization direction
parallel to the applied field become stable. Ideally, the resultant ferroelectric will contain one
domain aligned with the electric field direction, as depicted schematically in Figure 1.5. Upon
removal of the field (b-c), the material retains its polarization resulting in a remanent polarization
(P,) state. The value of P, may not equal the maximum polarization achieved with the field due
to back switching caused by local strains and electric field [12]. When the electric field is further
decreased (c-d), the domains start to nucleate and grow in the opposite direction. The electric
field where the polarization passes through zero is the coercive field (+E. or -E. ). The reversal
of polarization direction happens around the coercive field region shown in Figure 1.5 (c-d) &
(e-a). When the electric field is increased, the domains continue to grow further in the field direc-
tion and saturate at the maximum field value, with all the domains again aligning in the applied
field direction. It is understood that two stable orientational states are possible for a ferroelectric
material, and it can be reoriented by the electric field. A similar notion can also be defined for a
ferroelastic material. A material is ferroelastic if it has two or more stable orientational states in
the absence of mechanical stress or electric field and if it can be reproducibly transformed from

one to another of these states by the application of mechanical stress [28].

Polarisation (pC/cmZ)

Electric field (kV/cm)

Figure 1.5: Example of a polarization-electric field (P-E) hysteresis loop of macroscopic polariza-
tion showing the remanent polarization (+F, and -F,), and the coercive fields (+E. and -E.).
The domain structure of an aligned crystal at various points (a)-(e) on the hysteresis loop are
also marked in the figure.
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The polarization reversal is, however, more complex than the explanation given above, and it
happens in multiple steps, as depicted in Figure 1.6. Domain nuclei are either single local dipoles
or ensembles of dipoles that start to appear due to thermal fluctuations in the direction opposite
to the macroscopic polarization. These domain nuclei are not stable in the region of oppositely
polarized surroundings, and they disappear quickly. When a field of sufficient magnitude is applied
opposite to the surrounding polarization direction, the domain nuclei start to grow. Nucleation of
new domains is favored at the interface between the electrode and the sample or the defect sites.
At very low fields, the polarization is proportional to the applied field. As the field is increased
further, the nuclei start to grow forward through the thickness of the sample. The domain nuclei
favor a needle shape because of the energetic reason to reduce the depolarizing field. Once the
growing needle reaches the opposite side of the sample, the domains start to expand sideways.
With the continued increase of the field, the domains expanding sideways encounters a neighboring
domain and start to coalesce and grow bigger, resulting in domains with polarization parallel to
the field direction. The polarization reversal is nucleation or wall movement limited as these two
processes are slower compared to the forward motion of domain walls and coalescence of domains.
[21, 22, 29]. The model of domain nucleation and growth are shown in Figure 1.6 is simple for
a 180° reversal process, but in reality, there are non-180° domains with the complex switching
process. For example, it was identified that 180° switching happens by two consecutive 90° steps
than by a single 180° step based on the results from time-resolved X-ray diffraction experiments.
Two different time constants were reported reflecting a sequence of domain reorientation steps
[30].

(a) (b) (©
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Figure 1.6: Sequence of polarization reversal process (light and dark regions shows the regions
of opposite polarization). a) nucleation of new domains, b) forward motion of domain walls, c)
side ward expansion of domains, d) coalescence of domains, and e) spontaneous back-switching.
Adapted from [29].
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1.2.3 Rayleigh studies

As explained above, polarization reversal depends on the amplitude of the electric field; at
low fields, the polarization is nucleation limited. When the field is high enough, stable nuclei can
appear, and the polarization reversal becomes domain wall movement limited. It takes time for the
domain wall to move through the system, and it depends on the magnitude of the applied field.
Based on this, the material response to the small and large applied fields should be distinguished
and referred to as small-signal and large-signal parameters, respectively. Large-signal parameter

mostly depends on the reorientation and growth of domains.

A

irreversible

Potential energy

Position of the wall

Figure 1.7: Depiction of energy landscape for a domain wall with randomly distributed pinning
centres. Adapted from [12].

Small-signal parameters are measured by applying a smaller field that is large enough to cause
local changes in the domain structure but does not cause any reorientation. The small-signal
response encompasses both intrinsic and extrinsic contributions [31-33]. Intrinsic contributions
are due to the deformation of crystal lattice under the applied field. Extrinsic contributions
stem from the translation and vibration of domain walls, movement of defects, and field-induced
phase changes. Intrinsic contributions are almost always reversible, but extrinsic contributions
contain both the reversible and irreversible parts of the polarization changes. At smaller oscillating
fields, the domain walls move within their potential well contributing to the reversible part of the
polarization as depicted in Figure 1.7. When the field applied is large enough, the domain walls

move to the next potential well and will not return to their original position when the field
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is removed. This movement of the domain wall from one potential to the other contributes
to the irreversible part of the small signal response. Large-signal response relates to polarization
hysteresis to the external field. Small-signal behavior relates to the dielectric permittivity response
or piezoelectric coefficient response to a small ac-signal [34, 35].

The non-linear dielectric response of a ferroelectric at sub-switching conditions (small ac
signal) is often described by first approximation, in terms of the Rayleigh relations [36]. The

equation 1.9 indicates the Rayleigh behavior for ferroelectric materials.

o Einit forE < Ey (1.9)
ginit + a(Ey — Ey) forE > Ey

Here eipjt is the permittivity due to intrinsic contributions from lattice distortions and reversible
domain wall motion. « represents the Rayleigh coefficient that results from irreversible domain
wall motion/displacement, Ej is the field amplitude at which 33 is measured, and Ej is the
threshold field amplitude. Rayleigh law paints a picture of the energy landscape (shown in Figure
1.7) within which the domain walls move. These energy landscapes are determined by the defects
and the pinning centers in the material. Therefore it is also clear from the equation 1.9 that a
threshold field (E}) is required to move the domain walls from its original energy well. Below E;
the small signal parameter is constant, and above E} the system is in the 'Rayleigh region’ where
the small-signal parameters vary linearly with the field. When the field is further increased beyond
the coercive field, the system is in the 'high-field region’ where long-range domain wall motions
are possible and are referred to as large-signal parameters when they vary super-linear with the

applied field [32, 37].
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1.3 Processing of ferroelectric thin films

1.3.1 Physical methods

Physical and chemical methods can be used to produce ferroelectric thin films. In the physical
method, a thin film is formed from the vapor phase of the oxide or metallic species condensing
onto the substrate. The targets of metallic or oxide systems are used to create the vapor phase,
and the method of forming the vapor depends on the particular technique. For example, the
physical vapor deposition (PVD) method includes pulsed laser deposition (PLD) and sputtering

techniques.

1.3.2 Pulsed laser deposition

The PLD technique involves using a high-power laser to vaporize the target material under a
vacuum creating a plasma plume. A thin film is formed on the heated substrate from the plasma.
It requires careful control of processing parameters like laser power, substrate temperature, purity
of the target, etc., to maintain the stoichiometry of the resulting thin films. PLD was used to
grow doped, and undoped epitaxial PZT thin films on platinized silicon substrates [38, 39]. This
technique allows for producing high-quality thin films for research purposes, but scaling it up to

the industrial scale is rather challenging [40].

1.3.3 Sputtering

In the sputtering technique, the vapor phase is formed by bombarding the target with an ion
produced by ionizing the inert gas in the deposition chamber. Different power sources are used to
create plasma between the target and the substrate. The type of power source used determines
the sputtering process, which includes DC diode sputtering, radio frequency (RF) sputtering, and
magnetron sputtering. Various substrates can be used for depositing high-quality thin films by
sputtering technique [5, 41, 42], and a higher growth rate [43] is also reported in some cases.

Although PVD techniques can produce high-quality thin films, they all need vacuum condi-
tions, high-quality targets, and expensive equipment to have control over process quality. The

cost associated with it is not attractive for industrial purposes.

1.3.4 Chemical methods

Chemical methods, on the other hand involves the use of metallic precursor in their molecular

form. The metallic precursors are deposited onto the substrates, and the decomposition of organic
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chemicals forms a crystalline thin film by post-deposition heat treatment steps. Chemical methods
include chemical vapor deposition (CVD), atomic layer deposition (ALD), and chemical solution

deposition (CSD) techniques.

1.3.5 Chemical vapour deposition

In the CVD process, the substrate is exposed to the precursors in its vapor form. The thin
film growth is mediated by the vapor phase reaction and decomposition of the organo-metallic
species on the surface of the substrate. Metal-organic CVD (MOCVD) technique was reported
to produce high-quality PZT thin films at a higher growth rate [44]. However, precise control of
temperature and pressure of the chemical precursors is required during the process. In addition,

the use of highly toxic metallic precursors also makes the process extremely challenging [45].

1.3.6 Atomic layer deposition

ALD is also a vapor phase deposition technique that proceeds by sequential step-by-step
self-limiting half-reactions on the surface. ALD is well known for its high degree of conformality,
subnanometer thickness control, and low deposition temperature [46]. It also allows for deposition
on high-aspect-ratio substrates. Ferroelectric doped-HfOs thin film is most frequently deposited
using ALD [47, 48]. Although the technique has several advantages, ALD-specific narrow tem-
perature range called 'ALD window’ is described as the criterion for the process. The temperature
should be high enough to enable surface reaction but not too high to cause the decomposition
of the precursors. High-quality precursors are needed to produce high-quality thin films. ALD is

often poised with carbon contamination from metal-organic precursor [49].

1.3.7 Chemical solution deposition

Chemical solution deposition (CSD) offers a great economic advantage and versatility in pro-
cessing ferroelectric thin films. Apart from these two key advantages, CSD also offers good control
over the composition of the thin films allowing greater flexibility and scalability to the industrial
standards. A fine example of this is demonstrated in this work, where the CSD techniques are
used to deposit a perovskite-type PZT thin film and a fluorite-type dielectric oxides thin film like
HfO5. The chemical solution deposition process involves a series of steps, from synthesizing a
metallorganic chemical solution to the deposition of the solution onto the substrate of choice and

then successive heat treatment processes to crystallize the thin film.
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The solution synthesis process can be broadly classified into the metallorganic decomposition
method (MOD), sol-gel synthesis method, and chelate method, based on the nature of the cation

precursor and type of solvent used for the synthesis of the solution [50].

e The MOD method involves the use of carboxylate-based metal precursors (M-(OOCR)y
where M is the metal ion, and OOCR is the carboxylate group with any hydrocarbon chain

'R’ at the end) for both the A-site and B-site cations of typical perovskite-type oxides [51].

e Sol-gel synthesis method involves the use of carboxylate-based precursors for A-site and
metal alkoxide precursors for B-site cations. It is dissolved in solvents like 2-methoxyethanol,
1,3-propanediol, or 1-methoxy-2-propanol, which allows for the alcohol exchange reactions
[52]. Sol-gel method is extensively used in the preparation of solutions for PbTiO3 [53],
PZT, BaTiOs thin films [54, 55].

e Chelate method, also known as the hybrid method, involves using alkoxide-based precursors
for B-site cations with chelating agents like acetic acid, acetylacetone, or amine-based

compounds [50, 56].

1.3.8 Deposition of thin films by CSD

The deposition step of the CSD process can be done via spin coating, spray coating, or
dip coating process. In the spin coating process, the chemical solution is dropped onto the
spinning substrate, where the spinning rate of the substrate is maintained based on the solution
concentration, viscosity, and thickness requirement. The deposition technique can be adapted

according to the choice of substrate and the application requirements.
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Figure 1.8: Overview of various steps involved in chemical solution deposition (CSD) process.
Adapted from [56]

Irrespective of the above-discussed methods, the as-deposited wet films are subjected to a

low-temperature drying step at which the solvent evaporates, and gel formation happens. The gel
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formation steps lead to a long-range network of chemical structures due to cross-linking reactions.
This low-temperature step is followed by a relatively high-temperature heating step, often referred
to as the 'pyrolysis’ step, where the decomposition of organic species in the chemical solution takes
place, and any remaining solvents from the previous step will be removed. A temperature range of
200 to 400 °C is often used for the pyrolysis step, and an amorphous oxide film structure is formed
at the end of this step. The drying and pyrolysis steps are often performed on hot plates under
the fume hood or closed oven, depending on the evaporating solvents and chemical species. The
pyrolysis step is followed by a high-temperature crystallization step in a controlled environment.
Crystallization is performed in a conventional or a rapid thermal annealing furnace, and the
crystallization temperature typically ranges from 600 - 800 °C. Long-range ordering, phase and
microstructural evolution, and densification of the film usually happen during this step. Therefore,
it is imperative to control the crystallization temperature and atmosphere to avoid the formation
of intermediate phases such as pyrochlore or carbonate phases [56]. Stresses also develop during
the film crystallization process, so the heating and cooling rates are equally important to avoid film
cracking. By controlling all the different parameters discussed above, right from solution synthesis
to the crystallization step, one can obtain thin films of varied microstructure and orientation, which
will directly impacts the ferroelectric behavior of these films. Figure 1.8 shows an overview of
various steps involved in the CSD process. The film's microstructure is strongly linked to the
resulting ferroelectric properties, and it is essential to control the grain size, density, texture,
and phase purity. To be integrated on specific substrates, an adhesion layer or buffer layer, or
diffusion barrier layer is often used during the thin film deposition process. An adhesion layer
or buffer layer is used to improve the thermodynamic and wetting properties of the subsequent
layer deposited on the substrate. A diffusion barrier layer is used to prevent the inter-diffusion of
metallic species between the film and the substrate and form undesired inter-metallic compounds.
A typical example of this is the TiO, layer used on the Si substrates to act as an adhesion layer
for the sputtering of Pt electrode, as well as to prevent the diffusion of Pb into the SiOy layer
[57]. Often, other oxide and nitride layers like ZrO,, AloO3, HfO2, ZrN,, TiN, are also used as a
buffer or diffusion barrier layer [7, 58]. It is important to note that using buffer or diffusion barrier

layers is not limited to the CSD technique but is also used with other deposition processes.
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1.4 Lead zirconate titanate

Among the ferroelectric materials, lead-based materials are widely used in many piezoelectric
applications such as sensors, actuators, transducers, etc. Lead zirconate titanate, PbZr,Ti;_,Og3
(PZT) is a solid solution of PbTiO3 (PTO) and PbZrO3 (PZO). PZT has a perovskite structure
with Pb%* ions occupying the A-sites at the corners of the cube and Zr** /Ti** cations occupying
the B-sites. The oxygen atom occupies the faces of the cube forming an octahedral cage around
the B-site cation, as explained in the earlier section. The high-temperature phase of PZT is a
cubic paraelectric (m3m) phase. Following the phase diagram presented in Figure 1.10, at the
temperature below T, the cubic structure is distorted, forming a tetragonal phase (point group
4mm) on the Ti-rich side and a rhombohedral phase (point group 3m) on the Zr-rich side. The
rhombohedral phase is further separated into high temperature (R3m) and low temperature (R3c)
rhombohedral phases based on the tilt of the oxygen octahedra. Anti-ferroelectric orthorhombic
phase exists as an end member of PbZrO3 and pure PbTiOg is a tetragonal ferroelectric phase.
The tetragonal phase has 6 polar directions along the < 001 > directions, and the rhombohedral

phase has 8 polar directions, including the polarization along the < 111 > direction.
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Figure 1.9: Geometric representation of different possibilities of polarization orientation in tetrag-
onal and rhombohedral phases of PZT. Adapted from [59]

1.4.1 Morphotropic phase boundary

In PZT, the phase boundary separating the tetragonal and the rhombohedral regions is the
morphotropic phase boundary (MPB) around the composition (x=0.48). The morphotropic
boundary is defined as the boundary where structural changes happen in a solid solution with
varying composition [60]. This phase boundary is not a well-defined line but a broadened re-

gion extending from a composition of 0.47 < x < 0.53, where the rhombohedral phase gradually
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changes to a tetragonal phase independent of temperature. A later discovery by Noheda et al.
[61, 62] on the coexistence of the monoclinic phase as a subgroup of tetragonal and rhombohe-
dral phases along the MPB region is also reported. Although several contradicting arguments to
the presence of a monoclinic phase along the MPB region are reported, [63-65]. However, for
a ferroelectric material where such a change of symmetry is possible, several important physical
properties, including the permittivity, piezoelectric coefficients, and coupling factors, are enhanced
around the MPB composition. It is associated with the ease of orientation of polarization with
respect to the external field, and it is limited by the crystallographic structure. Material proper-
ties are enhanced when there is a better degree of alignment of the polarization with the external
field. By a simplified explanation, there are, in total, 14 possible polarization directions (6 from
tetragonal and 8 from rhombohedral) due to the combination of tetragonal and rhombohedral
phases that exist along the MPB region. When the monoclinic phase is also considered, the po-
larization can rotate easily along the plane containing the polar axis with minimum energy need.
The MPB region extends up to the T, of 350°C [4, 60], and the properties are more stable over a
wider temperature making this composition range interesting for several commercial piezoelectric

applications.

1.5 PZT thin films

Ferroelectric ceramics produced by powder technology are polycrystalline. They can also be
fabricated in thin film form and deposited on a specific substrate as needed. The differences
in microstructure between the bulk ceramics and the thin films originate from the processing
conditions. For instance, the bulk ceramics are sintered at 1200-1300 °C for a few hours, and the
thin films deposited by the chemical solution technique are annealed at 700 °C for a few minutes.
Therefore the resulting microstructure influences the properties of the resulting thin film to a

great degree.

1.5.1 Influence of thin film texture on ferroelectric properties

Thin films offer the possibility to be fabricated in a single crystal (epitaxial) form or as highly
textured or as randomly oriented films. Texture in a thin film is defined by its growth in preferred
crystallographic orientation. Textured films offer an advantage of achieving better intrinsic ferro-
electric properties due to their anisotropic behavior with respect to the preferred crystallographic

direction for polarization orientation [66—68]. To have a texture in the thin film, nucleation of
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Figure 1.10: Phase diagram of PZT showing various phases. PE¢: paraelectric cubic, FEg ) and
FEr(T): ferroelectric high-temperature and low-temperature rhombohedral phases, respectively,
FET: ferroelectric tetragonal phase, FEy;: ferroelectric monoclinic phase, AFEp and AFErT:
antiferroelectric orthorhombic and tetragonal phases, respectively. Adapted from Jaffe et al. [60]
and modified according to data from Noheda et al. [62].

one particular family of crystallites should be favored over the other during thin film crystalliza-
tion. Crystallization in PZT thin film is nucleation mediated, and the nucleation is controlled
by thermodynamics and kinetics of the crystallization process [69, 70]. Lower surface energy
due to thermodynamically controlled process favors {100} orientation, and growth controlled by
crystallization kinetics favors {111} orientation. A very thin seed layer is used to impart par-
ticular orientation in the PZT layer to overcome the competition between these two processes.
For example, PbTiO3 is used to promote {100} orientation [67, 71], TiO2 [72] and Pt are used
for {111} orientation [73], and SrTiOs3 is used for (110) orientation [74]. Large piezoelectric
responses are observed for {100} oriented PZT films compared to the ones that are {111} or
randomly oriented [4]. As shown in Figure 1.11, the {100} textured PZT films were reported to
have better transverse piezoelectric properties for various compositions, and the {111} oriented

films have better dielectric permittivity [67].
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Figure 1.11: Influence of texture on the transverse piezoelectric coefficient (e3; ) and dielectric
permittivity (e, for various PZT compositions, from [67].

1.5.2 Influence of stress on ferroelectric properties

Thin film's properties differ from their bulk counterparts in many ways because the thin
films grown on substrates are generally clamped. Thin films are clamped to the substrate due
to epitaxial strain, growth stress or thermal strain due to the differences in thermal expansion
coefficient between the film and the substrates. The films are subjected to significant residual
stresses due to clamping. It depends on the thin film deposition process and the thickness of the
film. Although the stresses can relax with the increasing film thickness, the residual stresses are
still unavoidable. The stress state in thin films alters its domain structure, and the clamping can
affect the domain wall motion, and the poling behavior [68, 75-77]. According to the stress state
of the film, the polarization and permittivity in response to the external stimulus such as an electric
field or mechanical loading can be enhanced or suppressed. The compressive residual stress can
increase the polarization and reduce the permittivity response, while the tensile stress can reduce
the polarization and increase the permittivity response [78, 79]. However, this argument is valid
only when the electric field is applied perpendicular to the film. The effect of stress on the resulting
domain orientation in PZT thin films is well studied by several research groups. They reported
that the domain patterns that compensate for the residual tensile stress are predominantly in-
plane oriented, growing at the expense of out-of-plane oriented domains. To compensate for the
compressive stress, the out-of-plane oriented domains are grown at the expense of in-plane domains
[80, 81]. As a result, different domain patterns are possible in thin films with the combination of
ferroelastic and ferroelectric domains forming to reduce the elastic energy and the depolarization

field, respectively [80]. The domain walls are; however, mobile under the application of electric
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field [82, 83], and can contribute to an interesting combination of ferroelectric, piezoelectric, and
fatigue-resistant properties according to how domains are oriented with respect to the electric

field [84, 85].

1.5.3 Influence of grain size on ferroelectric properties

PZT thin films usually have fine grain microstructure in the range of 65-150 nm restricting the
domain sizes in the order of a few tens to hundreds of nanometers [4]. Fine grain microstructure
results in reduced intrinsic and extrinsic contributions due to lower mobility of domain walls [86—
88]. Increasing the annealing temperature has been shown to increase the grain size in PZT
thin films [78, 89]. However, the processing temperature is limited to the thermal properties of
the substrate. Higher processing temperature may also lead to increased thermal stress in thin
films, which may also be detrimental to the resulting properties [78]. PZT films with fine grain
microstructure were also shown to have better resistance to degradation during fatigue cycling

89, 90].

1.5.4 Domain switching dynamics in PZT thin film

During polarization reversal in the thin film, a strain is associated with switching the domain
from one direction to the other due to the residual stresses. The residual stress can be due to
epitaxial strain, growth, and thermal stress. Therefore, 90° domains (for the case of a tetragonal
system) or the a-domains are readily formed in thin films to release the elastic energy associated
with the stress [83, 91]. This effect is observed mainly in Pb(Zry2Tipg)O3 epitaxial films but
not in polycrystalline thin films or the films with MPB composition. For the a-domains to be
formed, the elastic energy relaxation should be higher than that of the electrostatic energy [92].
From the experimental results, it has been shown that the dielectric constant of the films with
more a-domains is higher [81]. In addition, a significant enhancement in piezoelectricity was also
reported when the a-domains are switched under an electric field along with the c-domains [91,

93].

1.6 Hafnium oxide thin films

Hafnium oxide is well known for its use as a refractory material for a long time [94, 95]. HfOq
was also well researched as high-k dielectric material alternative to SiOs for CMOS application

due to its high permittivity [96, 97]. Ferroelectricity was discovered in hafnium oxide-based thin
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films in 2011 by the group Boske et al. [9].

monoclinic orthorhombic tetragonal
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Figure 1.12: Schematics of unit cell structures in (010) view of various polymorphs of hafnium
oxide. From [98].

HfOq exhibits a monoclinic phase (P21/c) at room temperature which has a distorted cubic
fluorite crystal structure, a tetragonal (P42/nmc), and a cubic (F'm3m) phase at 1700 °C and
2600 °C, respectively. All these phases are non-polar and centrosymmetric; therefore, they do
not exhibit ferroelectric behavior [99]. Early findings and experimental confirmation [9, 99] of the
orthorhombic (Pca2;) phase in thin films being polar and non-centrosymmetric is responsible for
ferroelectric signature. The unit cell images of different phases of HfO are depicted in Figure 1.12.
HfO, forms a cubic (F'm3m) fluorite crystal structure, with Hf** cations occupying the corners
and faces of the cube and 0%~ anions occupying the eight tetrahedral interstitial sites. The oxygen
atom in the ferroelectric phase (Pca2;) shifts along the c-axis relative to the position of Hf, thereby

allowing spontaneous polarization. Many research groups have identified several root causes

A
c
)
" +
g" mono. S
S ©
) 13
= -
£ e
- .
()
<
|_
i amorphous
>
Dopant Content
-€

Film Thickness

Figure 1.13: Model describing the phase stabilization region for orthorhombic phase of HfOq
under the influence of various process parameters. From [100].
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responsible for stabilizing the orthorhombic phase over the years. The notable causes include
the usage of dopants [101, 102], oxygen vacancies [103], field-induced phase transformation
[104], stress-induced phase stabilization [9], energy due to surface, interface, or grain boundaries
inducing stress in the growing film to stabilize the polar phase [105, 106]. Depending on the
deposition process and the nature of the dopant used, one or many of the causes mentioned
above can play a crucial role in stabilizing the ferroelectric phase. During thin film deposition,
crystallization proceeds by nucleation of the tetragonal phase and a subsequent transformation to
a stable monoclinic phase. By appropriate doping, control of film thickness (inducing strain in the
film), capping with the top electrode (mechanical confinement), and careful control of process
parameters (to control the concentration of oxygen vacancies); the fraction of the monoclinic
phase can be reduced, and a metastable orthorhombic phase with a high dielectric constant can
be stabilized.

Hoffman et al. [100] performed a comprehensive work to propose a qualitative model to
describe the dependence of phase stabilization on the annealing temperature, film thickness, and
dopant concentration. The phase stability diagram summarizing the outcome of the model is

presented in Figure 1.13.
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Figure 1.14: Plot comparing the effect of different thin film deposition technique on the remanent
polarization values of Y doped HfO; thin films as a function of yttrium content. From [107].

A higher annealing temperature, lower dopant concentration, and a higher film thickness
stabilize the monoclinic phase in the films, while the opposite stabilizes the tetragonal or cubic
phases. The polar orthorhombic phase exists between these two extremes; the dopant concentra-

tion and the annealing temperature depend on the deposition process, the dopant used, and the
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film thickness. An example of this can be demonstrated using the comparative study presented
by Starschich et al. [107] in Figure 1.14 showing the influence of different deposition techniques
on the evolution of remanent polarization of Y doped HfO5 thin films. The films deposited by
atomic layer deposition (ALD) [101] and chemical solution deposition (CSD) shows a similar de-
pendence to the yttrium content. However, the properties of sputter deposited [108] film vary
significantly from the other two processes and could be attributed to the higher kinetic energy
involved during the sputtering process. Furthermore, it was also demonstrated that the heating
steps and annealing temperature during the CSD process play an important role in controlling the

ferroelectric properties of the resulting thin films [107, 109].
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Figure 1.15: (a & b) Evolution of ferroelectric properties of La doped HfO; thin films deposited
by CSD technique [110], (c) variation of remanent polarization depending of the ionic radii of
different dopants [111].

The ferroelectric phase in hafnium oxide can be stabilized by careful doping of HfO2 with
various metal ions. The remanent polarization value varies with the doping concentration. The

polarization increases with an increasing dopant concentration for almost all the dopants. It
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decreases when a threshold concentration is reached; the effect of La doping is shown in Figure
1.15 (a & b). The actual reason behind such dependence is not yet fully understood. The
optimum doping concentration, however, depends on the type of dopant used and its ionic radii.
As depicted in Figure 1.15(c), the dopants with ionic radii larger than that of Hf showed a
maximum polarization with a doping concentration in the range of 3-6 %. On the other hand, the
dopants with smaller radii (like Si and Al) than that of Hf showed a distributed range and often

resulted in the stable pinched hysteresis loop [112].

1.7 Fatigue in ferroelectric thin films

A ferroelectric material integrated into devices is expected to maintain a high switchable
polarization during many polarization reversals. But the materials in bulk, single crystal, and
thin film form are prone to one or several reliability challenges like fatigue, breakdown, leakage,
imprint, and retention problems. In ferroelectric materials, 'fatigue’ refers to the degradation of
desired material properties, typically piezoelectric coefficients, remanent polarization, or electrical
permittivity, under cyclically varying external stimulus, typically an electric field.

The application of perovskite ferroelectric thin films for non-volatile memories, aided by in-
tegrating these materials onto silicon semiconductor technology as a complementary metal oxide
(CMOS), fuelled reliability research during the late 1980s [113]. Identifying one particular mech-
anism for fatigue is not possible, and a vast amount of work by several research groups can be
evidence of this, especially on PZT thin films [114, 115]. However, some important mechanisms

that are identified to be the cause of fatigue are listed below:

e The polarization suppression in ferroelectric is mainly due to domain wall pinning by ionic
defects, specifically due to the electromigration of oxygen vacancies as the oxygen vacancies
are often considered for their high mobility [116, 117]. The charged domain walls and
ionic defects can form a stable pattern when the bound charges on the domain are not
fully compensated which hinders the domain wall movement or switching [82, 118, 119].
Colla et al. [120] also proposed two different possibilities based on which polarization
suppression during fatigue cycling can be explained. One is the pinning of domain walls in
the bulk of the film by ionic or electronic charge carriers. The second is the inhibition of
domain nucleation at the electrode-ferroelectric interface. The mechanism of polarization
suppression at different cycling frequencies is identified to be different. Pinning of domain

walls in the bulk of the film by charged defects and defect agglomerates was identified as

29



the cause of fatigue at low frequency. On the contrary, the polarization suppression was

less pronounced when cycled at a higher frequency [120, 121].

Injection of electronic charge carriers from the metal-ferroelectric interface during electrical
cycling [122]. The high field cycling induces charge carriers like free electrons and/or holes
by carrier injection or emission over the metal-ferroelectric interface. In turn, the injected
charges change the sample’s local electric field during electrical cycling and can cause
ferroelectric domains to freeze. The lead vacancies can also cause the electronic charge
to be trapped in the domain walls. The mobile defects can drift through the lattice to
form agglomerates which can potentially pin the domain walls, inhibiting them from further
switching [117]. It has also been shown that fatigue with fields smaller than saturation
typically results in less degradation [123]. PZT deposited on silicon substrates with metallic
electrodes was shown to undergo degradation during fatigue cycling and lose more than
50% of its switchable polarization, in contrast to oxide electrode systems which are less
susceptible to fatigue [124, 125]. It was proposed that the oxide electrodes allow easy oxygen
diffusion in contrast to the metallic electrodes, thereby reducing the defect entrapment at
the film electrode interface. Also, the difference in work function between the ferroelectric
and oxide electrode is lower than the ferroelectric and metal electrode interface. The reduced
difference in work function lowers the Schottky barrier height, reducing the probability of
charge entrapment at the ferroelectric-electrode interface [124, 126, 127]. In contrast, the
charge carriers are entrapped at the top and bottom metal-ferroelectric interface because
of the Schottky barrier between the metallic electrode and the ferroelectric changes during

cycling. The defects or impurities at the interface can also lead to easier charge injection.

Cycling induces a formation of a 'dead’ layer with degraded dielectric properties at the
electrode-film interface. This layer can screen the film from the applied electric field to
a level insufficient for domain switching. In addition, the low permittivity blocking layer
creates a potential drop across the ferroelectric layer, thus inhibiting a maximum possible

polarization switching [127].

Migration of charged defects during cycling creates a depolarizing field. This depolarizing
field creates an internal bias that can cause a kinetically frozen domain state. This further

affects the domain reversal process and reduces the switchable polarization [128, 129].

Cycling can induce mechanical degradation such as micro-cracks and dislocations. These

deformities can affect the domain wall motion, causing reduced polarization or increased
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coercive field values. Electrode delamination during cycling can also be identified as a
cause of fatigue [130, 131]. Phase decomposition of ferroelectric films into non-ferroelectric
pyrochlore-like phase due to high field bipolar cycling was also proposed. It was highlighted
that phase decomposition induces charge injection during switching, preventing domain

nucleation.

Any of these different fatigue models are typically valid only for specific systems or driving con-
ditions, where certain mechanisms are dominant over the others and depend on the microstructure,

preparation techniques, and processing conditions of the ferroelectric thin films.

1.7.1 Effect of grain size and grain boundaries on fatigue behavior

Grains and grain boundaries play an important role in affecting the functional properties and
fatigue behavior of polycrystalline ceramics and thin films. Some of the earlier works point to an
increased amount of oxygen vacancies along the grain boundaries [132]. Accumulation of point
charges due to charged defects was found along the grain boundaries during bipolar and unipolar
cycling experiments. The mobility of these point charges is higher along the grain boundaries
than the bulk of the material. Therefore, they can easily diffuse along the grain boundaries to
pin the adjacent domain walls that are oppositely charged to effect a reduction in switchable
polarization [133, 134]. Variations in grain size can also influence the way in which the material
can degrade during fatigue cycling. PZT thin film sample with finer grains showed better fatigue
properties compared to the film with larger grains. The authors argue that the films with a smaller
fraction of grains touching the electrode showed a decreased fatigue rate. With the larger grains,
the probability of accumulating charged point defects underneath the electrodes-film interface
is higher in comparison to the fine grain microstructure, thus contributing to a large volume of
material that can be affected by modified switching due to the screening of electric field [135,

136].

1.7.2 Effect of texture / orientation on fatigue behavior

The anisotropic nature of PZT with respect to the texture and orientation is an important
factor during fatigue cycling. As discussed in the section 1.5, PZT thin films can be grown with
different crystallographic textures or orientations using an appropriate substrate or seed layer.
The stresses in the film can alter the domain orientation; therefore, the orientation of the electric

field with respect to the crystallites or domain orientation has to be considered. The projection
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of the electric field onto the major domain orientation determines the effective driving field for
the domain switching. According to Pan et al. [137], the pinning force is higher for the domains
oriented in the field direction than those not initially oriented in the field direction. It could
be due to the directional migration of defects or space charges due to the applied electric field,
which results in the build-up of the directional pinning force. They argue that the space charge
field created by defects and space charges during the half period of bipolar cycling counteracts
the applied field and causes back-switching when the applied field reaches zero. Therefore, the
domains that are initially oriented perpendicular to the electric field were observed to be reoriented

in the direction of the field in the fatigued state.

1.8 Reliability issues with Hafnia thin films

1.8.1 Wake-up and fatigue behavior

Hafnia thin films exhibit a field cycling behavior where the hysteresis loop opens up (depinch-
ing) with an increase in P, values exhibiting a so-called wake-up effect during initial cycling. The
wake-up effect can be distinguished from fatigue. Fatigue is defined as the decrease of switchable
polarization (P,) at higher numbers of switching cycles. In the pristine state, the hysteresis loop
is pinched, showing two different switching events that can be seen from the current transient
curve in Figure 1.16. Upon cycling, the switching peaks merge, forming one dominant peak. This
kind of wake-up behavior will cause instability in memory devices during repeated field cycling
[138-140]. The mechanisms behind the field cycling behaviour strongly depends on dopant and
processing conditions. An overview of the underlying possibilities are presented here.

In a pristine state, a strong internal bias field is present, causing the pinched hysteresis loop
combined with a strong polarization relaxation after switching [141]. Differential degradation of
electrode-ferroelectric film interface, i.e., bottom electrode interface is oxidized well during the
film deposition and annealing. At the same time, the top electrode interface is not oxidized
enough from the post-deposition annealing. This results in an asymmetry in the oxygen vacancies
distribution between the top and bottom electrode interface, leading to a strong increase in the
internal bias field [142, 143]. High oxygen vacancy concentration was reported along the top
electrode interface than the bottom interface. The oxygen vacancies are suspected to diffuse
during the electric field cycling, which can cause de-pinning of domains [144, 145]. The field-
induced phase transition from a monoclinic or cubic phase to a ferroelectric orthorhombic phase

was reported as a reason for the wake-up effect [139, 145]. In the pristine state, portions of
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Figure 1.16: (A) Transient current response to the corresponding polarization hysteresis (B-inset)
of the ferroelectric Sr-doped HfO5 thilm film for the pristine, woken-up, and fatigued states. (B)
Evolution of positive and negative remanent polarization with switching cycles. From [115].

the monoclinic phase were found in the bulk of the film. For the woken-up and fatigued cases,
the monoclinic fractions decreased, and the orthorhombic phase fractions increased significantly.
This led to the conclusion that a field cycling-induced phase transition took place. The wake-up
effect is reported to be strongly dependent on cycling frequency and not the number of switching
cycles. Low cycling frequency requires fewer cycles; therefore, it depends on the overall cycling
time. This also indicates a contribution from charged species like ionic charges moving through
the lattice during cycling [141, 144].

In the context of fatigue, it was found that the bipolar switching cycles result in an evident
degradation of switchable polarization and not the uni-polar cycling. For the bipolar case, sup-
pressed switching can be directly correlated to the increase in defect concentration. The formation
of the conductive path along the grain boundaries due to their intrinsically high concentration of
oxygen vacancies [146] can also be linked to the cause of fatigue. In addition, the annealing tem-
perature and time were also shown to influence the oxygen vacancy concentration significantly.
Higher annealing temperature or time resulted in increased interface oxidation leading to poor
fatigue and early breakdown. The redistribution of oxygen vacancies during field cycling will also
contribute to subsequent fatigue in films after the wake-up [147-149]. The higher concentration
of oxygen vacancies along the grain or domain boundary also results in pinning the domain walls

in HfO4 thin films [150, 151].
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1.8.2 Leakage and breakdown in hafnia thin films

Breakdown often follows after a significant increase of leakage current. During field cycling,
the oxygen vacancies are diffused and redistributed along the grain boundaries [152]. This, in
turn, results in an increase of grain boundary mediated conductivity leading to the formation of
a conductive path. When the field is continuously cycled or increased, the conductive path can
grow, contributing to the increase in leakage current resulting in a dielectric breakdown. There
is also a clear correlation between the higher annealing temperature and time with increased
leakage current and earlier dielectric breakdown [146, 153]. It is associated with the oxygen
vacancy generation or re-distribution in the film.

On the contrary, some studies also reported that fewer oxygen vacancies are formed in thin
films processed in an atmosphere containing nonreactive gas (i.e., argon or nitrogen) during the
crystallization or annealing step. In some of the earlier works [154—157] doped and un-doped HfOq
thin films were deposited by sputtering and solution deposition methods [158] where annealing
was performed under varied oxygen and argon atmosphere. It was hinted that a low oxygen growth
environment resulted in improved ferroelectric properties. It was also common to use nitrogen
atmosphere to anneal HfOo thin films. Suzuki et al. [159] reported rapid-thermal annealing
of RF-sputtered hafnia thin films under Oy and Ny atmosphere. It was demonstrated that the
films annealed in an O2 atmosphere showed an increase in leakage current and exhibited a poor
degradation behavior. It was hypothesized that the oxygen-deficient environment during sputter
deposition generated oxygen vacancies that, in turn, help to stabilize the ferroelectric phase [159].
On the other hand, the deposition in an oxygen-rich environment creates interstitial oxygen, which

can enhance the leakage current.

1.9 Ferroelectric thin film applications

PZT thin films are utilized in various devices that makes use of piezoelectric microelectrome-
chanical systems (piezo-MEMS) which includes sensors [160, 161], actuators [160], transducers
[160], energy harvesters [162—-164], and memory devices [165, 166]. There is also a growing inter-
est for the transparent electromechanically active stack to be used in interactive touch panels [7],
devices that are beneficial for applications such as 5G telecommunications or radio frequency mi-
croelectromechanical system (RF-MEMS) switches [167, 168], for loT, tactile internet and related
applications [169]. The discovery of ferroelectricity in HfO2 has also triggered the research interest

to find its application in ferroelectric memories, and ferroelectric field-effect transistors (FE-FET)
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[170]. The example of non-volatile memory with a field effect transistor cell is discussed in the
following section highlighting the relevance of reliability issues associated with ferroelectric thin
films. The discussion is centered around the challenges in using PZT and HfOs in a ferroelectric

field effect transistor.

1.9.1 Non-volatile ferroelectric memories

The non-volatile ferroelectric random access memory (NV-FERAM) consists of an access tran-
sistor and a capacitor that acts as s storage node. The capacitor here is formed by a ferroelectric
material typically PZT [171, 172], Sro(Ta,Nb)2O7 [173], BLT ((Bi,La)4TizO12) [174, 175] etc,
functioning as a gate dielectric of the transistor. The schematic in Figure 1.17 shows a typical
ferroelectric field-effect transistor (FE-FET) forming a 1T memory cell. The ferroelectric layer is
usually deposited on the Si layer. The non-linear hysteretic behavior of the ferroelectric capacitor
facilitating charge generation upon applying an electric field is utilized for memory applications.
'"Writing' is accomplished when the electric field (gate voltage) is applied and the ferroelectric
layer is polarized. According to the polarization state, electrons or holes accumulate on the sur-
face of the semiconductor layer. 'Reading’ is accomplished when the drain current flows between
the source and drain when one type of charge carrier is accumulated in the semiconducting layer.
Therefore, the current output is recorded on the 'bit line,” indicating the memory state of the
cell. Ferroelectric memories need power only while reading and writing operations, making them
a good candidate for low power operation. The energy required for writing a bit of information
in FE-FET is ~ 1fJ [170].

The hysteresis behavior determines the memory window of the cell, and the stable remanent
state is essential for the retention properties; therefore, FERAM retains its data even after the
power is turned off. As per the industrial standards [176, 177] NV-FERAMs with PZT should
have high endurance and should be operated for more than 10'® write and read sequence. The
degradation of switchable polarization during fatigue cycling decides the long-term endurance
properties of the ferroelectric materials used in these memory cells. PZT is also poised with the
problem of scalability since a minimum thickness of 70-100 nm is required to keep the coercive
voltage in the reasonable operating range [113, 178].

However, CMOS integration of PZT thin films is challenging due to compatibility issues with
the Si substrates. An insulating buffer layer (dielectric layer) is often used between the Si and
PZT layer, but the low capacitance of the buffer dielectric layer causes severe degradation of data

retention characteristics of the ferroelectric capacitor due to the depolarizing field. Therefore a
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Figure 1.17: Schematic representation of 1T-type memory cell in FERAM composed of a single
ferroelectric-gate FET. Adapted from [179].

thin buffer layer with a high dielectric constant is needed. Apart from this, the ferroelectric and
dielectric layers should have low leakage current characteristics. If the leakage current is higher
for the ferroelectric and the dielectric layer, the charges between the dielectric-semiconductor
interface will be disturbed and the stored data cannot be read by the change in drain current
[175]. Several dielectrics like SizN4 [180], LaAlOg [181], HfAIO [182], and HfOy [183] exhibiting
low leakage behavior have been used as buffer layer for FE-FETs. Particularly, with the discovery
of ferroelectricity in HfOq, a lot of research efforts have been made to integrate the ferroelectric
HfOq layer directly onto the semiconductor node of the transistor for the FE-FET owing to the
CMOS compatibility and scalability. Ferroelectric HfOy also faces challenges like endurance,
retention limits, wake-up effect, and breakdown behavior, as discussed in the section 1.8. A
retention period longer than 10 years is a requirement for nonvolatile memories and is expected
for FE-FET with ferroelectric doped HfOo gate oxide. Due to the high coercive field of HfOo, the
operating voltage is close to the breakdown field of the material. Therefore, it is important to
optimize the material property to enhance its breakdown strength while scaling down in thickness
and retaining the ferroelectric nature of HfO,.

Therefore, by comparing the perovskite-type and fluorite structure-type ferroelectric thin films
as candidates for NV-FERAM application, it can be understood that both films suffer some relia-
bility challenges while scaling down. Furthermore, as of date, processing and material integration
for CMQOS compatibility combined with the issues of long-term field cycling behavior, retention
characteristics, and breakdown strength of the material system limits the widespread use of fer-

roelectric materials in memory applications.
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Chapter 2

Experimental methods

This chapter presents the main experimental methods relevant to the characterization of
ferroelectric thin films. In addition, an overview of the synthesis of precursors for chemical solution
deposition and a detailed description of the deposition methodologies of PZT and HfO» thin films
are outlined in the first section. In the latter part, structural characterization methodologies
for thin films, orientation, and residual strain quantification by x-ray diffraction-based methods
are discussed. Finally, electrical characterization methodologies, including reliability studies like

fatigue cycling and breakdown studies, are discussed in the last section.
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2.1 Thin film configuration

Two different electrode configurations were used to characterize the thin films used in this
study: metal-insulator-metal (MIM) and interdigitated electrodes (IDEs). The MIM geometry
includes top and bottom electrodes with a thin film sandwiched between them with the electrode
surface area A and the film thickness d. IDEs are planar electrode structures patterned and
deposited on the film surface. MIM and IDE designs are schematically depicted in Figure 2.1,
along with the electric field direction for each structure. In the case of the MIM configuration,
the field is perpendicular to the film plane. For the IDE, it is mainly parallel to the direction film

plane, with a slight curvature [184].

Top & bottom glectrodes

Electrode area (A)

a) MIM b) IDE

Figure 2.1: Schematic representation of (a) MIM and (b) IDE configuration used in the study.
The actual design of the IDE is shown in the magnified view. Adapted from [184].

The finger gap (fg) and width (fy) are the critical parameters of the IDE structures, the
importance of these dimensions is discussed in detail in Chapter 4. They were chosen in such
a way that (fg) and (fy) are greater than the film thickness (tf). The metalization ratio p =
fw/(fe+ fw) is another important parameter that should be taken into consideration to maximise
the electric field distribution in the ferroelectric layer. As there will be no field below the fingers,
this volume of the ferroelectric layer will not contribute to any charge generation. However, f
cannot be made comparable to film thickness as this would result in an uneven field distribution
between the fingers, and the feature size will be very small for the lithography process. The finger
length (f1) should also be much greater than the gap to achieve better poling and to ensure that
no stray field from the tip of the fingers influences the field in between the fingers [184, 185]. The

effective electrode area with IDEs is given by A = (2N — 1)fjt¢, where N is the total number of
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fingers for each electrode. The effective distance between the electrodes is d = f; + Af,, where
Afs = 1.32t¢: a correction factor derived for curvature and length of the field lines joining fingers
of opposite polarity, and Af, is proportional to t;. [184]. With the effective area and electrode
distance, the electric field between the fingers will be E' = V/f, + Afs, where V is the voltage

applied. The capacitance of the ferroelectric film can be derived as follows:

(2N — 1) fits

FEAf, (2.1)

C =c¢yeo

where g and e are the vacuum permittivity and the film permittivity, respectively.

2.2 Processing of thin films

The chemical solution deposition technique is used for fabricating thin films in this work. This
section will describe the methodology of solution synthesis and the deposition steps followed for
preparing PZT and HfOs thin films. Substrates like silicon, fused silica, and sapphire are used to

deposit different sets of thin film stacks.

2.2.1 Precursor solutions for PZT and Hafnia thin films

The details of the solution synthesis methodology can be found in the work of Godard et al.
[71, 186] and Schenk et al. [110] for PZT and hafnia, respectively.

Precursors of lead (1) acetate trihydrate (99.5%), titanium (1V) isopropoxide (97%), and zirco-
nium (IV) propoxide (70% in propanol), all Sigma-Aldrich, USA, were used with 2-methoxyethanol
(99.8%, Sigma-Aldrich, USA) as solvent to prepare 0.3 M of PZT solution. A similar set of pre-
cursors were adapted to prepare a 0.1 M PbTiOj3 solution, which was used as a seed layer during
the deposition process of PZT films. PbTiOgs solutions were prepared using two different solvent
systems, 2-methoxyethanol as well as 1-methoxy-2-propanol (99.8%, Sigma-Aldrich, USA), which
was proposed to be safer than 2-methoxyethanol [186]. The metal precursors of lead, titanium,
and zirconium were dissolved in 2-methoxyethanol. The mixture of modified metal precursors in
the solvent was refluxed, distilled, and diluted to obtain a 0.3 M PZT solution. A similar procedure
was adapted for PbTiO3 (PT) seed layer, where lead and titanium metal precursors were mixed in
either 2-methoxyethanol or 1-methoxy-2-propanol to obtain a 0.1M PT seed layer solution [71].
PbTiOg is used to impart {100} texture in the PZT thin films [186]. To compensate for the loss
of Pb atoms during heat treatment and preserve the final film's required stoichiometry, the PZT

and PT spin coating solutions are typically prepared with a 10% and 30% excess Pb content,
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respectively.

Metallic precursors, Hf(IV)-acetylacetonate (Alfa Aesar, 97% purity) and La(lll)-acetate hy-
drate (Sigma-Aldrich, 99.9% purity), were dissolved in propionic acid (Sigma- Aldrich, 99.5%
purity) for the preparation of La-doped Hafnia metal-organic solutions of varied concentration for
the preparation of La-doped HfO4 thin films. The hafnia solutions were prepared in two different
concentrations, 0.25M and 0.083 M, to be used for two different deposition strategies, namely

conventional and layer-by-layer routes, respectively.

2.2.2 Deposition process of PZT thin films

Thin films were deposited using the spin coating technique, and different substrates were used
for depositing PZT thin films. The substrates used for depositing PZT and HfO5 thin films are
summarized in Table 2.1. The nomenclature followed during the work referring to the different
substrates is also mentioned in the table. Transparent and non-transparent thin film stacks can be
fabricated using the given combination of substrates and electrode geometries. Fused silica and
sapphire was chosen for their thermal properties; both the substrates have a very high melting

point and can easily withstand the high crystallization temperature during PZT deposition.

Table 2.1: List of substrates with their technical details used for PZT thin film deposition in this
study

Substrate Nomen- Supplier Substrate Orientation Oxide Buffer Bottom Stack
clature PP thickness layer layer electrode
With bottom electrode (MIM)
. Pt/Si- SiOq TiO, Pt . )
1]|Si Sintef SINTEF 675pm (100) (500 nm) (20 nm) (100 nm) Si/SiO2/TiO,/Pt/PTO/PZT
. Pt/Si- SiOq HfO, Pt .
2| Si in-house SIEGERT WAFER | 725pm (100) (500nm) | (20-30nm) | (100nm) Si/SiOy/HfO,/Pt/PTO/PZT
3 | Fused silica | Pt/FS | SIEGERT WAFER | 500 pm X X (ZOljl'gf(O)rZ]m) (1O(FJ>tnm) FS/HfO2/Pt/PTO/PZT
. C-Plane HfOq Pt
4 | Sapphire Pt/SP | SIEGERT WAFER | 430um (0001) X (20-30nm) | (100 nm) SP/HfO,/Pt/PTO/PZT
Without bottom electrode (IDE)
. . SiOq HfO, .
5| Si Si SIEGERT WAFER | 725pm (100) (500nm) | (20-30 nm) X Si/SiOy/HfO,/PTO/PZT
6 | Fused silica FS SIEGERT WAFER | 500 pm P X (Qolrl;(?:m) X FS/HfO2/PTO/PZT
. C-Plane HfOq
7 | Sapphire SP SIEGERT WAFER | 430pm (0001) X (20-30 nm) X SP/HfO,/PTO/PZT

The deposition methodology developed by Godard et al. [71] for PZT thin film on platinized
silicon (Pt/Si-Sintef) wafer was followed during this work. Firstly, the as-procured wafers were
heated to 400°C on a hot plate for 5min to remove the adsorbates and cooled down to room
temperature before spin-coating. A 0.1 M PbTiO3 (PTO) solution was first deposited to be used
as a seed layer, and the spinning rate of the substrate was maintained at 3000 rpm for 30s. PTO

layer was dried at 130°C, followed by pyrolysis at 350°C on hot plates for 3 min each under
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the fume hood. Crystallization was carried out in a rapid thermal annealing furnace (RTA AS -
Master, Annealsys, France) at 700°C for 1 min in atmospheric conditions. The PTO seed layer
crystallizes as a continuous layer of nanocrystals with well-defined facets distributed across the
Pt surface, which can promote the growth and crystallization of the PZT layer in the {100}
crystallographic orientation [186]. Then the as-prepared precursor solution of PZT (Zr/Ti =
53/47) with a composition close to the morphotropic phase boundary (MPB) was deposited. The
spinning rate for PZT was also maintained at 3000 rpm for 30s to obtain a layer thickness of
approximately 40 nm per spinning step. PZT film was also subjected to drying and pyrolysis steps
identical to the PT layer. After four subsequent deposition-drying-pyrolysis cycles, crystallization
was performed in a rapid thermal annealing furnace at 700°C for 5min resulting in =170 nm
thick PZT film. These steps were repeated several times to achieve films of required thickness.
Figure 2.2 shows the schematic of the PZT thin film deposition process followed during this study.
Finally, 100 nm thick platinum was sputtered at room temperature on the PZT films to be used
as a top electrode, forming a metal-insulator-metal (MIM) geometry. The top electrodes were
patterned into circles of various diameters (from 100 pm to 2 mm) using lift-off photolithography
using direct laser writing (MLA, Heidelberg Instruments).

Spin coating Drying (130 °C) Pyrolysis (350 °C) Crystallization

Rapid thermal annealing

/% N2/02 700 °C for

—— 5min

I
= |

Substrate ¥ [ Hot plate " >~ [INHGHRIEENNN »
Precursor
solution _é?

Repeated as per the process
Repeated based on required thickness

e
—>

Figure 2.2: Schematic of solution deposition steps for PZT thin films.

Apart from the standard process involving Pt/Si-Sintef wafers, silicon (Si-in-house) wafers
with 500 nm thick SiOy (grown by wet thermal oxidation) were also used to grow PZT thin films
with and without bottom electrodes for this work. In addition, fused silica and sapphire wafers
were used to grow PZT thin film with and without the bottom Pt electrode. In order to prepare
the substrate, a 20-30 nm thick HfO layer was first deposited either using atomic layer deposition
(ALD) or CSD route. This HfO2 layer is used as a diffusion barrier layer and a buffer layer to
promote surface wetting during the deposition steps. The CSD route for using HfO9 as a buffer
layer was developed during this work. Based on the requirement for MIM geometry, 100 nm thick
platinum (Pt) bottom electrode is sputtered at room temperature onto fused silica and sapphire

wafers after the buffer layer deposition resulting in platinized fused silica (Pt/FS) and platinized
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sapphire (Pt/SP) substrates. Then the procedure mentioned above was followed for depositing
the PTO seed layer and PZT thin films of required thickness.

PZT thin film stacks without bottom electrodes were patterned with planar interdigitated elec-
trodes (IDEs) to produce transparent stacks on fused silica and sapphire wafers. The deposition
process on fused silica (following the above-discussed route) was initially developed by Glinsek et
al.[7], and it involved using ALD deposited HfOy barrier layer. The same work was also adapted
to develop a transparent PZT thin film stack on sapphire. Additionally, PZT film stacks with
CSD deposited HfO2 buffer layer was developed on fused silica and sapphire substrates. Apart
from the transparent substrates, PZT thin film stacks without bottom electrodes on Si substrate
are also developed during this work. HfOy as a barrier layer (both ALD and CSD routes) was
used for the first time on Si substrate with 500 nm SiOy layer. PZT layers were then deposited
and later patterned with IDEs. Schematics of different thin film stacks developed for this study

are shown in Figure 2.3.

£ S '

% :)’ PZT PZT PZT
o5 (500 nm) (500 nm) (500 nm)
£ 8

; % SiO2 (500 nm) STIE

1) PZT/Pt-Si-MIM 2) PZT/Pt-Si-MIM
SINTEF in-house

( ,
PZT { PZT
(500 nm) (5<:)Z:m) (500 nm)
Si02 (500 nm)
Sapphire

5) PZT/Si-IDE 6) PZT/FS-IDE 7) PZT/SP-IDE

3) PZT/Pt-FS-MIM 4) PZT/Pt-SP-MIM

Without bottom
electrode (IDE)

Figure 2.3: Schematic of various thin film stacks developed and used during this work. Note: the
dimensions are not to scale.

The circular top electrodes for MIM configuration and the planar IDEs are then patterned
on the PZT layer by the lift-off photolithography process. The samples are first cleaned and
dried, followed by thermal dehydration. A lift-off resist based on polydimethylglutarimide (LOR-
3A, Shipley) is first spin-coated and baked at 160 °C for 5min. It is followed by coating cresol
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formaldehyde resin (photo-resist layer) (51813, Shipley) and baking at 115°C for 1 min. Then the
photo-resist is exposed to UV illumination by a direct laser writing instrument MLA 150, (Heidel-
berg Instruments) and developed in tetramethylammonium hydroxide-based developer (MF-319,
Microposit) for 40-50's to remove the exposed part of the photo-resist and generate an undercut
in the lift-off resist [187]. Next, the developed samples are sputtered with a Pt layer at room
temperature for 3min 40s with the sputtering power of 200 W to achieve a thickness of 100 nm.
The deposition chamber is maintained under a pressure of 2.1x1072 mbar with 15sccm argon
flow. It is followed by a lift-off step, where the samples are soaked in a resist remover N-methyl-
2-pyrrolidone (Remover PG, MicroChem) to remove the unexposed resist along with the metallic
layer. This leaves the Pt-layer on the exposed part of the resist intact to realize the required IDE

design. The sample is then finally rinsed off with solvents and dried. Figure 2.4 shows a simple

AL

thin film
S - S - - B

. LOR 3A Shipley 1813
Substrate cleaning . . . . UV exposure
deposition + baking deposition + baking

schematic explaining the steps of the lithography process.

[
<
L

development

Pt deposition

lift off

Figure 2.4: Schematic of the process steps followed during lithography for IDE patterning.
Adapted from [188, 189]

The MIM and IDE electrodes on all film stacks are finally annealed (post-annealing) at 400 °C
for 10 min on hot plate. Based on the need, 80-100 nm thick layer of polymer resist (SU8 3005)

is deposited on the surface of the films with IDEs. SU8 is spin coated on the samples at 10000



rpm for 1 min. The SU8 layer is then exposed to UV illumination (1200 mJ/cm?) with a negative
pattern of the used IDE design. After the UV exposure, the sample is heated at 95°C for 1 min
on hot plate at a heating rate of 450°C/hr, and developed in MF-319 for 40-50s to remove the
unexposed part of SU8. Following this, the patterned SU8 is cured at 150°C for 30 min. The
SU8 layer is mainly used to prevent the interdigitated electrode fingers from getting short-circuited
during the application of high fields. Therefore, the interdigitated portion of the IDEs with SU8 is

exposed to UV illumination and later developed to remove the unexposed part of the SU8 layer.

2.2.3 Deposition process of Hafnia thin films

Two different deposition routes, namely conventional and layer-by-layer (L/L) methodologies,
were followed for depositing HfO2 thin films. La (5%) doped HfO2 solutions of two different
concentrations (0.25M and 0.083 M) are used to spin coat on pre-cleaned Pt/Si wafers. The
spinning rate is maintained at 3000 rpm for 30's, to obtain a single layer thickness (SLT) of 15nm
with a 0.25 M solution for conventional route and SLT of 4-5nm with a 0.083 M solution for films
deposited by L/L route for each spinning step. The substrate coated with the precursor solution
was subjected to a drying step at 215°C for 5min. For the conventional route, the spin coating-
drying step is repeated 3 times to achieve a film thickness of 45 nm after the crystallization step.
For the L/L route, crystallization is performed after each spinning and drying cycle. Irrespective of
the deposition route, the films were crystallized by rapid thermal annealing at 800 °C for 90s in a
1:1 atmosphere of Ar and O2. The L/L process was repeated 11 times to obtain a film thickness of
45nm. The schematic of the HfO, deposition process is shown in Figure 2.5. Both conventional
and L/L samples are subjected to a post-annealing step after top Pt-electrode deposition. Post-
annealing is typically performed to improve the interface between the ferroelectric thin film and

the metallic top electrode.

Spin coating Drying (215 °C) Crystallization
/ Rapid thermal annealing
% Ar/0O2 800 °C for90 s

= I

Substrate —> Hot plate —>

Precursor
solution : !
AA “ i
i Conventional route !
Repeated as per the process |

Layer by layer route
Repeated based on required thickness

Figure 2.5: Schematic of solution deposition steps for HfO5 thin films.
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2.3 Structural characterization

2.3.1 XRD

The crystal structure and phase fractions of the given polycrystalline thin films are identified
by means of x-ray diffraction. The atoms in a crystal lattice are arranged in a periodic array with
long-range order. When probed with X-rays of wavelength (\) that are similar to the distance
between atoms in a crystal, diffraction can occur. The incident x-rays with the incident angle
(0) are scattered, producing constructive interference at the angle (26), resulting in diffraction
patterns. These diffraction patterns contain information about the atomic arrangement within the
crystal. This phenomenon of diffraction is based on Bragg's law, which correlates the diffraction
angle to the interplanar distance of the diffracting crystallites, which is given by the equation 2.2
where 7 is the order of reflection, (d(i)) is the inter-planar distances of the (hkl) lattice plane

and (0) being the Bragg's angle of diffraction as shown in Figure 2.6.

ni = Qd(hkl) sin Q(hkl) (22)

incident S diffracted
A beam

Figure 2.6: Principle of Bragg's diffraction, from [190].

The classical 0-26 setup and grazing incidence X-ray diffraction (GI-XRD) geometry setup are
used based on the thickness of the thin film stacks under investigation. The grazing incidence
geometry is used explicitly for thin and ultra-thin films, where the incident angle is fixed to a
small angle (0.5 — 2°) to limit the penetration depth to maximize the information from the
thin films. Caution has to be taken when reporting the GIXRD diffractogram, as the lattice
planes contributing to the measured signal are not always parallel to the sample surface, and their
orientation continuously changes during the measurement. XRD measurements in this work were

performed using a Bruker D8 Discover diffractometer with a 5-axis cradle and a copper anode
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X-ray source (Acu(Kq)=1.54184A). The 6 — 26 scans are used for investigating PZT thin films,
and grazing incidence scans with 0.5° incident angle were used mainly for HfOs thin films.

For a polycrystalline thin film sample, the Lotgering factor method [191] is used to determine
the orientation factor from the measured x-ray diffractogram. The orientation factor for a given

family of reflection xyz at a certain 20 angle can be calculated by the given expression:

- P Z I:v z Z IS z
— oz D Py, = Y d Py= 4 2.3
facyz were TYZ Z Tnit an 0 z I}?kl ( )

> 1y is the sum of the intensities of the (xyz) reflections of the oriented sample, while
> Ipki is the sum of all the (hkl) intensities of the oriented sample. Similarly, ZISyZ is the
sum of intensities of the (zyz) reflections of a randomly oriented reference powder sample, while
S ID,, is the sum of all the (hkl) reflections of the reference (which is typically available from
the ICDD database). The orientation factor f can vary from 0 for a randomly oriented sample to
1 for a perfectly oriented sample. The higher the value indicates, the better the orientation of
the film in that particular direction. However, the Lotgering factor method has its limitations: it
cannot provide any information about the in-plane orientation, it is not linear, and the orientation
factor calculated for the same diffraction spectrum is shown to vary as a function of the selected

reflections used in the calculation, and the degree of orientation calculation is only qualitative

[192].

2.3.2 Strain measurement through XRD by modified sin?(z)) method

Residual stresses in thin films can result from epitaxial strain due to the lattice mismatch
between the substrate and the film, growth stresses, and thermal strain because of the difference
in thermal expansion coefficient mismatch between the substrate and the film. For non-epitaxial
films in this work, only the strain from thermal mismatch is considered. During the crystallization
process, when the film is cooled down from the highest temperature, the difference in thermal
expansion coefficient causes the substrate and the film to cool down at a different rate. This

difference results in residual stress in the film, which can be expressed as

Y Y
X €=
1—Vf 1—Vf

O = X (os —ag) x (T —Ty) (2.4)

where Y¢ and vy are the Young's modulus and Poisson ratio of the film. «, and oy are the
thermal expansion coefficient of the substrate and film, respectively. T and T; denote the film

crystallization and room temperature, respectively. The stress values obtained from the above
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approximation can be slightly higher than the actual value because the film is assumed to be
at zero stress during crystallization, which need not be the case. In addition, the temperature
dependence of the thermal expansion coefficient of the substrates and the film and stress relaxation

due to domain formation during cooling through the Curie temperature is not considered.

a) incident beam b)
(x-ray tube)
surface normal ) i
exiting beam e
(detector) @ rotation C D

wilt

Figure 2.7: Schematic representation of (a) measurement geometry for modified sin?(1) approach
and (b) variation of d-spacing for different stress o probed at different ¢ tilts. Adapted from [193,
194].

Therefore, a modified sin?(1)-approach as described by Schenk et al..[193] was used to quan-
titatively determine the in-plane stress 011 and out-of-plane stress o33 in the thin films. In the
XRD measurement, 6 - 20 scans of certain {hkl} peaks are performed for different tilt angles
1. The schematic of the measurement geometry illustrating various angles in XRD is shown in
Figure 2.7. One can plot the shift in 20 peak position of {hkl} family of planes with varying
values. This shift is due to substrate-stress induced lattice strain v, can be calculated from the

corresponding lattice plane spacing d, according to the equation below.

_dy—do

A [y11 — 733] X sin® (1)) + 33 (2.5)

Ve

where dg is the unstrained reference lattice plane spacing and 11 and 33 are the in-plane
and the plane-normal strain components, respectively. If the Poisson ratio v is known, one can
substitute 11 for y33 and obtains
(1+v 2v

B (1—1/; X 1 x do x sin? (1) + [1 -

Then the values of dj; vs. sin?(¢) can be plotted and it will show a linear behavior. Solving

’711] X do (26)

1—v

the equation system composed of axis intercept n and slope m of a linear fit of that plot, gives:

(I+v)xn+2xvxm
1+v

do = (2.7)
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(I—v)xm
1+v)xn+2xvxm

Y11 = ( (28)

This approach guarantees a self-consistent set of strain and stress values respecting basic mechan-
ical principles such as out-of-plane stress o33 = 0. Often, the lattice parameters did not agree
with powder diffraction files, and a proper reference was not readily available [193]. Therefore,
this reference-free modified approach relied on the elastic constants of the materials, i.e., the
Poisson ratio (v) for the calculation of strain and Young's modulus (Y) for the subsequent trans-
formation into stress values (in-plane stress (o11) and plane-normal stress (o33)). The impact of
uncertainties in v and Y on the strains and stresses in the range of a few percent or a few tens of

percent was significantly lower than expected from variations in dg from a powder diffraction file.

2.4 Scanning Electron Microscopy

The scanning electron microscopy (SEM) utilizes a focused electron beam to scan the speci-
men's surface systematically and allows for the observation and imaging of microstructural features
that cannot be resolved by an optical microscope. The electrons interact with the given sample
in different ways resulting in elastic and inelastic scattering producing backscattered electrons,
secondary electrons, Auger electrons, x-rays, and cathode-luminescence. All of these signals can
be used to form the image or perform elemental analysis of the sample. The secondary electrons
mode was mainly used during this work to create a topographical image of the samples. Mi-
crostructural characterizations of the surface and cross-sections of the thin films are performed
using a Helios NanoLab 650 scanning electron microscope (FEI, USA) in this work. Thin film
samples are cleaved and mounted on the specific stubs for cross-sectional and surface imaging.
For the films on non-conductive substrates, a very thin layer (5-10 nm) of platinum is sputtered

to avoid the accumulation of surface charges when under an electron beam.

2.5 Electrical characterization

Electrical characterization for a ferroelectric thin film capacitor refers to measuring its ferro-
electric and dielectric properties, namely polarization, permittivity, and losses. In addition, reliabil-
ity studies, including the polarization degradation during fatigue cycling and dielectric breakdown,
are also considered. Ferroelectric thin film analyzer aixACCT TFA 2000 was used for all these

measurements. Probe tips are used for contacting the top and bottom electrodes; for a MIM
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sample, contact for the bottom electrode was established using silver paint along the sides of the
substrates. Contact pads are specifically designed for the planar IDEs to allow for the ease of
contacting the fingers of positive and negative polarity with the probe tips.

A virtual ground method is used for measuring the polarization current, and the current is
integrated over a given time of the application of an oscillating field. This measurement method
shields the capacitor from any back voltage and parasitic capacitance from the cables. The virtual
ground method uses an operational amplifier whose inverting input is connected to the output
of the current to voltage converter through a feedback resistor and the ground. The voltage
is measured as the difference between the output of the operational amplifier and the ground
(the non-inverting input). The voltage difference between the inverting and non-inverting input
is ideally zero or negligible; therefore the capacitor under measurement is connected to a virtual

ground [195].

2.5.1 Capacitance measurement

For a classical capacitor arrangement with a dielectric material sandwiched between two metal
plates, the capacitance of the dielectric layer is given by the ratio of the charges at the surface
to the applied voltage 6QQ/6V. The generated charge is given by @ = AD, where D is the

displacement, and A is the area. The dielectric displacement is given by

D=c¢E+P (2.9)

where ¢ is the dielectric permittivity given by the product of vacuum permittivity €9 and the
relative permittivity €, of the material under investigation, and P is the polarization. Electric field
(E) is the measure of the voltage applied over the thickness of the dielectric layer. For a pure
dielectric response of the material, the polarization is proportional to the electric field in a linear
approximation given by

P =¢cox.F or D = egpe, E (2.10)

were X is the dielectric susceptibility, it is related to the relative permittivity by x = ¢, — 1.
Therefore, the capacitance and permittivity of the given dielectric (ferroelectric) material can be
rewritten as,

_AMD A d

-7 _ = = 2.11
C 150 deger and e, Aeoc ( )
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Permittivity hysteresis (can be referred to as small signal measurements) is obtained by mea-
suring the small signal current response of the material. It gives information about the reversible
parts of polarization and the switching process. It is performed by applying a high frequency (in
the order of kHz) AC signal of small amplitude superimposed over a DC bias signal. The DC bias
signal is applied in a step-by-step fashion, and it is cycled through the hysteresis loop. The small

signal measurement sequence is shown schematically in Figure 2.8(a).

a) b) ‘
3l
™ z
Vi 1V >
awl o £ o
Vi ™0™ £ °
PO T N 1 I PO AR - ©
W -vi }i H H H iwvt> g L -
wio W 2
I I ——
| ke
[ []
an) 14

Electric field (kV/cm)

Figure 2.8: (a) Excitation signal for C-V (small-signal) measurement and (b) permittivity hys-
teresis (¢, — E) loop as a function of bias field.

The capacitance values are then derived from the AC small signal current response of the
sample and expressed as a function of the DC bias field. The permittivity values can be calculated
from the capacitance. The loss tangent, a value indicating the measure of dielectric loss, is also
usually recorded. As the relative permittivity (e, = e + jsu) is usually expressed as a complex
quantity, where the real part (E/) corresponds to the electrical energy stored in the material,
and the imaginary part (¢) corresponds to the energy dissipated by the material (losses) [55].
Therefore, the loss tangent is expressed as the ratio of imaginary to the real part of the permittivity

4

(tand = 58—,) The permittivity hysteresis exhibits a signature butterfly-shaped loop shown in
Figure 2.8(b). As the field is cycled through, the permittivity response at zero fields is recorded
to be used as a characteristic value of the material. The maxima are seen around the coercive

(+E. and -E,) field values, where the domain switching happens.

2.5.2 Polarization measurement

Polarization hysteresis measurement is performed by applying a triangular voltage signal

(shown in Figure 2.9(a)) at a given frequency and continuously recording the polarization current
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Figure 2.9: (a) Excitation signal for P-E hysteresis measurement, (b) polarization hysteresis loop
measured for a single triangular excitation signal.

response. For an ideal, non-leaky ferroelectric capacitor, polarization can be given by:
1 At
A/ i(t) dt = P(At) — P(0) = AP (2.12)
0

Here, AP is the change in polarization over time (At). The polarization hysteresis loop in
Figure 2.9(b) is obtained by representing P as a function of the electric field E. The remanent
polarization (+/-P,), maximum polarization (+/-Pmax), the saturation polarization (+/-Fs), and
the coercive field values (+/-E;) are indicated in Figure 2.9(b). The shape of the hysteresis loop
depends on the frequency at which it is measured. The shape of the loop is altered based on

defect chemistry, dopants, mechanical stresses, and poling history [60, 196].

2.5.3 Fatigue measurement

‘Fatigue’ refers to the degradation of material properties under cycling. In the context of
ferroelectric materials, it typically refers to the degradation of piezoelectric coefficients, remanent
polarization, or electrical permittivity under cyclically varying electric fields. The fatigue cycling
is performed by applying a bipolar or uni-polar excitation signal at a given frequency for several
hundred to million cycles. However, the shape and sequence of the excitation signal can be
varied to match the specific application requirement. Polarization and permittivity hysteresis is
measured in situ at regular intervals during the fatigue cycling to monitor the evolution of material
properties. The cycling signal amplitude, frequency, waveform, and the number of switching cycles
are chosen in a way that replicates the desired operating conditions. The results of fatigue cycling
point to the lifetime of the material or device under test. Usually, higher frequency and cycling
amplitudes are chosen to demonstrate the degradation of material properties within a reasonable

measurement time, and later the results are extrapolated to the operating conditions. Care must
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be taken when choosing a higher frequency for fatigue cycling. One must ensure that there will
be complete switching at a higher frequency and monitor the limitations of the measurement
device to deliver higher driving power. The schematic of the fatigue measurement sequence and
an example of remanent polarization degradation of PZT thin film on Si substrate from this study

are shown in Figure 2.10.
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Figure 2.10: Excitation signal for (a) fatigue measurement with bipolar pulses with hysteresis
measurement at regular intervals, adapted from [195] (b) Typical result of a fatigue measurement
depicted as the remanent polarization versus log cycles of the excitation signal.

2.5.4 Breakdown measurements

In the context of ferroelectric materials, breakdown refers to the dielectric breakdown under
the application of a large enough electrical field. The dielectric breakdown strength is governed by
the material’s intrinsic strength or by the presence of defects and free charge carriers. Breakdown
tests are often designed and adapted to understand the effect and mechanism that drives the
dielectric breakdown in a given material. There are two ways in which the material's breakdown
characteristics can be measured: applying a constant voltage over a period of time and monitoring
the evolution of current or applying linearly varying voltage (staircase mode) until the material
breaks down. Figure 2.11 shows different breakdown testing sequences.

Both test scenarios can be used to determine the statistical distribution of breakdown strength
as a function of applied voltage and current or to estimate the time to breakdown for a given
driving condition. During the constant voltage stress (CVS) measurement, the time to breakdown
(tpq) value is determined by collecting the leakage current over time which can also be monitored
evolution of charge and recording charge to breakdown (Qpg). The dielectric breakdown is marked
by a sudden jump in the current value due to a short circuit. With the linear ramp voltage
stress test (LRVS), the breakdown voltage (V44) is determined by monitoring the current at each
voltage step and a sudden jump in the current value over a few orders of magnitude indicates the

breakdown. It is essential to understand that the breakdown test scenarios have to be defined
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Figure 2.11: Different breakdown measurement types used in this study for (a) Linear ramp
voltage stress (LRVS) and (b) Constant voltage stress test (CVS). Adapted from [197]

clearly to meaningfully predict the breakdown conditions and mechanism. For example, with CVS
measurement, it is important to indicate the number of capacitors tested, location of the capacitors
on the given wafer, temperature conditions, poling history, etc. For an LRVS test, it is important
to precisely define the mode of operation, ramp rate (step size and width), temperature conditions,
poling state, or history. Often the geometry and type of the electrode also play an important
role. The breakdown tests can also be performed in an accelerated way, either by applying higher
voltages than the operating voltage or testing the capacitors at elevated temperatures. Under
these accelerated conditions, the voltage or temperature dependent breakdown strength can also

be determined.
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Chapter 3

Effect of thin film deposition process
on structural and ferroelectric
properties of solution deposited PZT

thin films

The influence of deposition parameters on structural and ferroelectric properties of PZT thin
films is discussed in this chapter. PZT films are deposited on different substrates, and the process
parameters like pyrolysis and annealing temperature are changed to understand the variations
in microstructure and their impact on polarization and permittivity. The film's crystallographic
texture, grain size, and morphology are compared to arrive at the optimal processing conditions.
PZT thin films are deposited with seed layers prepared with two different solvents to study the
effect of the seed layer on the texture of the film. Furthermore, a solution deposited HfO,
buffer layer was developed to replace the ALD deposited HfO5 layer. The properties of PZT thin
films deposited on substrates with CSD-HfOy are compared with the film with the ALD-HfO,
layer. Results of microstructural and ferroelectric characterization from all the experiments are
compared. Samples with suitable texture and better ferroelectric properties are chosen for further

experiments and reliability studies, which will be discussed in the forthcoming chapters.
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3.1 PZT thin films on platinized Silicon (Pt/Si) wafers

3.1.1 Variation of pyrolysis and annealing temperature

The initial development of CSD based process route for PZT thin film was done on platinized
silicon (Pt/Si-SINTEF) substrate. The precursor solutions and the deposition process developed
by Godard et al. [71] (as outlined in the experimental methods chapter) are followed for this study.
The importance and influence of pyrolysis and annealing temperature on the microstructure were
discussed in Chapter 1. The microstructural evolution is nucleation mediated, and nucleation
can be homogeneous or heterogeneous. Heterogeneous nucleation starts from the surface or the
interface between the substrate and the film. It is also governed by the processing conditions
such as heating rate, annealing temperature, and annealing atmosphere. Here, the pyrolysis and
annealing temperatures are modified to understand the texture and grain size evolution. It was
postulated that the changes in grain size could change the way in which the ferroelectric material
can degrade during fatigue cycling [198]. Therefore, the texture and grain size evolution are com-
pared for a different combination of pyrolysis and annealing temperatures for the films deposited
with and without the PbTiO3 (PTO) seed layer prepared using 2-methoxyethanol (2MoE-PTO).

As a first step, the thin film samples deposited on Pt/Si are subjected to different pyrolysis
temperatures from 300°C to 450°C, and the annealing temperature is maintained at 700°C.
Later the pyrolysis temperature is maintained at 350 °C, and the annealing temperature is varied

between 700 and 800°C. XRD and SEM analysis was performed on all these samples. It can
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Figure 3.1: X-ray diffractogram of PZT thin films with 2MoE-PTO seed layer on Pt/Si-SINTEF
(a) pyrolyzed at different temperatures and annealed at 700 °C, and (b) films pyrolyzed at 350 °C
and annealed at different temperatures. *-indicates substrate peaks.

be observed from Figure 3.1(a) that changing the pyrolysis temperature did not change the film
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texture from being oriented in {100} direction to any considerable extent, and there is no evidence
of secondary phases from the X-ray diffractograms. Whereas, from the SEM images in Figure 3.2,
it can be observed that there was an increase of secondary phases (pyrochlore) on the surface of
the films with increasing pyrolysis temperature without any noticeable change in grain size. The
average grain size estimated by the line analysis method for all the PZT samples is in the range
of 80-110 nm. The pyrochlore is limited only to the surface of the samples, and it could be due
to the loss of Pb during processing; higher temperature leads to more Pb loss. Increasing the
annealing temperature to 800 °C with the constant pyrolysis temperature of 350 °C changed the
film texture, which can be seen in Figure 3.1(b). The intensities of {100} and {200} peaks are
lower, and the sample appears to be more randomly oriented. Cracks are also visible on the film
surface, and that can be observed from the SEM images in Figure 3.3. The annealing temperature
was already at the upper limit of the processing temperature for silicon wafers. It was evident
that annealing at 800°C can induce cracking of films due to deformation of the Si substrates.
Increasing the pyrolysis temperature above 350 °C can also increase the secondary phases on the

surface.

Pyrolysis 300 °C Pyrolysis 350 °C

a)

Pyrolysis 400 °C Pyrolysis 450 °C

Annealing temperature 700 °C

Figure 3.2: SEM topography images of PZT thin films with 2MoE-PTO seed layer on Pt/Si-
SINTEF pyrolyzed at different temperatures and annealed at 700 °C.
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Annealing temperature 700 °C Annealing temperature 800 °C

Pyrolysis 350 °C

Figure 3.3: SEM topography images of PZT thin films with 2MoE-PTO seed layer on Pt/Si-
SINTEF pyrolyzed at 350°C and annealed at (a) 700°C and (b) 800°C. No grains were visible
on the cracked surface in (b).

3.1.2 Effect of PTO seed layer
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Figure 3.4: X-ray diffractogram of PZT thin films without 2MoE-PTO seed layer on Pt/Si-SINTEF
(a) pyrolyzed at different temperatures and annealed at 700 °C, and (b) films pyrolyzed at 350 °C,
and annealed at different temperatures.

The next set of experiments is devised with the idea of removing the PTO seed layer. It could
be noticed from the XRD patterns in Figure 3.4(a) that the film texture changed from being
{100} oriented to a random orientation, where the intensities of {100} peaks are reduced and all
the other PZT peak intensities are increased equally. In comparison to the films with a seed layer,
grain sizes also increased (400-600 nm) when the pyrolysis temperature was increased, but not
monotonically. Although the grain sizes increased for the samples without seed layer pyrolyzed
above 400 °C, several clusters of secondary phases could be observed on the film surface as shown

in the SEM images in Figure 3.5. These secondary phases would be detrimental to the ferroelectric
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properties of the resulting PZT films. Increasing the annealing temperature to 800°C without
seed layer also altered the film texture and increased the surface pyrochlore on the film as seen

in Figures 3.4(b) and 3.6.

Annealing temperature 700 °C
Pyrolysis 350 °C Pyrolysis 400 °C
b)

Pyrolysis 450 °C

Figure 3.5: SEM topography images of PZT thin films without 2MoE-PTO seed layer on Pt/Si-
SINTEF pyrolyzed at different temperatures and annealed at 700 °C.

To summarize the results of the above experiments, the presence of the seed layer is essential
to preserve the required texture (i.e., {100} orientation) of the PZT films. Increasing the pyrolysis
temperature beyond 350 °C without the PTO seed layer increased the secondary phases, although
there was an increase in grain sizes due to abnormal grain growth. On the other hand, the
annealing temperature could not be increased beyond 800 °C due to the limitation of the processing
temperature of Si wafers and the risk of running into practical difficulties of breaking the wafers
in the annealing chamber. So, it was understood that the grain size could not be increased
without a compromise in ferroelectric properties, which may again be less helpful in increasing the
resistance to degradation of switchable polarization during fatigue cycling experiments. Therefore,
the pyrolysis temperature of 350 °C and the annealing temperature of 700 °C with the PTO seed
layer are chosen for further course of PZT thin film deposition in this study.

The XRD, SEM, and ferroelectric behavior of 500 nm thick PZT film on Pt/Si-SINTEF that
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Annealing temperature 700 °C Annealing temperature 800 °C

500 nm

Pyrolysis 350 °C

Figure 3.6: SEM topography images of PZT thin films without 2MoE-PTO seed layer on Pt/Si
annealed at different temperatures and pyrolyzed at 350 °C.
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Figure 3.7: X-ray diffractogram (left), and SEM surface (top right) and cross-section (bottom
right) images of PZT thin film on Pt/Si-SINTEF.

are prepared following the chosen condition are shown in Figure 3.7. It can be observed from the
XRD plot that the PZT film on Pt/Si is preferentially oriented in {100} pseudo cubic direction.
Furthermore, a dense and columnar microstructure without any secondary phase is observed from
the surface and cross-section SEM images. The ferroelectric properties were comparable to the
state-of-the-art CSD-based PZT films grown on Pt/Si with P, of 12-15 uC/cm?, Py, of 30-32
©C/cm? and E. around 50 kV/cm. [74, 199, 200].
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3.2 PZT thin film on fused silica and sapphire substrates with

bottom electrodes

The naming convention for the films with and without bottom electrode are followed using the
electrode configuration (MIM or IDE) and the convention for indicating the substrate on which
the PZT was deposited. For example, the PZT film on fused silica with and without a bottom
electrode is referred to as PZT /FS-MIM and PZT /FS-IDE, respectively. Similar conventions are
followed for other substrates with respective electrode configurations throughout the course of
this thesis.

Further to add to the above combinations, PZT thin film stacks on fused silica and sapphire
substrates with Pt bottom electrodes were also developed during this study. HfOq buffer layer was
deposited first on the wafers by ALD, and a 100 nm thick platinum was subsequently sputtered
onto the substrates at room temperature to be used as a bottom electrode. A 500 nm thick PZT
is then deposited after Pt deposition. The details of the deposition sequence were discussed in
Chapter 2 already. Figure 3.8 shows a plot of x-ray diffractogram of PZT films on platinized fused
silica (Pt/FS) and sapphire (Pt/SP) compared with film on Pt/Si. Surface and cross-section
SEM images of these films were also shown in Figure 3.8. The films are dense and columnar
without any sign of porosity and secondary phases in bulk. Surface pyrochlore is seen on the
PZT/FS-MIM film and is comparable to the films on Pt/Si pyrolyzed at 400 °C, as shown in the

previous section.
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Figure 3.8: XRD patterns (a) and SEM cross section (b, c) and surface images (d, ) of the PZT
films with bottom electrodes on different substrates pyrolyzed at 350 °C and annealed at 700 °C.
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3.3 PZT thin film on Si, fused silica and sapphire substrates with-

out bottom electrodes

The deposition route for growing PZT thin film on fused silica substrate without a bottom
electrode was initially developed by Glinsek et al. [7], following similar processing conditions pro-
posed by Godard et al. [71]. One key difference in the work of Glinsek et al. [7] is the development
of a PZT thin film stack without bottom electrodes to be used with planar interdigitated elec-
trodes (IDEs). ALD deposited HfO2 was used as a diffusion barrier layer between the substrate
and the PZT film to prevent the diffusion and reaction of lead with SiOy forming lead silicates.
The same strategy is used in this work for growing PZT on the fused silica substrate without
a bottom electrode. As an extension, silicon and sapphire substrates were also explicitly used
for this work to deposit PZT thin films without bottom electrodes, following the methodology
outlined in the work of Glinsek et al. [7].

However, using Si substrates with only 500 nm thick SiO2 (as procured from SIEGERT),
along with HfO4 diffusion barrier layer to deposit PZT film was developed for the first time during
this work. The Si substrate acts as a floating electrode when used without a thicker insulating
oxide layer or a bottom electrode. However, even with a thicker oxide layer, a diffusion barrier
layer is still needed to prevent the inter-diffusion of metallic atoms while depositing thin films.
Also, growing a thicker oxide layer in-house needs a special process to be developed. Therefore,
using a dielectric HfOo layer not only acts as a diffusion barrier layer but also proved beneficial
in our case by partially insulating the effect of the floating Si electrode. This process allowed
for efficiently integrating PZT thin film on Si wafer and operating it with planar interdigitated
electrodes. However, the IDE design had to be optimized for using it with the PZT film on the
Si substrate. A schematic of the PZT stack on Si substrates is illustrated in Figure 3.9.

The XRD patterns of PZT films on Si, fused silica, and sapphire substrates are shown in
Figure 3.10. All the films are preferentially oriented in {100} direction and the SEM images in
Figure 3.11 show dense and columnar microstructure with comparable grain sizes.

Surface pyrochlore was often observed on these films due to the loss of Pb during processing.
As discussed above, the drying (130 °C), pyrolysis (350 °C), and the crystallization (700 °C) were
performed at the same temperature for PZT films on all the substrates. However, the presence of a
secondary phase only for PZT on fused silica and not on PZT on Si or sapphire could be attributed
to the difference in thermal conductivity of the substrates. For example, thermal conductivity

of sapphire (23.2 — 30 W/m-K) [201] is much higher than the thermal conductivity of silicon (3
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Si02 (500 nm)

Figure 3.9: Schematic of PZT thin film stack on Si substrate with IDEs, thicknesses of each layers
are also indicated. Note: the layers are not to scale.

W/m-K) [202], and fused silica (1.38 W/m-K) [203]. From the view of the thin film crystallization
process that has been reported in some of the works related to sol-gel deposited PZT thin films
[204-206], crystallization often proceeds through the formation of an intermediate disordered
fluorite phase exhibiting a pyrochlore structure. This intermediate phase is then transformed
into the thermodynamically stable perovskite phase at higher temperatures. In some cases, the
pyrochlore phase can be stabilized where the loss of volatile cations (Pb) is more pronounced due
to variations in crystallization temperature, thermal profile, annealing atmosphere, etc. In the
current scenario, the differences in the overall thermal profile that can arise due to the difference
in thermal conductivities of the substrates can be a reason that some surface pyrochlore is seen

on PZT on fused silica but not on others.

3.4 Influence of diffusion barrier layer on PZT thin film texture

The need and importance of a diffusion barrier layer for a PZT thin film stack were discussed
in Chapter 1. Based on the preliminary results on the use of ALD deposited HfO4 as a diffusion
barrier or buffer layer, a CSD-based route for the deposition of HfO, is developed. This idea
is to make the entire stack development process more cost and time efficient. Several research
groups have already demonstrated growing HfOs thin film by CSD route [107, 207-209] for using
it not only as a high k-dielectric layer but also as a ferroelectric material. The work of Schenk et
al. [110] was followed for the deposition of HfOy by spin coating (also explained in the previous
chapter). The CSD deposited HfOq layer is annealed at 700 °C for 90s in 1:1 Ar/O2 atmosphere
in contrast to the ALD deposited HfO5 layer, which is annealed at 700°C for 300s in ambient

condition. After the deposition of the HfO5 layer, the usual processing route explained earlier
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Figure 3.10: XRD patterns of the PZT films without bottom electrodes on different substrates
pyrolyzed at 350°C and annealed at 700 °C. *-indicates substrate peaks.

is followed to deposit PZT thin film with or without the bottom electrode. It is also worth
mentioning that having ALD/CSD deposited HfO2 layer allowed the use of Si wafer with 500 nm
thick oxide layer to be sputtered with sputtered Pt-bottom electrode (Si/SiO2/HfO2/Pt) for MIM
configuration opposed to the use of Pt/Si wafer from SINTEF, thus making the process, even
more, cost-effective. This resulted in an equivalent set of thin films with the diffusion barrier layer
deposited by the ALD or CSD route. The XRD patterns of all these films in comparison to the
ones with ALD-HfOq are shown in Figure 3.12.

The analysis of the XRD patterns in Figure 3.12 showed that the film stacks with Pt bottom
electrode did not show any considerable difference in their respective textures. There were only
slight improvements in the texture for the film on Pt-FS with the ALD-HfOy and Pt-SP with
the CSD-HfO3. On the other hand, the films without the bottom electrode showed noticeable
changes in their textures between the stacks with ALD and CSD deposited diffusion barrier layer.
PZT films on all the three substrates showed an improved texture in the {100} direction with the
ALD-HfO4 layer. The ferroelectric properties were not considered for analysis and comparison

until this point, as the interest was mainly to reduce the processing time and the cost involved in
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Figure 3.11: SEM cross section (a, b, c) and surface images (d, e, f) of the PZT films without
bottom electrodes on different substrates.

developing a CSD-based route for PZT thin film deposition without compromising the structural

properties of the film.

3.5 Variation of PTO seed layer solutions

The PbTiO3 (PTO) seed layer solution is modified using a safer solvent, and their impact
on crystallographic orientation and ferroelectric properties are analyzed. A safe solvent route for
the synthesis of the PTO seed layer was first proposed and developed by Godard et al. [186] for
replacing the widely used 2-Methoxyethanol (2MoE) solvent with a relatively safer 1-Methoxy-2-
propanal (1IM2P). A seed layer is typically used to impart a specific crystallographic orientation
to the thin films, although the substrate and the bottom electrode may dictate other orientations
[210]. For example, the platinized silicon substrate usually promotes the {111} PZT orientation,
whereas using a PTO seed layer promotes the {100} orientation in the PZT film [4]. A seed layer
also provides the benefit of processing the thin films at a lower temperature [211]. The 2MoE and
1M2P share a similar organic backbone with a variation in their functional substituent groups.
However, 1IM2P results in a less harmful by-product after thermal decomposition by the end of
the pyrolysis step. The combined effect of well-defined facets of crystallized nano-islands and
the improved orientation of the IM2P-PTO seed layer was hypothesized to promote an improved
texture in the {100} orientation for the PZT film [186]. Therefore, the IM2P-PTO seed layer is
used to improve the texture and the ferroelectric properties of the PZT films.

A comparative analysis of X-ray diffractogram and ferroelectric characterization results for the
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Figure 3.12: XRD patterns of PZT films deposited on different substrates (a), (b) & (c) with and
(d), (e) & (f) without bottom electrode, deposited with ALD-HfO2 (A-Hf) and CSD-HfO9 (C-Hf)
diffusion barrier layer to deposit the rest of the thin film stack. *-indicates substrate peaks.

PZT film on Pt/Si-SINTEF wafer are presented in Figure 3.13. The film with the 1IM2P-PTO
seed layer showed a stronger orientation and an improved texture in the {100} direction compared
to the film with the 2MoE-PTO seed layer. The remanent and maximum polarization values are
in a comparable range for both the films, and the permittivity and loss values also correspond
closely to each other. With these results as a reference, seed layer solutions are also varied for
the deposition of PZT on fused silica, sapphire, and in-house developed Si substrates with and

without bottom electrodes to understand the influence of seed layer solutions on the structural

and ferroelectric properties.

3.5.1 Influence of 2MoE-PTO and 1M2P-PTO seed layer solution on the texture
of PZT thin films

As discussed above, PZT thin films were deposited on three different substrates with and

without Pt bottom electrodes. Now a new set of PZT thin film stacks with a 1M2P seed

layer is also developed on all the substrates to create a combination of better possible texture

and ferroelectric properties. The XRD patterns, polarization, and permittivity measurements are
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Figure 3.13: (a) X-ray diffraction patterns, (b) and (c) ferroelectric characterization results for
the PZT film on Pt/Si substrate with 2MoE and 1M2P-PbTiO3 seed layer. *-indicates substrate
peaks in (a). P-E loops recorded at 100 Hz and e33-E loop recorded at 1 kHz small-signal
frequency.

compared among the films on similar set substrates with different seed layers (IM2P-PTO or
2MoE-PTO), and the ones with a good combination of texture and ferroelectric properties are
chosen for further investigations.

Figures 3.14, 3.15, and 3.16 compares the X-ray diffractograms, polarization hysteresis P(E),
and permittivity measurements e33(E) of the films with 2MoE and 1M2P-PTO seed layers de-
posited on each substrates with and without bottom electrodes. Interestingly, using the 1IM2P-
PTO seed layer did not result in an improved texture in PZT on all the other substrates with
the bottom electrode as opposed to the film on PZT/Si-MIM (from SINTEF). The PZT films on
Si (PZT/Si-IDE) and fused silica (PZT/FS-IDE) without a bottom electrode followed a similar
behavior as mentioned above. On the contrary, the film on sapphire (PZT/SP-IDE) without the
bottom electrode showed an improved texture using the 1IM2P-PTO seed layer. However, the
polarization and permittivity values were not following the trend of texture improvements with
the changes in the seed layer for PZT/SP-IDE. The polarization and permittivity values of the
film on Si (PZT/Si-IDE) are poised with the effect of parasitic capacitance from the Si substrate
and are considered outliers.

All the parameters considered for comparing different thin film stacks with their variations
in the seed layer are tabulated in Table 3.1. The Lotgering factor values are considered for
quantifying film texture (out-of-plane direction) in the {100} pseudo cubic direction for PZT.
Remanent and maximum polarization, coercive field, and permittivity values are extracted from
the P(E) and e33(E) measurements.

It is interesting to observe the trend in which the polarization and permittivity values changed
across the films on different substrates and the variation between the films on the same substrate

but with different electrode configurations (i.e., MIM and IDEs). Furthermore, the residual stress,
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Figure 3.14: X-ray diffraction patterns of PZT film on different substrates (a), (b) & (c) with
and (d), (e) & (f) without bottom electrode, deposites with 2MoE and 1M2P-PbTiO3 seed layer
to grow PZT over it. *-indicates substrate peaks.

as well as the measurement direction (in-plane or out-of-plane) with respective electrode config-
urations, altered the way in which the material responds to the large and small excitation signals.
The changes in material and functional properties and degradation during fatigue cycling with

respect to stress and probing directions are discussed in detail in Chapter 5.

3.6 Inferences and parameter selection

All the above experiments resulted in several sets of thin films on each substrate with the
combination of different barrier layers and seed layers. The pyrolysis and annealing temperatures
are fixed at 350 °C and 700 °C, respectively, for the entire course of the experiments in this study.
The use of ALD or CSD-HfO, diffusion barrier layer allowed us to extend and develop the CSD
process for depositing PZT thin films on transparent substrates like fused silica and sapphire, both
with and without bottom electrode. The process adaption for using Si wafers with only 500 nm
thick oxide layer for depositing PZT films without the bottom electrode was only made possible
with the use of the HfO, diffusion barrier layer.

However, the CSD-HfO4 diffusion barrier layer was chosen only for selective substrates based
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Figure 3.15: P(E) and e33(E) measurement results of PZT film stacks on different substrates with
bottom electrode having 2MoE and 1M2P-PbTiOg3 seed layers. P-E loops recorded at 100 Hz
and e33-E loop recorded at 1 kHz small-signal frequency.

on the results summarized from Figure 3.12 and Table 3.1. CSD-HfO2 was only used for PZT /Si-
IDE and PZT/SP-IDE, as the other combinations needed further optimization. ALD-HfO2 was
chosen for the rest of the combinations that are studied. With the seed layer selection, 1M2P-
PTO was used only for PZT/Si-MIM (Sintef) since it was the only combination that yielded
good structural and ferroelectric properties. All the other combinations were retained with the

2MOoE-PTO seed layer for the next course of experiments.

3.7 Substrate induced stress due to thermal mismatch

As different substrates were used in this study, it was essential to understand the effect of
substrate-induced stress on the PZT thin film. The coefficient of thermal expansion (CTE)
mismatch between the substrate and PZT thin film resulted in an in-plane tensile or compressive
stress according to the difference in their CTE values. Theoretically estimated values are tabulated
in Table 3.2, but they result in an overestimation of the stress or strain values. Therefore,
a method based on X-ray diffraction experiments that are self-consistent and independent of
the temperature-dependent properties of the material was used to quantify the stress values, as
explained in Chapter 2. The X-ray diffraction images in Figures 3.10 and 3.8 illustrated the effect

of stress on all the sets of PZT thin film stacks with and without bottom electrodes deposited
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Figure 3.16: P(E) and e33(E) measurement results of PZT film stacks on different substrates
without bottom electrode having 2MoE and 1M2P-PbTiO3 seed layers. P-E loops recorded at
100 Hz and e33-E loop recorded at 1 kHz small-signal frequency.
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Table 3.1: Table summarising the main results of above study comparison between the PZT film
stacks with 2MoE and 1M2P-PTO seed layer on all the substrates used in this study

PT .

seec?layer Lotgering factor P, (MCcm™2)  Puax (uCcm™2)  E. (kVecm™!)  e33(0)
| PZT/Si-MIM | 2MoE | 0.93 | 11.8 | 311 | 36.2 | 1205 |
| INTEF) 1 ymop | 055 | 144 | 33.0 | 36.2 | 1164 |
| PZT/Si-MIM | 2MoE | 0.56 | 19.1 | 353 | 43.9 | 999 |
| (in-house) | qvip | 0.37 | 18.4 | 325 | 50.3 | 784 |
| PZT /FS-MIM | 2MoE | 0.63 | 6.9 | 28.9 | 36.5 | 1150 |
| | IM2P | 0.40 | 8.1 | 277 | 345 | 1073 |
| PZT /SP-MIM | 2MoE | 0.79 | 24.8 | 395 | 47.7 | 905 |
| | IM2P | 0.46 | 291 | 435 | 477 | 803 |
| PZT /Si-IDE | 2MoE | 0.54 | 22,6 | 64.8 | 253 | 2592 |
| | IM2P | 0.39 | 25.7 | 61.9 | 328 | 2275 |
| PZT /FS-IDE | 2MoE | 0.94 | 123 | 36.6 | 20.1 | 840 |
| | IM2P | 0.67 | 147 | 321 | 322 | 772 |
| PZT /SP-IDE | 2MoE | 0.46 | 18.8 | 349 | 309 | 1034 |
| | IM2P | 0.99 | 11.2 | 322 | 263 | 1181 |

on different substrates. All the films showed a typical shift in their peak positions according
to the sign of the residual stresses. Peak positions were shifted to the left for the films under
compressive stress and to the right for the films under tensile stress. The film stacks chosen for
further experiments after the above-discussed processing parameter selection trials were considered

for the stress analysis.

Table 3.2: Table showing the calculated stress values for PZT deposited on different substrates
based on their thermal expansion coefficient

Crystallization temperature 700°C
(apzr(ss/an (K1) 5.5x10°°
Si Fused Silica | Sapphire
(asubstrates (K™1) 3.5x107% | 55x10~7 | 7.0x10°°
PZT/Si PZT/FS | PZT/SP
Calculated stress (o) MPa 181 447 -123

3.7.1 Quantification of stress by sin?(¢)) method

As explained in Chapter 2, the modified sin?(v)) technique was used to quantify the residual
stress on all films by performing the 6-20 scans at different tilt angles ¢ for {111} PZT peaks.
Figure 3.17 shows the shift in peak positions of the {111} PZT peaks for different tilt angles (¢).
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From these peak positions, values of the inter-planar distance di11 were calculated and plotted as
a function of sin?(1) values. The expected linear variation of d117 according to the sin?(1)) values
are illustrated in Figure 3.18. The slope corresponds to the sign of the stress (positive if tensile
and negative if compressive). The slope and intercept values from the linear fit of the above plots
were used to calculate the strain and, in turn, the stress values. All the calculated values obtained
using the sin?(¢)) method are summarized in table 3.3. The Young's modulus Y = 82.1 GPa and
Poisson’s ratio v = 0.39 of PZT used in the calculation was taken from the work of Casset et al.
[212]. It can be noticed that the stress values varied between the films with and without bottom

Pt-electrode on a similar substrate.
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Figure 3.17: X-ray diffraction patterns of PZT {111} peaks measured at different tilt (1)) angles
for (a) PZT/Pt-Si (SINTEF) (b) PZT/Pt-FS (c) PZT/Pt-SP (d) PZT/FS and (e) PZT/SP film
stacks.

The do value in the table indicates the unstrained reference lattice plane spacing, and ;122
and 33 are the in-plane and the plane-normal strain components, respectively. The data for PZT
on fused silica ranged from dy, = 25° = 234.8 pm to d, = 61° = 235.43 pm and the value from
the PDF was 234.77 pm. This meant that the W-dependent data for d varied in the range of

0.25%. It could already be seen that the reference value for d was not included in the measured
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Table 3.3: Comparison of key parametric values of stress measurements for all the PZT films

‘ Young's modulus of PZT Y (GPa) ‘ 82.1 ‘
‘ Poisson’s ratio of PZT (v) ‘ 0.39 ‘
| do (pm) from PDF card (01-070-4264) | 234.78 \
\ | PZT/Pt-Si | PZT/Pt-FS | PZT/Pt-SP | PZT/Si | PZT/FS | PZT/SP |
| Slope (pm) | 0.44 | 1.07 | -0.4 | 0.68 | 0.97 | -0.4761 |
| Intercept di11 (pm) | 234.90 | 234.66 | 235.42 | 23478 | 23465 |23543 |
0 . . . . . .
| do(pm) | 235.2 | 2353 | 2352 | 2352 | 2352 | 2352 \
| Strain 1122 (%) | 0.08 | 02 | -0.75 | 0.13 | 0.18 | -0.088 |
| Strain 33 (%) | -0.11 | -0.26 | 0.095 |-016  |-023 o011 \
| 01122 (MPa) | 110 £ 11 | 269 26 | -100 + 10 | 171 + 17 | 245 + 24 | -120 + 12 |
235-6 T T T T
a
2354} N pe : A
s
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Figure 3.18: dq11 vs. sin?(1)) plot for all the films used in this study.

range, which pointed to the fact that the lattice parameters of our films were different from those
of the reference powder sample in the PDF Card: 01-070-4264 for PZT (53/47). It was obvious
that dp had a large impact on the calculated U-dependent strain . The variation stemming
from false dy values could, therefore, be huge. In our case, using dy from the PDF would yield
tensile strains and stresses for both the in-plane and the plane-normal directions, which would be
physically unreasonable. Moreover, the modified approach used in this work guaranteed a self-
consistent set of strain and stress values respecting basic mechanical principles such as o33 = 0.
It was also interesting to note that dg values were identical for all the films. The intercept values
(d111 at ¥ = 0°) were slightly different in comparison to the di11_yer (taken from PDF card)

which again confirmed the validity of this method.
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3.8 Summary

Pyrolysis temperature of 300 °C and 350°C and annealing temperature of 700 °C were found
suitable for PZT deposition on Pt/Si. However, these parameters can be optimized for other
substrates with and without the bottom electrode. A very thin layer of 0.1 M PbTiO3 solution
can be spin-coated on the PZT films at the end of deposition to avoid surface pyrochlore. This
compensates for the loss of Pb-atoms from the surface.

Using the CSD route for HfOy deposition could effectively reduce the cost and time of the
barrier layer deposition process. However, the CSD route has to be further optimized for each
substrate. In addition, it is possible that the structure and crystalline quality of the diffusion
barrier layer could impact the way in which the PTO seed layer will be crystallized on them. This
can further affect the texture and functional properties of the PZT film.

Using the 1IM2P-PTO seed layer resulted in a set of films with an interesting combination of
texture and functional properties. The film stack PZT/Si-IDE with 1IM2P-PTO seed layer, even
with a reduced texture, yielded a comparable polarization value but noticeably lesser permittivity
values. Such a combination of properties could be interesting for energy harvesting applications.

These aspects were not explored in detail during this study.
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Chapter 4

Optimization of interdigitated
electrode design for PZT thin films
and thick slabs by Finite Element

Modeling

COMSOL Multiphysics 5.5 was used to perform finite element analysis to understand the
electric field distribution in bulk PZT slabs and PZT thin films with planar interdigitated electrodes
(IDEs). Electric field distribution with IDEs on top and bottom faces of the thick slab was
analyzed. IDE finger gap, width, and thickness were modified for each case to arrive at the optimal
design parameters to achieve homogeneous field distribution and better polarization. Optimization
of planar IDE dimension for an unconstrained free-standing slab provides a case study for more
constrained systems like multi-layer thin films. PZT thin films deposited on different substrates
were analyzed to understand the effect of IDE finger gap and width and the effect of using a
semiconductor substrate on the field distribution within the bulk of the ferroelectric layer. The
results of these models were used to arrive at the dimensions required for patterning the IDE
structures for PZT thin films deposited on different substrates. These IDE patterns were used for
ferroelectric characterization during the entire course of this study, and the results are discussed
in the forthcoming chapters. The experimental results for the thick slabs are not included in
this thesis. However, the results presented in this chapter are mainly used for understanding the
effectiveness of the finite element models used during the study and for addressing the limitations

of the approximations considered for the use of IDEs with thin films and thicker slabs.
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4.1 Finite element analysis for piezoelectric materials with inter-

digitated electrodes

The interdigitated electrodes are used with thin and thick films for several piezoelectric appli-
cations, and particular interest has been shown for energy harvesters and tunable resonators. IDEs
have the advantage of utilizing d33 mode of actuation by directing the electric field to in-plane
directions specifically for the system where the strain is mostly along the length of the ferroelec-
tric material plane. Typically the ds3 coefficient is twice that of the ds; coefficient [213, 214],
and the latter is utilized in MIM geometry. But it is only advantageous to use IDEs when the
poled fraction of the ferroelectric material is maximized, as one can imagine, there is a significant
volume of inactive material under the electrode fingers in the IDE geometry, and a large poling
voltage is required. The non-uniform field distribution between the electrode fingers also poses
an additional challenge. At the same time, the finger gap can be adjusted to several times the
film thickness, and materials with a large dielectric constant like PZT are typically used with IDEs
[57, 215]. Therefore, this requires careful optimization of the electrode design with respect to the
thickness of the active ferroelectric layer to achieve maximum polarization. The electrode design
should also be adapted for specific applications. For example, in the case of energy harvesters, the
electrode gap needs to be optimized to have a lower capacitance in order to maximize the voltage
output, but having large gaps needs a higher driving voltage for poling process. In the following
sections, the finite element model is mainly used to understand the effective field distribution in
the PZT slab and thin film on different substrates for various IDE dimensions to achieve maximum
polarization in the active ferroelectric layer.

In order to understand the effective field distribution with the IDEs, a simplified assumption
is followed, considering IDEs as equivalent to MIM configuration. The IDE fingers are assumed
to run through the thickness of the ferroelectric layer, and the field is uniformly distributed in
the plane of the ferroelectric layer going from the fingers of positive to negative polarity. But in
reality, the electrodes are present only on the surface, and there will be a non-uniform electric
field distribution resulting in a curvature of the field lines starting from the edge of the fingers
before becoming a straight line through the finger gap (f4) and curving again towards the finger of
opposite polarity. The field curvature is given by the approximation Af, and it is proportional to
the thickness of the ferroelectric layer, where Af; = aty and « is the pre-factor defined based on
methods outline in the studies done by Gevorgian et al. [216] and Igreja et al. [217]. Therefore,

the effective gap between the finger for calculating the field can be written as f; + Af,. The
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details of this approximation and the comparison of the pre-factor with the finite element modeling

are discussed in detail for thick and thin films in the earlier studies [2, 184, 185, 213, 218].

4.2 Design of PZT slabs with interdigitated electrodes

IDEs only on top

a) fo_ 1 fu/2
V+ Ground i V+
| P
PZT
b) In-phase c) Anti-phase
V+ Ground V+ V+ Ground V+
| | |
T
; pzr | | mmmm———— PZT
1
VI+ Grolund \/I+ Grolund \J+ Ground

Figure 4.1: Schematics of thick PZT slab used in this study with (a) IDEs only on top, (b) IDEs
on top and bottom with same polarity and (c) IDEs on top and bottom with opposite polarity.
Red dotted lines in (b) and (c) shows the cut planes in the mid-section between the fingers
and mid-section through the thickness of the ferroelectric layer at which the field distribution is
analyzed.

The PZT slabs were intended to be used for energy harvesting applications. To increase
the harvesting efficiency, a homogeneous field distribution throughout the thickness of the slab
is needed to achieve maximum possible polarization with IDEs. Finite element models were
developed with planar electrodes on one and both sides of the PZT slab, with different electrode
geometries. The represented electrodes indicate a set of IDE fingers which is the interdigitation
zone. The gap between the electrode fingers (f;), and the electrode width (f,) was adapted
according to the input parameter for the simulation. In addition to this, the electrodes on top
and bottom faces of the slab are maintained at in-phase (i.e., top and bottom sets of IDEs are in
the same polarity) and anti-phase (i.e., top and bottom sets of IDEs are in opposite polarity) to
understand the effective design scenario to achieve a maximum effective field and homogeneity in
field distribution to achieve a maximum polarization for the given material. Figure 4.1 illustrates
various schematics of the model geometry used in COMSOL. A permittivity value of 2000 and the
thickness of 0.5 mm is fixed in the model following the specifications of the PZT sample from the
supplier. The properties of the platinum (Pt) electrode are defined from the COMSOL library with
infinite conductivity. Potential of 1000V is applied on the electrode(s) maintained at a positive

potential, and the other electrode(s) are grounded. The fingers on each side have periodicity
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and are considered identical. The built-in COMSOL function was used to choose a finer mesh
size for the given geometry, and the electrostatics physics interface was used to analyze the field
distribution. The finger gap and width were varied systematically to understand the effective field

distribution in the samples.

4.2.1 IDEs only on top of the slab
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Figure 4.2: Electric field distribution in x-direction for the PZT slab with IDEs only on top showing
the (a) finger width (b) finger gap dependence for fixed gap and width, respectively plotted for the
mid-section between the IDE fingers. (c) E, in gap between the fingers plotted at the mid-section
of the slab for various finger gaps and a given finger width.

The finite element model for the PZT slab with IDEs only on top was considered, and the
effective field distribution in the bulk of the sample for various combinations of finger gaps (f;)
and widths ( f,,) are plotted. The field distribution in x-direction (i.e. perpendicular to the finger)
at the mid-section between the fingers and the mid-section through the thickness of the sample
was analyzed. As shown in Figure 4.2, the effective field value and the distribution clearly depend
on both finger width and the gap. It can be seen that with larger finger width, the field amplitude
is higher, and the distribution is more homogeneous.

However, a compromise should be found between the finger width and the metallization ratio

(n = (ijriwf)) to keep the electroded area to a minimum as the material volume beneath the
g w
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electrode is inactive and do not contribute to net polarization. The field amplitude is higher for
smaller gap values, but the distribution is less homogeneous through the thickness of the sample.
At the same time, with larger gaps, a very high voltage is needed to achieve a higher effective
field and eventually better polarization. As the material volume situated below the electrode
fingers is inactive, a given electrode design with larger finger width will have a reduced power
output. Applying very high voltages can also cause an early breakdown or short-circuiting of the
electrodes. Therefore a balance between minimizing 7 and increasing f, is essential to keep the
driving voltage reasonably low and achieve better polarization by increasing the active material

volume.

4.2.2 |IDEs on both faces of the slab

a) IDEs only on top

N \«////Z/j)/ﬁ
N );(’(f(' . 1'
w L

SN

A,
W,/,\Zf%? ‘/(" \/

Figure 4.3: Modeled field distribution in PZT slab with the arrows indicating the field direction
through the thickness of the sample with f,, = 250 um and f; = 1000 um for (a) IDEs only
on top, (b) IDEs on top and bottom with same polarity and (c) IDEs on top and bottom with
opposite polarity.

The IDE patterns are now incorporated on both sides of the PZT slabs, allowing the electric
field to effectively penetrate halfway through the thickness of the sample and thus allowing the
use of smaller gaps and eventually lower driving voltage. Figure 4.3 shows the field distribution in
both x and y-direction through the bulk of the sample with IDE patterns only on top of the slab
and patterns on both top and bottom of the slab maintained at the same polarity (in-phase) and
opposite polarity (anti-phase) between the top and bottom sides. It is interesting to note that
the field distribution with the IDEs maintained at the same polarity is much better compared to
the case where the top and bottom pairs of IDEs are in opposite polarity. It can be seen that the
field lines cancel each other near the mid-section through the thickness of the sample creating an
inactive zone. This will also be detrimental to the piezoelectric response of the structure.

The dependence of finger width and gap is also demonstrated for the samples with top and
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Figure 4.4: Electric field distribution in x-direction for the PZT slab with IDEs on both the sides
of the slab with same polarity showing the (a) finger width (b) finger gap dependence for fixed gap
and width, respectively plotted for the mid-section between the IDE fingers. (c) E, in between
the fingers plotted at the mid-section of the slab for various finger gaps and a given finger width.

bottom IDEs as shown in Figures 4.4 and 4.5.

It can be seen clearly that the effective field value is higher for the case of IDEs maintained
in-phase, and the in-homogeneity in field distribution is also less pronounced for smaller finger
gaps when compared to the case with IDE patterns only on the top of the sample. The finger
gap dependence is similar for the samples with IDEs only on top and both faces of the sample
at the same polarity. For a given set of finger gap and width and driving voltage, the effective
field is higher for the case where IDE patterns are on both faces and are maintained at the same

polarity.

4.3 PZT thin film stack with interdigitated electrodes

Following the understanding from the modeling of IDEs for thick slabs, design optimization
was attempted for multi-layer thin film stacks. Two-dimensional models with interdigitated fingers

are created with periodic boundary conditions. The thickness of fused silica (FS), sapphire (SP),
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Figure 4.6: Schematics of the model geometry for finite element analysis in COMSOL for film
stacks on different electrodes.

and silicon (Si) substrates were used as per the specification; however, the substrate thickness
will not have any effect in the model. The COMSOL model was constructed in a multi-layer
configuration using the actual thicknesses of 0.5 um for PZT, 30 nm for HfO5 layer, and 0.5 um
for SiO2 layer (only for Si substrate) as per the actual film stack. The permittivity values of each
layers were also defined in the model, the in-built values from COMSOL were used for substrates,
and oxide layers: eps= 4.2, esp= 9.8, €si0,= 4.2 and enfo,= 25. A user-defined permittivity
value taken from the measured values reported in the previous chapter (epzr= 1000) was used for
the PZT layer. The properties of Pt electrode are defined from the COMSOL library as explained
in the previous section. Figure 4.6 illustrates the schematics of the model geometry constructed
for the finite element analysis. The electrodes represented on the top of the film indicate a set of
IDE fingers which is the interdigitation zone. The f; and f,, were chosen according to the design

choice, and the fingers on each side have the periodicity and are considered identical. A positive
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voltage (100V) is applied to the electrode finger in the middle, and the fingers on either side
are grounded. The electrostatics physics interface was used to perform a stationary and time-
dependent study to analyze the field distribution in the film. The effect of electrode width and
the gap between the electrodes on the electric field distribution in the PZT layer was analyzed.
The interface between the Si substrate and SiOs was defined as floating potential to replicate
the parasitic capacitance contribution from the substrate. In reality, due to the semiconducting
nature of the Si substrate (with low resistance), each IDE finger can be considered connected to
the Si substrate through a series of capacitors formed by each dielectric layer (PZT, HfO,, SiO2).
This capacitor formed by the IDE finger and Si substrate will be connected in parallel to the
capacitor formed by PZT between the IDE fingers, thus contributing to the parasitic capacitance.
A reasonably thicker (0.5 pm) oxide layer ( i.e., SiO2) - along with a thin dielectric HfOy layer
was used as opposed to a much thicker oxide layers (1-2 um) like SiOy and MgOz in other works
[184]. Therefore, the effect of SiOy layer thickness and the dielectric layer on the electric field
distribution in PZT film is also analyzed. These studies were not needed for the film stacks on

insulating substrates like fused silica and sapphire.

4.3.1 Effect of finger gap and width on electric field distribution in thin film

The finger gap and width was varied systematically to understand the effect on the electric
field distribution within the film. From the plots in Figure 4.7, for a given voltage, the effective
field reduces as the gap between the fingers increases. When the finger gap is reduced, the field
distribution is less homogeneous and will not penetrate through the entire thickness of the film,
which was evident from the study shown with the thicker slabs. From Figure 4.7(c), unlike thicker
slab, it is clear that there was little to no change in effective field values with the change in the
finger width for the films on all three substrates. It was also apparent from 4.7(a) and (b) that
there was a drop in electric field value at the midsection with increasing finger gap. This means
a higher voltage will be required to achieve the same polarization when the finger gap is made
larger. When using a conductive substrate like Si, the drop in electric field through the PZT
layer's thickness is much higher than the films deposited on non-conductive substrates. This will,
in turn, result in an in-homogeneous polarization of the material for a given voltage. Although
there are no changes in E, while changing the finger width, the finger width cannot be reduced
too much even if it will be beneficial to have a less inactive area of the PZT (under the electrode
finger). Reducing the finger width to 5 um and less will pose practical implications for patterning

the electrodes by lithography. The sign of polarization between the adjacent fingers can cancel

81



Electric field at the midsection of the PZT layer

PZT/FS & PZT/SP PZT/Si
T T T T T T T T T T T T T T
a) finger width - 10 ym gap between the fingers b) finger width - 10 pm gap between the fingers
. 200 5um A —~ 200 5um
E ——10 ym § ——10 ym
S —15um S —15um
< 150 ——20 pm A < 150 - 20 pm 7
LuK uJK
D 100+ 1 D 100 1
2 o
= (=
2] [3)
£ 50r . 5 50 .
2 9
" "
0 . 0r .
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Finger gap (um) Finger gap (um)
<) 96 T T T T
. -
T 94 - 1
9
>
=
w92 ]
o
s
S 90 |
g
K
w 88
—=— PZT/Si
—a— PZT/Fused silica
86 gap between the fingers - 10 ym —=— PZT/Sapphire

5 10 15 20
Finger width (pm)

Figure 4.7: Electric field (E;) at the mid-section of the PZT layer when the finger gap was
changed at constant finger width for the film stack on (a) fused silica and sapphire and (b) Si.
(c) E; for different finger width with a constant finger gap

each other when the finger width is much smaller than 2¢; [218]. Therefore, the IDE finger width
and the gap was maintained at 10 um for the PZT films deposited on all the substrates during
this study. The modeling was also performed by removing the HfOqy barrier layer, but there were
no changes in field distribution observed for this case. The HfO5 layer acts only as a barrier to
prevent the inter-diffusion of Pb atoms to the SiOy layer. There were also no noticeable changes
in field distribution with the change in HfO5 and SiOs thicknesses. Hence, those results are not

presented here.

4.3.2 Field distribution in thin films with interdigitated electrodes

The electric field distribution in the PZT layer for the films on fused silica, sapphire, and

silicon is analyzed. Figure 4.8 shows the electric field distribution in x-direction and Figure 4.9
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Figure 4.8: Electric field distribution in x-direction (E;) for the film on (a) fused silica & sapphire,
and (b) on silicon substrates. Note: Figures are not to scale as used in the model.
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and (b) on silicon substrates. Note: Figures are not to scale as used in the model.
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shows the distribution in y-direction (i.e direction parallel to the fingers) for the films on all three
substrates. The electric field distribution in both x and y directions for the stacks on fused silica
and sapphire looks very much similar. For the film on silicon, the field is confined to the PZT
and the oxide layers because of the low resistance of Si substrate. It is also interesting to note
that there is no field distribution directly under the electrodes but only in the gap between the
electrodes. However, this is different in the case of film on the silicon substrate; a non-zero field
is observed under the electrode finger. This can be seen in Figure 4.10. To understand this, the x
and y components of the electric field in the midsection through the thickness of the PZT layer are
plotted. Figure 4.10(a) shows the field distribution in x-direction (E,) for all the stacks. For the
given f, and f,, PZT on fused silica and sapphire shows a slight drop in E, between the fingers,
and it is in close agreement with the expected field values from the approximation of the finger
gap for accommodating the curved field lines right below the edge of the electrode fingers [184].
On the other hand, for the films on Si, the drop in E, in between the finger is more pronounced,
the field value is higher closer to the edge of the finger, and it dropped continuously through the
mid-gap between the electrodes. It is mainly due to the difference in capacitance below the finger
and the capacitance through the gap as explained in the previous section. The field distribution
along y-direction (E,) in Figure 4.10(b) also shows the effect of Si substrate acting as a floating
potential. Comparing E, values between the PZT film on Si and the other two substrates, it can
be noted that there is a non-zero value underneath the electrode and a higher value close to the

edge of the fingers.

Electric field in x-direction (E,) Electric field in y-direction (E,)

a) 120 — . ; . . c) . . ; ; :

1ol ——PZTISi 1 | ——PZTSI

T PZT/Fused silica 40 - ~— PZT/Fused silica—|

100 [ PZT/Sapphire | ~—— PZT/Sapphire
P —_ |
€ 90} 1
S sof y E 20 | |
2 = !
< 70} 1 =< |
k] o
e S0r ] ° ‘
= sl 1 & 0o |
2 ! ) !
S 40| | ] = I
g ! 3 ‘
o %Or | ] 2 2| |

20 ‘ ] w

I
10 |- below the electrods gap between the electrde | below the electrode]
ok | i -40
0l . . | . ‘ ! . ! .
0 5 10 15 20 0 5 10 15 20
Distance in x-direction (um) Distance in x-direction (um)

Figure 4.10: Electric field distribution in x and y-direction, (a) E, and (b) E, plotted along the
cut-plane through mid-section of the PZT layer in all the film stacks, with f;, & f,, = 10 um.

To summarise, it can be seen that for the given f, value of 10 um, there was no significant

variation in field distribution with the change in f,,, as the finger gap is sufficiently higher than
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the film thickness. There is more flexibility with the design parameters for the films deposited
on non-conductive substrates. For PZT deposited on Si, the field value drops in the mid-gap
between the fingers as the gap increases. It can be understood that the gap cannot be increased
invariably to achieve complete poling as it needs a much higher driving voltage, and it may
result in short-circuiting of the electrode and the substrate and an upper limit of the gap should
be established in this case. At the same time, f; can be reduced to less than 10 um without
affecting the homogeneity of field distribution, and in this case, the capacitance of the PZT
between the fingers gap will be higher than the parasitic capacitance from the substrates. But
the trade-off between the capacitance and the voltage output needs to be considered for specific
applications. A lower limit for the gap should also be established, considering the field penetration

through the film thickness and the limitations of the lithography process.

4.4 Summary

One important difference between having IDEs on thin films and thicker slabs is the ratio of
the gap to thickness (f,/tf) and the width to thickness (f,,/tf). As we saw in the case of thin
films, the field distribution was not much affected by variation in finger width and was following
the first approximation of E = V/(f, + Af,) for various gap values where the ratio f,/t; was
very high. Also, for the same reason, there was little to no gap dependence on absolute field
value and distribution. As it was found that for a given film thickness ¢y, a homogeneous field
distribution can be achieved by having finger gap and width at least ten times more than that
of ty. The approximation of effective area A = (2N-1)fit; and an effective gap f, = f; + Afy
holds true when the above condition is satisfied. This is not the case for thicker slabs where the
ratio fq/ts is lesser for several gap values that are compared. The effective field value for a given
fg and fy, is nearly two times lower than that of the values obtained from the approximation
for thin films. For these limiting cases where the gap and width to thickness ratio are smaller,
the maximum effective field value can be approximated to %V/(fg + Afy), where Af, = aty
provided the field distribution is homogeneous through the gap between the IDE fingers. This has
to be taken into consideration for using IDEs with thick slabs. For the given slab, the thickness is
0.5 mm, theoretically the finger gap should be in the order of 5 mm, but having such a large gap
means a very high driving voltage, and that will pose a practical limitation. Therefore, it can be
inferred from our results that for thicker slabs, the conditions f,/t; > 1.5 and f,,/t; > 0.4 should

be satisfied to achieve a homogeneous field distribution between the fingers and throughout the
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thickness of the slab. However, the trade-off between metallization ratio and driving voltage also

has to be taken care of to achieve optimal efficiency.
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Chapter 5

Influence of stress on the ferroelectric

properties of PZT thin films

In this chapter, the effect of substrate stress on the in-plane and out-of-plane ferroelectric
properties of the PZT thin films deposited on various substrates is discussed. The configurations
with top and bottom electrodes (MIM) and the planar interdigitated electrodes (IDE) allowed
probing of the out-of-plane and in-plane ferroelectric properties, respectively. A phenomenological
model of these properties depending on stress and film texture is presented. In addition, the
degradation of polarization and permittivity values during fatigue cycling is discussed in detail.
Small-signal and large-signal permittivity analysis was performed on all the samples to understand
and explain the consequences of bipolar fatigue cycling on reversible and irreversible domain wall
motions. Most of the discussions presented in this chapter are already published in our works [84,
85]. The findings on degradation resistant behavior of solution deposited (CSD) PZT thin films
with interdigitated electrodes (probing the in-plane properties) are reported. Hypotheses for such

degradation-resistant properties are also postulated and discussed.
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5.1 Effect of residual stress on the ferroelectric behaviour of PZT

thin films

Residual stresses in thin films can be a result of various factors that are discussed in Chapter
1. In the case of sol-gel deposited poly-crystalline thin films, it is primarily due to the difference
in thermal expansion mismatch between the substrate and thin film. When the substrate's coef-
ficient of thermal expansion (CTE) is larger than that of the deposited film, the film experiences
compressive stress. In contrast, there is tensile stress on the film when the CTE of the substrate
is smaller than that of the film. The residual stresses can affect the way in which the domains
are formed, consequently, the dielectric and ferroelectric responses of the material are altered [81,
219].

When the projection of the polarization vector of a ferroelectric domain onto the film plane is
larger than the projection to the direction perpendicular to that plane, the domains will be referred
to as ‘in-plane’ or a-domains with 180° and non-180° walls between them. If the projection of
the polarization vector of a ferroelectric domain perpendicular to the film plane is larger than the
projection to the direction onto the film plane, the domain is an out-of-plane or c-domain with
180° walls between them. The walls separating c-and a-domains must be non-180° walls, between
different a-domains, both 180° walls and non-180° walls can exist [91, 220]. For an MPB-PZT
composition, there could exist rhombohedral unit cells, and there are 71°, 109° and 180° domain
walls. For the sake of brevity, the 71°, 109° will be referred to as 90 °© domain walls throughout the
discussion. Since our films are not perfectly textured, this nomenclature is only an approximation
of the real orientation of the polarization vector in the domains. In the present case, PZT on
sapphire with compressive stress will have the highest c-domain population, while the degree of
a-domains will progressively increase for PZT on Si and fused silica with the increasing tensile
stress.

The XRD patterns in Figures 3.8 and 3.10 shown in Chapter 3 illustrate the effect of residual
stress on PZT thin films deposited on different substrates. The shift in peak positions is clearly
visible from (100) and (200) peaks; the peak position is shifted to a lower 26 angle for com-
pressively strained films and higher 26 angles for the films under tensile stress. In addition to
quantifying the stress values by the sin?(¢)) method, it is important to understand the effect of
stress on the ferroelectric domain configuration in each of these films. To elucidate this, the films
with two extreme conditions of stress values were considered, and the {200} family of peaks were

fitted using a pseudo-Voigt function. A close-up-of {200} peaks with the fitted data are depicted
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Figure 5.1: A close-up of {200} XRD peaks for (a) PZT/FS-MIM and (b) PZT/SP-MIM with
fitted peaks showing splitting in a (200) and a (002) component: experimental data are shown
with filled symbols and fitted peaks are shown with continuous lines.

in Figure 5.1. There is an apparent splitting into a (200) and (002) component, originating from
domains oriented parallel and perpendicular to the plane of the film, respectively. The peak area is
proportional to the volume fraction of the corresponding domain type. The area under each peak
was integrated and normalized to the corresponding peak intensities of the powder diffraction
data of the tetragonal PZT (PDF Card: 01-070-4264), as the XRD peaks align well with the
tetragonal system although it was an MPB composition. The ratio of domains with orientation
perpendicular to those oriented parallel to the film was calculated to be 0.79:0.21 for PZT /SP-
MIM and 0.25:0.75 for PZT /FS-MIM, respectively. These values correspond closely to the above
discussion that PZT films on sapphire with compressive stress have a higher c-domain population
than a-domains, while the amount of a-domains is larger than c-domains for PZT films on fused
silica under tensile stress. A similar analysis could not be performed for the PZT/Si-MIM films
because a visible splitting could not be observed for the {200} family of peaks. It also aligns
closely with the established understanding that there could be a presence of mixed domain struc-
ture for moderately stressed (110 MPa) films on Si with a preferential a-domain population, but
lower in comparison to the film on fused silica with a stress of 263 MPa. It is also important to
mention that this analysis holds true for all the PZT thin film stacks on each substrate, i.e., the

stacks with and without bottom electrodes.
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Figure 5.2: (a) Polarization hysteresis measured at 100 Hz. (b) Small-signal permittivity and loss
tangent as a function of applied DC bias field at 1 kHz small-signal frequency.

Apart from the structural variations and changes in domain orientation, the ferroelectric prop-
erties of the PZT films on different substrates also vary according to the sign and magnitude of
the residual stresses. Polarization (P(E)) and small-signal hysteresis €33(E) are depicted in Figure
5.2 for the films on Si, fused silica, and sapphire substrates.

All the key values are tabulated in Table 5.1. Maximum and remanent polarization increased
from PZT/FS-MIM over PZT/Si-MIM to PZT/SP-MIM, following the order given by the rela-
tive increase in c-domains and the improved alignment of the c-domains along the film normal.
The measurement, in this case, detects the polarization component perpendicular to the film
surface; therefore, this observation confirms that PZT/SP-MIM contains more c-domains with a
high out-of-plane polarization component, while PZT /FS-MIM has more a-domains with predom-
inantly in-plane polarization component. The intermediate values of PZT /Si-MIM indicate that
it contains an admixture of c-and a-domain population with predominantly an in-plane polariza-
tion component due to the tensile stress. The fact that a ferroelectric hysteresis with non-zero
remanent polarization is still seen even for PZT/FS-MIM with very high tensile stress indicates
that some c-domains exist even in the systems under tensile stress. The films can therefore be

assumed to have mixed a/c-domain configurations. This has also been reported earlier for films
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having in-plane and out-of-plane domains under tensile and compressive residual stress, respec-

tively [81, 113]. The zero-field permittivity (33(0)) should be higher for PZT/FS-MIM with

Table 5.1: Key values of PZT films in MIM and IDE configurations on all three substrates.

PZT/Si-MIM  PZT/Si-IDE  PZT/FS-MIM PZT/FS-IDE PZT/SP-MIM PZT/SP-IDE

Lotgering factor 0.55 0.54 0.65 0.94 0.78 0.96
Stress 01120(MPa)  110+11 171417 269+26 245+24 -100+10 -120+12
P, (uCcm™2) 12 23 7 21 27 19

Prax (Ccm™2) 32 65 29 36 42 35

€33 1180 2592 1156 959 923 1230

more a-domains followed by PZT/Si-MIM with a/c-domains and then PZT /SP-MIM with com-
paratively lesser a-domains than the former two systems. The increased permittivity for in-plane
domain configuration that several research groups also observed [79, 81] can be rationalized by a
higher domain wall density, equivalent to a reduced domain size [221, 222]. Under compressive
in-plane stress, a single out-of-plane domain without any domain walls can be energetically stable.
Under tensile in-plane stress, this is not the case: the domain configuration has to accommodate
stress both in the (100) and (010) direction, which requires multiple domains. However, the
(e33(0)) values for PZT/FS-MIM and PZT/Si-MIM are very close to each other (Figure 5.2(b))
and that could be due to the increased domain wall density between the ¢ and a-domains in
PZT/Si-MIM. The dielectric loss tangent (tan ¢) values are similar for all the films within the
range of ~0.03 — 0.05.

5.1.1 Comparison of PZT films in MIM and IDE configuration

Planar interdigitated electrodes (IDEs) are used in this study, where the electric field can
be applied in the direction parallel to the film plane. To understand and compare the IDE and
MIM geometry, it is imperative to define the directions pertinent to the following discussion.
In this context, 'c’ is defined as the direction of the film normal, and 'a’ and 'b’ are mutually
perpendicular directions in the plane of the film. For a MIM geometry, the 'a’ and 'b’ directions
are equivalent, as our films do not exhibit any preferential in-plane texture. But, for an IDE
geometry, the direction 'a’ is perpendicular to the IDE fingers, and 'b’ is the direction parallel to
the fingers. In the case of samples with MIM configuration, the electric field is applied in the
'c’ direction, and for the samples with IDEs electric field is applied in 'a’ direction (perpendicular
to the fingers). Our discussions in the previous section showed that the domain orientation is
dictated by the sign and magnitude of the stress in the PZT film on the respective substrates.

Therefore, it is also essential to consider the orientation of the electric field with respect to the
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major domain orientation.
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Figure 5.3: Comparison of polarization hysteresis of PZT films in IDE and MIM configuration
on (a) Si, (b) fused silica and (c) sapphire substrates. All the measurements were performed at

100 Hz.

Figure 5.3 and 5.4 show the comparison plot of polarization hysteresis P(E) and permittivity
measurements e33(E), respectively for the films in MIM and IDE configuration on all the sub-
strates. The characteristic values of remanent polarization (P;), maximum polarization (Ppax)
and zero-field permittivity (€33(0)) of all the films are compared in Table 5.1. From the first
observation in Figure 5.3 it is clear that the polarization and permittivity values between the MIM
and IDE samples are reversed, except for the PZT/Si-IDE. The high Ppax and £33(0) value for
PZT/Si-IDE is due to the influence of parasitic capacitance from semiconducting Si substrate.
As it is a clear outlier, the PZT/Si-IDE will not be considered for further discussion.

PZT/SP-MIM has the highest P, value and the smallest £33 among all the samples. The
PZT/FS-MIM sample shows the smallest P, of all the samples and a comparatively higher €33
value. On the other hand, the PZT/FS-IDE sample shows a higher P, and lower £33 values in
comparison to PZT/FS-MIM and PZT /SP-IDE sample. These differences can be explained by

the electric field direction, with the major domain orientation of the particular sample dictated
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Figure 5.4: Comparison of permittivity hysteresis and loss tangent as function of applied DC bias
field at 1 kHz small-signal frequency for the PZT films in IDE and MIM configuration on (a) Si,
(b) fused silica and (c) sapphire substrates.

by its stress. For the films on sapphire, the electric field is applied parallel to major domain
orientation (out-of-plane domains) in MIM configuration and perpendicular in the case of the
IDE configuration. In contrast, for the film on fused silica, the electric field is applied parallel
to major domain orientation (in-plane domains) in IDE configuration and perpendicular in the
case of MIM configuration. PTZ/Si-MIM shows polarization and permittivity values between the
extreme cases of PZT on sapphire and fused silica due to the intermediate tensile stress, resulting
in a mixed a/c-domain configuration. The loss tangent values were similar for all films, in the
range of 0.05.

In the following section, a model is presented to explain the observed differences between the
in-plane and out-of-plane properties of PZT films in IDE and MIM configurations, respectively.
In addition, this model considers the effect of stress (resulting in certain domain configuration)
and texture on each substrate in their respective configurations. The following discussion was

published in our work [85].
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5.2 In-plane and out-of-plane ferroelectric properties

The initial discussion will be based on the following five assumptions; it will be seen later how
far these points can be considered valid and what modifications are necessary if a point does not
apply:

a) All films are perfectly textured in the {100}.-direction out of the plane and randomly
oriented in the plane. With Lotgering factors of 96 %, and 94 % respectively, for the films without
Pt bottom electrodes (in IDE configuration) on sapphire and fused silica, this approximation is very
good. However, it is less precise for the films with Pt bottom electrodes (in MIM configuration)
with Lotgering factors of 78 %, 65 %, and 55 % for sapphire, fused silica, and silicon, respectively.

b) The mechanical stress is large enough to clamp all domains in-plane for PZT/FS with
tensile stress and out-of-plane for PZT/SP with compressive stress, even under a high external
electric field. The coercive stress of 'soft’ bulk PZT is around 50 MPa, that of "hard’ PZT around
150 MPa [223]. The assumption, therefore, is most plausible for low fields and PZT/FS, with
substrate stress of more than 240 MPa, and even holds some validity for PZT/SP with a stress
of 100 MPa or above. For the case of PZT/Si-MIM under moderate tensile stress of 110 MPa,
it is still good enough to clamp all the in-plane domains at low fields. However, at high electric
field levels, the blocking force will exceed the clamping stress, and domains will be able to switch
between in-plane and out-of-plane directions.

c) The electric field is perpendicular to the film plane for the MIM configuration, and in-
plane for the IDE configuration [184]. The first assumption is certainly valid, the second only an
approximation: there will be an out-of-plane field component in the IDE configuration due to the
curvature of the field lines between the fingers.

d) The ratio of tetragonal to rhombohedral phase is m/n, with m,n > 0 and m+n = 1. For
a true MPB composition, m = n = 0.5; it will be discussed below why the situation may not be
so simple here [224].

e) The absolute value of the dipole moment of a unit cell of a given symmetry does not
depend on stress. For the tetragonal parts of the film, the polarization is P = (PT, P, PT),
with |PT| = PT. For the rhombohedral parts, it is PR = (PR, Pt PR), the absolute value is

]]3R] = PR The total polarization is P = (Pa, Py, P.) = m % PT 4 nx PR,

With these assumptions, the polarization vector of the tetragonal parts of PZT/SP is PT =

(0,0, PI' = £ PT), that of the rhombohedral parts is PR = %(il,il,il). Thus, the polar-
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ization change during domain reversal in PZT /SP-MIM is APsp_ymy = 2 (mPT + %PR) and
PZT/SP-IDE is APsp_1pE = %PR.

The polarization vector of the tetragonal parts of PZT/FS is PT = %(il,il,O), that

of the rhombohedral parts remains PR = %(:I:l,:tl,:l:l). The polarization change during

domain reversal in PZT/FS-MIM is APps_vmv = %PR and PZT/FS-IDE is APps_1pg =
m pT n pR

2 (WP + P )

For PZT/Si, the polarization vector of the tetragonal parts is PT = %(:l:l,:l:l,:l:l), and

that of the rhombohedral parts remains PR = %(:I:l,:tl,:l:l). Then the polarization change
during domain reversal is the same for both MIM and IDE configuration because of the mixed

domain configuration and is given by APs;_yiv/mpE = 2 (%PT + %PR).

It is interesting to note that for perfect {100} ,c-texture (condition (a)), P is independent of
the stress state: all of the eight possible dipole directions in the unit cell have the same projection
on the {100}, axis, so neither tensile nor compressive stress makes one of them energetically
favorable. P, and P, are identical for symmetry reasons since the grains are randomly oriented
in-plane. As the electric field is perpendicular to the film in MIM configuration, polarization
switching, in this case, means the reversal of the sign of the c- component of P. In contrast, in
the IDE configuration, the sign of the a- component is reversed. Switching between in-plane and
out-of-plane polarization is impossible due to condition (b) for the tetragonal parts.

With these arguments, the magnitude of switchable polarization should follow the trend
APsp-viv > APps-ipE & APsi-ipe > APsi-mim > APspoipe & APps-mmv.  Higher
polarization also implies better domain orientation and fewer domain walls. This decreases the
potential extrinsic contribution to the dielectric permittivity €33. Neglecting intrinsic contribu-
tions, the behavior of £33 should be inverse to that of AP: esp_IDE & €FS_MIM > ESi—MIM >
EFS—_IDE ~ €Si—IDE > €sp—MiMm. Both relations are well reflected in the data in Table 5.1, with
the exception of the proposed equality of APsp_ipg and APrg_nim. This shows the limitations
of the picture based on the five conditions listed above. Similarly the epg_nmv must be higher
than that of es;_mim, but here the eg;_ymv values are slightly higher or very close to eps_niM-
This could be because of the high domain wall density between the in-plane and out-of-plane
domains, as the films on Si have a mixed a/c-domain configuration.

The effects of any deviations of the Lotgering factor from the ideal value of 1 (condition (a))
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should be low: grains not perfectly oriented along the {100} direction will result in a lowering of
the effective out-of-plane polarization of the tetragonal fraction of the film since the projection of
the local dipole moment of the {001}, axis is no longer ideal. At the same time, the projection
of the local dipole moment of at least one of the polarization states of the rhombohedral phase
fraction will increase, compensating for the loss of polarization in the tetragonal phase. Condition
(b) that prohibits switching between in-plane and out-of-plane domains is more critical. The
absolute value of in-plane stress in PZT /SP-IDE and PZT/Si-MIM is only 120 MPa, and 110 MPa,
respectively, while it is 269 MPa in PZT /FS-MIM. Some remanent domain switching between the
three orientations should therefore be possible in PZT/SP-IDE accounting for the higher P,. For
PZT/Si-MIM, switching between in-plane and out-of-plane oriented domains involves movement
of non-180° domain walls that are not parallel to the electric field direction, which in turn leads
to higher €33 values. At high fields, the clamping criterion is not fully met by any of the samples;
the relative difference between the P,y values of all the samples is, therefore, lower than that
of the zero-field P,. At the higher field, the domains that can be switched should be aligned in
the field direction, thus reducing the difference in Pyax values of all the samples. Incomplete
fulfillment of condition (c) is another point that may account for unexpectedly high polarization
values in PZT /SP-IDE. Near the electrodes of the IDE structure, the electric field has a non-zero
out-of-plane component [184]. This adds a contribution of the out-of-plane tetragonal domains
to the measured polarization, increasing the measured values. COMSOL simulations in Chapter
4 show that the volume fraction under the out-of-plane field is less than 5% of the total volume
between the electrode fingers, which would be the order of magnitude with which P contributes
to the measured polarization. A similar effect does not occur in PZT/Si-MIM or PZT /FS-MIM, as
the field does not have an in-plane component that would allow additional polarization switching
of the predominantly in-plane tetragonal domains.

The validity of condition (d) is difficult to assess. First, the phase composition is not ho-
mogeneous throughout the film. As PbTiO3 has a lower crystallization entropy, it will tend to
nucleate first, making parts of the film closer to the substrate Ti-rich and thus more tetragonal
at each crystallization step compared to layers further away from the substrate [225-227]. Then,
the phase composition is influenced by the local stress [228] which is also not homogeneous but
highest at the interface and lower at the free surface. Last, the phase composition may not be
constant during hysteresis cycling but can change under the externally applied electric field [224,
229]. While the first two phenomena can be accounted for by the correct choice of the parameters

m and n, the possible electric field-induced phase transition would lead to a field-dependence of
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the parameters that is beyond the scope of the present phenomenological model. Lastly, with
respect to condition (e), the change of the local dipole moments due to stress-induced deforma-
tion of the unit cells, equivalent to the intrinsic piezoelectric effect, also can account for some
of the observed discrepancy: using a very rough estimation and assuming dsz ¢ ~ 150 pC/N
and dz;1 e ~ —50pC/N [224, 230], about half of these values are due to intrinsic contributions
[231-233]. Taking into account the stresses in Table5.1, the intrinsic piezoelectric effect then
induces an additional switchable polarization of 0.25 ;C/cm? in PZT /SP-MIM and of 1.8 ;1C/cm?
in PZT /FS-IDE, but reduces the polarization in PZT /SP-IDE by 0.9 4C/cm? and by 0.67 uC/cm?
in PZT /FS-MIM. This helps to explain the deviation of the observed relation of APsp_;pg and

APrs_prrv, While for the APsp_nsra the effects would be minor.

5.3 Degradation of ferroelectric properties in PZT thin films with

bottom electrode
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Figure 5.5: Degradation of polarization hysteresis during bipolar fatigue cycling at 100 Hz fre-
quency for the sample in MIM configuration, P-E loops shown in the figures were recorded at 100
Hz for all the samples.
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5.3.1 Fatigue mechanism

Bipolar fatigue cycling was performed on all the MIM samples (whose P-E loops are shown in
Figure 5.5) by applying a triangular waveform at 100 Hz with 200 kV cm~! amplitude for 1 million
cycles. Polarization hysteresis and permittivity values were measured in-situ at regular intervals
during fatigue cycling. Degradation of remnant polarization during bipolar fatigue cycling is
illustrated in Figure 5.6, which shows the variation of normalized remnant polarization (norm 2F;)
over switching cycle number (n) in log scale. PZT/FS-MIM underwent a gradual degradation in
contrast to PZT/Si-MIM and PZT/SP-MIM, which had a sudden onset of degradation around

103 cycles. All three films lost 75% or more of switchable polarization (2P;) by the end of 10°
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Figure 5.6: (a) Comparison of switched remanent polarization relative to the starting value (norm
2P,) versus cycle number (n) for up to a million cycles between PZT films in MIM configuration
on all three substrates (error bars were introduced from measuring fatigue degradation of three
different electrodes) (b) Absolute polarization change (AP, ) with respect to the respective pre-
vious measurement.

cycles in Figure 5.6. The change in polarization (AP,) to the previous characterization cycle,
i.e., the first derivative of the polarization vs. switching cycle, is also depicted in Figure 5.6(b).
Correlated to the sudden drop of polarization, there is a sharp maximum of this derivative for
PZT/SP-MIM and PZT/Si-MIM at 103 cycles, indicating the inflection point of the norm 2P;(n)

curve where most of the polarization loss happens. Interestingly, the derivative peaks at the same
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point for PZT /FS-MIM, even though the maximum is far less pronounced than for the other two

substrates.
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Figure 5.7: Polarization hysteresis for (a) PZT/Si-MIM, (b) PZT /FS-MIM and (c) PZT /SP-MIM
before and after fatigue cycling, and showing recovery after thermal treatment. P-E loops were
measured at 100 Hz.

In order to understand the mechanism of degradation and to study the recovery of the polar-
ization lost during fatigue cycling, all samples were heated to 400 ° C for 5 minutes, i.e., above the
Curie temperature of ~ 390° C [234]. As shown in Figure 5.7, the polarization hysteresis curves
show complete recovery after the thermal treatment on all three samples. The fatigue-induced
degradation in switchable polarization is completely removed by heating above T [122]. The
recovery of switchable polarization after heating cannot be explained based on charge injection at
the electrodes or mechanical degradation. However, the degraded electrode/ferroelectric interface
can also be a source of defects [127]. Of all the mechanisms proposed in the literature, the pinning
of domain walls at charged defects, such as oxygen vacancies or defect agglomerates, is the most
plausible [235, 236]. Heating into the paraelectric phase above T removes all domain walls.

During re-cooling to the ferroelectric phase, a new domain structure develops that is not attached
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to the charged defects. This creates a 'clean-slate’ for the ferroelectric hysteresis measurements,
starting the fatigue process from a fresh state.

As seen in Figure 5.6, the polarization loss sets in rather suddenly around 10 cycles in
PZT/SP-MIM and PZT/Si-MIM, with the absolute change highest in PZT/SP-MIM, while the
relative change is slightly more pronounced in PZT/Si-MIM. In contrast, the degradation is
more gradual in PZT /FS-MIM, starting during the first few cycles, and extending to 10° cycles.
However, as shown in Figure 5.6(b), the polarization loss also has a weak maximum at 10% cycles
for PZT/FS-MIM, just as for the other two systems. As discussed earlier, the relative amount
of c-domains decreases from PZT/SP-MIM over PZT /Si-MIM to PZT/FS-MIM. This indicates

that the sudden onset of degradation is linked to the higher c-domain population.

5.3.2 Polarization Reversal

For a stress-free film, polarization reversal can occur either by a single 180° switching process
or by two successive 90° switching [30, 91, 93, 219]. This is true for the tetragonal component
of the domains. As discussed in Chapter 1 section 1.4.1, our films with MPB composition should
have a 50/50 tetragonal and rhombohedral composition. Therefore, 180°, 109° and 71° switching
processes should also be possible. It has been described before that polarization reversal in poly-
crystalline PZT happens by two consecutive 90° switching steps [237]. However, with high enough
tensile stress, the switching from in-plane to out-of-plane or out-of-plane to in-plane becomes less
favorable. For PZT/SP-MIM under compressive in-plane stress, forming in-plane domains is
energetically unfavorable. If the stress is high enough, switching out-of-plane domains to an
in-plane orientation becomes completely suppressed. Therefore, for PZT /Si-MIM and PZT /FS-
MIM under high tensile in-plane stress, switching of tetragonal components will be suppressed.
The switching event is dominated by pre-existing domain walls in this case, and no nucleation
of new domains is needed. This behavior should be even more pronounced in PZT/Si-MIM and
PZT/FS-MIM under high tensile in-plane stress, as the stress favors in-plane domains.

A minority of domains can be oriented out-of-plane, but they will be bounded by in-plane
domains with 90° domain walls between them. In PZT/SP-MIM, polarization reversal under an
electric field anti-parallel to the current poling direction will occur by nucleation of new domains
with negative polarization, forming 180° walls to the predominant domain orientation. The
nuclei will grow by the forward motion of the walls, forming needle-shaped wedges with negative
polarization, followed by sideways expansion and growth of the existing domains [29]. Two-step

polarization reversal (i.e., in-plane to out-of-plane and vice-versa) may be possible in PZT/Si-
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MIM if the driving electric field can overcome the bi-axial tensile stress, but not in PZT /FS-MIM.
It can be estimated that only single-step polarization reversal contributes to the total polarization
in PZT/SP-MIM and PZT /FS-MIM. With a change of the configuration which prefers c-domains
to a-domains, the prevalence of 180° polarization reversal processes will decrease in favor of
non-180° reversal processes. Consequently, pinning of non-180° domain walls which dominate in
PZT/FS-MIM, can start right from the first cycle, whereas pinning of 180° domain walls that
are relatively more prevalent in PZT /SP-MIM and PZT /Si-MIM can start only after a sufficient
number of defect agglomerates has formed.

In addition, the substrate stress can have a direct influence on defect migration and agglomer-
ation: first-principles calculations of oxygen vacancy migration in perovskites indicate that tensile
stress — as present in PZT/FS-MIM - facilitates their migration while a comparatively smaller
tensile stress in PZT/Si-MIM and compressive stress — as present in PZT/SP-MIM hinders it
[238-241]. This also agrees with the observed immediate start of fatigue in PZT /FS-MIM, while
PZT/Si-MIM and PZT /SP-MIM take more cycles until fatigue sets in.

The polarization degradation trend in Figure 5.6 shows that 90° domain walls get pinned
slowly and continuously, while 180° domain walls get pinned nearly instantaneously at 10% cycles.
It has been suggested that 90° domain walls get pinned by defects regularly present in the sample
[242] while pinning of 180° domain walls requires modifications of defect structure, such as the
formation and migration of oxygen vacancy agglomerates to be trapped along the domain walls
that are temporarily charged during fatigue cycling [243]. It is also noteworthy that the fatigue
resistance of the PZT thin films reported here is lower than that reported in the literature for
solution-deposited PZT thin films [127, 128, 244-247]. This is owed to the fact that the PZT
films used in this study are un-doped. At the same time, a comparably low cycling frequency
and high cycling amplitude are used in the present study in contrast to most literature studies
(amplitude less than 3xE. and frequency from kHz to MHz range). Therefore, domain walls
have more time to interact and get pinned by charged defects like oxygen or lead vacancies. As
a result, the overall range of domain wall motion is higher, making a larger volume available for

pinning.

5.3.3 Evolution of reversible and irreversible processes during fatigue cycling

In describing the polarization response to an external field, it is customary to distinguish
between intrinsic and extrinsic contributions [248, 249]. The intrinsic contributions stem from

field-induced distortions of the crystal lattice, and extrinsic contributions result from the motion
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of ferroelectric domain walls, movement of defects, or field-induced phase changes.

In particular, domain-wall motion can be either reversible or irreversible. Reversible means
that the low-amplitude ac field causes a domain wall movement around an equilibrium position,
while irreversible processes lead to a permanent movement of domain walls. In contrast, intrinsic
contributions to polarization response are typically always considered reversible. The evolution or
degradation of reversible and irreversible processes during fatigue cycling can be understood by
analyzing the small-signal dielectric permittivity £33 and the large-signal permittivity ;5. The g5
is computed from the slope of polarization hysteresis, as shown in the equation given below [250,

251].
1.0pP

EZS = %(aE)

(5.1)

The evolution of small-signal permittivity during fatigue cycling is illustrated in Figure 5.8 by
comparing the £33 curves for various cycles between all the films. €33 degradation in all films during
fatigue follows a similar trend. PZT/FS-MIM and PZT /Si-MIM ended with comparable values at
the end of fatigue. In contrast, PZT/SP-MIM, which had a lower £33 value from the start, ended
up with even lower values than the films on the other two substrates after 10% cycles. Figure 5.9
demonstrates the evolution of large-signal permittivity (¢;5(F)) over the applied electric field for
all films during fatigue cycling. Larger differences in the magnitude of ¢;; were observed around
the coercive field region (E.) for the unfatigued case. In contrast, the values were comparable at
high field regions between the film systems. The degradation trend of ¢, is also clearly visible
in these plots; all three films show similarly degraded values at the end of fatigue cycling. The
small-signal permittivity 33 stems almost exclusively from reversible polarization changes, both
intrinsic and extrinsic, while the large signal permittivity €;; combines the effects of both reversible
and irreversible contributions [250].

Figures 5.8 and 5.9 points to the fact that there is a larger difference between the magnitude
of €33 and g5 in the unfatigued state. It indicates that the extrinsic irreversible processes are
more pronounced than the reversible processes. In bulk systems, there are usually two maxima
of e33 around the coercive field: the density of domain walls is highest in the region of domain
reversal, leading to an increase of reversible extrinsic contributions to the small-signal permittivity
[32, 252]. However, from Figure 5.8, it can be observed that the two maxima are displaced
towards the zero-field region, almost merging into a single maximum. In the thin-film systems,
the increase of £33 is not mainly due to extrinsic effects but intrinsic reversible processes such
as ionic and electronic displacement [221, 252]. The maxima of ¢;5 seen in Figure 5.9 around

the coercive field region represents the irreversible processes corresponding to the reorientation
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Figure 5.8: Variation of small-signal permittivity hysteresis for (a) PZT/Si-MIM and (b) PZT /FS-
MIM and (c) PZT/SP-MIM for the unfatigued state, cycle 464, cycle 4642 and after 10° cycles,
arrows indicating the direction of change in electric field. The highlighted regions indicate the two
maxima that are displaced towards the zero-field region, almost merging into a single maximum.
Small-signal permittivity measured at 1 kHz small-signal frequency.

of domains. The maxima are highest for PZT /SP-MIM, followed by PZT/Si-MIM and PZT /FS-
MIM, again indicating that there are more pronounced irreversible domain reorientation processes
in systems with higher c-domain content. The comparison of €33 and ¢, reveals that the pinning
reduces irreversible domain wall motion much more strongly than reversible domain wall motion

and intrinsic contributions to permittivity.

5.3.4 Ratio of small to large-signal permittivity ¢

It can be understood clearly from the above discussion that both reversible and irreversible
polarization processes are affected by fatigue in all the systems. To compare and separate the

influence of fatigue on reversible and irreversible processes, the ratio of small to large-signal

103



a) i PZT/Si-MIM
10000 !

K
w
1000
—=— unfatigued
—— Cycle 464
—+— Cycle 4642
—e— After 10°cycles
100 L— N N L i R N N
-200 -150 -100 -50 0 50 100 150 200
Electric field [kV/cm]
b) ( PZT/FS-MIM c) PZT/SP-MIM

10000 | 10000

Eis

Eis

1000 1000

100 100

-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 L] 50 100 150 200
Electric field [kV/cm] Electric field [kV/cm]

Figure 5.9: Variation of large-signal permittivity hysteresis for (a) PZT/Si-MIM and (b) PZT /FS-
MIM and (c) PZT/SP-MIM for the unfatigued state, cycle 464, cycle 4642 and after 10° cycles,
arrows indicating the direction of change in electric field. The highlighted parts indicate the two
distinct maxima around the coercive field region

permittivity £ = e33/e;5 is plotted as a function of the electric field in Figure 5.10. If only
reversible processes are present in the system, the ratio £ will be 1, while for systems with
exclusively irreversible processes, £ will become zero. In the unfatigued state, £ values are lowest
for PZT /Sap-MIM (£ &~ 0.3 at zero field and £ =~ 0.05 around the coercive field) compared to
PZT/Si-MIM (£ ~ 0.4 at zero field and ¢ ~ 0.2 around the coercive field) and PZT/FS-MIM,
(£ =~ 0.45 at zero field and & ~ 0.3 around the coercive field). At very high field amplitudes, & is
even higher for all three systems, increasing nearly to unity on decreasing field. In this region, the
systems are poled as completely as possible, no further irreversible domain wall motion is possible,
and all polarization changes result from reversible intrinsic effects. Consequently, €33 & €, in this
high field region and £ approaches 1.

The low values in the coercive field region indicate that, as expected, irreversible processes
dominate during polarization reversal. Reversible processes become more relevant at zero field
and for very high field amplitudes. Higher values of £ are directly correlated with a decrease in the
importance of irreversible domain wall motion compared to reversible processes [253]. The ratio £

in PZT /SP-MIM is similar to that of bulk systems, where £ =~ 0.3 at zero field and £ =~ 0 around
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Figure 5.10: Ratio of small-signal to large-signal permittivity variation over applied electric field
for PZT thin film on (a) Si and (b) fused silica and (c) sapphire substrates in MIM configuration
for the unfatigued state, cycle 464, cycle 4642 and after 106 cycles. Different regions of interest
are highlighted and marked in the figure.

the coercive field were reported [250], while it is much higher in both PZT/Si-MIM and PZT /FS-
MIM. In the two latter systems under high tensile stress, there is far less irreversible domain
wall motion and domain switching than the unstressed bulk piezo-ceramics or the compressively
stressed PZT /SP-MIM. By the end of the fatigue cycling, £ is similar for all three systems. The
peaks around the coercive field have evolved into a kind of plateau, with £ values of ~ 0.7 at
zero fields and ~ 0.60 — 0.65 around the positive coercive field. The decrease of €33 and g4 in
both sample types shows that both reversible and irreversible processes of polarization reversal are
suppressed by fatigue, but the overall increase of £ in all the samples shows that the irreversible
processes are more strongly affected by fatigue than the reversible ones. In the fatigued state,
the long-range domain wall movement is reduced to the degree that even for PZT/SP-MIM in
the coercive field region, a significant amount of polarization change stems from reversible effects
such as unit cell deformation. However, reversible effects are dominant for PZT /SP-MIM outside
the coercive field region and for PZT/Si-MIM and PZT/FS-MIM across the entire field range.

Though much less pronounced, a similar phenomenon has been observed during the fatigue of
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bulk PZT when pinning of domain walls is the dominant fatigue mechanism [250].

5.4 Fatigue-free behaviour of PZT films with IDEs
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Figure 5.11: Degradation of polarization hysteresis during bipolar fatigue cycling at 100 Hz; (a &
b) samples in MIM configuration, (c & d) samples in IDE configuration, and (e & f) samples in
IDE configuration subjected to bipolar fatigue cycling at 10 kHz. P-E loops shown in the figures
were recorded at 100 Hz for all the samples.

The PZT films on fused silica and sapphire in IDE configuration were also subjected to fatigue
cycling. Bipolar fatigue cycling was performed by applying a triangular waveform with a maximum
amplitude of 200kV cm™! at different frequencies up to 10? cycles. P(E) measurements were
performed in-situ at regular intervals during cycling. Figures 5.11 and 5.12 compare the change
in P-E and e33-E loops during bipolar fatigue cycling of all the samples. In the unfatigued state,
PZT/SP-MIM shows the highest P, value and the smallest €33 among all the samples. On the
other hand, the PZT /FS-MIM sample shows the smallest P; of all the samples and a comparatively
higher €33 value. On the other hand, the PZT/FS-IDE sample shows higher P, and lower €33
values than the PZT/SP-IDE sample.

The evolution of normalized switchable polarization (norm 2P;) is compared between the
MIM and IDE samples. From Figure 5.13, it can be observed that the films with IDEs do not
show pronounced degradation in switchable polarization as is in the case of MIM samples. The
polarization degradation in the case of MIM samples on all three substrates had set in early
during the cycling, around 1000 cycles, irrespective of the domain orientation (as discussed in

the previous sections). On the other hand, the onset of degradation began only after 107 cycles
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Figure 5.12: Comparison of small-signal permittivity (es5) variation during fatigue cycling for (a
& c) MIM and (b & d) IDE samples (loops are shown only for the samples cycled at 10 kHz)
, arrows indicate the direction of change in electric field. Note: the small signal permittivity
measurements for IDE samples were performed only upto 100 kV/cm to avoid short circuiting of
the IDE electrodes under high DC bias field during long term cycling.

for PZT/FS-IDE and PZT/Si-IDE, but there is no visible degradation in PZT/SP-IDE sample
even after 10° cycles. This indicates that with the change in orientation of the electric field with
respect to the major domain orientation in the film, the degradation in switchable polarization
reduced substantially for the same cycling conditions.

By comparing the evolution of switchable polarization during bipolar cycling in IDE samples,
it can be seen that P; increases gradually in PZT/FS-IDE before the onset of degradation and
decreases initially for PZT /SP-IDE before increasing again to the original value around 107 cycles.
However, this increase is not seen in Figure 5.12 where the change in small signal permittivity is
plotted for various cycles during fatigue cycling. Only the decrease in €33 is observed after 107
cycles for PZT /FS-IDE, and at the same time, no observable changes in €33 are observed for
PZT/SP-IDE. In contrast, the large signal (e)5) permittivity variation shown in Figure 5.14 for the
PZT /FS-IDE sample clearly shows an increase in ¢;, after a few hundred cycles and decreases after

the onset of degradation. This indicates an increase in domain switching from the pristine state
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Figure 5.13: Degradation of switchable polarization during bipolar fatigue cycling with 200 kV
cm-1 at 100 Hz and 10 kHz for the PZT films in IDE configuration, compared with PZT films in
MIM configuration cycled at 200 kV cm-1 at 100 Hz.

before the onset of degradation. It is possible that the domains that are initially clamped by high
tensile stress were released progressively during cycling, thus contributing to higher switchable
polarization. The evolution of £i5 also shows that domain switching is reduced after 200 million
cycles. In contrast the changes seen from norm-2P, during cycling for PZT/SP-IDE are not so
apparent from the )5 plot in Figure 5.14(d).

Apart from the observed differences in the g5 values between the MIM and IDE samples, it
was also evident enough to understand the differences in switching dynamics between the MIM
and IDE samples. Considering the case of PZT/SP-MIM and PZT/FS-IDE, where the electric
field is aligned with the major domain orientation, polarization reversal occurs predominantly
by 180° switching process (i.e., one-step switching). Whereas, in PZT/SP-MIM, both 90° and
180° switching processes (i.e., one-step and two-step switching) is possible for PZT /FS-IDE. The
switching process in these two cases includes nucleation of new domains and forward motion of
the domains, followed by side-ward expansion and growth of the existing domains. In the case
of PZT/FS-MIM and PZT /SP-IDE, where the electric field is aligned perpendicular to the major
domain orientation, it predominantly follows one step switching process through 109° or 71°
switching. The switching event is dominated by pre-existing domain walls in this case, and no

new domain nucleation event is needed.
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Figure 5.14: Comparison of large signal permittivity €)s variation during the fatigue cycling for (a
& c) MIM and (b & d) IDE samples (loops are shown only for the samples cycled at 10 kHz) on
fused silica and sapphire, arrows indicate the direction of change in electric field.

5.4.1 Proposed mechanisms

The dominant polarization fatigue mechanism in the case of MIM samples was experimentally
identified and discussed in our previous sections as pinning of domain walls by oxygen vacancy
agglomerates [84]. In the case of IDE samples, the oxygen vacancies do not seem to affect the
long-term switching behavior. It is possible that the grain boundaries can act as oxygen vacancy
traps, preventing them from pinning the domain walls. It was clear from the SEM cross-section
images from Figures 3.7, 3.8, and 3.11 in Chapter 3 that all the films have dense and columnar
microstructure. Therefore, the applied electric field in the IDE configuration encounters more
grain boundaries in its path in contrast to the columnar grains with fewer grain boundaries in the
case of the MIM configuration. Several studies suggest that in perovskite oxide ceramics [254,
255] as well as in metallic-oxides [256], grain boundaries can act as potential barriers for oxygen
vacancy diffusion. Some literature further indicates the segregation of oxygen vacancies along the
grain boundaries [257].

Grain boundaries trapping the positively charged oxygen vacancies can, in turn, alter the
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electrical properties of the material. For perovskites such as PZT with oxygen vacancies, grain
boundaries impeding their diffusion and acting as potential trapping sites can prevent the vacan-
cies from diffusing towards the domain walls and eventually pinning them during cyclic operation.
However, the PST /FS-IDE sample shows an increase in P, from the first cycle. A sudden degra-
dation is observed after 107 cycles, and the sample loses 50% of its initial value at the end of
10” cycles. This could indicate two different things: firstly, the domains are initially clamped by
bi-axial tensile stress, and high field cycling can overcome this stress to switch the domain in the
field direction contributing to an increase in P;. Secondly, during cycling, the pre-existing domain
walls can move from one pinning center to another, and this movement can contribute to the
increase in P;. The sudden drop in P; denotes a threshold beyond which the domains are pinned
by defect agglomerates. Once the threshold is reached, it could indicate that all the domains
are possibly pinned. Therefore, further cycling beyond this point aids field-induced diffusion and
migration of defects towards the domain walls and eventually pin them. It is also logical to corre-
late the effect of residual stress in each thin film system on the activation and diffusion energies
of the oxygen vacancies present. Some earlier works [238-241] on model ferroelectric systems
shows that the compressive strain in the crystal lattice can increase the formation and migration
energies of the oxygen vacancies. In contrast, the tensile strain reduces their migration energies.
With this hypothesis in mind, one can argue that the combined effect of electrode design with the
microstructure and the compressive strain gradient due to the displacement field could potentially

contribute to the fatigue-resistant behavior of the PZT /SP-IDE thin films.

5.5 Summary

The high tensile stress in PZT on fused silica increases the prevalence of a-domains, while
the compressive stress in PZT on sapphire induced a predominantly c-domain structure and
larger values of polarization. In contrast, PZT on silicon endures moderate tensile stress smaller
than that of the film on fused silica and produces a mixed a/c-domain structure. Two different
electrode configurations (MIM and IDE) were devised to have a comparative study on the out-
of-plane and in-plane ferroelectric properties. In addition, a phenomenological model explaining
the underlying relationship between the orientation of the electric field, substrate stress, and the
domain orientation in PZT thin films was proposed for the first time.

The out-of-plane polarization showed a much higher susceptibility to the stress state of the

film, while the in-plane polarization has a much lower stress dependence. Bipolar fatigue cycling
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studies showed that the PZT films in MIM configuration on all the three substrates, irrespective
of their stress states, lost more than 80% of their switchable polarization after 105 cycles. In
a compressively stressed PZT /SP-MIM system, fatigue occurs suddenly after 10® cycles, while
polarization decreases in PZT /FS-MIM and PZT /Si-MIM under tensile stress were more gradual.
Fatigue recovery studies indicated that polarization degradation is dominated by the pinning of
domain walls by charged defects. Polarization reversal shifts from being dominated by 180° domain
switching processes to predominantly 90° domain switching processes with a shift from a c-domain
to a-domain population. It is proposed that fatigue in the latter systems (PZT/FS-MIM) occurs
through pinning of 90° domain walls on isolated charged defects and could be initiated already
from the first cycle.

In contrast, fatigue in PZT /SP-MIM is based on the formation of oxygen vacancy agglomerates
by defect migration, followed by pinning of 180° domain walls on the defect agglomerates. The
comparison of large and small-signal permittivity indicated that polarization changes in PZT /SP-
MIM and PZT/Si-MIM initially were based more on irreversible processes than in PZT /FS-MIM.
Fatigue leads to a drastic reduction of irreversible processes, nearly eliminating all long-range
domain wall movement.

On the other hand, the films with planar IDEs did not show any degradation in switch-
able polarization until 10 million cycles under the same cycling conditions as the MIM samples.
PZT/SP-IDE films in particular, did not show any loss in P, values even after 10° cycles. The
electrode configuration combined with the columnar microstructure in the direction normal to
the plane of the film was shown to have a decisive influence on the fatigue-resistant behavior of
the thin film. The given set of thin films with columnar microstructure was shown to have more
grain boundaries along the path of the electric field in the case of IDE configuration. These grain
boundaries could act as trapping sites for oxygen vacancies that are mobile under the influence
of an electric field. The compressive stress state induced by the substrates can also increase the
migration and diffusion energies of the oxygen vacancies, which further aids the fatigue-resistant
nature of the PZT/SP-IDE films. These collective influences of IDEs, along with the correctly
engineered microstructure of the thin films, could enhance the lifetime and reliability of the PZT

thin films under bipolar switching conditions.
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5.5.1 Perspectives and open questions

This work demonstrates the possibilities of engineering the functional properties of ferroelectric
thin films by adapting the substrate and mode of actuation by specific electrode configurations.
The direction with which the material is probed provides control over the properties and the
lifetime of the resulting thin film stack for a given application. The findings presented in this
study can possibly be extended to the other ferroelectric material systems that can be used with
IDEs.

However, some open questions remain to be answered in this study, which could be helpful in

understanding the switching dynamics and the defect distribution in the film during the cycling.

e Studies to quantify and prove the localization of oxygen vacancies in the thin film systems.

e PZT films with non-columnar microstructure or with equiaxed grains should be prepared
and subjected to fatigue cycling. These studies could allow us to understand the role of

film microstructure on the degradation behavior and, in turn, their long-term stability.

e Experimental study of field-induced defects or oxygen vacancy diffusion in the films should
be performed. This could throw some light on supporting our hypothesis on grain boundaries

acting as oxygen vacancy traps.
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Chapter 6

Solution deposited Hafnia thin films

This chapter deals with the chemical solution deposited ferroelectric La-doped HfOq thin
film. The deposition routes developed by Schenk et al. [258] are followed throughout this
work. Conventional and layer-by-layer (L/L) routes are followed for deposition. The influence of
annealing temperature and atmosphere on structural and ferroelectric properties is studied. The
correlation between the processing conditions and ferroelectric switching behavior was established.
Dielectric breakdown studies were performed to understand the effect of different deposition routes

and processing conditions.
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6.1 Solution deposited Hafnia thin films

The importance of deposition methodology and the processing parameters for stabilizing the
ferroelectric phase in hafnia thin films were discussed in detail in Chapter 1. HfOs films prepared
by sol-gel routes were prone to problems of low density, contributing to the deterioration in elec-
trical properties and poor breakdown characteristics. The film density is typically governed by the
film crystallization route, and the crystallization is generally nucleation mediated. The nucleation
process can be homogeneous or heterogeneous depending on the origin of nucleation, either from
the bulk of the film in the former case or from the interface or surface in the latter case. Het-
erogeneous nucleation is thermodynamically preferred and can result in columnar microstructure
or with equiaxed grains [210, 259]. The columnar microstructure was reported to be responsible
for enhanced dielectric properties in ferroelectric thin films. Heterogeneous nucleation can be
initiated by different approaches, which can eventually promote a denser microstructure. The
approaches to promote heterogeneous nucleation are well developed and demonstrated by several
research groups. Some of the established routes include: selection of substrate to match the
lattice parameters of the thin film [56], using seed layer to promote nucleation, using a secondary
phase to promote crystallization at lower temperature [210], and by using solutions with very low
concentration and performing crystallization after every deposition steps [260, 261]. Using a seed
layer to promote nucleation is not yet completely understood or attempted for HfO5 thin films.
At the same time, the films produced following the crystallization scheme after depositing several
layers (i.e., conventional route) were not sufficiently dense [110]. Therefore, a layer-by-layer depo-
sition route was developed, where crystallization was performed for every layer deposited using a
solution of low concentration compared to the conventional route [258]. The details of deposition

methodology are discussed in Chapter 2.

6.1.1 Conventional vs layer-by-layer deposition scheme

The key difference between the conventional and layer-by-layer (L/L) deposition schemes is the
crystallization frequency. A 0.25 M solution was used for the conventional route, and crystallization
(annealing) was performed after every three deposition and drying steps. For the layer-by-layer
route, 0.083 M solution was used, and crystallization was performed after each deposition and
drying step (detailed description of the deposition scheme can be found in Chapter 2, Section
2.2.3). With these modifications, the thickness of each crystallized layer, single layer thickness

(SLT), was significantly different, as evident from the deposition scheme. The conventional
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films resulted in an SLT of 45nm, while the SLT of L/L films was 4-5nm each for the given
concentration. 45nm thick films are mainly used for this study. It is reported in an earlier
study [258] that the change in deposition scheme from conventional to layer-by-layer resulted
in denser films. The overall density of the films improved from 8.0 g/cm? (83%) to 8.4g/cm?
(87%) for the films produced by conventional and L/L routes, respectively. It is proposed that the
improvement in density is associated with the super-structure (alternating layers with higher and
lower densities) in the film obtained via the L/L route [258]. A deeper investigation to understand
the microstructure by means of secondary ion mass spectroscopy (SIMS) and X-ray reflectivity
(XRR) was performed by Schenk et al., the details of the study are, however, not discussed here

as it is not the scope of this work.

6.2 Effect of processing conditions on structure and properties
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Figure 6.1: GI-XRD patterns for the conventional and the L/L samples, annealed at 700°C in 1:1
mixture of Ar/Oy atmosphere, *-indicates substrate peaks

6.2.1 Variation of annealing atmosphere and temperature

As discussed in Section 1.8 in Chapter 1, the reliability issues like wake-up behavior and poor
breakdown characteristics are associated with the processing conditions of the solution deposited
thin films. In an attempt to understand the effect of annealing atmosphere on the ferroelectric

properties of our films, a 1:1 mixture of Ar/Ny and a 1:1 mixture of Ar/Ox is used. As some studies
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also suggest that the annealing temperature in the range of 600 - 800 °C works well for both pure
and doped HfOq thin films [107, 109]. To gain further insight, the annealing temperature was
also varied between 700 °C and 800 °C in combination with the atmosphere to demonstrate their
influence on structural, ferroelectric, and breakdown behavior of resulting HfO5 thin films by both

conventional and L/L methods.
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Figure 6.2: P-E loops (at 3 kHz) for the conventional and the L/L samples, annealed at 700°C
in 1:1 mixture of Ar/Oy atmosphere.

The annealing atmosphere and temperature were varied for both conventional and L/L depo-
sition routes. Figure 6.1 shows the GI-XRD patterns of the conventional and L/L films annealed
in an atmosphere 1:1 mixture of Ar/O2 at 700°C. The GI-XRD pattern only shows only {111}
peak for both conventional and L/L films, while the P-E loops in Figure 6.2 do not show any
sign of ferroelectric switching in a pristine state and after cycling. Each of these plots shows the
polarization vs. electric field (P-E) loops of the films in their pristine as well after wake-up cycling.
Polarization hysteresis of the conventional and L/L films was measured at 3kHz, and wake-up
cycling was performed by applying a series of triangular pulses identical to the ones applied during
the P-E measurement.

In the following experiment, the annealing temperature is maintained at 700°C, and the
atmosphere is changed to a 1:1 mixture of Ar/Ny. The GI-XRD patterns of the conventional
and the L/L films in Figure 6.3 shows both {111} and {002} peaks. The {002} peak for the
conventional film does not align closely with the orthorhombic phase and also with the peak of the
L/L film. The peak intensities are also enhanced for the L/L films, while the conventional films
showed a low-intensity {111} peak. The P-E loops in Figure 6.4 show signatures of ferroelectric

switching. Both samples exhibit wake-up behavior, showing an increase in polarization from an
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Figure 6.3: GI-XRD patterns for the conventional and the L/L samples, annealed at 700 °C in 1:1
mixture of Ar/Ng atmosphere, *-indicates substrate peaks.
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Figure 6.4: P-E loops (at 3 kHz) for the conventional and the L/L samples, annealed at 700°C
in 1:1 mixture of Ar/Ng atmosphere.
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initially pinched hysteresis state. The ferroelectric signature can be associated with the presence of
{111}, and {002} peaks as they correspond closely to the orthorhombic phase, which is responsible
for ferroelectricity in hafnia [100, 170]. Here the GI-XRD analysis is mainly used to identify the
evolution of peaks corresponding to the ferroelectric phase in hafnia. However, the GI-XRD
patterns cannot be used for analyzing the texture of any given film, and the differences between
the conventional and the L/L films are rather subtle and hard to interpret. So the orientation
corresponding to the orthorhombic phase cannot be singled out with these results. Texture
comparison was performed in one of the earlier works [110] on 100 nm thick La-HfO; films. The
L/L samples were shown to have a mixed {111} and {002} preferential orientation with much
stronger peak intensities than conventional films.

In the next step, the annealing temperature is changed to 800 °C while the annealing atmo-
sphere is maintained at a 1:1 Ar/Ng mixture. The orthorhombic {002} peak is absent for both
the conventional and the L/L samples, as shown in Figure 6.5. Instead, the conventional film
shows a low-intensity {111} peak compared to the L/L film, as is the case of samples annealed at
700°C in Ar/ /N2 atmosphere. However, the P-E loops in Figure 6.6 do not show any ferroelectric

signature in both pristine states and after wake-up cycling.
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Figure 6.5: GI-XRD patterns for the conventional and the L/L samples, annealed at 800°C in 1:1
mixture of Ar/Ny atmosphere, *-indicates substrate peaks.

Finally, the annealing atmosphere is changed to a 1:1 mixture of Ar/Oy while the temperature

is maintained at 800°C. GI-XRD analysis of the conventional and L/L films show differences in
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Figure 6.6: P-E loops (at 3 kHz) for the conventional and the L/L samples, annealed at 800°C
in 1:1 mixture of Ar/Ny atmosphere. Note: scale is different in both the plots as the samples
broke beyond 1.5 and 2 MV/cm.

relative intensities between the {111} and {002} or {022} and {113} peaks as shown in Figure
6.7, the {222} peak is absent in the L/L counterpart. The P-E loops in Figure 6.8 show a clear
switching signature after wake-up cycling. The P; values of both the conventional and L/L films
are comparatively much higher in this case than the films annealed at 700 °C in Ar/Ny atmosphere.
The L/L sample, however, shows an increase in remanent (P;) and maximum (Ppax) polarization
in comparison to the conventional sample. It is also important to note that the maximum applied
field Emax is increased from 2.9 MV /cm for the conventional sample to 4 MV /cm for the L/L
sample. Both these films could withstand cycling in higher fields.

From all these above experiments, it is evident that the appearance of ferroelectric switching
is associated with the presence of {002} orthorhombic polar peaks. It can be understood that
the lower annealing temperature works in the case of an Ar/Ny atmosphere. In comparison, the
presence of oxygen during annealing required a higher temperature to stabilize the orthorhombic
phase. Annealing temperature appears to be critical when changing the atmosphere. In the
case of Ng atmosphere, the {002} peaks appear when annealed at 700°C but not at 800°C,
and similar behavior was seen for the ferroelectric signature. Although, the polarization values
of the samples annealed in Ar/Ns were much lower than those annealed in Ar/Os. It is also
noteworthy that the post-annealing of top electrodes was carried out at 400°C for 5min in
ambient environment. It could be possible that the post-annealing process would have altered the
defect concentration and structure in these thin films, further altering any changes resulting from

the variations in temperature and atmosphere during annealing. Therefore, no clear correlation

119



Conv 800 °C - Ar/O,
—L/L
-
A
A
> 2
b= -
[72] N o~
c o N
8 < o &
£ N
[o)]
o
-
" 1 L 1 L 1 1 1 1 1 1 1
Orthorhombic |
Cubic I |
Monoclinic ; I |
| lla—l-l—.ll“—l"—l—l—ll—'—'—l—'—l—l‘—u—‘—'—l—‘
15 20 25 30 35 40 45 50 55 60 65
20 [°]

Figure 6.7: GI-XRD pattern of the conventional and the L/L samples annealed at 800 °C in Ar/Os.
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Figure 6.8: P-E loops (at 3 kHz) for the conventional and the L/L samples, annealed at 800 °C
in 1:1 mixture of Ar/Oy atmosphere.
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between the processing condition and the possible defect concentrations in these films could be

drawn.

6.2.2 Breakdown studies comparing conventional and L/L films

As noted in the previous section from the P-E loops of the films annealed at 800 °C in Ar/O2
atmosphere, Fy.x for the conventional film was 2.9 MV /cm and beyond which the samples were
breaking down. At the same time, Ep.x of the L/L film was 4 MV /cm; this already indicates an
improvement in the breakdown strength of the L/L samples. In order to quantify the breakdown
characteristics, several capacitors from both samples were subjected to a linear ramp voltage
test in their pristine state. A ramp rate of 0.05V/s was chosen, and several capacitors with
200 pm circular electrodes were tested. The plot in Figure 6.9 shows the evolution of current as a
function of applied field in representative sets of capacitors from both the samples, going through

a breakdown.
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Figure 6.9: Plot showing the breakdown characteristics of the representative capacitors of conven-
tional and L/L samples subjected to a linear ramp voltage test. Pre-breakdown and breakdown
events are marked in the plots.

The breakdown voltage is defined as the voltage at which the current value increases more than
two orders of magnitude within a short span of change in the voltage (0.1V or less). The current
curve also shows some anomalies where there was an increase in current value but returned

to the previous values before going through the breakdown. These anomalies are termed as
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pre-breakdown events. The pre-breakdown events could arise from the conductive paths due
to the porous microstructure. Most conventional samples broke at a lower voltage than the
L/L samples. Statistical analysis is presented in Figure 6.10, which shows the distribution of
breakdown voltages for both sets of samples. Among 13 capacitors subjected to a breakdown
test from the conventional sample, 9 capacitors showed a prominent pre-breakdown event. On
the other hand, only 4 out of 13 L/L samples showed a noticeable pre-breakdown event. The
breakdown voltage for the conventional sample was only around 10.1V (2.2MV/cm), while it
was around 14.5V (3.2MV/cm) for the L/L samples. As the ramp rate is much slower than the
polarization hysteresis and wake-up cycling, the breakdown voltages were lower compared to the

cycling voltage.
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Figure 6.10: Statistical distribution of breakdown voltage for conventional and L/L samples, tested
on 13 different capacitors, the mean breakdown voltage is also indicated in the plots

However, the breakdown mechanism cannot be determined clearly from these measurements.
One could argue that the transport mechanism should remain the same for both conventional
and L/L samples as the current-voltage curves in Figure 6.9 look similar. However, the lower
breakdown voltage of the conventional samples indicates that the available current transport path
could be larger than the L/L samples. The L/L samples showed an improvement in relative density
by only 3%, and this may not be the only reason for the improved breakdown characteristics. The
improved breakdown characteristics of the L/L samples can also be logically correlated to the
proposed superstructure [258] of the film as a result of an alternating high and low-density layer.
The high-density capping layer could pose a resistance in the current path formed by the vertically
aligned pores in the alternating low-density layers. As the grain or crystallites size is also in the
order of layer thickness in the high-density layer, it could also mean that there are densely packed

grains which could increase the dielectric strength of these layers.

122



6.3 Summary

Stabilizing the ferroelectric phase in HfO5 thin film is sensitive to annealing temperature and
atmosphere changes. It can be seen that the presence of oxygen in the annealing atmosphere
requires a higher temperature to stabilize the ferroelectric phase. Although the films annealed
in a nitrogen atmosphere showed the signature of the ferroelectric phase and switching, the
polarization values were very low compared to those annealed in an oxygen atmosphere. It can be
associated with the improved breakdown characteristics of the film annealed in oxygen, allowing
for cycling at a higher field. Among the samples annealed at 800°C in Ar/O2 atmosphere,
the L/L samples exhibited better ferroelectric properties and showed an improved breakdown
strength compared to the conventional sample. Post-annealing after electrode deposition could
have played a detrimental role in altering the thin film's defect structure, resulting in poor or
no sign of ferroelectric properties in the other set of films. It can also be understood from the
experiments that apart from the dopant ions themselves, the intrinsic oxygen vacancies during

processing impact the phase stability and, in turn, the ferroelectric behavior.

6.4 Perspectives and open questions

Processing trails can be repeated further to stabilize the ferroelectric phase. As the process is
susceptible to temperature and atmosphere, further experiments had to be performed by carefully
varying the annealing atmosphere and temperature to understand their co-relation with the defect
structure.

Post-annealing studies can be carried out at successive steps from lower to a higher tempera-
tures to understand the trade-off between the interface quality and the changes in defect structure
that might influence the ferroelectric switching. This can further throw some light on the effect
of the post-annealing step on the deterioration of ferroelectric properties.

More breakdown testing to be carried out to establish the correlation between the processing

parameters and the defect structure mediated properties.
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Summary and outlook

High-quality PZT (53/47) thin films were fabricated by the chemical solution deposition (CSD)
technique on transparent and non-transparent substrates during this work. The ferroelectric prop-
erties of the films are comparable to the state-of-the-art values of chemical solution deposited
un-doped PZT thin films. The possibility of using the HfOy buffer layer deposited by CSD and
atomic layer deposition (ALD) for integrating PZT on different substrates (Si, fused silica & sap-
phire) was demonstrated. The influence of different seed layer solvents in affecting the texture
and functional properties of the PZT films were experimentally illustrated. PZT thin films with
metal-insulator-metal (MIM) geometry and co-planar interdigitated geometry were fabricated on
transparent and non-transparent substrates. It allowed us to probe the out-of-plane and the in-
plane ferroelectric properties of the PZT thin films on different substrates were probed. The
influence of finger width (f,,) and the gap between the fingers (f,) in the interdigitated electrodes
(IDEs) geometry was studied using finite element modeling. The electric field distribution was
analyzed for different combinations of f,, and f, for the PZT thin film deposited on various sub-
strates. The limitation of the design approximations is verified by comparing the non-constrained
bulk system with the constrained multi-layer thin film system. It was found that for a given film
thickness t ¢, a homogeneous field distribution could be achieved by having a finger gap and width
at least ten times more than that of t;. However, this was not the case for the bulk system,
where the ratio f,/t; is smaller for several values of f, that were compared. The effective field
value for a given f, and f,, was nearly two times lower than that of the values obtained from the
approximation for thin films.

It was demonstrated that different stress states were induced in PZT films by choice of sub-
strates, and the stress values were quantified by the Sin?ty) method using XRD. The ferroelectric
characterization results also confirmed the hypothesis that high tensile stress in PZT /FS induced
the prevalence of a-domains. In contrast, the compressive stress in PZT /SP induced a predomi-

nantly c-domain structure, and the intermediate tensile stress state in PZT/Si produced a mixed
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domain structure. Furthermore, it was shown that the out-of-plane polarization was susceptible
to the stress state of the film. A higher possible polarization was achieved for PZT /SP-MIM film
under in-plane compressive stress but reduced by a factor of nearly 4 for PZT /FS-MIM film under
in-plane tensile stress. On the contrary, the in-plane polarization showed an unexpectedly weak
stress dependence. It was only 10% larger for PZT /FS-IDE under tensile stress than PZT /SP-IDE
film under compressive stress. Based on the experimental observation, a phenomenological model
was proposed to explain the underlying relationship between the substrate stress and the domain
orientation to understand the in-plane and out-of-plane ferroelectric properties of the PZT thin
films. Bipolar cycling experiments yielded a significant difference in the fatigue behavior of the
thin films. PZT films in MIM geometry lost more than 80% of their switchable polarisation at
the end of 10° cycles, irrespective of the substrate they were deposited on. PZT films with in-
terdigitated electrodes showed increased resistance to degradation during cycling. PZT /FS-IDE
did not show degradation until 10® cycles, and PZT/SP-IDE showed no degradation even after
108 cycles. The primary fatigue mechanism was identified as the pinning of domain walls by
oxygen vacancies and other defect agglomerates. The switching dynamics of different domains
were affected differently by bipolar cycling. The pinning of 90° domain walls initiated early, and
the degradation was gradual, but the system with more 180° domain walls underwent a sudden
degradation after 1000 cycles. Irrespective of the domain configuration, fatigue affected the ir-
reversible contribution to polarization by eliminating the long-range domain wall motion in all
the systems. It was proposed that the columnar microstructure, in combination with the IDEs,
contributed to the fatigue-resistant behavior of the PZT thin films. In the case of IDEs, the
electric field is applied in a direction normal to the columnar grains. In such a case, the electric
field encounters more grain boundaries in its path than the case in the MIM configuration. It was
known that oxygen vacancies and other defects diffuse in the electric field direction. Therefore,
the grain boundaries in the path can prevent the defects from diffusing towards the domain walls
and even eventually pinning the domain walls.

For a given thin film microstructure and the crystallographic orientation, the direction with
which the material is probed provides control over the functional properties and long-term switch-
ing abilities. The collective influence of planar IDEs along with the columnar microstructure of
the thin films was shown to enhance the lifetime and reliability of the PZT thin films under
bipolar switching conditions. Furthermore, the possibility of engineering the functional properties
of ferroelectric thin films by adapting the substrate and mode of actuation by specific electrode

configurations was demonstrated in this study.
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Hafnium oxide thin film, the incipient ferroelectric system, is also studied during this work.
The structure-property relationship was established by stabilizing the ferroelectric phase in La-
doped HfOq thin films deposited by the chemical solution deposition technique. Two different
deposition routes were followed, and the influence of annealing temperature and atmosphere on
achieving ferroelectric switching properties was demonstrated. It was clear that the ferroelectric
properties of HfOs thin films are sensitive to annealing temperature and atmosphere. The layer-
by-layer deposited films showed an improvement in the breakdown behavior compared to the films
deposited by the conventional route. The results are linked to the density improvement in the
layer-by-layer deposited films and the intrinsic oxygen vacancies formed during processing under
specific conditions. It could be inferred that the differences in temperature seen by the bottom
and top electrodes during processing create a weak interface between the top electrode and the
film. As pointed out in the literature, it could result in an inhomogeneity in the oxygen vacancy
distribution, which is a primary cause of wake-up, fatigue, and early breakdown in hafnia thin
films. Therefore, post-annealing of top electrodes could be carried out in a controlled atmosphere
and successive temperature steps to improve the film electrode interface. Breakdown studies

could be performed to establish a correlation between annealing steps and defect distribution.
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