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Lead zirconate titanate (Pb(ZrxTi1-xO3, PZT) is a well-known piezoelectric and 

ferroelectric material. PZT in the form of thin films has current applications in capacitors, 

microsensors and microscale mechanical bugs. For the preparation of PZT thin films, 

chemical solution deposition is one of the most utilized techniques due to the low cost 

and accurate control of stoichiometry in the thin film. During chemical solution 

deposition, PZT precursor solutions are deposited onto a substrate using spin coating, 

and after pyrolysis, amorphous thin films are obtained. The amorphous thin films are 

crystallized by heating to a higher temperature. Intermediate PtxPb and fluorite phases 

are commonly observed prior to the formation of perovskite PZT thin films during 

crystallization. In addition, depending on the different processing conditions during 

crystallization such as the atmospheric conditions, heating rates and different 

substrates, different texture can be obtained in PZT thin films. However, the mechanism 

of texture control in PZT thin films is not well understood, because it is difficult to track 

the changes during fast crystallization from amorphous to perovskite PZT within a few 

seconds. Thus, in situ x-ray diffraction (XRD) measurements are useful to observe the 

phase and texture evolution of PZT thin films during crystallization.  
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In this dissertation, in situ measurements of PZT thin films using laboratory- and 

synchrotron based XRD were conducted to investigate the phase and texture evolution 

during crystallization. The stability of intermediate phases and perovskite PZT was 

observed during crystallization in different atmospheric conditions. Based on these 

observations, a new processing method was developed. Switching atmospheric 

conditions during crystallization of PZT thin films suppressed the intermetallic PtxPb 

phase and promoted the perovskite PZT phase.  

Further, based on the observations of phase and texture evolution using different 

heating rates and substrates during crystallization, a mechanism for texture control of 

PZT thin films is provided. 111 texture was observed in PZT on 111 Pt electrodes. It is 

suggested that 111 Pt nucleates 111 PZT directly. Similar trends for the formation of 

111 texture were observed in PZT on an amorphized PbTiO3 (PTO) seed layer, which 

implies that nucleation of 111 texture occurred on a 111 Pt electrode. Conversely, 

dominant 100 texture was observed in PZT on amorphized PTO during crystallization at 

slow heating rates. It is suggested that surface or homogeneous nucleation occurs at 

slow heating rates to promote 100 texture in Ti rich PZT at low temperature, and 100 

textured in Zr rich PZT is nucleated at higher temperature. Also, interdiffusion between 

the PTO layer and the PZT layer during crystallization led to the formation of PZT with 

an inhomogeneous composition throughout the thin films. Unlike PZT on amorphized 

PTO, dominant 100 texture was observed in PZT on crystalline PTO regardless of 

heating rates during crystallization. Also, the formation of the PZT thin films was 

observed after phase transformation of the PTO seed layer from tetragonal to cubic 
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above the Curie temperature, which implies that formation of the 100 texture in PZT thin 

films was nucleated from the cubic PTO seed layer with 100 texture.    
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CHAPTER 1 

INTRODUCTION 
 

In the late nineteenth century, the Curie brothers observed that the application of 

weight upon certain crystals, including quartz, resulted in the accumulation of charge on 

the crystal surfaces. This phenomenon became known as the direct piezoelectric effect, 

and is defined as the linear coupling between the electrical and mechanical domains. 

Likewise, by the converse piezoelectric effect, a strain is induced as a result of an 

applied electric field. Piezoelectricity is only observed in crystalline dielectrics whose 

structure lacks a center of symmetry. Of the 32 possible point groups, based on 

crystallographic symmetry, 21 are non-centrosymmetric and 20 are potentially 

piezoelectric [1]. The result of asymmetry in the structure, and therefore in potential, is a 

net displacement of the ions [2]. Piezoelectric materials can be characterized by several 

coefficients including: 

1. dij : Piezoelectric coefficient (C/N). Charge density (C/m2) developed per given 

stress (N/m2) due to the unique charge output coefficient of materials [3]. 

 
2. Kij : Coupling coefficient. The ratio describes the conversion of mechanical 

energy to electrical energy.  

Piezoelectric coefficients with double subscripts link mechanical and electrical 

quantities, where the first subscript gives the direction of the electric field associated 

with the applied voltage or charges generated. The second subscript indicates the 

mechanical stress or strain. The piezoelectric constant relating electric displacement 

produced by mechanical stress is termed by the dij coefficient. This is represented as 
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       (1-1) 

The d33 coefficient denotes that force is applied along the 3rd axis and charges 

along the same axis are measured, while the d31 coefficient indicates that the charges 

are measured along the 3rd axis, but the direction of applied force is along 1st axis. 

Piezoelectric energy depends on different operation modes; compressive strain 

perpendicular to the electrodes utilizes the d33 mode, while a transverse strain parallel 

to electrodes exploit the d31 mode. However, the power output from the d33 mode is not 

a practical coupling mechanism for piezoelectricity in the majority of applications [4]. 

Typically, in the case of piezoelectric thin films, the piezoelectric elements are coupled 

in the transverse direction. Such an approach can provide mechanical amplification of 

the stress. 

Ferroelectricity of materials can be characterized by spontaneous polarization 

and the reversibility of this polarization with an applied electrical field. [5] Also, phase 

transitions may occur from a high symmetry phase to a low symmetry ferroelectric 

phase. The temperature where this transition occurs is known as the Curie point and 

temperature dependence of the dielectric constant above this temperature is explained 

by Curie – Weiss law, 

        (1-2) 

where ɛr is the relative permittivity, ɛ0 is the permittivity of vacuum, C is the Curie 

constant, and T0 is the Curie temperature. Above the transition temperature, the crystal 
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is in a paraelectric state. Conversely, the crystal is in the ferroelectric state below the 

Curie temperature, which means a polar state with spontaneous polarization.  

In ferroelectric thin films, a reduction in permittivity is commonly observed due to 

several factors such as a remnant secondary phase or entrapped pores, grain size 

effects, clamping of the film by the substrate. [6,7] A “passive” layer at the interface 

between the film and substrate also decreases the dielectric constant through a series 

capacitor arrangement with the thin films. [8,9] In addition, increased chemical disorder 

or formation of defects in thin films occurs during crystallization due to a comparatively 

lower crystallization temperature, which plays a role as local pinning center and 

decreases the polar region response. [10] 

Pb(ZrxTi1-x)O3 (PZT) is one of the most useful piezoelectric/ferroelectric materials 

due to its excellent dielectric, piezoelectric and ferroelectric properties. [11-18] The 

crystal structure of perovskite PZT is shown in Figure 1-1. The structure is usually 

depicted in its pseudocubic form. [19] The crystal structure (ABO3) contains two cation 

sites in the crystal lattice. The larger cations (A) usually reside on the corners of the unit 

cell, while the smaller cations (B) are in the center of the unit cell. [19] The oxygen 

anions are located on face center positions.  

PZT is a solid solution between PbTiO3 (PTO) and PbZrO3 (PZO). The phase 

diagram of PZT is presented in Figure 1-2. [3] The crystal structure of PZO is 

antiferroelectric rhombohedral while PTO is a ferroelectric tetragonal one. With 

increasing PZO/PTO ratio in PZT, the tetragonality in PZT decreases until the crystal 

structure of PZT changes to a pure rhombohedral phase. The phase boundary between 

tetragonal and rhombohedral is called the morphotropic phase boundary (MPB). The 
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PZO/PTO ratio for the MPB in PZT is known to be approximately 52/48. [3] Excellent 

piezoelectric and ferroelectric properties are observed in PZT at the MPB composition. 

[3] In particular, high dielectric constant and piezoelectric coefficient were observed in 

PZT with the MPB composition. [3] These excellent properties are likely due to more 

polarization directions available in PZT at the MPB than those observed in PZT with a 

singular composition. [3]  

PZT in the form of films have different properties, when compared to bulk PZT. 

Lower piezoelectric, dielectric and ferroelectric properties are observed in PZT thin 

films. [20-22] This is attributed to substrate clamping and residual stresses. [23] 

Clamped PZT thin films are not free to expand or contract in-plane in response to an 

applied electric field which degrades the dielectric, ferroelectric, and electromechanical 

responses. Also, the crystallization of PZT thin films at high temperature can result in 

residual stresses. The difference in thermal expansion between the films and the 

substrates generates residual stresses at room temperature. [24,25] 

1.1 Chemical Solution Deposition of PZT Thin Films 

The Chemical Solution Deposition (CSD) method is categorized based on 

different chemistry of precursors and deposition methods. For example, CSD methods 

include Metal Organic Decomposition (MOD) and sol – gel methods. MOD precursors 

consist of metal atoms bonded to organic liquid via a bridging O, S, P or N atom, which 

is insensitive to water. The metal precursors in the liquid form are mixed with a solvent. 

The solution can be modified with different pH and viscosity. [26] The solution prepared 

using MOD precursors shows minimal aging because chemical precursors are 

insensitive to water. However, higher organic contents in the MOD solution compared to 
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sol – gel based solutions could result in cracking of thin films during pyrolysis and 

crystallization steps.  

The sol - gel process is a method used to produce inorganic oxides from 

chemical precursors. [19] A sol is a colloidal suspension of very small solid particles in a 

continuous liquid medium. A polymer is formed due to the interaction between particles 

within the sol for a sufficient time. When this polymer skeleton encloses the liquid, it is 

called a gel. [27] Metal alkoxides are commonly used as precursors in the sol – gel 

method since they readily react with water. During solution preparation, alcohol 

exchange of metal alkoxide with solvent occurs which decreases the sensitivity of the 

metal alkoxides to hydrolysis. Since the metal alkoxide precursors readily react with 

water, it is important to remove any trace water during preparation which ensures little 

aging of the solution. 

The CSD method is also categorized based on different deposition methods such 

as spin coating and aerosol deposition. In deposition of films using aerosol, chemical 

precursors are atomized to form an aerosol, and then deposited on a rotating substrate. 

Deposition can be enhanced by electrostatic charging of the aerosol. [28] The desired 

thickness can be obtained using different deposition times and the number of deposited 

layers. However, in the deposition of films using spin coating, the desired thickness can 

be obtained dependent on the number of deposited layers, spin speed and molar 

concentration of the chemical solution. Spin coating has been widely used for deposition 

of PZT thin films due to the cost effective, fast and simple method. 

Budd et al. developed the sol-gel processing of PZT thin films demonstrating that 

PZT in the form of thin films can have similar properties to bulk PZT, although these 
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properties are usually diminished. [29] The sol - gel method has been widely used to 

produce PZT thin films for various applications such as capacitors and 

microelectromechanical systems (MEMS) devices, and continues to be developed for 

other applications. [30-32] The sol - gel method consists of four steps: (1) precursor 

solution preparation, (2) deposition of the solution onto a substrate by spin coating, (3) 

pyrolysis of organic species at low temperature (300°C - 500°C) to obtain amorphous 

films, and (4) crystallization of amorphous films to the desired perovskite phase PZT 

and densification at high temperature (600°C - 700°C). [19] The CSD method is 

illustrated in Figure 1-3. In the crystallization step, texture control of PZT thin films is 

possible by utilizing different processing conditions. [33] In this chapter, details of each 

step in the sol - gel method for PZT thin films are discussed and the crystallization 

behavior of PZT thin films with respect to different processing conditions provided in 

previous literature are reviewed. 

1.1.1 Solution Preparation 

The final properties of PZT thin films depend on which route is used for PZT 

solution preparation. [34] 2–Methoxyethanol sol - gel (2–MOE route) and inverted 

mixing order (IMO route) are mainly used to prepare the PZT solution. [19,33,35]  

The 2-MOE route is based on the classical sol - gel method and it was called 2–

MOE route after the solvent, 2–Methoxyethanol. [35,36] For sol - gel processing of PZT 

thin films, titanium and zirconium propoxides are used as metal alkoxide precursors for 

the B sites and lead (II) acetate is used for the A site to produce ABO3 perovskite PZT. 

2-MOE is used as a solvent for the process. Because the metal alkoxides react with 

water readily, multiple refluxing and distillation are required to remove any remnant 

water. [37] The experimental procedure for PZT solution preparation via the 2-MOE 
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route is discussed in Chapter 3. The 2-MOE route has advantages such as high 

controllability and reproducibility for PZT solution. Also, PZT solution prepared using the 

2-MOE route has very little aging when no water exists in the solution. However, the 2-

MOE route is regarded as a complex and time-consuming process. Also, 2-MOE is 

referred to as a hazardous solution. 

The IMO route as a hybrid sol – gel chelate method uses either alcohol exchange 

or chelation to decrease the sensitivity of the metal alkoxide precursors. [33,38] The 

name of the IMO route came from the sequence of the addition of metal alkoxides 

during the process. In normal hybrid sol – gel chelate route, the metal alkoxide for the A 

site is added first, and then the B site metal alkoxides are added, which is referred as 

sequential precursor addition (SPA). [39] However, in the IMO route, the B site 

precursor is added first, then the A site precursor is added. The experimental procedure 

for PZT solution preparation via the IMO route is discussed in Chapter 3. During 

solution preparation of PZT thin films via the IMO route, hydrolysis and chelation occurs. 

However, the main reaction is the chelation of alkoxides by acetic acid, which 

decreases the sensitivity of metal alkoxides. [33] Also, esterification between the acetic 

acid and the alcohols in the solution occurs and thereby water is formed. The water in 

the solution allows continuous interaction between the precursors, which leads to aging 

of the solution. [40]   

1.1.2 Spin Coating and Pyrolysis 

When the PZT precursor solution is prepared, a few drops of the solution are 

deposited onto a cleaned substrate using a syringe with a 0.2 µm filter. The amount of 

the solution depends on the substrate size and viscosity of the solution. A larger amount 

of the solution is required for a solution with higher viscosity and/or larger substrate to 
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ensure full coverage. The filter is used to separate unreacted particles such as PbO 

from the solution, which may hinder homogeneous dispensing of the deposited solution 

on the substrate following the spin coating step. After deposition of the solution, the 

substrate is spun at 2000 - 4000 rpm. Spinning the substrate serves to spreads the 

solution over the entire substrate. The final thickness of PZT thin films depends on spin 

speed and time. Commonly, thinner films are achieved when a faster spin speed and 

longer time are used. As-deposited coatings on the substrate are amorphous. [41] 

After spin coating of the deposited solution onto the substrate, thin films are 

placed on a hot plate preheated at low temperatures (300°C - 500°C) to decompose the 

organic species within the thin films. This is called “pyrolysis”. Pyrolysis is defined as a 

thermochemical decomposition of organic material at elevated temperatures in the 

absence of oxygen. [19] During pyrolysis of the thin films, the removal of organic 

species results in an amorphous PZT layer with a homogeneous distribution of cations 

on the substrate. However, pyrolysis of PZT thin films leads to a significant contraction 

of the films. This contraction causes a biaxial stress state that leads to the formation of 

microcracks. [42] It is reported that thicker films are more susceptible to the formation of 

microcracks. [42] Several strategies have been suggested to avoid the formation of 

cracks in thin films. [38] One of the strategies used for PZT thin films in this dissertation 

is the spin coating and pyrolysis of a thin layer several times until the desired thickness 

is achieved. Subsequently, the thin films are crystallized after several spin coating and 

pyrolysis steps.    

 It is reported that the pyrolysis temperature is one of the important processing 

variables to influence the formation of intermediate phases and texture control of PZT 
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thin films during crystallization. [33,43] In previous literature, the formation of 

intermetallic PtxPb as a transient phase occurred during crystallization of PZT thin films, 

when the thin films were pyrolyzed at a low temperature (300°C). However, the 

formation of PtxPb was not observed during crystallization of PZT thin films when the 

thin films were pyrolyzed at a higher temperature (400°C). [38] It was suggested that a 

small amount of organic species remained in amorphous PZT after pyrolysis at a low 

temperature, and further removal of the organic species was at the expense of oxygen 

within the thin films to lead to local reducing conditions at the Pt-PZT interface, which 

promotes the formation of PtxPb during crystallization of PZT thin films. [44] 

The effect of the pyrolysis temperature on the texture selection of PZT thin films 

during crystallization is presented in Figure 1-2. [33] PZT thin films after pyrolysis below 

420°C show dominant 111 texture after crystallization. Conversely, 100 texture is 

dominant in PZT thin films after crystallization, when PZT thin films are pyrolyzed above 

420°C. Observations in previous literature suggest that heterogeneous nucleation of 

111 texture of PZT occurs from the Pt electrode during crystallization (after pyrolysis at 

a low temperature), while homogeneous or surface nucleation of 100 texture of PZT 

occurs during crystallization (after pyrolysis at higher temperature). [33] 

1.1.3 Crystallization 

Amorphous PZT thin films after pyrolysis are heated to higher temperatures 

(600°C - 750°C) at different heating rates for crystallization using a rapid thermal 

annealer (RTA) or a standard furnace or an infrared (IR) lamp. Under ideal conditions 

during crystallization, the amorphous layer transforms to the desired perovskite PZT 

phase. Since amorphous PZT is obtained after pyrolysis, nucleation and growth occurs 

during crystallization of PZT thin films. [19] Thus, the final microstructure of PZT thin 
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films after crystallization may be governed by the nucleation and growth process. [45] 

Due to the high surface to volume ratio of thin films, heterogeneous nucleation of PZT 

thin films is expected to be dominant at the substrate - thin film interface. [44] From 

standard nucleation and growth theory, the description of the energy barriers for 

homogeneous and heterogeneous nucleation are dependent on the driving force for 

crystallization ( ). This may be represented as 

          (1-3) 

        (1-4) 

where  is the interfacial energy and  is a function related to the contact angle ( . 

The function  for a hemispherical nucleus can be described by 

        (1-5) 

According to equations 1-1 and 1-2, the difference in the energy barrier required for 

nucleation events such as the interface, surface and bulk nucleation is defined by the 

surface energy ( , driving force for crystallization ( ) and the contact angle (  with 

the substrate. [19] The function  results in a lower energy barrier in equation 1-2, 

which means that heterogeneous nucleation is always preferred over homogeneous 

nucleation. However, homogeneous nucleation is as probable as heterogeneous 

nucleation with an increasing driving force for crystallization ( ). [19] Standard 

nucleation and growth theory implies that crystallization of PZT thin films at higher 

temperatures results in a lower driving force for crystallization ( ) due to , and 

thereby heterogeneous nucleation is dominant during the crystallization of PZT. Thus, 

the crystallization of PZT thin films is commonly carried out using RTA, which enables 
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the crystallization of thin films at higher temperatures with fast heating rates. 

Conversely, when using a conventional furnace, the crystallization process begins 

during the heating to the final crystallization temperature. This can lead to more than 

one nucleation event during crystallization. [38] It is attributed to the availability of 

sufficient energy to surmount the energy barriers of several nucleation events such as 

increasing temperature of the thin films. [38]   

1.2 Phase Evolution 

When amorphous PZT transforms to crystalline PZT during crystallization, 

different intermediate phases such as PtxPb and fluorite/pyrochlore have been 

observed. [38,44] During the early stages of crystallization, a small amount of organic 

species remaining after pyrolysis are volatilized from the amorphous PZT film. The 

volatilization of organic species is accompanied by the removal of oxygen in the thin 

films, which promotes local reducing conditions at the Pt-PZT interface. [46] The 

reducing conditions lead to the reduction of Pb from the amorphous PZT thin films, and 

then the difference of Pb concentration between Pt and PZT enables the reduced Pb 

cations to diffuse into the Pt substrate. [44] This diffusion can promote a reaction 

between Pt and Pb to form a transient intermetallic layer, PtxPb. [44] The volume of 

PtxPb phase depends on the selected heating rate during crystallization. [44] A 

decrease in the volume of the PtxPb phase was observed with a decrease in the heating 

rate during crystallization. [44] It is suggested that sufficient oxygen from the 

atmosphere diffuses into the Pt-PZT interface at slow heating rates to decrease the 

extent of the reducing conditions resulting from the decomposition of organic species. 

[44] 
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With the decomposition of the PtxPb phase, the formation of intermediate phases 

was commonly observed prior to the formation of perovskite PZT. [38,44,47,48,49] The 

formation of intermediate phases is attributed to limited long range diffusion during 

crystallization at comparatively low temperatures. [42] This limited long range diffusion 

hinders the formation of thermodynamically stable perovskite PZT until sufficiently high 

temperatures are reached. [42] The intermediate phase was observed to be pyrochlore-

type structure of the form Pb2Ti2O7-y where 0  y  1, which exhibits a wider range of 

stoichiometry than Pb(Zrx,Ti1-x)O3 perovskite phase. [50] However, there are ongoing 

debates on the crystal structure of the pyrochlore-type intermediate phase during 

crystallization. Kwok et al. suggested that this intermediate phase is similar to the 

Pb2Ti2O7 pyrochlore phase. [50] However, Wilkinson et al. and Lakeman et al. 

suggested this intermediate phase to have the fluorite structure, Pb2Ti2O7-x. [51,52] the 

pyrochlore (Fd3m) and fluorite (Fm3m) structures are both closely related to the 

pyrochlore crystal structure described as a doubled (i.e., 2ac x 2ac x 2ac) fluorite 

structure through ordered cation sites and anion vacancies in the 8a Wyckoff positions. 

[53] 

It is suggested that the stability of the fluorite/pyrochlore phase and final 

perovskite PZT depends on the oxidation state of Pb during crystallization. [54] The 

oxidation state of Pb is closely related to the oxygen partial pressure and temperature. 

[54] Based on the Richardson - Ellingham diagram which considers the Gibbs free 

energy of the oxidation state of Pb with increasing temperature (Figure 1-5), the 

oxidation state of Pb can change from 4+ to 2+ above 550°C, which is the temperature 

range of phase transformation from fluorite to perovskite PZT in previous literature. [55] 
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Therefore, the oxidation state of Pb as 2+ can be stabilized above 550°C during 

crystallization which maintains the stoichiometry of the perovskite, while the oxidation 

state of 4+ below 550°C can favor the fluorite phase. It implies that the intermediate 

pyrochlore/fluorite phase can be stabilized at a higher temperature when the oxidation 

state of Pb is stabilized as 4+ with higher oxygen partial pressure.  

The stability of the fluorite/pyrochlore phase and perovskite PZT also depends on 

Pb volatility during crystallization. Any deviation of Pb content from the ideal perovskite 

stoichiometry (Pb(Zrx,Ti1-x)O3) intentionally or inadvertently due to volatilization during 

processing tends to stabilize the pyrochlore/fluorite phase. [33,56] During typical CSD 

PZT thin film preparation, the starting solutions are batched with excess Pb precursor to 

accommodate for any Pb loss during processing of these types of films, which ensures 

the formation of PZT without any remnant intermediate phase after crystallization. [19, 

33]  

1.3 Texture Evolution 

The term texture has several different and important meanings. Surface texture, 

also known as surface finish, involves the characteristics of a surface and has several 

components such as lay, surface roughness and waviness. [57] In engineering, surface 

texture is a measure of surface irregularities. There is also morphological texture. It is 

defined as the preferred element shape in a material, including fibers in a composite 

and anisometric grains. However, in materials science, crystallographic texture is 

defined as the distribution of crystallographic orientations of polycrystalline materials. 

[58] For example, when the orientations of different crystallites are distributed randomly, 

it is said that the material does not have texture. Conversely, when there is preferred 

lattice orientation of crystallites within a material, it is said that there is texture. The 
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degree of texture depends on the percentage of preferred orientation. Commonly, a 

degree of texture can be developed during thin film growth. Properties of materials 

highly depend on the different crystallographic texture. This dissertation is concerned 

with crystallographic texture only, and thus is simply referred to as texture.  

Different piezoelectric and ferroelectric properties with respect to different texture 

of PZT thin films have been observed. [33,59,60] 111 textured PZT thin films exhibit a 

lower coercive field ( ) than 100 and 110 textured PZT thin films, while the highest 

piezoelectric coefficient can be achieved in 100 textured PZT thin films. [61] Utilizing the 

advantage of texture in PZT is important for various applications. For example, 111 

texture of PZT thin films is desirable for capacitor application, because switching of the 

state of polarity is possible with lower power and fast speed. [59] 100 texture in PZT thin 

films is preferred for sensor and MEMS devices, which requires excellent piezoelectric 

properties. [60]  

A number of efforts to control texture of PZT thin films have been carried out by 

altering different processing conditions such as pyrolysis temperature, different 

substrates, atmospheric conditions, and heating rates. [33,43,46,54,62] For example, 

low pyrolysis temperature and fast heating rates for crystallization results in 111 texture 

of PZT thin films on a 111 Pt electrode. [54,63] A high pyrolysis temperature and slow 

heating rates for crystallization leads to 100 texture in PZT thin films. [62] Unlike PZT 

thin films on Pt electrodes, fast heating rates result in 100 texture of PZT thin films on a 

100 textured PTO seed layer. [64] These observations in the previous literature 

suggests that heterogeneous nucleation events are dominant in PZT thin films during 

crystallization at fast heating rates, while high pyrolysis temperature and slow heating 
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rates lead to dominant homogeneous nucleation events during crystallization. 

Researchers are in good agreement concerning the experimental observations in the 

resulting texture of PZT thin films depending on different processing conditions. 

[33,43,46,54,62] However, there is disagreement about the mechanisms for texture 

control and their dependence on different processing conditions. [43,46,63,65,66,67] 

111 textured Pt electrodes have been widely used to promote 111 texture in PZT 

thin films based on the hypothesis that similar lattice parameters between Pt and PZT 

decrease the activation energy for the formation of PZT on a Pt electrode via 

heterogeneous nucleation. [38,44] However, there are different mechanisms suggested 

for texture control of PZT thin films on a 111 Pt electrode. Based on several similarities 

that both the Pt electrode and PtxPb exhibit, such as a face centered cubic (FCC) 

crystal structure and similar lattice parameters, the formation of 111 PtxPb was 

suggested to have an epitaxial relationship with the 111 Pt electrode. [44,68] The lattice 

parameter of the PtxPb (a0 ~ 4.05 Ǻ) is closer to the lattice parameter of PZT (a0 ~ 4.07 

Ǻ) than Pt (a0 ~ 3.92 Ǻ). [67] It was suggested that intermetallic 111 PtxPb nucleates 

111 PZT during crystallization at fast heating rates. [69,70] In addition, the formation of 

a PbO layer through decomposition of the intermetallic PtxPb phase was suggested to 

nucleate 100 texture in PZT thin films during crystallization at slow heating rates. [71,72]  

The stability of intermediate pyrochlore/fluorite phase after pyrolysis at different 

temperature has been suggested to control texture of PZT thin films. [43,73] The low 

stability of the pyrochlore/fluorite phase formed after pyrolysis at low temperature was 

suggested to allow the growth of 111 textured PZT on a 111 Pt electrode. [74] 

Conversely, more stable pyrochlore/fluorite phase formed after pyrolysis at higher 
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temperatures was suggested to lead the formation of 100 texture due to dominant 

growth with the lowest surface energy of the 100 plane in perovskite PZT. [74] Norga et 

al. and Voight et al. suggested that 111 texture of the pyrochlore/fluorite phase is 

seeded at the Pt-PZT thin film interface, and then the phase transformation from 

fluorite/pyrochlore to perovskite PZT occurs while maintaining the orientation 

relationship with the substrate. [75,76] 

The diffusion of Ti from the adhesion layer of a platinized Si substrate to PZT thin 

films has been commonly observed during crystallization. [64-66] The diffusion of Ti was 

suggested to control texture of PZT thin films during crystallization. Tani et al. 

suggested that Pt3Ti formed on the Pt electrode due to the diffusion of Ti from the 

substrate nucleate 111 texture of PZT thin films. [77,78] Muralt et al. suggested that Ti 

diffusion from adhesion layer leads to the formation of rutile TiO2 on Pt electrode. [66] 

When the formation of the TiO2 phase occurs, TiO2 is nucleated heteroepitaxially from 

the Pt electrode and the TiO2 transforms into the 111 perovskite nuclei. [80]    
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Figure 1-1. Crystal structure of the ABO3 perovskite PZT. 
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Figure 1-2. Equilibrium phase diagram of PZT. [3] 
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Figure 1-3. CSD of PZT thin films on a platinized substrate. 
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Figure 1-4. Effect of pyrolysis temperature on the orientation of PZT 40/60 films after 

identical crystallization at 700°C and proposed mechanism(s) for the texture 
development. [33] 
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Figure 1-5. Richardson – Ellingham diagram of PbO and PbO2. 
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CHAPTER 2 
MOTIVATION AND OUTLINE 

 
Phase and texture of PZT thin films is dependent on different processing 

conditions during crystallization such as atmospheric conditions, heating rates and 

substrates. The trends of the resultant phases and texture of PZT thin films with respect 

to processing variables is consistent in previous reports. However, there is no 

consensus on the mechanism of phase and texture formation in PZT thin films due to a 

lack of understanding of different chemical and physical phenomena during 

crystallization.  

 In order to investigate the mechanism of phase and texture formation, 

measurements of phase and texture evolution with fast acquisition times during 

crystallization are required, and therefore two types of in situ XRD technique are 

introduced. Different nucleation mechanisms of texture in PZT thin films and their 

relationship to different processing conditions are proposed. Also, different hypotheses 

on the formation of phase and texture in PZT thin films suggested by different 

researchers are examined based on the data obtained from in situ XRD measurements. 

This dissertation focuses on the effect of different processing variables such as 

atmospheric conditions, heating rates and the different substrates on phase and texture 

evolution of PZT thin films during crystallization. Details of the sample preparation using 

the CSD process and the methodology for in situ XRD data analysis are introduced in 

Chapters 3 and 4. A novel processing method for PZT thin films is described in Chapter 

5. In situ XRD measurements during crystallization are used to examine interfacial 

interactions during crystallization in selected atmospheres. In Chapter 6, the stability of 

the PTO seed layer during deposition of the upper PZT layer is discussed. The effect of 
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different substrates such as Pt, and amorphous and crystalline PTO seed layers on PZT 

thin films at different heating rates is discussed in Chapters 7, 8 and 9. In Chapter 10, 

phase and texture evolution as a result of different processing conditions is 

summarized. 
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CHAPTER 3 
DETAILS OF GENERAL SAMPLE PREPARATION  

 
3.1 IMO PZT Solution Preparation and Deposition 

Various thin film samples were prepared using 2 different processing routes; IMO 

and 2-MOE. [33,35,36,38] PZT solutions were spin coated on different substrates and 

pyrolyzed. This chapter provides the details of sample preparation used in this work.    

Thin film samples of 0.35 M solution-derived Pb(Zr0.52Ti0.48)O3 with 20% Pb 

excess were prepared using the inverted mixing order (IMO) method detailed by 

Schwartz et al. [19] 20% excess Pb was added to compensate for the loss of PbO due 

to surface Pb loss and interface diffusion during crystallization. Also, it has been 

reported that PZT with 20% excess Pb showed fully crystallized perovskite PZT. [81] In 

order to prepare the IMO PZT solutions, zirconium butoxide (Acros Organics Ltd.) and 

titanium isopropoxide (Acros Organics Ltd.) were mixed using a stir bar for 5 min. Acetic 

acid and methanol were added and mixed for 5 min sequentially. Lead (IV) acetate 

(Acros Organics Ltd.) was added to the solution after dissolution. The solution was 

stirred and heated at 90°C until the lead acetate dissolved fully. The color of the solution 

turned from a pale yellow to clear after the dissolution of lead (IV) acetate. In order to 

obtain 0.35 M PZT solutions, additional methanol and acetic acid were added to the 

solution twice more after dissolution of lead (IV) acetate. The solution was mixed using 

a stir bar for 2 min between each dilution step. The flow chart for PZT solution 

preparation is listed in Figure 3-1.  

The PZT solution was dispensed using a syringe with a 0.45 µm filter. The 

dispensed PZT solution was spin cast for 30 s at 3000 rpm on square platinized silicon 

substrates layered as follows: Pt (170 nm)/ Ti (40 nm)/ SiO2 (400 nm)/Si (SQI, Santa 
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Clara, CA). The samples were then pyrolyzed at 300°C on a hotplate for 1 min. The spin 

coating and pyrolysis sequence was repeated twice more, for a total of three pyrolysis 

treatments per sample to achieve a thickness of 250 nm. The temperature of the 

hotplate was monitored using an external IR laser digital thermometer (HDE-B01, HDE, 

USA). 

3.2 2-MOE PTO and PZT Solution Preparation and Deposition 

3.2.1 Standard Processing 

PZT solutions with a 5% Pb excess were prepared using a procedure modified 

from Budd et al. [29] Lead trihydrate and 2-MOE solvent were mixed in 1 L flask inside a 

controlled atmosphere glove box to make lead acetate solution. Vacuum distillation was 

conducted on the flask using a rotary evaporator (Heidolph Laborata 4000) outside of 

the glove box after the flask was clamped shut. The flask with lead acetate solution was 

located on 120°C preheated silicon oil bath and rotated at 120 rpm in a positive 

pressure of nitrogen gas. Nitrogen gas was turned off and a vacuum was applied into 

the flask. The flask was rotated for 20 min with a 410 mbar vacuum. During rotation of 

the flask on the silicon oil bath, water vapor and 2-MOE solvent was evaporated and 

then condensed into cooling coils. The condensed drops were collected in a collection 

flask under the cooling coils. When the lead acetate solution turned white foam under 

rotation, the velocity of rotation was decreased to 35 rpm and the flask was raised out of 

the silicon oil bath. Nitrogen gas was applied into the flask to remove vacuum. The flask 

was removed from the evaporator and submerged in water until it reached room 

temperature. Prior to the vacuum distillation of lead acetate solution, Ti iso-propoxide 

and 2-MOE were poured into another 125 mL flask sequentially and sealed inside the 

glove box. The Ti and Zr precursors in 2-MOE were mixed using stir bar.  
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An additional 2-MOE was poured into the Ti/Zr solution and then poured into lead 

acetate solution inside glove box. This step was repeated one more time. The flask with 

PZT solution was sealed and removed from the glove box. The flask was moved to the 

evaporator for vacuum distillation. The flask was placed in a silicon oil bath preheated at 

120°C and rotated at 120 rpm for 3.5 h. A vacuum was applied into the flask for 5 min 

after 3.5 h and then nitrogen gas was applied for 5 min. Formamide (4 volume %) was 

added into the PZT solution as a drying agent. The flow chart of 2-MOE derived PZT 

solution preparation is listed in Figure 3-2.  

Based on the work of Muralt et al. [66], a 30% Pb excess PTO was deposited on 

the Pt electrode via the CSD method. Lead acetate trihydrate was mixed with 2-MOE 

into the 1 L flask. In another flask, Ti isopropoxide with 2-MOE was mixed using stir bar 

while vacuum distillation was performed on the lead acetate solution using a 4000 rotary 

evaporator (Heidolph Laborata 4000). After the vacuum distillation of the lead acetate 

solution, the Ti iso-propoxide solution was added to the lead acetate solution in the 

glove box. Additional vacuum distillation was conducted, similar to the process used to 

PZT solution. The flow chart of 2-MOE derived PTO solution preparation is listed in 

Figure 3-3.  

The PTO solution was spincoated for 45 s at a speed of 3000 rpm and then 

pyrolyzed at 350°C for 2 min on a hot plate. Crystallization of pyrolyzed PTO was 

performed at 700°C for 60 s using a RTA. This PTO layer was used as a seed layer for 

2-MOE PZT thin films. PZT solution was spin coat on the PTO seed layer at a speed of 

2000 rpm for 45 s and then pyrolyzed at 350°C for 2 min on a hot plate. The spin 

coating and pyrolysis sequence was repeated twice, for a total of three pyrolysis 
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treatments per sample. The thickness of the amorphous PZT layer on top of the PTO 

seed layer was 290 nm, evidenced by the micrograph in Figure 6-4. 

3.2.2 Processing of Ceria Dispersed PZT Thin Films on PTO Seed Layer 

Ceria (NIST, SRM674b) powders were used as a temperature standard to 

measure the actual temperature of 2-MOE derived solution deposited PZT thin films. In 

order to prepare Ceria dispersed PZT thin films, ceria powders were mixed with the 

prepared 2-MOE PZT solutions. The solutions were dispensed onto the PTO seed layer 

at a speed of 2500 rpm for 45 s and then pyrolyzed at 350°C for 2 min on a hot plate. In 

order to prevent filtering dispersed ceria powders, a syringe filter was not used for spin 

coating of 2-MOE PZT solutions onto the PTO seed layer. The spin coating and 

pyrolysis of the PZT solution were repeated twice, for a total of three pyrolysis 

treatments.   

3.2.3 Pt/TiOx/SiO2/Si Substrate 

The substrates were 4 inch diameter 100 Si wafers coated with thermally 

oxidized 500 nm thick SiO2 thin films. A 0001 textured Ti layer was sputter-deposited on 

thermally grown SiO2 on Si wafer and annealed at 750°C in an O2 atmosphere in order 

to convert this layer into rutile TiO2 with 100 texture. The 100 textured TiO2 layer was 

used as a template to grow 111 textured Pt. A 100 nm thick Pt layer was sputter-

deposited onto the TiO2. The process is detailed in Potrepka et al. [82] The roughness 

of the Pt electrode was observed using a profilometer (Veeco Dektek 150). The average 

roughness of the Pt substrate was 0.7 nm after deposition of the Pt electrode as shown 

in Figure 3-4. Also, a similar roughness value of the Pt electrode, 0.83 nm, was 

observed after subsequent heat treatment at 350°C for 2 min three times, which is the 
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same condition for pyrolysis of PZT thin films. It implies that pyrolysis of PZT thin films 

might not influence the roughness of the Pt electrode. 
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Figure 3-1. Preparation of IMO PZT solution. 
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Figure 3-2. Preparation of 2-MOE PZT solution. 
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Figure 3-3. Preparation of 2-MOE PTO solution. 
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Figure 3-4. Micrograph and roughness of the Pt electrode before and after pyrolysis. 
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CHAPTER 4 
GENERAL EXPERIMENTAL SETUP AND DATA EXTRACTION METHODOLOGIES  

 
This chapter introduces the in situ XRD techniques that are utilized to investigate 

the phase and texture evolution of PZT thin films during crystallization. These 

techniques include both those utilizing laboratory and synchrotron X-ray sources. Also, 

the methods used for XRD data analysis are discussed, including those used for phase 

identification and texture quantification of PZT thin films. 

4.1 In situ Laboratory Based X-ray Diffraction Setup and Geometry 

Diffraction patterns were recorded using a laboratory X-ray diffractometer with a 

curved position sensitive detector (CPS 120, Inel, Artenay, France). Pyrolyzed PZT thin 

films were crystallized in a furnace attached to the diffractometer during heating. The 

Cu  X-ray wavelength was 1.5404 Ǻ. The CPS detector is capable of measuring 

diffraction patterns over a wide 2θ range, which allows fast XRD pattern acquisition 

times. The incident X-ray beam irradiates the sample through a Kapton sleeve on the 

furnace attached to the diffractometer. Samples were loaded into an alumina crucible 

sample stage at a 10° angle to the incident X-ray beam. Nitrogen, oxygen and air gases 

can be flowed through the furnace which is controlled by a flow meter. The volume of 

the furnace is approximately 500 cm3. The experimental setup used is shown in Figure 

4-1A. 

The poles of planes contributing to the diffraction intensities are perpendicular to 

the sample surface in Bragg-Brentano geometry (θ/2θ geometry). However, an 

asymmetric θ/2θ geometry is used in the Inel CPS 120 diffractometer. This means that 

the direction of poles contributing to the diffraction intensities varies with the pole being 

measured. This type of diffractometer is beneficial for the observation of phase 



 

48 

evolution of PZT thin films with increasing temperature because patterns can be 

acquired in a short time. However, different diffraction intensities observed with varying 

poles make it difficult to compare texture in thin films quantitatively. 

4.2 Synchrotron X-ray Diffraction Setup and Geometry 

In situ XRD experiments using synchrotron X-ray diffraction were conducted at 

the APS beamline 6-ID-B. The experimental setup and geometry is shown in Figures 4-

1B and C, respectively. The X-ray energy was 22.7 keV during the experiments, which 

corresponds to a wavelength of 0.54619 Ǻ. The incidence angle of the incoming X-ray 

beam on the thin films was controlled by changing the inclination of the samples relative 

to the beam. A low incidence angle (~ 0.5°) of the X-ray beam was used to maximize 

the interaction volume in thin films. The beam size was 1.5 mm x 149.9 µm and the 

inclination angle was -2°. The irradiated area on the surface of the thin films was 4.3 

mm2. A 2D detector was used to record XRD patterns. The detector frame rates of the 

2D detector were from 0.25 s-1 to 4 s-1. The 2D detector is capable of measuring 

diffraction intensities in the entire Debye-Scherrer rings. [38,83] Therefore, phase and 

texture information from the thin films can be recorded in a single diffraction image, 

which allows quantitative and qualitative analysis of thin films. An IR lamp was located 

above the sample stage and a thermocouple was located on the sample stage. The 

heating rates from the IR lamp were controlled using different voltage rates (V/s).  

In the experimental setup, the XRD geometry is different from Bragg-Brentano 

geometry (θ/2θ geometry), which is widely used for characterization of phase and 

texture information in thin films. In the XRD geometry used for in situ measurements, 

the direction normal to thin films (n) is not parallel to the scattering vector of diffracting 

planes (Q) due to the incident angle between the sample and the incident X-ray beam, 
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as shown in Figure 4-1C, while n is parallel to Q in θ/2θ geometry. Thus, the difference 

in the orientation of crystallites corresponding to diffraction intensities observed in two 

different XRD techniques can lead to different relative intensities. [38]  

4.3 Data Reduction and Representation 

Representative XRD patterns from the diffractometer on beamline 6-ID-B are 

illustrated in Figure 4-2A. XRD patterns from the 2D detector are referenced by 

azimuthal angle ( ) and radial distance ( ). The radial distance ( ) from beam center on 

the 2D detector is directly related to 2θ angle and sample to detector distance (D) based 

on the following relation: 

          (4-1) 

The azimuthal angle ( ) of 0° is in the vertical direction, and  = -90° and 90° are 

towards the left and right direction of the image, respectively. When extracting data from 

the 2D detector, the software Fit2D (Andy Hammersley, version 2004) is commonly 

used. This is different from the azimuthal angle (-90° ≤  ≤ 90°) above, but is consistent 

with the geometry wherein the film normal is most parallel to the angle defined as 0°. 

The 2θ and  positions in a 2D detector image contribute to the diffraction intensity from 

the crystallites. [38] The diffraction intensities are distributed across the Debye-Scherrer 

ring in nearly uniform (for polycrystalline materials) and/or highly non-uniform ways (for 

textured materials). [38] Representative Debye-Scherrer rings illustrated in Figure 4-2A 

provide an example of diffraction patterns of polycrystalline materials recorded using a 

2D detector.    

Data reduction of the diffraction patterns recorded using the 2D detector for 

phase and texture analysis was conducted with different radial distance (r) and 
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azimuthal angles ( ). [83] Prior to data reduction, geometric factors of the synchrotron 

XRD such as the distance from the sample to the 2D detector, the tilt angle of the 

detector, the rotation angle of tilting planes and beam center were refined from Debye-

Scherrer rings of standard CeO2 dispersed in PZT thin films using the software Fit2D as 

shown in Figure 4-2B. [84] 

For phase identification of PZT thin films, the diffraction intensities were 

integrated over a selected  range. For example, a section of Debye-Scherrer rings 

integrated over the  range -5° ≤  ≤ 5° are shown in a representative 2D detector 

image in Figure 4-3A. The integration of intensities over a selected  range can be 

represented as  

        (4-2) 

In the selected section of the Debye-Scherrer rings in Figure 4-3A, diffraction intensities 

integrated over the  range are shown as the representative plot in Figure 4-3B. 

In order to investigate texture information of PZT thin films, integration over a 

limited 2θ range corresponding to different (hkl) planes was performed across a  

range. [27] The integration can be represented as 

        (4-3) 

The intensity distribution over a  range for a given (hkl) plane shows specific 

texture components for a given (hkl) plane. Throughout the remainder of this 

dissertation, preferred orientation of an hkl pole will be referred to as the texture 

component hkl. For example, given in Figure 4-4A, diffraction intensities from the 2θ 

range 10.8° ≤ 2θ ≤ 11.5°, corresponding to the (110) plane in a cubic structure, were 
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selected across the  range -90° ≤  ≤ 90°. For a given {110} over a 2θ range at  = 0°, 

the {100} reflection is observed at  = -45° and 45°. In same manner, the {111} 

reflection can be detected at  = -35.2° and 35.2°. The angular relationship between 

different planes for a given (hkl) plane was obtained using a modeled (110) pole figure 

as shown in Figure 4-4B. [33,71] The angular relation ( ) between two planes can be 

represented as 

    (4-4) 

A representative plot of the intensity distribution of the {110} reflection is shown in 

Figure 4-4C.  

Peak fitting of the individual extracted reflections was performed using the 

Pearson VII function in the Matlab®  tool box. The curve fitting tool box in Matlab®  uses 

the least-squares method of fitting data. [85] Fitting requires a parametric model that 

relates the measured data to the predicted model with various peak-shape coefficients. 

[85] The result of the fitting process is an estimate of the model coefficients. In order to 

extract the coefficient estimates, the least-squares method minimizes the summed 

squares of residuals. The residual ( ) is defined as the difference between the observed 

data ( ) and the fitted model ( ), and is represented as 

           (4-5) 

The residual ( ) is identified as the difference between the data and the model. The 

summed residual square (S) is represented as 

          (4-6) 

 The Pearson VII function was used as a shape function to fit the reflections 

obtained from XRD, which provides a more accurate fit for the broad-tailed curves than 
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a Gaussian curve or Lorentzian curve in the current study. The Pearson VII function, in 

general form, is defined as 

        (4-7) 

where F is a measure of the peak width, and M is the tail decay rate. [86] Also, x is the 

peak position and x0 is the ideal peak position. For example, representative results of 

the peak fitting on different texture components of PZT thin films over the azimuthal 

angle ( ) are shown in Figure 4-4D. Using the least-squares method and the Pearson 

VII function, fitted coefficients such as peak position ( ), shape parameter ( ), peak 

width ( ), and integrated intensity of each texture component were extracted. 

Confidence bounds for the fitted coefficients of reflections were calculated using 

the curve fitting tool box in Matlab®  and the coefficient confidence bounds are presented 

numerically. Confidence bounds define the lower and upper values of the associated 

interval, and the width of the interval. [85] The width of the interval indicates the 

uncertainty of the fitted coefficients. For example, a wide interval for the fitted 

coefficients implies that more data are required when fitting before determining that the 

coefficients are accurate. That is, a few data points for the fitting procedure may lead to 

wider interval bounds for fitted coefficients.  

The confidence bounds are defined with a degree of certainty. In the current 

study, 95% confidence bounds were chosen for peakfitting, which indicates that fitted 

coefficients have 95% chance that the new observation is actually contained within the 

lower and upper prediction bounds. The confidence bounds for fitted coefficients are 

given by 
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          (4-8) 

where b is the fitted coefficients, t depends on the confidence level (95% in current 

study), and Z is a vector of the diagonal elements from the estimated covariance matrix 

of the coefficient estimates, (XTX)–1z2. In a linear fit, X is the design matrix, while for a 

nonlinear fit X is the Jacobian of the fitted values with respect to the coefficients. XT is 

the transpose of X, and z2 is the mean squared error. [85] Representative fitted 

coefficients with confidence bounds obtained from different texture components are 

shown in Figure 4-4D. For example, in the peak of 111 texture component, the fitted 

value for the intensity is 3.32 x 105 counts. The lower and upper bounds are 3.18 x 105 

and 3.46 x 105, respectively. The interval width between the lower bound and upper 

bound is 0.14 x 105. By default, the confidence level for the bounds is 95%. This 

indicates that there is 95% chance to observe the fitted intensity containing the lower 

and upper prediction bounds.  

 The integrated intensities obtained from peak fitting were used to investigate the 

volume fraction of texture components. [44,87] For the volume ( ) of a given {hkl} 

texture component, the intensity of the {hkl} texture component was first integrated with 

respect to the  through the following equation: 

         (4-9) 

The volume fraction ( ) of a given texture component (hkl) was calculated 

using a formula that includes both the integrated intensity (Equation 4-9) and the 

correction factor ( ) of given {hkl} planes through the following equation: 

     (4-10) 
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A correction factor ( ) was included to correct for the difference in the number 

of planes diffracting at each  angle. Specifically, the intensities of the 100 texture 

components at  = -45° and 45° observed in Figure 4-4D are the result of diffraction 

from four {110} planes oriented 45° from the surface normal. However, there are two 

more {110} planes oriented 90° from the surface normal which results in the diffraction 

intensities of the 100 texture components at  = -90° and 90°. Thus, for a film with only 

a 100 texture components, diffraction intensities would be present at  = -90°, -45°, 45° 

and 90° with the multiplicity of peaks at -45° and 45° being double those at -90° and 

90°.[38] In the same manner, the intensities of the 111 texture components at  = -35.3° 

and 35.3° observed in Figure 4-4D are the result of diffraction from three {110} planes 

oriented 45° from the surface normal. However, there are three more {110} planes 

oriented 90° from the surface normal which results in the diffraction intensities of 111 

texture components at  = -90° and 90°. Correction factors of 100 and 111 texture 

components are summarized in Figure 4-5.  

Another form of data presentation involved observation of the raw data with no 

intensity integration. The selected data were simply ‘unwrapped’ from a pseudo-polar 

plot to a rectangular contour plot to show texture information. This type of presentation 

is referred to in this work as an intensity map. For example, the section of the Debye-

Scherrer ring corresponding to the {110} reflection at the 2θ range (10.8° ≤ 2θ ≤ 11.5°) 

over the  range (-90° ≤  ≤ 90°) was selected and is plotted as an {110} intensity map 

in Figure 4-6.  

Data reduction based on the methodology described above was performed for 

each of the 2D detector images collected during crystallization of PZT thin films. The 
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reduced data was then stacked with respect to acquisition time to create a contour plot. 

Representative plots for phase and texture evolution with acquisition time are shown in 

Figure 4-7. Each plot is called a phase evolution plot (Figure 4-7A) and texture evolution 

plot (Figure 4-7B), respectively. 

4.4 Temperature Calibration 

PZT thin films with an internal CeO2 calibrant were heated using the IR lamp with 

the same voltage rate as that used for the in situ XRD measurements of samples 

without CeO2. Voltage rates used for in situ XRD measurements were 0.005 V/s, 0.01 

V/s, 0.1 V/s, 1 V/s, and instantaneous ramping. During heating, the 2θ position of the 

(111) reflection of CeO2 shifts to lower 2θ due to thermal expansion. The 2θ position 

shift of the (111) in CeO2 as a function of time was extracted through peak fitting, and 

then converted to change of lattice parameter as a function of time. The expected 

change in the lattice parameter was calculated and compared with the experimental 

change in the lattice parameter as a function of temperature to extract the actual 

temperature, as shown in Figure 4-8. [88] The temperature profiles obtained from this 

temperature calibration were used for phase and texture evolution plots, which are 

provided in Figure 4-9. Different heating rates for different voltage rates used for the in 

situ XRD measurements are summarized in Figure 4-10.   
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Figure 4-1. In situ XRD setup. A) Laboratory based XRD setup used for in situ 
crystallization of PZT thin films in different atmospheres. B) Experimental 
XRD setup at beamline 6-ID-B. C) XRD geometry of synchrotron XRD at 6-
ID-B. 
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Figure 4-2. 2D detector images. A) Representative 2D detector image. B) Calibration of 

geometric factors of XRD using Fit2D. 
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Figure  4-3. Intensity vs. 2θ line plot. A) Integrated intensities measured by the 2D 

detector at selected r range through  (-5° ≤  ≤ 5°). B) Representative 
intensity vs. 2θ line plot. 
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Figure 4-4. Quantitative analysis of texture components. A) Azimuthal angle of different 

texture components with respect to the 110 pole figure of PZT thin films in a 
representative 2D detector image. B) Angular relation of different texture 
components for the 110 pole figure. C) Integrated intensities of {110} 
diffraction intensities at 2θ range (10.8° ≤ 2θ ≤ 11.5°) over  range between -
90° and 90°. D) Quantitative analysis of different texture components in 
intensity vs.  line plot. 
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Figure 4-5. Summary of correction factors for 100 and 111 texture components.  
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Figure 4-6. Intensity map of PZT thin films. A) Section of 2θ range between 10.8° and 

11.5° over  range (between -90° and 90°) in a 2D detector image. B) 
Representative {110} intensity map of a PZT thin film. 
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Figure 4-7. Representative evolution plots. A) Phase evolution plot. B) Texture evolution 

plot. 
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Figure 4-8. Temperature calibration using CeO2 standard powder. A) Shift of 2θ peak in 

(111) CeO2 vs. time. B) Change of d-spacing of (111) CeO2 vs. time. C) 
Lattice parameter change of CeO2 vs. time. D) Temperature calibration using 
the change in lattice parameter as a function of time and temperature. 
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Figure 4-9. Temperature profiles during crystallization of PZT thin films at different 

heating rates. 
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Figure 4-10 Heating rates at 300°C and 600°C with respect to different voltage rates. 
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CHAPTER 5 
EFFECT OF CONSTANT AND SWITCHING ATMOSPHERIC CONDITIONS DURING 

CRYSTALLIZATION 

 

5.1 Literature Review 

It has been reported that organic compounds in the amorphous PZT film are 

volatilized, and the reduced Pb cations and excess Pb can diffuse into the platinum 

substrate during crystallization. [87] This diffusion can enable a reaction between Pt and 

Pb to form a transient intermetallic layer, Pt3Pb. [87] This layer disappears upon full 

crystallization of the films. Although Pb from Pt3Pb appears to be re-oxidized and 

participate in crystallization at higher temperatures, some Pb may remain in the Pt 

electrode, which has the potential to create compositional gradients and/or affect the 

properties in significant ways. The remaining Pb can also diffuse further into the 

TiOx/SiO2 adhesion layers to chemically react, resulting in de-adhesion of the film from 

the substrate, or potentially deleterious effects on underlying device structures when 

integrated with silicon logic. [33] Various processing methods for PZT thin films have 

been developed to mitigate detrimental interactions between the films and substrate 

thereby improving properties. [89-91] Researchers studying base-metal integration 

observed metal substrate oxidation between PZT thin films and a copper substrate, 

resulting in degradation of the ferroelectric properties. [89,90] It was suggested that 

careful solution chemistry selection and the control of oxygen partial pressure can 

mitigate the oxidation of a metal substrate, and promote the formation of perovskite 

phase PZT. Therefore, control of the atmosphere during crystallization of PZT thin films 

on Pt electrodes could likewise prevent interactions between films and substrates, as 

well as promote the formation of the perovskite phase. 
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In this chapter, the crystallization behavior of PZT thin films under constant 

flowing atmospheres (air, reducing, and oxidizing) is first analyzed using the in situ XRD 

technique. Benefits of in situ XRD include the ability to observe transient phases and 

phase transformations during crystallization. Based on the knowledge of how different 

atmospheric conditions promote different evolution of phases, the switching of 

atmospheric conditions during crystallization of PZT thin films is introduced. Varying the 

oxygen content by intentionally switching the atmosphere midway during crystallization 

allows for control over the stability of the fluorite/pyrochlore phase and also destabilizes 

the formation of intermetallic phases. 

5.2 Experimental Procedure 

Thin film samples of 0.35 M solution-derived Pb(Zr0.52Ti0.48)O3 with 20% Pb 

excess were prepared via the IMO route, as described in Chapter 2. Crystallization of 

the thin film samples was performed in a furnace installed on an Inel diffractometer. The 

curved position sensitive detector (CPS) on the Inel diffractometer allowed for 

concurrent measurement of diffraction intensities over a wide 2θ range, and diffraction 

patterns could be collected in ~60 s. Crystallization was performed by ramping the 

furnace to 700°C at an average heating rate of 25°C/min, with diffraction patterns 

continuously recorded during crystallization. Thus, each diffraction pattern represents 

time/temperature-averaged information during the 60 s acquisition time window. 

Temperature was measured using a thermocouple within the alumina sample holder. 

The total pressure in the furnace was 1 atm and the volume of the furnace was 

approximately 500 cm3. During heating, oxygen-rich, oxygen-poor, air and switching 

atmospheric condition, gas flows were adjusted to 1 slm. Peak intensity profiles of 

Pt3Pb, pyrochlore and PZT were modeled using the Pearson VII function and 
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appropriately modified to include diffracted intensities from both the Cu Kα1 and Kα2 of 

the incident X-ray beam. The integrated intensities obtained through this fitting 

procedure were used to quantify the evolution of different phases with respect to 

temperature. [92] Conventional Bragg-Brentano X-ray diffraction (APD 3720, Philips, 

USA) was also used to analyze the structure of the samples after crystallization. 

Microstructures of PZT thin films under different atmospheric conditions were observed 

using scanning electron microscopy (SEM). 

5.3 Results and Discussion 

In situ XRD patterns of PZT films obtained under different atmospheric conditions 

(Figure 5-1) show different phase evolution during high temperature heat treatment. For 

crystallization in air (Figure 5-1B), the transient intermetallic phase, Pt3Pb, was 

observed at a low temperature (350°C). The diffraction intensity of Pt3Pb (111) 

decreased in conjunction with an increase in the intensity of a pyrochlore phase at 

450°C. Thereafter, as the pyrochlore phase decreased, the peak intensity of the 

perovskite phase increased at ~550°C. In situ phase evolution in flowing nitrogen gas 

and flowing oxygen gas are shown in Figures 5-1A and C, respectively. The major 

differences in phase evolution of the PZT films under different atmospheric conditions 

relates to the existence of the transient intermetallic Pt3Pb layer. In flowing oxygen gas, 

no intermetallic Pt3Pb was observed during crystallization, while intermetallic Pt3Pb 

phase was observed at 330°C and remained up to 700°C in flowing nitrogen.  

The formation of the intermetallic Pt3Pb phase was observed in air (pO2  0.21 

atm) and nitrogen gas (pO2  10-7 atm) during crystallization of PZT thin films. From 

thermodynamic considerations, reducing conditions with oxygen partial pressures below 

10-20 atm between 300°C and 500°C can reduce Pb2+ to Pb0, promoting the formation of 
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Pt3Pb phase. [46] Alternatively, it has been suggested that combustion of remnant 

organic compounds in the film may result in highly reducing conditions at the Pt-Pb 

interface. [63] The observation of Pt3Pb in air and nitrogen gas implies that availability of 

oxygen in both air and nitrogen gas does not compensate for the loss of oxygen during 

removal of organic compounds.  

In air, Pt3Pb is observed to disappear with the formation of pyrochlore in the film. 

In nitrogen gas, Pt3Pb remains after the formation of pyrochlore, and the intermetallic 

phase is present to the maximum temperature during crystallization. This observation 

suggests that the oxygen deficient conditions present in nitrogen gas annealing can 

further stabilize the Pt3Pb phase. In flowing oxygen, Pt3Pb was not observed. The highly 

oxidizing atmosphere likely inhibits Pb reduction. XRD patterns and scanning electron 

micrographs of the film microstructures after crystallization (Figure 5-2) show that the 

final structure of the PZT thin film crystallized in air and oxygen is perovskite PZT. In 

films crystallized in nitrogen, Pt3Pb and PZT are observed in the diffraction patterns of 

the crystallized samples. This further complements the in situ observation that flowing 

nitrogen during crystallization stabilizes the intermetallic Pt3Pb phase.  

To further engineer the processing of thin films, the concept of switching 

atmospheres during crystallization was introduced in order to both mitigate the diffusion 

of Pb during the initial stage of crystallization while controlling the oxidation state of Pb 

during phase formation and enhancing the instability of the pyrochlore phase. [89] It was 

hypothesized that a high oxygen partial pressure up to an intermediate temperature 

during crystallization may prevent the diffusion of Pb into the substrate that usually 

promotes the Pt3Pb phase. Switching to a less oxidizing environment at an intermediate 
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temperature was hypothesized to stabilize the oxidation state of Pb to Pb2+ rather than 

Pb4+, thereby promoting the formation of the perovskite phase over pyrochlore. The 

intermediate temperatures to switch the atmosphere from oxygen gas to nitrogen gas 

were selected based on the formation temperatures of the intermetallic Pt3Pb phase in 

air (Figure 5-1). Two switching temperatures (T0), 350°C and 450°C, were selected and 

represent the previously measured formation and disappearance temperatures, 

respectively, of the intermetallic Pt3Pb. A schematic representation of thermal and 

atmospheric conditions for thin film crystallization in switching atmospheres is shown in 

Figure 5-3. In the switching atmosphere condition, oxygen gas flow was 1 slm up to a 

switching temperature (T0) of 350C or 450C at which time nitrogen gas flow started 

immediately and remained flowing at 1 slm until the end of the experiment. 

Phase evolution of PZT thin films under switching atmospheric conditions is 

shown in Figure 5-4. The transient intermetallic Pt3Pb phase was observed when the 

switching temperature was 350°C, while it was not observed at 450°C. This implies that 

the 1 atm oxygen partial pressure up to 450°C was sufficient to prevent the reduction of 

Pb that normally enables intermetallic formation. Also, the peak intensity of (111) 

pyrochlore and (111) PZT as a function of temperature shows perovskite phase PZT 

formation at 550°C and the pyrochlore phase disappeared at 580°C. The transient 

pyrochlore phase also appears to be present over a smaller temperature range in the 

450°C switched sample versus the 350°C switched sample. These observations 

indicate that oxygen deficient conditions at higher temperatures can stabilize the 

oxidation state of Pb as 2+, thereby promoting the formation of perovskite rather than 

pyrochlore. XRD patterns of PZT thin films after crystallization under switching 
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atmosphere conditions are shown in Figure 5-5. It was observed using XRD that both 

switching temperatures result in perovskite phase without a remnant pyrochlore phase. 

While switching atmospheres is shown to affect the crystallization of PZT in the 

present work, the alteration of atmospheres during processing can also be considered a 

general route towards controlling the synthesis of materials. During heat treatment, the 

atmosphere surrounding materials can become locally oxidizing or reducing, influencing 

redox reactions that affect the final chemistry and microstructure of the film. In solution-

based processing, the atmosphere during heat treatment and crystallization is shown to 

play a crucial role in the phase evolution and final texture of the thin film. [43,89,90] 

Switching atmospheres during film evolution is shown to prevent the formation of 

intermetallic layers. Whereas previous investigations of solution-derived thin film 

processing utilized oxidation resistant substrates and low processing temperatures to 

avoid interfacial reactions, prevention of substrate oxidation and interfacial reactions by 

changing atmospheres during processing could enable the use of less noble and less 

expensive substrates. [93] Therefore, switching atmospheres may be considered as a 

route to control the phase evolution and be used as a tool for new substrate exploration 

when preparing solution-derived thin films.  

5.4 Summary 

Phase stability of Pt3Pb and perovskite PZT depends on the oxygen partial 

pressure during crystallization of amorphous PZT. During crystallization of PZT thin 

films, oxidizing conditions mitigate the formation of Pt3Pb, while flowing nitrogen can 

stabilize the Pt3Pb phase. Based on the crystallization behavior of PZT thin films under 

different atmospheric conditions, the technique of switching atmospheres during 
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crystallization has been introduced. Manipulation of oxygen partial pressure during 

crystallization resulted in perovskite PZT thin films while minimizing formation of Pt3Pb.  
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Figure 5-1. In situ diffraction patterns of PZT thin films during crystallization under 

different atmospheric conditions. A) N2. B) air. C) O2.  
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Figure 5-2. Scanning electron micrographs and XRD patterns of PZT thin films after 

crystallization in different atmospheres. 
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Figure 5-3. Schematic representation of thermal and atmospheric conditions for thin film 

crystallization in switching atmospheres (T0 values used are 350°C and 
450°C). 
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Figure 5-4. XRD patterns of PZT thin films during crystallization in different switching 

atmospheric conditions. A) 350°C. B) 450°C. 
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Figure 5-5. XRD patterns of PZT thin films after crystallization in different switching 

temperatures. A) 350°C. B) 450°C. 
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CHAPTER 6 
THE STABILITY OF THE LEAD TITANATE SEED LAYER BEFORE 

CRYSTALLIZATION OF PZT THIN FILMS  

 

6.1 Literature Review 

Crystallographic texture and the mitigation of compositional gradients have been 

used to improve properties of ferroelectric thin films. For example, PZT thin films with 

minimal Zr/Ti gradients through the film cross-section have higher transverse 

piezoelectric coefficients and relative dielectric constants compared to PZT thin films 

with chemical gradients. [94] Additionally, 001 type textured PZT thin films show higher 

transverse piezoelectric coefficients compared to PZT with random orientation. [94] 

Different methods have been used to control the creation of different textures in 

PZT thin films. Pt metal is widely used as the underlying substrate for PZT thin films due 

to its high oxidation resistance and low diffusivity. [66] Highly 111 textured PZT can be 

obtained on a 111 textured Pt substrate due to good lattice matching between 111 Pt 

and 111 PZT. In contrast, highly 001 type PZT thin films have been synthesized using a 

100 type textured PTO seed layer as a template. [95,96] The underlying hypothesis for 

this observation is that 100 type texture in the PTO seed layer can nucleate 001 type 

texture in the PZT due to good lattice matching. [95] Thus, stability of the underlying 

substrate is an important factor that can be used to transfer the preferred orientation 

from the substrate to PZT thin films during crystallization. 

Prior to crystallization of the PZT thin films, PZT solution was deposited on the 

substrate and pyrolyzed at a low temperature to remove organic compounds within 

films. It has been reported that the removal of organic compounds during pyrolysis 
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could absorb oxygen from PZT, reducing the partial oxygen pressure at the interface 

between the substrate and PZT. [44] Additionally, chemical gradients between the 

substrate and the PZT could lead to interdiffusion between them, which may degrade 

the stability of the substrate and the thin films.   

In this chapter, high energy synchrotron XRD and TEM were used to determine 

the stability of a 100 textured PTO seed layer during deposition of a subsequent PZT 

layer. Chemical gradients through the PZT thin films were investigated using the EDX 

technique. The influence that the pyrolysis of PZT layer has on the stability of PTO seed 

layer is discussed.  

6.2 Experimental Procedure 

100 textured PTO seed layers were prepared by the CSD method using 2-MOE 

solutions as described in Chapter 2. PZT thin films were spin cast on a PTO seed layer 

with 2500 rpm for 45 s and then pyrolyzed at different temperature for 2 min. XRD 

measurements were performed on crystallized PTO, and pyrolyzed PZT on PTO using 

laboratory based X-rays (λ = 1.5404 Å ) and high energy X-rays at beamline 6-ID-B (λ = 

0.54619 Å ). The diffraction geometry for this setup is similar to the Debye-Scherrer 

reflection geometry described in Chapter 4.  

In order to analyze phases of thin films, the measured intensities from the 2D 

detector were integrated within a 2θ range from  = -5° and 5°. The resulting integrated 

diffraction intensities as a function of 2θ are plotted and are shown in Figure 6-2. 

In order to extract information on the texture of PTO, and pyrolyzed PZT on PTO, 

the diffracted intensities from a given {hkl} reflection were evaluated in a limited 

azimuthal angle range. The {110} reflection (10.6° ≤ 2θ ≤ 11.6°) in the azimuthal angle 

range (-90° ≤  ≤ 90°) were selected and plotted as shown in Figures 6-3. This 
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representation is referred to as an intensity map. The intensity map shows intensities of 

the 100 texture components at  = -45° and 45°. The {110} reflections (10.6° ≤ 2θ ≤ 

11.6°) were integrated over the azimuthal angle range (-90° ≤  ≤ 90°). Peak fitting was 

performed on the {110} reflections over the azimuthal angle range in order to obtain 

texture strength of PTO. 

Dark field cross sectional images, Selected Area Diffraction (SAED) patterns and 

EDX line profiles of PZT on PTO after pyrolysis at 350°C were recorded using TEM (FEI 

Tecnai F20). Sample preparation including thinning, milling and lift-out for TEM analysis 

was conducted using the Focus Ion Beam (FEI NOVA 600 dual beam FIB). [81] 

6.3 Results and Discussion 

The stability of the PTO seed layer after pyrolysis at different temperatures was 

investigated using laboratory based XRD (Figure 6-1). Strong 100 texture was observed 

in the PTO seed layer. Diffraction patterns of the PTO seed layer were observed after 

pyrolysis of PZT layer up to 320°C. However, no diffraction patterns of the PTO seed 

layer were observed after pyrolysis of the PZT layer at temperatures equal to and above 

340°C. The initial XRD measurements show that PTO no longer contributed diffraction 

intensity, either due to a small enough volume to prevent constructive interference and 

Bragg scattering, or removal of crystalline PTO altogether.  

A greater penetration depth is available using higher energy X-rays at the 

synchrotron and was required to confirm that the underlying PTO layer was no longer 

diffracting. Diffraction patterns of the PTO seed layer after pyrolysis of the PZT layer at 

different temperatures were observed using synchrotron XRD. The crystallized PTO 

seed layer in Figure  6-2 shows strong 100 texture. After pyrolysis of a PZT layer on the 

PTO seed layer at 350°C, neither perovskite PTO nor PZT were observed in the XRD 
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patterns. This is consistent with the data shown from the laboratory XRD that the PTO 

layer does not diffract at temperatures exceeding 340°C.  

An additional benefit of the synchrotron measurement technique is that diffraction 

from planes tilted at large angles relative to the sample normal can be measured at 

angles on the detector  ≠ 0°. In the {110} intensity map, strong 100 texture components 

at  = -45° and 45° were observed in the crystallized PTO seed layer as shown in 

Figure 6-3. The strength of the 100 texture component was high, as evidenced by the 

modeled FWHM of the 100 texture components measured as 5.7°. The 100 texture 

components were observed after heating at 100°C and 300°C. However, no diffraction 

intensity of PZT on the PTO seed layer after heating at 350°C was observed in the 

{110} intensity map, which agrees with the prior observation. This result implies that the 

absence of diffracted intensity in the PTO seed layer is not due to absorption by the 

pyrolyzed PZT layer on the PTO seed layer. Further, it is supported that PTO has 

become amorphized.  

TEM was used to investigate the microstructure and crystal structure of PZT thin 

films on PTO seed layers after pyrolysis of PZT layer at 350°C. In Figure 6-4A, a TEM 

dark field micrograph of a cross section of the pyrolyzed PZT on PTO is presented. The 

thickness of the PTO and PZT were 33 nm and 290 nm, respectively. Also, a smooth 

interface between the PTO and PZT layers was observed. SAED patterns of the PTO 

layer indicate that the PTO layer is an amorphous phase as shown in Figure 6-4B. This 

observation demonstrates that the PTO layer amorphized after pyrolysis of the PZT 

layer. An EDX line profile through the cross-section of the thin films shown in Figure 6-

4C indicates that both PTO and PZT have a homogeneous distribution of elements. 
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layer. An EDX line profile through the cross-section of the thin films shown in Figure 6-

4C indicates that both PTO and PZT have a homogeneous distribution of elements. The 

average Zr/Ti ratio in the entire PZT layer is calculated as 53/47, which corresponds to 

the targeted initial stoichiometry. 

Based on the XRD and TEM study, it is suggested that the highly 100 oriented 

PTO seed layer amorphized after pyrolysis of the PZT layer. A high degree of 

orientation can be disrupted in many ways by impurities and nonstochiometry. A small 

change in the mosaicity of high preferred orientation could result in the disruption of 

constructive interference in X-ray diffraction. Although the detail of mechanism is 

unclear at present, one possible explanation for the absence of crystallinity might be 

due to PbO flux from the PTO seed layer to PZT. It has been reported that PbO flux can 

influence distortion of the lattice of PTO prepared by the hydrothermal method at low 

processing temperatures. [98] The PTO seed layer can absorb small excess of Pb. The 

concentration of Pb in PTO is higher than that of PZT, and thereby the chemical 

gradient may drive the Pb in the PTO toward the PZT. Another possible explanation is 

the dissolution of PbO from the PTO seed layer at higher pH of the PZT solution. PbO 

has its minimum solubility at a pH of 9, and PbO could be dissolved from PTO when 

deposited and pyrolyzed PZT solution on top of PTO seed layer. Dissolution of a 

sufficient quantity of PbO could disrupt the PTO lattice depending on pyrolysis 

parameters such as temperature, time and rate, which results in the disruption of X-ray 

diffraction. The amorphized PTO seed layer may affect the subsequent texture control 

of PZT thin films during crystallization. Further, chemical gradients between amorphous 

PTO and PZT could affect the composition of PZT thin films during crystallization. The 
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crystallization behavior of PZT thin films on an amorphized PTO seed layer is discussed 

in Chapter 8. 

6.4 Summary 

Stability of the PTO seed layer after pyrolysis of PZT layer at different 

temperatures was investigated. A 100 textured PTO seed layer was used before the 

deposition of a subsequent PZT layer. At pyrolysis temperatures of the PZT layer above 

340°C 3°, crystalline PTO seed layer transformed to an amorphous phase. An 

amorphized PTO seed layer may influence the crystallization behavior of PZT thin films. 

The effect of amorphized PTO seed layer on crystallization of PZT thin films is 

discussed in Chapter 8. 
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Figure 6-1. PTO seed layer after pyrolysis of PZT layer at different temperature. 
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Figure 6-2. Diffraction patterns of PTO seed layer. A) Diffraction patterns of PTO seed 

layer after pyrolysis of PZT layer at different temperatures. B) (001) and (100) 
reflection of PTO seed layer before and after pyrolysis at 350°C. 
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Figure 6-3. {110} Intensity maps of PTO seed layer after pyrolysis of PZT layer at 

different temperatures. 
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Figure 6-4. Dark field micrograph of PZT thin films on a PTO seed layer after pyrolysis 

of PZT layer. A) cross sectional view. B) SAED patterns of PTO layer. C) EDX 
line profile. 
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CHAPTER 7 
CRYSTALLIZATION OF PZT THIN FILMS ON PLATINUM ELECTRODES  

 

7.1 Literature Review 

Literature studies have shown that 111 textured PZT thin films near the MPB 

show larger polarization with a maximum relative dielectric constant ( ) than 100 and 

110 textured PZT thin films. [97] In addition, 111 textured PZT thin films exhibit a lower 

coercive field ( ) than 100 and 110 textured PZT thin films. [99] The electrical 

properties exhibited by 111 textured PZT thin films are therefore desirable for 

Ferroelectric Random Access Memory (FeRAM) which requires switching of the state of 

polarity with lower power and fast speed. 

Platinum (Pt) metal is widely used as the underlying substrate for PZT thin films 

due to its high oxidation resistance and low diffusivity. [66] The texture of PZT thin films 

on a Pt electrode depends on processing conditions such as the heating rate and 

pyrolysis temperature. [66,67,100,101] 111 texture has been observed when fast 

heating rates are used. [53,62] On the other hand, 100 texture is observed with a slow 

heating rate. [62] The observation of texture in PZT thin films and its dependence upon 

heating rates is consistent among the published studies.    

Based on observations of the orientation dependence on heating rate, several 

mechanisms for the nucleation in PZT thin films have been proposed. Liu et al. 

suggested that 111 PZT is nucleated when deposited on a 111 Pt electrode. [74] Huang 

et al. suggested that 111 PtxPb intermetallic phase nucleates 111 textured PZT, 

because lattice matching between 111 PtxPb and 111 PZT is better than between 111 

Pt and 111 PZT. [69, 70] Tani et al. suggested that a Pt3Ti intermetallic phase forms by 
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diffusion of Ti from the adhesion layer. The Pt3Ti is said to nucleate 111 texture of PZT 

thin films. [78] Muralt et al. suggested that the formation of rutile TiO2 phase due to 

diffusion of Ti from the interface to the surface of the Pt electrode can transform into 111 

perovskite PZT. [66] It is apparent that there is no consensus concerning the proposed 

mechanism for the nucleation of 111 texture.  

In this chapter, the crystallization behavior of PZT thin films was investigated on 

Pt bottom electrodes using in situ XRD at a synchrotron X-ray source. Phase and 

texture evolution as a function of temperature were observed with different heating 

rates. The mechanism for nucleation of the texture of PZT thin films with different 

heating rates is discussed based on a quantitative analysis of texture components of 

PZT thin films on Pt electrodes. 

7.2 Experimental Procedure 

Pyrolyzed 2-MOE-derived PZT thin films on Pt electrodes were crystallized at 

different heating rates using an IR lamp. Heating rates for crystallization of 2-MOE 

derived PZT thin films were controlled by applying a voltage on an IR lamp. The voltage 

was controlled by using a digital-to-analog converter program providing a voltage signal 

between 0 V and 5 V to a solid state power controller (Control Concepts Inc. 1032A). 

During crystallization with different heating rates, exposure times between 0.25 s and 8 

s were used to record diffraction patterns in a 2D detector.  

Based on the method illustrated in Chapter 4, the integrated diffraction intensities 

versus 2θ over a  range (70° ≤  ≤ 80° and -5° ≤  ≤ 5°) were obtained. The collection 

of the integrated diffraction intensities were plotted as a function of 2θ and time. 

Integrated intensities of the (111) PtxPb and (111) PZT during crystallization of PZT thin 
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films were fit to a Pearson VII profile shape function via the curve fitting tool box in 

MATLAB®  to investigate the orientation relationship between the two phases.  

The intensities of {110} reflections (10.6° ≤ 2θ ≤ 11.4°) of PZT were integrated 

through 2θ over the azimuthal angular range (-90° ≤  ≤ 90°) at different temperatures 

during crystallization of PZT thin films on Pt electrodes. The collection of the integrated 

diffraction intensities were plotted as a function of  and time. Also, the intensities of 

{111} reflections (9.8° ≤ 2θ ≤ 10.5°) in the intermediate fluorite phase were integrated 

through 2θ over the azimuthal angular range (-90° ≤  ≤ 90°) at a specific time when the 

diffracted intensity of the fluorite phase reached a maximum.  

Integrated intensities and the FWHM of the texture components were also 

extracted using the Pearson VII profile shape function via the curve fitting tool box in 

MATLAB® . Background intensities were modeled using a linear polynomial function. 

The background intensities correspond to diffraction intensities from randomly oriented 

grains. Further details of in situ measurements using synchrotron XRD are described in 

Chapter 4. Diffraction patterns of PZT thin films after crystallization at different heating 

rates were recorded using a laboratory X-ray diffractometer (Pananalytical X’pert 

Powder). 

7.3 Results and Discussion 

XRD patterns of PZT thin films after crystallization at different heating rates 

recorded using a laboratory diffractometer with θ/2θ geometry are shown in Figure 7-1. 

Stronger peak intensity of (111) PZT was observed after crystallization at different 

heating rates, compared to randomly oriented polycrystalline PZT. It implies that the 

formation of 111 texture in PZT is preferred on Pt electrodes. 
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In order to investigate the effect of heating rates on the formation of 111 texture 

in PZT thin films, in situ synchrotron XRD patterns of PZT thin films during crystallization 

at different heating rates are shown in Figure 7-2. Strong peak intensity of (111) Pt was 

observed at all heating rates. Amorphous PZT transformed to perovskite PZT via a 

pyrochlore/fluorite phase at all heating rates. A transient PtxPb phase was observed 

prior to the formation of the pyrochlore/fluorite phase at all heating rates. 

The formation of an intermetallic PtxPb phase has been proposed due to Pb 

diffusion from amorphous PZT thin films into the Pt electrode. [44] During crystallization 

of PZT thin films, the elimination of organic compounds takes place within the PZT films, 

which leads to the formation of local reducing conditions at the Pt-PZT interface. [44,54] 

These local reducing conditions allow reduction of the Pb precursor (Pb2+) in PZT films 

to metallic Pb (Pb0). [44,89] The metallic Pb diffuses into the Pt electrode to form the 

PtxPb phase. It has been reported that the extent of the local reducing conditions 

depends on the degree of oxygen diffusion from the surrounding atmosphere to the 

interface between PZT and Pt. [44,89] Similar trends were observed in the current 

study. The maximum intensity of (111) PtxPb decreased with decreasing heating rates, 

as observed in Figure 7-3. This implies that more oxygen can diffuse into the Pt-PZT 

interface to compensate for the loss of oxygen during removal of organic compounds at 

slower heating rates.  

The only reflection of PtxPb observed in the phase evolution plot is the (111)  

(Figure 7-2). We hypothesized that 111 texture in the PtxPb phase is nucleated from the 

111 Pt electrode. In order to examine this hypothesis, the orientation relationship 

between Pt and PtxPb was investigated. The intensity map of the PtxPb and Pt at 
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different heating rates is shown in Figure 7-3, when the intensity of PtxPb is at its 

greatest value. Similar non-uniform intensity distribution was observed in the {111} 

Debye-Scherrer rings of Pt and PtxPb over the  range (-90° ≤  ≤ 90°) in the 2θ range 

(13° ≤ 2θ ≤ 14°). Diffraction intensity from both the {111} Pt and {111} PtxPb is present 

at  angle ( -72°, 0° and 72°) in the 2θ range (13° ≤ 2θ ≤ 14°), which corresponds to 111 

texture components of cubic phase. Also, non-uniform intensity distribution at different 

{hkl} Debye-Scherrer rings of Pt and PtxPb over the  range (-90° ≤  ≤ 90°) indicates a 

cubic structure with 111 texture components. It might be interpreted that both PtxPb and 

Pt have a cubic structure with similar stacking of {111} planes. The orientation 

relationship between the Pt electrode and the intermetallic PtxPb was consistent across 

films crystallized using different heating rates. 

The transient 111 PtxPb intermetallic phase has been suggested to promote 111 

texture of PZT thin films due to good lattice matching. [56,57] This hypothesis can be 

tested based on the in situ XRD observation that the peak intensities between (111) 

PtxPb and (111) PZT overlap with no discontinuity during crystallization. However, there 

was no overlap of integrated intensities between (111) PtxPb and (111) PZT, as 

observed in Figure 7-4. This implies that the formation of 111 PZT occurs after 

decomposition of the 111 PtxPb and further, that 111 PtxPb does not nucleate 111 PZT. 

The discontinuity of diffracted intensities between (111) Pt and (111) PtxPb was 

observed across films crystallized using different heating rates. The above discussion is 

based on the assumption that PtxPb disappears completely when the reflection is no 

longer observed. 
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No intermediate phases such as Pt3Ti and PbO were observed at any heating 

rate during crystallization of PZT thin films (Figure 7-2). Tani et al. suggested that the 

diffusion of Ti from the underlying adhesion layer into Pt leads to the formation of 

intermetallic Pt3Ti phase. [78] Further, it was found that the intermetallic Pt3Ti phase 

promotes 111 texture of PZT thin films. [78] Chen et al. suggested that the formation of 

a PbO phase takes place upon the decomposition of the PtxPb phase, and the PbO 

phase in turn promotes 100 texture in the PZT thin films. [71,72] Our observations 

during crystallization of PZT thin films show no evidence that intermediate Pt3Ti and 

PbO influence the resulting texture of PZT thin films.  

An intermediate fluorite type phase was observed after decomposition of the 

intermetallic PtxPb phase during crystallization. There are different results reported for 

the crystal structure of the intermediate phase prior to the formation of perovskite PZT 

thin films. Mainly, pyrochlore phase (A2B2O7-x, Fd3m) and fluorite phase (A2B2O7, 

Fm3m) were observed as an intermediate phase. [50,51] Pyrochlore phase can be 

described as a doubled fluorite structure. [87] Experimentally, the pyrochlore phase can 

be distinguished from the fluorite phase based on the observation of the (111) reflection 

of doubled unit cell in the XRD patterns. [87,102] However, the fluorite phase was 

determined as an intermediate phase in the current study, because no diffracted 

intensities were observed at 2θ = 6.4° corresponding to (111) reflection of the doubled 

unit cell in the pyrochlore, as shown in Figure 7-5. The fluorite phase was observed as 

the intermediate phase at all heating rates. The difference of an intermediate phase 

during crystallization may be due to different chemical solutions. Krishna et al. observed 

the (111) reflection of doubled unit cell in the XRD patterns, which implies the 
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intermediate phase is pyrochlore phase during crystallization of PZT thin films when 

using IMO route. [87] However, 2-MOE route was used to prepare PZT thin films in 

current study. 

It is suggested that the formation of fluorite phase from amorphous PZT is 

preferred prior to the formation of perovskite PZT due to easier atomic rearrangement 

with lower energy. [19] The relative stability and preferred orientation of the intermediate 

fluorite phase was suggested to influence the final texture of PZT thin films. For 

example, Norga et al. proposed that heterogeneous nucleation of fluorite occurs at the 

interface between PZT thin film and the Pt electrode, which implies that 111 textured 

fluorite phase is nucleated by the Pt electrode. [75] The fluorite phase with 111 texture 

is said to transform to perovskite PZT while maintaining an orientation relationship with 

the Pt electrode. [75] In order to investigate the orientation relationship between 111 

fluorite phase and 111 PZT, the intensity of the {111} peak of the fluorite phase (10.6° ≤ 

2θ ≤ 11.4°), when its peak intensity was maximum during crystallization, were integrated 

through 2θ for the  range (-90° ≤  ≤ 90°), as shown in Figure 7-6. A broad and weak 

intensity distribution of 111 fluorite phase over the  range (-90° ≤  ≤ 90°) was 

observed prior to the formation of perovskite PZT thin films at all heating rates, which 

implies that the fluorite phase is randomly oriented prior to the formation of PZT thin 

films. It is likely that the fluorite phase is not heterogeneously nucleated from the 

interface between Pt and PZT thin films. Random orientation of the fluorite phase was 

also observed at different heating rates prior to the formation of the perovskite phase.  

Therefore, there is no evidence from the study that 111 fluorite phase influences 111 

texture of PZT thin films.  
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The effect of the Pt electrode on texture selection of perovskite PZT thin films 

has been proposed in previous work. Nittala et al. suggested that the 111 Pt electrode 

can provide energetically favorable nucleation sites and decrease the nucleation 

energy, promoting the formation of 111 texture in PZT thin films. [87] The orientation 

relationship between the 111 Pt electrode and 111 PZT has previously been discussed 

using texture evolution plots of PZT thin films during crystallization using different 

heating rates (Figure 7-2). Strong 111 texture components with weak intensity of 100 

texture components of PZT thin films were observed at all heating rates. The change in 

FWHM and normalized intensities of PZT thin films during crystallization with different 

heating rates are shown in Figure 7-7. The FWHM of 111 texture components increased 

with slower heating rates. Conversely, the FWHM of 100 texture components increased 

with faster heating rates.  

The FWHM and texture fraction of different texture components at the maximum 

temperature during crystallization are shown in Figures 7-8A and B, respectively. The 

FWHM of 111 texture components in PZT thin films is similar to that in Pt electrodes at 

all voltage rates, which reinforces the proposal that 111 texture of PZT thin films may be 

related to templated growth from 111 texture of the Pt electrode. [87] Conversely, the 

FWHM of 100 texture components in PZT thin films was much larger than 111 texture 

components of the Pt electrode at all voltage rates. An increase in the FWHM of 100 

texture components was observed across films crystallized with increasing voltage 

rates. In PZT thin films, as shown in Figure 7-8B, the texture fraction of 111 texture 

components in PZT thin films increased with increasing voltage rates, which implies that 

faster heating rates may enable heterogeneous nucleation of 111 texture components 



 

96 

of PZT thin films on 111 Pt electrodes. Conversely, the fraction of 100 texture 

components increased with decreasing voltage rates. The formation of 100 texture 

components may suggest surface nucleation which is balanced with competing 111 

texture components. [87] 

7.4 Summary 

Amorphous PZT thin films transformed to perovskite PZT via a transient PtxPb 

phase followed by a fluorite phase during crystallization. Both 111 PtxPb and the 111 Pt 

electrode have a cubic crystal structure and 111 PtxPb is proposed to nucleate in the 

111 Pt electrode. There was no evidence that 111 PtxPb nucleates 111 PZT. Also, no 

orientation relationship between 111 fluorite and 111 PZT was observed. Strong 111 

texture was observed at all heating rates during crystallization of PZT thin films. Based 

on the investigation of the texture components of Pt and PZT at different heating rates, 

it is concluded that 111 Pt may play a role as a template to grow 111 texture of PZT thin 

films.  
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Figure 7-1. XRD patterns of PZT thin films on Pt electrodes after crystallization with 

different heating rates. 
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Figure 7-2. Phase and texture evolution of PZT thin films on Pt electrodes with different 

heating rates. 
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Figure 7-3. Intensity map of Pt and PtxPb at the maximum peak intensity during 

crystallization.   
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Figure 7-4. The formation of PtxPb phase. A) Representative phase evolution plot at 

instantaneous heating (70° ≤  ≤ 80°). B) The formation of PtxPb during 
crystallization of PZT thin films at different heating rates. 
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Figure 7-5. Absence of (111) superlattice reflection of pyrochlore at 2θ = 6.4° in 
synchrotron XRD patterns, confirming the phase is fluorite. 
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Figure 7-6. Integrated intensities of 111 fluorite at 2θ range (9.8° ≤ 2θ ≤ 10.5°) over   

range between -90° and 90° before the formation of perovskite PZT thin films. 
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Figure 7-7. Change in FWHM and normalized intensity of texture components during 

crystallization of PZT with different heating rates. 111 texture components are 
plotted in red and 100 texture components are plotted in black. Lines are 
added as a guide to the eye.  
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Figure 7-8. Texture components of PZT thin films. A) FWHM of texture components at 

the maximum temperature during crystallization. B) Texture fraction of PZT 
thin films at the maximum temperature during crystallization. Lines are added 
as a guide to the eye.  
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CHAPTER 8 
CRYSTALLIZATION OF PZT THIN FILMS ON AMORPHIZED PbTiO3 SEED LAYERS 

 

8.1 Literature Review 

A textured PTO seed layer is often used during processing as a template to 

promote 100 texture in the PZT thin film. [64,95,96] Additionally, it is well accepted that 

a seed layer is beneficial for the prevention of interdiffusion between the substrate and 

thin films during crystallization. [103] However, amorphization of the PTO seed layer 

was observed after pyrolysis of PZT layer at a pyrolysis temperature of 350°C (Chapter 

6). The thin films after pyrolysis are similar to an amorphous layer with compositional 

segregation (Ti rich layer on the Pt surface and Zr rich layer on top) on a Pt electrode. 

The amorphous layer can react with the Pt electrode, and the 111 texture of the Pt 

electrode can be an important factor in the resulting texture of PZT thin films during 

crystallization. Compositional segregation in the amorphous layer potentially leads to 

interdiffusion between PTO and PZT during crystallization, which results in an undesired 

composition of PZT thin films. It is hypothesized that the amorphized PTO layer and 

compositional segregation have a different influence on the crystallization behavior of 

PZT thin films when using different heating rates. 

In this chapter, the effect of different heating rates on the crystallization of PZT 

thin films on an amorphized PTO seed layer is studied using the in situ technique at a 

synchrotron X-ray source. Phase and texture evolution were observed with different 

heating rates. The mechanism of nucleation for texture of PZT thin films at different 



 

106 

heating rates is discussed based on the quantitative analysis of texture components and 

microstructure of PZT thin films. 

8.2 Experimental Procedure 

2-MOE derived PZT thin films was deposited on an amorphized PTO seed layer.  

The PZT thin films were crystallized at different heating rates using an IR lamp. Heating 

rates for the crystallization of 2-MOE derived PZT thin films were controlled by applying 

a voltage on an IR lamp. The voltage was controlled using a digital-to-analog converter 

program providing a voltage signal between 0 V and 5 V to a solid state power controller 

(Control Concepts Inc. Model 1032A). During crystallization using different heating 

rates, XRD patterns were recorded using a 2D detector with exposure times between 

0.25 s and 8 s. 

Using the method described in Chapter 4, the integrated diffraction intensities 

versus 2θ over the  ranges (70° ≤  ≤ 80° and -5° ≤  ≤ 5°) were obtained. A collection 

of the integrated diffraction intensities plotted as a function of 2θ and time is termed a 

“phase evolution plot”. Changes in the integrated intensities in (111) PtxPb, (111) PZT, 

(111) Fluorite, (001) and (100) PZT were modeled using the Pearson VII profile shape 

function via the curve fitting tool box in MATLAB®  to investigate the phase 

transformations during crystallization. 

The intensities of {110} reflections (10.6° ≤ 2θ ≤ 11.4°) were integrated over the 

azimuthal angular range (-90° ≤  ≤ 90°) at different temperatures during crystallization 

of PZT thin films on an amorphized PTO seed layer. The collection of the integrated 

diffraction intensities were plotted as a function of azimuthal angle ( ) and time. This is 

termed a {110} “texture evolution plot”. Integrated intensities of the texture components 



 

107 

were modeled using a Pearson VII profile shape function via the curve fitting tool box in 

MATLAB®  to extract the integrated intensities and FWHM of different texture 

components. Background intensities were modeled using a linear polynomial function. 

The background intensities correspond to diffraction intensities from randomly oriented 

grains. Further details of the in situ measurements using synchrotron XRD are 

described in Chapter 4. 

Dark field cross-sectional images, nano-beam diffraction (NBD) patterns and 

EDX line profiles of PZT on an amorphized PTO seed layer after crystallization with an 

average heating rate of 30°C/min (slowest heating rate) were recorded using TEM. 

Sample preparation including thinning, milling and lift-out for TEM analysis was 

conducted using the Focused Ion Beam. [97]  

8.3 Results and Discussion 

Phase and texture evolution plots derived from synchrotron XRD data of PZT thin 

films on an amorphized PTO seed layer at different heating rates are shown in Figure 8-

1. The relative low intensities of (111) Pt and (111) PtxPb in the phase evolution plot 

obtained in the  range (-5° ≤  ≤ 5°) is attributed to the fact that the normal to thin films 

is not parallel to the scattering vector of the diffracting planes. Peak intensities of the 

(111) Pt and (111) PtxPb were observed in the phase evolution plot obtained in the  

range (70° ≤  ≤ 80°). Further details of the XRD geometry used in the current study are 

available in Chapter 4. In the phase evolution plots, no diffraction intensities from the 

crystalline PTO seed layer were observed in the early stage of crystallization, which 

agrees with the amorphization of the PTO seed layer after pyrolysis of PZT thin films, as 

discussed in Chapter 6. The phase evolution sequence during crystallization is from 
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amorphous to perovskite PZT via an intermetallic PtxPb phase followed by an 

intermediate fluorite/pyrochlore phase. The presence of a transient PtxPb phase at all 

heating rates implies that the availability of an oxygen atmosphere does not 

compensate for the loss of oxygen during the removal of organic compounds. The 

intermediate phase was determined to be the fluorite phase, A2B2O7-x, because there 

was no diffraction intensity from the superlattice peak of (111) pyrochlore near 2θ = 

6.4°. 

Changes in the peak intensities of (111) PtxPb, (111) PZT, (111) fluorite, (001) 

PZT, and (100) PZT during crystallization are shown in Figure 8-2. The only reflection of 

the PtxPb phase observed in the phase evolution plot is the (111). The (111) PtxPb was 

observed at 600°C at the fastest heating rate, while a lower formation temperature for 

the appearance of the (111) PtxPb was observed at slower heating rates. The formation 

of the (111) PtxPb reflection was observed at 450°C at the slowest heating rate. The 

formation temperature in the (111) of the PtxPb phase was observed between 350°C 

and 450°C in previous literature. [47] The discrepancy in the formation temperature of 

the (111) PtxPb phase between the previous literature and the current study may be 

attributed with the different heating methods for the PZT thin films. In previous literature, 

amorphous PZT thin films were placed on a hot plate at a fixed temperature, while 

continuous heating by IR lamp was used in the current study which is similar to RTA. 

Continuous heating with fast heating rates in the current study heated the amorphous 

PZT thin films to a higher temperature in a short time, which delays the formation of the 

PtxPb phase. It was reported that the crystallization temperature of PZT thin films is 

between 450°C and 600°C. [32,46] We hypothesized that the formation temperature of 
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111 textured PtxPb and PZT can be overlapped at fast heating rates, and further 111 

texture of PtxPb may nucleate 111 PZT due to good lattice matching. However, the peak 

intensities of the (111) PtxPb and (111) PZT did not overlap during crystallization at all 

heating rates. Similar trends were observed during the crystallization of PZT thin films 

on a Pt electrode (Chapter 7). The discontinuity of the (111) intensities between PtxPb 

and PZT in both cases suggest that 111 PtxPb does not directly nucleate 111 perovskite 

PZT.  

Accompanying the decrease in peak intensity of (111) PtxPb, the peak intensity 

of the (111) fluorite phase increased at all heating rates, followed by the formation of the 

perovskite PZT phase, shown in Figure 8-2. Similar trends for the phase transformation 

from fluorite to perovskite PZT during crystallization were observed in both PZT thin 

films on amorphous PTO and Pt electrodes (Chapter 7). However, the peak intensity of 

(100) PZT increased with increasing peak intensity of (111) fluorite in PZT thin films on 

amorphized PTO, while the peak intensity of (100) PZT increased with decreasing peak 

intensity of (111) fluorite in PZT thin films on a Pt electrode. It has been reported that 

higher Zr/Ti ratios in PZT enhance the retention of fluorite phase prior to the formation 

of perovskite PZT during crystallization. [56] In other words, the crystallization 

temperature of perovskite phase PZT is higher when the Zr/Ti molar ratio is higher. In 

the current study, a lower formation temperature (~ 520°C) of the perovskite PZT thin 

films on an amorphized PTO seed layer was observed, compared to the crystallization 

temperature (~ 600°C) of PZT thin films on a Pt electrode (Chapter 7). This may indicate 

that a lower crystallization temperature of PZT thin films on amorphized PTO is ascribed 

to the recrystallization of PTO or the crystallization of Ti rich PZT. However, 
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recrystallization of a PTO seed layer is not likely in the current study because the 

fluorite phase was not observed during the crystallization of the PTO seed layer, as 

shown in Figure 8-3. Direct crystallization of perovskite PTO from the amorphous PTO 

without the fluorite phase was also observed in previous literature. [51] Conversely, the 

fluorite phase was observed prior to the formation of perovskite phase in PZT thin films 

on amorphized PTO, which supports the hypothesis that perovskite Ti rich PZT was 

crystallized at lower temperature.     

Accompanying the decrease in peak intensity of (111) fluorite, a shift of peak 

intensity from higher 2θ (100) to lower 2θ (001) was observed (Figure 8-2). In other 

words, an increase in the peak intensities of (100) PZT was observed prior to the 

increase in the peak intensity of (001) PZT. At room temperature the crystal structures 

of PTO and PZT used in current study are tetragonal. However, both PTO and PZT 

above the Curie temperature (between 230°C (for Zr rich PZT) and 490°C (for Ti rich 

PZT)) transforms to a cubic structure. The observations of the (001) and (100) peaks 

are possibly attributed to the crystallization of two different perovskite phases during 

crystallization. It is hypothesized that the 2θ reflection shifts during crystallization are 

attributed to the crystallization of perovskite Ti rich PZT at lower temperature, and then 

crystallization of PZT with higher Zr concentration at higher temperature. [51] 

Previous studies have shown that PZT thin films with different chemical 

compositions have different unit cell volumes. [104,105] Experimentally, a change in the 

unit cell volume of PZT thin films during crystallization can be measured using a 2D 

detector, as shown in Figure 8-4A. Debye-Scherrer rings detected in the 2D detector 

can shift uniformly towards lower or higher 2θ over the  range (-90° ≤  ≤ 90°) due to a 
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volume change during crystallization. For example, Ti rich PZT with a smaller unit cell 

volume can nucleate at a lower temperature (higher 2θ), while PZT with a higher Zr/Ti 

ratio can nucleate at a higher temperature resulting in a larger unit cell volume (lower 

2θ). Therefore, the volume change of PZT thin films from a smaller unit cell to a larger 

unit cell during crystallization could be shown as the shift of Debye-Scherrer ring from 

higher angular angle (higher 2θ) to lower angular angle (lower 2θ) over the  range (-

90° ≤  ≤ 90°).  

 In order to investigate the formation of perovskite PZT thin films with different 

chemical compositions during crystallization, changes in the integrated intensities of 

(001) and (100) as a function of temperature, and a {110} intensity map of PZT thin films 

at different temperatures during crystallization at voltage rate of 0.005 V/s are shown in 

Figure 8-4B and C, respectively. At 500°C (T1), no texture components were observed, 

which supports the observation of the dissolution of the PTO seed layer after pyrolysis 

of the PZT layer. At 516°C (T2), 100 texture components were initially observed in the 

nucleating perovskite phase. At 520°C (T3), the intensity shift of texture components 

from higher to lower 2θ was observed homogeneously over the entire measured 

azimuthal angular range (-90° ≤  ≤ 90°), which supports the hypothesis that Ti rich PZT 

with a small unit cell volume nucleates first, and then PZT with a higher Zr/Ti ratio 

nucleates at a higher temperature during crystallization. At 556°C (T4), no more 

intensity shift of texture components from higher to lower 2θ was observed, which 

suggests no further compositional change between Zr to Ti during the formation of PZT. 

At 700°C (T5), increased strength of texture components in PZT thin films was observed 

at lower 2θ. 



 

112 

Texture evolution plots at different heating rates have been presented (Figure 8-

1). Corresponding FWHM and normalized intensity of texture components as a function 

of time during crystallization are shown in Figure 8-5. There are no diffraction peaks in 

the early stage of crystallization, which supports the amorphization of the PTO seed 

layer after pyrolysis of upper PZT thin films. 100, 110 and 111 texture components were 

observed at the fastest heating rate, while 100 and 111 texture components were 

observed at the slowest heating rate. Also, 111 texture appeared faster than 100 and 

110 texture at fastest heating rate, while 100 texture appeared faster than 111 texture at 

the slowest heating rate.  

The FWHM and texture fraction of 100, 110 and 111 texture components at the 

maximum temperature during crystallization with different voltage rates are summarized 

in Figures 8-6A and B, respectively. The FWHM of 111 texture components are similar 

to those of 111 Pt at all voltage rates, which implies that 111 texture of Pt nucleates 111 

texture of PZT thin films. Conversely, the FWHM of 100 texture components increased 

with increasing heating rates. The texture fraction at different voltage rates is illustrated 

in Figure 8-6B. Dominant 100 texture was observed at low voltage rates, while 111 

texture components were dominant at high voltage rates. 

Imaging in the TEM was carried out in order to confirm the observations 

described above. A cross-sectional micrograph of a PZT thin film after crystallization at 

the slowest heating rate (Figure 8-7A) shows two distinct regions on the Pt electrode 

which were previously the amorphous PTO seed layer and PZT layer (Chapter 6). Both 

amorphous PTO and PZT have been crystallized. Also, the interfacial roughness 

increased between the PTO layer and PZT layer compared to the interfacial roughness 
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between layers before crystallization (Figure 8-7A), which might be attributed to several 

factors such as dewetting or interdiffusion during crystallization. Nanobeam diffraction 

patterns of PTO and PZT are shown in Figures 8-7B inset and D inset, respectively. The 

PTO and PZT are tetragonal phase.  

EDX line profiles of Pb, Ti and Zr are provided in Figure 8-7C. No signals for Pb, 

Ti or Zr were observed in the Pt layer. This indicates that no interdiffusion of elements 

between the substrate and the upper PTO/PZT layers has occurred. A small amount of 

elemental Zr was detected in the PTO layer and a similar amount of elemental Pb was 

detected in both the PTO and PZT layers, which suggests that Zr from the PZT layer 

diffused into PTO layer and Ti rich PZT was crystallized near the Pt electrode. Also, a 

decrease in the Ti count and a similar increase in the Zr count with increasing distance 

were observed in the PZT layer, which implies that the Zr/Ti molar ratio increased 

throughout the cross-section from the Pt-thin film interface to the surface with increasing 

temperature. The average Zr/Ti ratios in the entire PTO and PZT layer were calculated 

as 10/90 and 51/49, which does not correspond to the initial stoichiometry of the thin 

films before crystallization. The crystallization of Ti rich PZT appears to occur at a lower 

crystallization temperature, followed by the formation of Zr rich PZT across the thin film. 

 It has been reported that dominant 100 texture is commonly observed in Zr rich 

PZT thin films. [67] Higher temperature is required to crystallize PZT with increasing Zr 

concentration, which leads to homogeneous nucleation in PZT thin films. [51] In the 

case of PZT, the 100 plane has the lowest surface energy, and thereby dominant 

nucleation and growth of 100 texture occur. [107] Dominant 100 texture components 

observed in PZT thin films crystallized at slower heating rates may imply that sufficient 
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time for interdiffusion between the PTO layer and PZT layer leads to increased Zr 

concentration towards surface and increased Ti concentration towards the PTO-PZT 

interface, which promotes PZT thin films with a higher Zr concentration.  

8.4 Summary 

The effect of an amorphized PTO seed layer on the crystallization behavior of 

PZT thin films using different heating rates was studied. Intermediate phases such as 

PtxPb and fluorite phase were observed prior to the formation of perovskite PZT thin 

films. Dominant 111 texture was observed at faster heating rates, while dominant 100 

texture was observed at slower heating rates. It is suggested that 111 texture of the Pt 

plays a role in the nucleation of 111 PZT thin films. During the crystallization of PZT thin 

films, the amorphous PTO layer was recrystallized to form a Ti rich PZT layer through 

diffusion of Zr atoms from the PZT layer to the PTO layer. It is suggested that inter-

diffusion of Pb, Ti and Zr occurs between amorphous PTO and amorphous PZT during 

the crystallization of PZT, which can lead to chemical gradients in PZT thin films. 

Finally, two different compositions in the amorphous layer lead to the formation of 

chemically inhomogeneous PZT thin films during crystallization. 
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Figure 8-1. Phase and texture evolution plots of PZT thin films on an amorphized PTO 
seed layer during crystallization with different heating rates. 
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Figure 8-2. Change in peak intensities of (111) PtxPb, (111) PZT, (111) fluorite, (001) 

PZT, and (100) PZT during crystallization. 
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Figure 8-3. Phase evolution plot of a PTO seed layer during crystallization at the voltage 

rate (0.01 V/s). 
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Figure 8-4. Intensity shift of PZT thin films on amorphous PTO seed layer during 

crystallization. A) Homogeneous shift of Debye-Scherrer rings due to volume 

change in 2D detector. B) Representative phase evolution plot in the  range 

(-90° ≤ ≤ 90°) and 2θ range (7° ≤ 2θ ≤ 8.2°). Change of integrated intensities 
of (001) and (100) are as a function of temperature. C) {110} intensity maps at 
different temperatures during crystallization.   
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Figure 8-5. Change in FWHM of texture components during crystallization of PZT with 

different heating rates. 

 
 
 
 



 

120 

 
Figure 8-6. Texture components of PZT thin films on amorphous PTO seed layer. A) 

FWHM of texture components at the maximum temperature during 
crystallization. B) Texture fraction of PZT thin films at the maximum 
temperature during crystallization. 
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Figure 8-7. Dark field micrograph of a PZT thin film on a PTO seed layer after 
crystallization of the PZT layer. A) Cross sectional view. B) NBD pattern of a 
PTO layer. C) EDX line profile. D) NBD pattern of a PZT layer. 
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CHAPTER 9 
CRYSTALLIZATION OF PZT THIN FILMS ON CRYSTALLINE PbTiO3 SEED LAYERS 

 

9.1 Literature Review 

Recent thin film research has focused on the use of seed layers that promote the 

formation of oriented thin films. [106,107] Additionally, the seed layers reduce the 

crystallization temperature of upper thin films which results in the suppression of 

interdiffusion between films and substrates. [106,107] PTO has several advantages as a 

seed layer for the formation of perovskite PZT thin films. PTO has a similar crystal 

structure and lattice parameter to PZT with a Zr/Ti ratio of 52/48, which can lower the 

activation energy for nucleation of PZT, and thereby suppress the crystallization 

temperature of PZT thin films. The lower crystallization temperature can reduce the 

volatilization of PbO at higher temperatures, which enhances the crystallinity of 

perovskite phase without any remnant Pb deficient phase. Additionally, texture control 

of the PZT is possible with the aid of a textured PTO seed layer. For example, Hiboux et 

al. suggested 111 textured PTO seed layer promotes the formation of 111 texture in 

PZT thin films. [107] Also, 100 textured PZT thin films were obtained from a 100 

textured PTO seed layer [107] It has been suggested that the texture in the PTO seed 

layer between the Pt electrode and PZT films could provide sufficient nucleation sites to 

enhance the texture of perovskite PZT films. [95,96,106.108] However, strategies to 

control final film texture are limited due to the lack of mechanistic understanding of 

crystallization in PZT thin films using real-time measurements. 

This chapter presents the results and discussion of the effect of a crystalline PTO 

seed layer on the crystallization behavior of PZT thin films using in situ XRD 
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measurements at a synchrotron X-ray source. The results obtained from in situ 

measurements reveal a fundamental understanding of crystallization behavior during 

heat treatments such as (1) multiple potential interactions with the substrate, (2) phase 

transformation from amorphous film to the desired homogeneous crystalline phase, and 

(3) texture evolution with respect to different heating rates.  

9.2 Experimental Procedure 

Pyrolyzed 2-MOE derived PZT thin films on a crystalline PTO seed layer were 

crystallized at different heating rates using an IR lamp. Heating rates for crystallization 

of 2-MOE derived PZT thin films were controlled by applying different voltages on an IR 

lamp using a digital-to-analog converter program. During crystallization at different 

heating rates, exposure times on the 6-ID-B diffractometer at the APS between 0.25 s 

and 6 s were used to record diffraction patterns in a 2D detector.  

Based on the method illustrated in Chapter 4, the integrated diffraction intensities 

versus 2θ over a  range (70° ≤  ≤ 80° and -5° ≤  ≤ 5°) were obtained. The collection 

of the integrated diffraction intensities were extracted as a function of 2θ and time to 

show phase evolution plots. Changes in the integrated intensities of the (111) PtxPb, 

(111) PZT, (111) fluorite, (001) and (100) PZT during crystallization were modeled using 

the Pearson VII profile shape function via the curve fitting tool box in MATLAB® . 

The intensities of {110} reflections (10.6° ≤ 2θ ≤ 11.4°) were integrated through 

2θ over the azimuthal range (-90° ≤  ≤ 90°) at different temperatures during 

crystallization of PZT thin films on a crystalline PTO seed layer. The collection of the 

integrated diffraction intensities were extracted as a function of azimuthal angle and 

time for texture evolution plots. Integrated intensities of the texture components were fit 

to the Pearson VII profile shape function via the curve fitting tool box in MATLAB®  to 
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extract texture information. Background intensities were modeled using a linear 

polynomial function. The background intensities correspond to diffraction intensities 

from randomly oriented grains. Details of in situ measurements using synchrotron XRD 

are described in Chapter 4. Diffraction patterns of the PZT thin films after crystallization 

at different heating rates were recorded using laboratory XRD.  

9.3 Results and Discussion 

A {110} intensity map showing texture components of a PTO seed layer are 

shown in Figure 9-1A. Non-uniform intensity for a {110} reflection over the  range -90° 

≤  ≤ 90° was observed. The peak intensities are observed in {110} intensity map at  = 

-45° and 45°, which corresponds to 100 texture components. The peak intensities at  = 

0° correspond to 110 texture components. Also, nearly uniform intensity over the  

range -90° ≤  ≤ 90° was observed, which corresponds to random orientation. Based on 

these observations, it is clear that the PTO seed layer has comparatively stronger 100 

texture, with a random component.   

 In order to investigate the templating effect of the Pt on the PTO seed layer, 

FWHMs of the texture components of the PTO seed layer were compared to that of the 

Pt electrode, as shown in Figure 9-1B. The Pt electrode showed a strong tendency for 

111 texture (Chapters 7 and 8). It was observed that FWHMs in the 100 and 110 texture 

components of the PTO seed layer are different from that of 111 Pt electrode. This may 

indicate that the Pt electrode does not provide nucleation sites for 100 and 110 of the 

PTO seed layer. Comparatively stronger intensity of 100 texture components is likely 

due to an inherent self-orientation tendency in which the plane has the lowest surface 
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energy. [107] In the case of PTO, the (100) is considered to be the lowest surface 

energy plane. [107] 

In situ XRD measurements were conducted in order to investigate the effect of a 

PTO seed layer on the crystallization behavior of PZT thin films. Phase and texture 

evolution during crystallization of a PZT layer were observed as displayed in Figure 9-2. 

During crystallization of PZT thin films at different heating rates, the (111) peak of the 

PtxPb phase was observed first. This does not support the idea that PTO is a prevention 

layer for diffusion of excess Pb from the PZT layer to the Pt electrode. Instead, this 

observation might imply that excess Pb in the PZT layer diffuses into Pt (perhaps along 

grain boundaries of the PTO seed layer).  

The only reflection representing the PtxPb phase is (111) at 2θ = 13.7° in the 

phase evolution plots. It is controversial that 111 PtxPb can nucleate 111 texture of PZT 

due to similar lattice parameters. [69,70] The change in peak intensities of the (111) 

PtxPb and (111) PZT during crystallization is shown in Figure 9-3. In the phase evolution 

plots, the (111) peaks of the PtxPb and PZT are located at a similar 2θ position due to 

close lattice parameters, and thereby we can hypothesize that both (111) peaks from 

PtxPb and PZT could be overlapped with increasing temperature where PtxPb nucleates 

PZT. However, no overlap of the peak intensities was observed between (111) PtxPb 

and (111) PZT, which implies that PtxPb does not nucleate PZT. It is also suggested 

that the crystalline PTO seed layer can become a barrier between the PtxPb phase and 

the PZT layer to suppress the orientation relationship between them.  

Accompanying the decrease of peak intensity of the (111) PtxPb, the peak 

intensities of the intermediate phase increased during crystallization at all heating rates. 
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There is debate concerning the crystal structure of the intermediate phase prior to the 

formation of perovskite PZT. A pyrochlore phase, Pb2Ti2O7, was suggested as an 

intermediate phase, while a fluorite phase, Pb2Ti2O7-x, was suggested as an 

intermediate phase. [50,51,52] Experimentally, the fluorite phase can be distinguished 

from the pyrochlore phase based on the lack of (111) reflection of doubled unit cell in 

pyrochlore in the diffraction patterns. As shown in Figure 9-4, intensity from the (111) 

pyrochlore was not observed at 2θ = 6.4° during crystallization at all heating rates, 

which suggests that the intermediate phase observed in the current study is the fluorite 

phase.  

Changes in the peak intensities of the (111) fluorite, (001) PZT and (100) PZT 

during crystallization are shown in Figure 9-5. At an early stage of crystallization, the 2θ 

position of the (001) peak shifted to higher 2θ, while 2θ position of the (100) peak 

shifted to lower 2θ. The (001) and (100) peaks converged to one peak at higher 

temperature, which suggests that tetragonal PTO transforms to cubic above the Curie 

temperature. No more increase of (100) peak intensity was observed after the phase 

transformation of PTO, which indicates that the transformation of PTO from tetragonal 

to cubic is complete. Subsequently, an increase in the peak intensity of the (001) PZT 

was observed, with a decrease in the peak intensity of the (111) fluorite phase. Similar 

trends in the phase evolution were observed at all heating rates. Based on the 

quantitative results of the (001) PZT and (100) PZT in Figure 9-5, it is proposed that the 

cubic PTO seed layer above the Curie temperature nucleates PZT thin films.  

The observations of the phase evolution of PZT on PTO (Figure 9-5) are different 

from the phase evolution of PZT on Pt electrodes (Chapter 7). A similar formation 
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temperature of the fluorite phase was observed during the crystallization of PZT on the 

Pt electrode and PTO seed layer, respectively. However, the subsequent formation of 

the PZT on PTO was observed at the same time as the formation of the fluorite phase, 

while the formation of PZT on Pt was observed after fluorite phase disappeared. This 

implies that the crystallization temperature of PZT on Pt is higher than that of PZT on a 

PTO seed layer. The crystallization temperature of the PZT on PTO was 590°C, while 

crystallization temperature of the PZT on Pt was 650°C. Thus, it suggests that a PTO 

seed layer effectively lowers the crystallization temperature of PZT thin films.  

Texture evolution plots at different heating rates have been presented in Figure 

9-2. Broad 100 texture components of PTO were observed at  = -45° and 45° with 

nearly uniform intensity of random components over the whole  range in the early 

stage of crystallization. The low scattered intensity of 100 texture components can be 

attributed to the small interaction volume of thin (34 nm) PTO seed layer. Additionally, 

an amorphous PZT layer can also absorb the diffracted X-rays from PTO to cause a 

decrease of diffraction intensity of the PTO seed layer. Subsequent 100 texture 

components of PZT were observed at  = -45° and 45° at higher temperature. Nearly 

uniform intensities across the whole  range and the relatively weak intensity peak at  

= 0° are also observed, indicating the presence of random and 110 texture components. 

Similar trends in the formation of texture in the PZT were observed at all heating rates. 

Corresponding FWHM and normalized intensities of texture components as a function 

of time during crystallization are shown in Figure 9-6. Similar values of the FWHMs of 

100 and 110 texture components of PZT were observed at all heating rates. The 

formation of 111 texture components was suppressed in PZT on PTO seed layer. It is 
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likely that the absence of 111 texture in the PTO seed layer does not provide nucleation 

sites for 111 texture of PZT thin films. It is suggested that the orientation of the 

substrate below PZT thin films is an important factor that leads to the development of 

the desired texture in PZT thin films.  

The FWHMs and texture fraction of PZT thin films at the maximum temperature 

during crystallization at different voltage rates are summarized in Figures 9-7A and B, 

respectively. The FWHM of texture components of PZT are similar to those of 100 PTO 

at all voltage rates, which implies that 100 texture of PTO nucleates 100 texture of PZT 

thin films regardless of heating rates. The texture fraction at different voltage rates 

illustrated in Figure 9-7B show that the texture fraction of 100 components are similar 

regardless of heating rates. 

Diffraction patterns of the PZT on a PTO seed layer prior to and following 

crystallization at different heating rates using laboratory XRD with θ/2θ geometry are 

shown in Figure 9-8. Before crystallization of the PZT layer, the peak intensities of {100} 

and {110} of the PTO seed layer were observed. After crystallization, the {100} and 

{110} reflections of the PZT were observed at all heating rates. The peak intensities of 

(001) and (101) were much higher than that of (100) and (110) after crystallization at all 

heating rates, which implies the growth of c - axis domains in the PZT occurred 

preferentially throughout the cross section.  

9.4 Summary 

A crystalline PTO seed layer was used as a template for PZT thin films. After 

pyrolysis of upper PZT thin films, crystalline PTO still remained. Amorphous PZT thin 

films transformed to perovskite PZT via a PtxPb phase followed by a fluorite phase 

during crystallization. There is no evidence that 111 PtxPb nucleates 111 PZT. A phase 
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transformation of PTO from tetragonal to cubic occurred, and then nucleation of PZT 

occurred from the cubic phase PTO seed layer. 100 texture components were observed 

at all heating rates. Based on the investigation of the texture components of Pt and PZT 

at different heating rates, it is concluded that cubic phase 100 PTO may play a role as a 

template to grow 100 texture of PZT thin films. After crystallization, preferential growth 

of (001) in the PZT was observed, which implies that cubic PTO nucleates c - axis 

domains in PZT preferentially during crystallization. 
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Figure 9-1. Intensity map of crystalline PTO seed layer. A) {110} intensity map of PTO 

seed layer after pyrolysis of PZT layer. B) Comparison in the FWHM of 
texture components of PTO and Pt electrode. 
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Figure 9-2. Phase and texture evolution plots of PZT thin films on PTO seed layer 

during crystallization at different heating rates. 

 

 

 



 

132 

 

 

Figure 9-3. The formation of PtxPb phase. A) Representative phase evolution plot at 
instantaneous heating (70° ≤  ≤ 80°). B) The formation of PtxPb during 
crystallization of PZT thin films at different heating rates. 
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Figure 9-4. Absence of (111) superlattice peak in pyrochlore in PZT thin films during 

crystallization of PZT thin films at different heating rates, confirming the phase 
is fluorite. 



 

134 

 

 
Figure 9-5. Formation of pyrochlore and perovskite PZT during crystallization of PZT 

layer at different heating rates. 
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Figure 9-6. Texture evolution of PZT thin films during crystallization at different heating 

rates. 
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Figure 9-7. Texture components of PZT thin films on crystalline PTO seed layer. A) 
FWHM of texture components at the maximum temperature during 
crystallization. B) Texture fraction of PZT thin films at the maximum 
temperature during crystallization. 
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Figure 9-8. Diffraction patterns of PZT thin films on PTO seed layer after crystallization 

at different heating rates. 
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CHAPTER 10 
CONCLUSIONS AND CONTRIBUTIONS 

10.1 Conclusions 

The effect of different processing conditions such as atmospheric conditions, 

heating rates and different substrates on the crystallization behavior of PZT thin films 

was investigated using in situ laboratory and synchrotron XRD measurements. Overall, 

a similar sequence of phase evolution in PZT thin films during crystallization was 

observed regardless of different processing conditions. During crystallization, 

amorphous PZT thin films transformed to perovskite PZT phase via an intermetallic 

PtxPb phase followed by fluorite phase.  

During the early stages of crystallization of PZT, decomposition of organic 

compounds within amorphous PZT occurs, leading to local reducing conditions at the 

Pt-PZT interface, and then Pb from amorphous PZT is reduced to metallic Pb (Pb0). The 

formation of the intermetallic PtxPb phase is attributed to diffusion of the reduced Pb 

(Pb0) from the amorphous PZT into the Pt electrode. The intermetallic PtxPb phase was 

observed to be highly 111 oriented. It is suggested that 111 texture of PtxPb is 

nucleated from 111 Pt.  

The formation and stability of the intermetallic PtxPb phase was observed to be 

highly dependent on different atmospheric conditions during crystallization of PZT using 

laboratory based in situ XRD. In flowing N2 gas, PtxPb remained after crystallization of 

PZT thin films. Conversely, PtxPb phase was not observed in flowing O2 gas. This 

implies that the extent of the local reducing conditions depends on the degree of oxygen 

diffusion from the surrounding atmosphere to the interface between PZT and Pt. In 
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flowing O2 gas, however, high oxygen partial pressure can allow the average oxidation 

state of Pb to stabilize between 2+ and 4+, which indicates that overall stoichiometry of 

oxygen content favors the intermediate pyrochlore/fluorite phase, Pb2(ZrxTi1-x)O7-y 

where 0 . Therefore, switching atmospheric conditions during crystallization of 

PZT thin films was introduced to suppress the intermetallic PtxPb phase and to promote 

perovskite PZT phase. It was observed that a high oxygen partial pressure of O2 gas 

suppressed the formation of the PtxPb phase, which implies that increased availability of 

oxygen at the Pt-Pb interface mitigates the local reducing conditions during the removal 

of organic compounds. Further, subsequent switching to N2 gas at higher temperatures 

can stabilize the oxidation state of Pb as 2+ to promote the perovskite PZT phase, 

Pb(ZrxTi1-x)O3.  

Different phase and texture evolution of PZT thin films during crystallization were 

observed depending on different heating rates and substrates. Dominant 111 texture of 

PZT thin films was observed on 111 Pt electrodes at all heating rates, even though 100 

texture increased slightly at slower heating rates. There is no evidence that intermediate 

phases such as 111 PtxPb and 111 fluorite nucleate 111 texture of PZT thin films. It is 

suggested that direct nucleation of 111 preferred orientation from the Pt electrode to 

PZT occurs during crystallization. The formation of 100 texture at slower heating rates 

may be due to homogeneous nucleation or surface nucleation which is balanced with 

competing 111 texture. 

When amorphized PTO was used as a seed layer below PZT thin films, a more 

extreme change in texture of PZT thin films was observed with different heating rates 

during crystallization, compared to that observed in PZT thin films on Pt electrodes. 111 
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texture was preferred at faster heating rates, while 100 texture was preferred at slower 

heating rates. It is suggested that 111 texture of PZT thin films at faster heating rates is 

nucleated from 111 texture of the Pt electrode.  

A further observation in PZT thin films on amorphized PTO seed layer is that Ti 

rich PZT forms on the Pt electrode and Zr rich PZT forms near the thin film surface. This 

suggests that the interdiffusion of Pb, Ti and Zr between the amorphous PTO layer and 

the PZT layer occurs during crystallization. This results in a lower crystallization 

temperature of PZT thin films on amorphized PTO, which is attributed to the lower 

temperature required to produce Ti rich PZT, compared to the PZT thin films on Pt 

electrodes. With increasing temperature, crystallization of perovskite PZT with a higher 

Zr/Ti ratio was observed. Dominant 100 texture in PZT thin films crystallized at slower 

heating rates may imply that 100 texture is homogeneously nucleated at slower heating 

rates due to higher Zr concentration in PZT. In this study, an amorphized PTO seed 

layer was determined as another parameter that influences texture selection and 

chemical gradients of PZT thin films.  

A 100 textured PTO seed layer was used as a template for 100 textured PZT thin 

films based on the hypothesis that 100 PTO nucleates 100 PZT due to good lattice 

matching between them. A phase transformation of the PTO seed layer from tetragonal 

to cubic was observed during crystallization. The formation of PZT thin films was 

observed after the phase transformation from tetragonal to cubic in the PTO seed layer. 

A lower crystallization temperature of PZT was observed, which may suggest that the 

PTO seed layer lowers the activation energy for the formation of perovskite PZT. There 

is no evidence that intermediate phases such as PtxPb nucleate 111 texture of PZT thin 
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films. 100 texture of PZT was observed regardless of heating rates. It is suggested that 

100 texture of PZT thin films is nucleated from the cubic 100 PTO seed layer above the 

Curie temperature. Also, the growth of c - axis domains of PZT is preferred on cubic 

PTO seed layer during crystallization.  

10.2 Contributions of Dissertation 

This dissertation investigated the effect of different processing conditions on the 

crystallization behavior of PZT thin films using the in situ XRD technique. The major 

contributions of this work to the scientific community are explicitly listed here as a 

summary for the reader: 

1. Switching atmosphere during crystallization as a new approach is presented, 

not only to control the interaction between the substrate and thin films, but also to 

promote the desired crystal structure without any remnant secondary phases.  

 
2. Fluorite phase is determined as an intermediate phase during crystallization of 

PZT thin films prepared using 2-MOE solution. 

 
3. It is proposed that 111 texture of PZT is nucleated from 111 texture of Pt 

substrate. 

  
4. Diffusion of Pb along the grain boundary of the Pt substrate is suggested to 

form intermetallic PtxPb phase during crystallization of PZT. 

 
5. It is proposed that a cubic phase PTO seed layer above the Curie temperature 

is a template to nucleate and grow c – domain PZT thin films preferentially.  
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