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Solution deposited PZT based thin films have potential applications in embedded 

decoupling capacitors and pulse discharge capacitors. During solution deposition, 

precursor solution is deposited onto a substrate to obtain an amorphous film. The film is 

then crystallized by heating it at a high temperature (~600 - 700C). Conditions during 

the crystallization anneal such as precursor stoichiometry in solution, heating rate and 

adhesion layer in the substrate are known to influence phase and texture evolution in 

these films. However, a mechanistic understanding of the changes taking place in these 

thin films during crystallization is lacking. A better understanding of the crystallization 

processes in these thin films could enable tailoring the properties of thin films to suit 

specific applications. 

To explore the crystallization process in solution deposited PZT thin films, high 

temperature in situ laboratory and synchrotron X-ray diffraction based techniques were 

developed. Taking advantage of the high X-ray flux available at synchrotron facilities 

such as beamline 6-ID-B, Advanced Photon Source, Argonne National Laboratory, 

crystalline phases formed in the thin films during crystallization at the high heating rates 

(0.5 – 60C/s) typically used during film processing could be measured. Using a 2-D 
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detector for these measurements allowed the simultaneous measurement of both phase 

and texture information during crystallization. Analytical treatment of the unconventional 

diffraction geometry used during the synchrotron based measurements was performed 

to develop methodologies for quantitative estimation of texture components. 

The nominal lead content in the starting solutions and the heating rate used during 

crystallization was observed to influence the sequence of phases formed during 

crystallization of the films. In films crystallized at fast heating rates, titanium segregation, 

probably due to diffusion of titanium from the adhesion layer, was observed. To further 

investigate the effect of adhesion layer on the crystallization behavior of these films, 

PZT films were solution deposited onto substrates with titanium (Ti), titanium oxide 

(TiOx) and zinc oxide (ZnO) adhesion layers. Phase evolution was observed to be 

unaffected by the adhesion layer. (111) oriented PZT films were obtained on all 

substrates and hence Ti diffusion from the adhesion layer appeared to have limited 

influence on texture control in these films. It is suggested that the (111) orientation of 

the perovskite phase is directly seeded by the Pt(111) texture. 
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CHAPTER 1  
INTRODUCTION 

Lead zirconate titanate (PZT) thin films have potential applications in embedded 

decoupling capacitors [1, 2], micromechanical actuators [3-5] and ferroelectric 

memories[6-8]. Efforts to use PZT based materials in these applications are motivated 

by the excellent dielectric, piezoelectric and ferroelectric properties possessed by these 

materials. Piezoelectricity is defined as the coupling between the electric and the elastic 

displacements [9, 10] and is represented by the following relationship  

            (1-1) 

    represents the strain,     is the piezoelectric coefficient and    is the electric field. 

Since strain is a second rank tensor and the electric field is a first rank tensor, it follows 

that the piezoelectric coefficient is a third rank tensor. Due to the tensorial property of 

the piezoelectric coefficient, piezoelectricity can exist only in materials with a non-

centrosymmetric crystal structure [11]. Of the 32 crystal point groups, 20 point groups 

are non-centrosymmetric and hence, permit piezoelectricity. Among these 20 non-

centrosymmetric point groups, 10 point groups have a polar axis and allow for an 

electric dipole moment and spontaneous polarization [11]. These 10 polar point groups 

are also referred to as pyroelectric point groups. Ferroelectric materials are a further 

subset of the materials in these 10 polar point groups in which the spontaneous 

polarization can be reoriented through the application of an electric field [10]. Hence, the 

presence of a spontaneous polarization does not necessarily imply ferroelectricity as the 

spontaneous polarization is not reorientable in some materials. At least two stable 

orientations for the spontaneous polarization need to be present for a polar material to 

be ferroelectric [12]. Measurement of a ferroelectric hysteresis loop is often presented 
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as evidence for ferroelectricity in materials (Figure 1-1). The typical material 

characteristics that can be measured from the ferroelectric hysteresis loop are the 

coercive field (EC), remnant polarization (PR) and saturation polarization (PSAT). 

Ferroelectric materials are also observed to have anomalously high dielectric constants. 

Barium titanate (BaTiO3), another popular ferroelectric material, has a higher 

dielectric constant and is widely used in the multilayer ceramic capacitor (MLCC) 

industry [9, 13, 14]. However, integration of BaTiO3 in embedded applications is 

severely limited by the high temperatures required for processing. The applicability of 

BaTiO3 ferroelectric based films has been extended based on the film on foil 

approaches developed in recent years [15-20]. However, for applications which require 

deposition of high dielectric constant material onto integrated circuits such as 

embedded decoupling capacitors, PZT remains the preferred material due to the lower 

temperatures required for processing [1, 6].  

PZT is a solid solution between PbZrO3 (PZ) and PbTiO3 (PT) (Figure 1-2). PZ has 

a rhombohedral crystal structure and is antiferroelectric while PT has a tetragonal 

crystal structure and is ferroelectric. Addition of PZ to PT decreases the tetragonal 

distortion until the crystal structure changes to a rhombohedral unit cell. The phase 

boundary between the tetragonal and the rhombohedral phase regions (PZ/PT = 52/48) 

is called the morphotropic phase boundary. The dielectric constant of PZT ceramics are 

observed to peak at the morphotropic phase boundary. Concurrently, high piezoelectric 

coefficients are also observed. These high dielectric and piezoelectric coefficients are 

suggested to be due to greater number of polarization directions available [10].  
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Measurements performed on thin films indicate that the properties of thin films are 

different from bulk ceramics [21-23]. Chen et al.[24] measured dielectric and 

piezoelectric properties of thin films at various Zr/Ti ratios and found that the measured 

values for thin films are lower than the corresponding values measured in bulk 

materials. The decrease in electrical properties in thin films is suggested to be due to 

clamping of the film by the substrate [25] and unintentional contamination from the 

substrate [26]. While the difference in properties of thin films and bulk materials is 

recognized, lack of proper models limits extending the present knowledge of bulk 

material properties to thin films [27].  

1.1. Chemical Solution Deposition of PZT Thin Films 

PZT thin films have been fabricated using various thin film deposition techniques 

such as molecular beam epitaxy (MBE) [28, 29], chemical vapor deposition (CVD) [30, 

31], sputtering [32, 33] and chemical solution deposition (CSD)[34-37]. For applications 

such as sensor arrays and decoupling capacitors, where cost is a major driver, chemical 

solution deposition (CSD) routes are especially attractive [1, 27]. CSD routes offer 

multiple advantages such as low cost, good control over stoichiometry and scalability. 

The major disadvantage of solution deposition is lack of reliability. Reliability is difficult 

to achieve in solution deposition due to the complex processes taking place during 

solution preparation and deposition. 

 During solution deposition, the precursors are dissolved in a suitable solvent and 

then deposited onto the substrate, usually by spin coating. After spin coating, the film is 

taken through a combination of thermal processes to evaporate the solvent and 

crystallize the thin film (Figure 1-3). The first thermal process involves holding the film at 

an intermediate temperature to evaporate the solution (pyrolysis). After pyrolysis, the 
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film is annealed at a higher temperature to crystallize the film into the desired phase 

(crystallization). Depending on the process, the pyrolysis step is sometimes skipped. 

1.1.1. Solution Processing Routes  

The specific route used for the preparation of the solution is known to have an 

influence on the final properties of PZT thin films [38]. Solution preparation routes used 

for solution deposition of PZT thin films can be classified as [39, 40]: 

 Sol-gel based 

 Metalloorganic decomposition 

 Chelate processes 
 

1.1.1.1. Sol-gel based routes 

The sol-gel route is the most widely used solution preparation route for PZT thin 

films [39, 41]. A sol is defined as a colloidal suspension of particles in a solution. If the 

particles in the sol have a propensity to react with each other, in due course of time a 

polymer is formed. When this polymer skeleton encloses the liquid it is called a gel [42]. 

For obtaining oxides, metal alkoxides are commonly used as precursors since they 

readily react with water. The key steps taking place in the solution during the sol-gel 

process are shown in Figure 1-4. Alcohol exchange of the metal alkoxides with the 

solvent leads to a decrease in the sensitivity of the metal alkoxide to hydrolysis.  

For sol-gel processing of PZT based thin films, zirconium and titanium propoxides 

are used as the precursors for the B-sites and lead (II) acetate is used as the source for 

lead. 2-methoxymethanol (2-MOE) is commonly used as a solvent for this process. 

Since the precursors used are very sensitive to water, the solutions are prepared using 

schlenk lines and the solutions are processed through multiple refluxing and distillation 

steps to remove any trace water [43].  
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Solutions prepared through this route have high controllability and reproducibility. 

If care is taken to ensure that no water is present in the solutions, these solutions show 

very little aging. Some of the disadvantages of this process are the complexity of the 

process and the toxicity of the solvent. 2-MOE is a known teratogen and presents a 

significant safety risk.  

1.1.1.2. Metallo-organic decomposition 

In metallo-organic decomposition (MOD), water insensitive precursors such as 

metal acetates or metal -diketonates are used [35, 44-47]. The metal precursors are 

usually in the liquid form and are mixed in a solvent. Further modifications performed on 

the solutions include adjusting the pH and the viscosity [47]. Since the precursors used 

in this route have very low reactivity, these solutions show minimal aging. In the 

solution, the metal precursors are present as a mixture. These solutions contain 

significantly higher organic content than sol-gel based solutions. The loss of this organic 

content during pyrolysis/crystallization could cause cracking of the films. 

1.1.1.3. Hybrid chelate based routes 

The hybrid chelate routes use either alcohol exchange or the formation of a 

coordination compound (chelation) to decrease the sensitivity of the metal alkoxide 

precursors. For preparation of PZT thin films, these methods can be differentiated by 

the sequence of the addition of metal alkoxide precursors. In the original preparation 

route proposed by Yi et al. [48], the A-site metal alkoxides were added first, followed by 

the B-site metal alkoxides and this route is often referred to as sequential precursor 

addition (SPA). Modifications were made to the SPA route by Assink et al. [37] at 

Sandia National Laboratories. The specific modifications made are (1) inverting the 

order in which the metal alkoxides are mixed into the solution (B-site first and A-site 
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second) and (2) using lead (IV) acetate instead of lead (II) acetate. This modified 

chelate based solution preparation route is called the inverted mixing order (IMO) route. 

All PZT films used in this study were deposited using IMO based solutions. 

In the IMO solution preparation route, the B-site precursors, zirconium butoxide 

and titanium isoproxide are first mixed in the required stoichiometric amounts and 

vortexed. Acetic acid is then added to this mixture to chelate the alkoxides and stabilize 

them against reaction with water. The solution is vortexed for five minutes before 

methanol is added to quench the reactions taking place in the solution. The solution is 

again vortexed for five minutes before addition of lead (IV) acetate. The solution is 

heated on a hot plate at ~ 90C to dissolve the lead acetate. Upon dissolution of lead 

acetate, the solution is allowed to cool slightly before adding methanol. Subsequently, 

acetic acid and methanol are added to adjust the final molarity of the solution [1, 37].  

During solution preparation in the IMO route, hydrolysis and condensation (Figure 

1-5) reactions occur. However, the main reaction is the chelation of the alkoxides by 

acetic acid. Chelation of the alkoxides with acetic acid decreases the sensitivity of these 

alkoxides to air and allows for handing these in normal atmospheric conditions [1]. 

Acetic acid does not completely replace the alkoxide groups in the metal alkoxides, 

possibly due to stearic hindrance [37]. During the solution preparation process, due to 

the esterification reaction between the acetic acid and the alcohols in the solution, water 

is formed. This formed water cannot be removed in situ and leads to the continued 

reaction between the precursors in the solution. This continued reaction between the 

precursors leads to a change in the properties of the solution with time and 
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subsequently a change in the microstructure of the thin films [49]. Similar aging was 

also observed for solutions prepared through SPA route [50-52]. 

1.1.2. Inhomogeneity in Solutions 

Compositional homogeneity and molecular mixing are often assumed to occur in 

the precursor solutions. Sengupta et al. [53] performed extended x-ray absorption fine 

structure (EXAFS) studies on powders derived from sol-gel based solutions to identify 

the local structure. Compositional inhomogeneity in the form of separate Ti-O-Ti, Zr-O-

Zr and Pb-O-Pb linkages were observed. These observations are consistent with the 

EXAFS investigations by Feth et al. [54]. The Ti-Ti and Zr-Zr coordination and distances 

were observed to similar for PZT powders of different compositions. The local ordering 

of the cations was observed to change significantly between the amorphous phase and 

the perovskite phase. Wilkinson et al. [55] analyzed the local structure present in the 

amorphous phase using reitveld and pair distribution function analysis of neutron 

diffraction patterns and observed that similar compositional inhomogeneity was found in 

the amorphous phase of the powders made from the hydrolysis of PZ and PT 

precursors prior to mixing or after mixing. Hence, the metal (Zr/Ti) alkoxide precursors 

are observed to have a tendency for homocondensation. Improving the homogeneity of 

the solutions is found to improve the properties of the final films and decrease the 

temperature required for formation of the perovskite phase [56-58].  

Most studies on solution derived PZT powders have been performed using 

solutions prepared through sol-gel chemistries and this information cannot be readily 

extrapolated to powders/films derived via IMO chemistry. However, some similarities 

are observed between sol-gel and IMO chemistries. The lead precursor in the IMO 

solution could be selectively isolated from the solution, implying that the lead precursor 
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in the IMO solutions does not homogenously interact with the titanium and zirconium 

precursors [49]. However, no studies have been performed to check for homogeneity in 

the mixing of the zirconium and titanium precursors in IMO solutions.  

1.2. Deposition 

1.2.1. Spin Coating 

Evaporation of the solution starts during the spin coating step, however, the film 

contains significant amount of solution after spin coating [59, 60]. The evaporation of the 

solvent from the film leads to significant contraction of the film during high temperature 

thermal treatments. This contraction causes the formation of a biaxial stress state in the 

film. Formation of very high levels of these stresses could lead to the formation of 

cracks, microcracks or mud cracks, in the thin film. The critical stress required for the 

formation of these cracks can be estimated using the Griffith’s criteria for crack 

propagation. From this calculation, if follows that the thicker films are more susceptible 

to the formation of cracks [61].  

Several strategies exist for avoiding the formation of cracks in solution deposited 

thin films. One strategy is to deposit a thin layer of the film and crystallize the film before 

deposition of another layer. This sequence of steps can be repeated until the desired 

thickness is achieved. Another strategy is to pyrolyze the film after each deposition step 

and then to include a crystallization step after a few pyrolysis steps. 

1.2.2. Platinized Silicon Substrates 

Platinized silicon substrates are the most widely used substrates for fabrication of 

PZT based thin films. Direct integration of PZT on Si is not possible due to the reaction 

between PZT and silicon. Hence a film of platinum is used to act both as a conductive 

electrode and to prevent reaction between the PZT thin film and the substrate [62]. 
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Platinum is preferred over other metals such as Au, Ag or Cu due to its resistance to 

oxidation. However, platinum does not adhere well to silicon or silicon oxide and 

adhesion layer, such as titanium, is commonly used to avoid film peeling.  

Titanium has been the most commonly used adhesion layer for integrating 

platinum onto silicon substrates. Sreenivas et al. [63] investigated the stability of the 

Pt/Ti/SiO2/Si stack during processing by varying thickness of the Ti adhesion layer in 

substrate stack and processing through similar thermal heat treatment. The Ti adhesion 

layer was found interact with the underlying SiO2 layer by reducing the top layers of the 

film. This reaction between the Ti and SiO2 layers was suggested to lead to increased 

bonding between these two layers. In addition, in post processed substrates Ti was 

observed in the Pt layer and on the surface, suggesting that Ti migrates through the Pt 

film during processing. Elemental analysis by Rutherford back scattering (RBS) 

indicated that oxygen was diffusing from surface, through the Pt film, to oxidize titanium 

to titanium oxide. This observation of titanium oxide formation in the middle of the Pt 

layers is also consistent with the observations made by Tani [64].  

Oxidation of the underlying titanium adhesion layer, possibly due to diffusion of 

oxygen from the surface, was also observed by Fox et al. [65]. In addition, Fox et al. 

[65] observed microstructural changes in the platinum layer during annealing. The Pt 

grains were observed to grow when the substrate was held at temperatures higher than 

500C. However, these changes were not observed when films were annealed after 

sputter deposition of a PLZ or PZT layer on the top of the substrate.  

Al Shareef et al. [66] suggested that these changes in the microstructure of the Pt 

film were due to stress relieving through the formation of hillocks. Annealing the 
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substrate after deposition of a PZT layer was suggested to constrain the Pt layer 

against the formation of these hillocks [67]. Al Shareef [66] also investigated the effect 

of the adhesion layer on the roughness of the PZT thin film after crystallization. It was 

found that TiO2 and ZrO2 adhesion layers resulted PZT thin films with lower RMS 

roughness than substrates with Ti adhesion layer. However, the adhesion properties of 

Ti adhesion layers were observed to be better than TiO2 or ZrO2 adhesion layers. 

Hence, it was suggested that Ti adhesion layers need to be used when thick layers of Pt 

need to be used. Thick layers of Pt need to be used when higher conductivity of the 

bottom electrode is required, such as for capacitor applications.  

Maeder et al. [68] investigated the stability of the Pt electrode when deposited on 

various metal adhesion layers (Ti, Zr and Ta). Oxidation of the adhesion layers prior to 

deposition of the Pt layers was observed to decrease the diffusivity of the adhesion 

layer metals through the Pt film. Oxidizing the adhesion layer was also found to 

decrease the diffusivity of PbO from the film through the Pt electrode. It was suggested 

that adhesion layer could play a role in determining the diffusivity of PbO from the 

surface through the Pt electrode. The reduction of PbO by the more reactive adhesion 

metal atoms to metallic Pb was suggested to be a possible mechanism.  

In summary, while Pt electrode is resistant to oxidation during processing, it allows 

for the diffusion of PbO and oxygen from the surface and the metal in the adhesion 

layer from the substrate. The formation of reaction products at the adhesion layer and in 

the Pt electrode could potentially deteriorate the properties of the films and could cause 

problems during integration of these films onto devices. The diffusion of the metal atoms 

from the adhesion layer have also been suggested to affect the crystallization behavior 
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of the PZT thin films [69]. The possible effects of adhesion layer on the crystallization of 

the PZT film are described in later sections.  

1.3. Phase Evolution 

Structural rearrangement in the “gel” phase starts during pyrolysis and is complete 

upon formation of the perovskite phase during crystallization [61, 70, 71]. Most of the 

organic moieties present in the thin film after spin coating are removed during pyrolysis 

[70]. The film is observed to be amorphous after the pyrolysis step. A short lived fluorite 

type phase has been observed to form in sol gel derived PZT thin films by Norga et al. 

[72] during pyrolysis. However, this fluorite phase has not been observed in other 

studies [70, 73, 74].  

Upon further heat treatment of the films at higher temperatures, a fluorite type 

phase formed [75-77]. In addition to this fluorite type phase, an intermetallic PtxPb 

phase has also been reported. This transient intermetallic is suggested to form due to 

the reduction of Pb+2 to metallic Pb0 and consequent alloying with the platinum bottom 

electrode. Processing conditions such as high heating rate during crystallization [78-81], 

annealing atmosphere [82, 83] and organic content in the solution [84] have been 

suggested to affect the stability and formation of this intermetallic phase.  

The temperatures experienced by the films during crystallization (600 – 700 C) 

are low on a homologous scale (TM ~ 1400 C for PbZr0.5Ti0.5O3 [85]). Hence, very little 

long range diffusion is expected to occur during these heat treatments [61]. This limited 

long range diffusion hinders the formation of the thermodynamically stable phases until 

high enough temperatures are reached. Due to the kinetic limitations for the formation of 

the thermodynamically stable phase, metastable fluorite/pyrochlore type phases are 
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known to form in these thin films [40, 86]. This phenomenon of formation of metastable 

phases is common to solution based methods for synthesis of inorganic compounds 

[76]. It has also been suggested that the formation of the intermediate fluorite phase 

could be due to the preservation of the structural elements of the initial precursors used 

during the synthesis [76]. 

Several studies have focused on understanding the kinetics of the fluorite to 

perovskite transformation [75, 77, 79, 80, 87, 88]. The results from a few key studies are 

summarized in the following paragraphs. Kwok et al. [89] investigated the fluorite to 

perovskite phase transformation in PZT thin films. The fluorite grains were observed to 

be ~10 nm and were dispersed in an amorphous matrix. Very little compositional 

differences were observed between fluorite and the perovskite grains. Based on the 

grain growth and by deriving the Avrami coefficient for the grain growth, it was 

suggested that the structural transformation from the fluorite phase to the perovskite 

phase occurs at the interface of the two phases. 

In TEM studies performed by Tuttle et al. [90] the nanoscale fluorite type phase 

dispersed in an amorphous matrix was confirmed. Similar to results of Kwok et al. [77], 

no compositional differences were observed between the fluorite type phase and the 

perovskite phase. However, compositional differences were observed between the 

nanoscale fluorite type phase and the amorphous regions. The amorphous phase was 

observed to be Pb-deficient and had a higher Zr/Ti ratio. The formation of this two 

phase microstructure was suggested to be due to phase separation. The perovskite 

grains are observed to grow into this matrix with nanoscale crystalline fluorite regions. 
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Griswold et al. [79] used rapid thermal annealing to generate snapshots of the 

crystallization process and the quenched samples were used to characterize the phase 

evolution in PZT thin films. The pyrochlore phase could not be bypassed by using RTA 

in these films (PZT 40/60 + 10% Pb). The film was observed to transform completely to 

a perovskite phase after 15s of annealing. The final phases present in the film for RTA 

and conventional furnace anneal were investigated. It was observed that for films 

annealed in the conventional furnace, residual fluorite was always present in the films. 

This was attributed to the greater possibility for PbO volatilization from the film before 

the formation of the perovskite phase. The kinetics of phase transformation from the 

pyrochlore to the perovskite phase was evaluated for films heated at different 

temperatures. From the Avrami coefficient, the perovskite phase seemed to grow in a 

two dimensional linear growth with decreasing nucleation rate regime between 550C 

and 625C.  

Lead volatility is a concern during processing of PZT thin films. The fluorite type 

phase is stabilized in nominally lead deficient PZT compositions [91]. The presence of a 

dielectric fluorite phase could lead to significant decrease in the dielectric properties of 

these thin films [74]. Hence, care is taken during processing to avoid the presence of 

the fluorite type phase, either due to incomplete transformation of the intermediate 

fluorite type phase or due to lead volatilization. Fast heating during crystallization of the 

thin films have been suggested to decrease lead volatilization [92, 93]. Hu et al.[88] 

observed that the formation of the intermediate fluorite type phase can be avoided 

completely in sputter deposited PZT thin films if high enough heating rates are used 

during crystallization. However, a fluorite type phase has always been observed to form 
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in solution derived PZT thin films [79, 94]. Even for the very fast heating rates 

achievable in a rapid thermal annealer (RTA), lead volatilization cannot be completely 

avoided [74]. Hence, PZT solutions are generally batched to include nominally excess 

amounts of lead precursor to account for volatilization during thermal processing. 

Several strategies such as post annealing with a PbO layer [84, 95] and annealing in a 

PbO atmosphere powder [96] have been observed to compensate for Pb volatilization 

during annealing. 

1.4. Texture of Crystallized Films 

To take advantage of the anisotropy of PZT, it is desirable to control the texture of 

these films. For example, (111) textured films are desirable for capacitor applications 

[97] and (100) textured films are preferred for sensor applications [98]. Texture of 

solution deposited PZT thin films on platinum layers is observed to be dependent on the 

processing conditions during crystallization. While epitaxial films of lead titanate (PT) 

could be obtained through solution deposition on single crystal strontium titanate [99] 

and lanthanum aluminate [100] substrates, coating these single crystal substrates with 

platinum was observed to markedly change the texture obtained in the PZT films. Films 

deposited on single crystal oxide substrates with a sputtered (111) Pt layer were 

observed to be randomly oriented [101]. For PZT thin films solution deposited on 

platinized silicon substrates, (111) and (100) type texture are commonly observed [82, 

102-104]. Processing factors such as pyrolysis temperature [1, 82, 105], heating rate 

[106], adhesion layer [107] in the substrate and atmosphere during crystallization [83] 

have been observed to control the final texture obtained in these thin films. In general, 

the trends observed in film texture with change in processing conditions are consistent 

between different studies. A low pyrolysis temperature and fast heating rates have been 
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observed to lead to (111) oriented films [81, 108] and a high pyrolysis temperature and 

slow heating rates are observed to lead to (100) oriented films [105]. Based on these 

trends, various mechanisms have been suggested [69, 81, 82, 104, 106, 109]. 

However, a consensus on the mechanism for texture control in CSD PZT films on 

platinized silicon substrates is lacking. 

1.4.1. Homogenous Vs Heterogenous Nucleation 

Crystallization of PZT thin films is observed to be nucleation limited [110]. Hence, 

the final orientation obtained in the thin films could be governed by the nucleation 

processes taking place in the thin film [111]. Due to the high surface to volume ratio in 

thin films, crystallization is expected to be predominantly through heterogeneous 

nucleation of crystalline regions at the film – substrate interface. The classical 

nucleation theory or the capillarity theory provides a simple mechanistic model for 

understanding the effect of various processing factors on nucleation and is briefly 

introduced here. The details of capillarity theory for nucleation are well described in 

books [111-114] and hence, only the relevant relationships are listed. 

The free energy change for heterogeneous and homogenous nucleation are 

related by 

      
        

        (1-2) 

Where,      is referred to as the shape factor and is given by 

      
 

 
                   (1-3) 

     is related to the surface free energies of the different phases present during 

nucleation (Figure 1-8) 
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 (1-4) 

From this formalism, it follows that heterogeneous nucleation is always more 

preferred over homogeneous nucleation. Isotropy between different crystal orientations 

is an inherent assumption in this formalism. The situation in real materials is 

considerably more complex due to the anisotropy in the surface free energies between 

different facets of the crystal. Particularly, in oxide materials, the dipoles formed due to 

the termination of surfaces also needs to be considered. 

Using the framework of the capillarity theory for nucleation, Muralt [69] suggested 

that the stability of the nuclei is dependent on both the interface energy between the 

substrate and the nuclei, and the surface energy of the nuclei. The surface energy of 

the nuclei is suggested to be influenced primarily by the uncompensated charges on the 

surface (dipoles). Based on this formalism, it was suggested that for the formation of 

(100) oriented perovskite nuclei the surface energy is low but the interface energy 

between the perovskite phase and the Pt(111) is high. The situation is reversed for 

(111) oriented nuclei, which might have a high surface energy due to large dipoles but a 

low interface energy due to lattice matching. Hence, processing conditions that 

preferentially stabilize specific nuclei could result in the formation of textured thin films.  

1.4.2. Seeding of (111) Orientation by Ptxpb 

In PZT films crystallized at fast heating rates, a PtxPb type intermetallic phase is 

observed to form [79, 81, 115]. This metastable intermetallic phase is observed to have 

an epitaxial relationship with the platinum electrode [116]. The lattice parameter of this 

metastable phase (a0 = 4.05 angstroms) is closer to the lattice parameter of PZT (a0 = 

4.07 angstroms) than platinum (a0 = 3.92 angstroms). It was suggested that the 
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perovskite (111) orientation is seeded due to the close lattice matching with PtxPb [78, 

117]. At slow heating rates, the PtxPb phase was suggested to decompose to form a 

PbO layer on the Pt substrate. This PbO layer was suggested to seed (100) orientation 

[118, 119]. 

1.4.3. Transformation of Fluorite Phase 

The fluorite type phase formed in CSD PZT thin films prior to perovskite formation 

has been suggested to stabilize specifically oriented perovskite nuclei. Norga et al. [72] 

and Voigt et al. [120] suggested that heterogeneous nucleation of fluorite phase can 

occur at the film – substrate interface. These heterogeneously nucleated fluorite grains 

could transform to perovskite while maintaining their orientational relationship with the 

substrate. Brooks et al. [82] suggested that the relative stability of the fluorite type 

phase with respect to the perovskite phase controls the orientation selection in solution 

deposited thin films. The relative stability of the fluorite type phase formed during low 

pyrolysis temperature was suggested to be lower than the fluorite phase formed under 

high pyrolysis temperatures [121]. The lower stability of the fluorite phase in low 

temperature pyrolyzed thin films was suggested to allow for the growth of (111) oriented 

grains seeded by the Pt(111) layer [122]. In films pyrolyzed at higher temperatures, the 

fluorite phase formed in the films is more stable and hence only the lowest energy 

surface (100) of the perovskite phase was suggested to grow. 

1.4.4. Ti Diffusion from Adhesion Layer 

Considerable titanium diffusion from the adhesion layer of platinized silicon 

substrates is observed to occur during processing of PZT thin films [63, 64, 68]. The 

migration of titanium from the adhesion has been suggested to seed particular 

orientations in solution deposited PZT thin films. Tani [64] suggested that a Pt3Ti phase 
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is formed on the surface of the platinum layer due to titanium diffusion. This Pt3Ti layer 

was suggested to seed the (111) orientation in PZT thin films.  

A different pathway for the effect of titanium diffusion from the adhesion layer on 

PZT texture was forwarded by Muralt et al. [107]. The titanium diffusion from the 

adhesion layer could cause the formation of a rutile (TiO2) layer on the surface of the 

platinum layer. The rutile phase can nucleate heteroepitaxially on Pt(111) and transform 

into the (111) perovskite nuclei [123] . Bouregba et al. [124] observed that the final 

orientation of PZT films seeded with rutile seed layer varied with the oxygen partial 

pressure during the crystallization process. Under reducing conditions, a (111) 

orientation was obtained and in oxidizing conditions a (100) orientation was obtained. 

Thus extending the scope of control of PZT texture by rutile seeds to explain both (111) 

and (100) textures in solution deposited thin films. 

1.5. Motivation and Scope of the Present Work 

Most studies performed to improve understanding of crystallization in solution 

deposited PZT thin films have focused on varying a particular processing condition 

during crystallization. The effect of the processing condition was then retrospectively 

evaluated based on the structure and properties observed in the thin film after 

crystallization. While these previous studies have improved the understanding of 

crystallization in solution deposited thin films in a general sense, the particular effect of 

change in processing conditions on nucleation during crystallization is not well 

understood. 

X-ray diffraction is an attractive technique to characterize changes in the thin film 

during crystallization since it can measure the changes at the film-substrate interface 

nondestructively. However, few studies have focused on measuring changes during 
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crystallization of PZT thin films. These previous studies have used laboratory X-ray 

diffraction techniques to measure phase evolution during crystallization of PZT thin films 

at slow heating rates [75]. In typical PZT thin film processing, the films are crystallized 

by heating them at fast heating rates by using a rapid thermal annealer (RTA).Hence, 

the conditions present during typical thin film processing could be significantly from the 

measurements made at slow heating rates in previous studies. The low X-ray flux of the 

laboratory X-ray sources limit the in situ laboratory X-ray diffraction techniques used in 

these previous studies to slow heating rates. 

The high X-ray flux available at synchrotron X-ray sources such as the Advanced 

Photon Source could be used to overcome the limitations of the laboratory based in situ 

diffraction techniques. Advantage can also be taken of the availability of advanced two 

dimensional (2D) detectors at these synchrotron facilities. 2D detectors are capable of 

measuring the entire Debye-Scherrer diffraction intensities thus, both phase and texture 

information can be simultaneously captured in a single diffraction image. Modern 2D 

detectors also allow for the acquisition of diffraction intensities very rapidly. For example 

diffraction images can be measured with an acquisition time of 0.25 s. Thus the 

combination of high X-ray flux from synchrotron sources and 2D area detectors would 

allow for the characterization of phase and texture evolution with texture, phase and 

timing resolution that are appropriate for the typical heating rates used during 

crystallization of solution derived PZT thin films. 

 The objective of the present work is to develop in situ techniques based on 

laboratory and synchrotron X-ray diffraction to enable the measurement of phase and 

texture evolution during crystallization solution deposited PZT thin films. The 
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methodologies for the extraction of phase and texture information from the measured 

2D diffraction images were also developed and implemented. 

1.6. Outline 

The details of the film deposition and X-ray diffraction measurements are listed in 

CHAPTER 2. CHAPTER 3 provides the details of the in situ X-ray diffraction techniques 

used in this work. The theory for the interpretation of diffraction data measured at 

synchrotron X-ray sources using 2D detector is also presented. CHAPTER 4 presents 

the effect of PbO content on phase evolution in solution deposited PLZT thin films. The 

effect of aging the thin films after pyrolysis is presented in CHAPTER 5. The effect of 

heating rate during crystallization was investigated using synchrotron X-ray diffraction 

techniques and is presented in CHAPTER 6. Using the in situ techniques developed in 

this work, the structure and formation sequence of the PtxPb is evaluated in CHAPTER 

7. The effect of adhesion layer in the substrate on the phase and texture evolution in 

solution deposited thin films was investigated and is presented in CHAPTER 8. The 

results obtained through this research are then summarized and listed in CHAPTER 9. 

1.7. Conclusion 

Solution deposition is a viable route for the preparation of PZT thin films for 

integrated decoupling capacitor applications. During thermal processing of solution 

deposited PZT thin films, a metastable PtxPb phase and a fluorite type phase are 

formed prior to the formation of the perovskite phase. Final properties of solution 

deposited PZT thin films are observed to be dependent on processing variables such as 

heating rate and pyrolysis temperature. Several mechanisms have been suggested to 

explain the variation of texture in these films. However, a consensus is still lacking. A 
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better understanding of the processes during crystallization could help to improve the 

reliability of the solution deposition route for fabricating PZT thin films.  
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Figure 1-1. Typical hysteresis loop obtained for a ferroelectric material 

 

Figure 1-2. Equilibrium phase diagram of PZT. Reproduced from [10] 
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Figure 1-3. Typical steps involved in the solution deposition of thin films 

 

 

Figure 1-4. Different reactions taking place during sol-gel preparation of PZT solutions 
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Figure 1-5. Steps in the IMO solution preparation route 

 

Figure 1-6. Additional reactions taking place during hybrid chelate solution preparation 
route 
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Figure 1-7. Phases present in solution deposited thin films during various stages of 
thermal processing. Adapted from [84]. 

 

Figure 1-8. Heterogeneous and homogenous nucleation of a crystalline region in an 
amorphous film. 

 

 

 



 

45 

CHAPTER 2  
DETAILS OF EXPERIMENTAL METHODS 

Various thin film samples were prepared during the course of this work. These thin 

film samples were crystallized using laboratory and synchrotron X-ray diffraction based 

in situ techniques. This chapter provides the details of the sample preparation and 

experimental setups used in this work.  

2.1. IMO Solution Preparation and Deposition 

2.1.1. Standard Processing 

Solutions used for the deposition of PZT thin films in this study were prepared 

through the Inverted Mixing Order (IMO) route[37]. Films of different compositions were 

used during this work. Preparation of 20 mL of PZT (52/48) with 10% nominal excess 

lead precursor is described in detail below as an example to highlight the steps involved 

in the preparation of solutions through the IMO route. These steps can be suitably 

modified to synthesize IMO solutions with different Zr/Ti ratios and lead precursor 

excess. 

To prepare the solutions, 1.744g of zirconium butoxide and 0.955g of titanium 

isopropoxide were first mixed for 5 minutes. This mixture was diluted with 1.6 mL of 

acetic acid and 5 mL of methanol with a mixing time of 5 minutes between each step. 

3.594g of lead (IV) acetate was added to the solution after dilution.  To dissolve the lead 

acetate into the solution, the solution was stirred while heating at ~90°C. The solution 

turns from a pale yellow color to clear after all the lead acetate has dissolved into 

solution. The solution was allowed to stir for some additional time after the dissolution of 

lead acetate was complete. After complete dissolution of lead acetate into the solution, 

the solution was diluted to obtain a final molarity of 0.35. The dilution was done in 2 
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steps with successive additions of 5 mL of methanol and 1.6 mL of acetic acid in each 

step. The solution was allowed to mix by vortexing for 2 minutes between each dilution 

step. All metallorganic precursors used were acquired from Acros Organics Ltd. These 

steps listed as a flowchart in Figure 2-1. 

Prior to spin coating, solutions were dispensed onto platinized silicon substrates 

through a syringe attached with a 0.45 m filter. Spin coating was performed at 3000 

rpm for 30 seconds using a Headway Research spin coater. The films were then 

pyrolyzed (300C - 400°C) for 1 minute after each spin coating step. Typically, the films 

were deposited in three spin coating and pyrolysis cycles. The film thickness obtained 

after three spin coating and pyrolysis cycles is approximately 250 nm.  

2.1.2. Processing for Ceria Dispersed PZT Thin Films 

Ceria (NIST, SRM674b) was used as an internal temperature standard to measure 

temperature of solution deposited thin films. To prepare ceria dispersed PZT thin films, 

ceria was mixed into PZT solution. Prior to dispensing the solution onto the platinized 

silicon substrate, the solution was agitated to suspend the ceria powder in the solution. 

A syringe filter was not used during preparation of ceria dispersed PZT thin films. 

Multiple deposition, spin coating and pyrolysis of these solutions onto platinized silicon 

substrates was performed to obtain films of amorphous PZT thin films with ceria 

dispersed in them. 

2.2. Preparation of Platinized Silicon Substrates 

Platinized silicon substrates with TiOx and ZnO adhesion layers were prepared to 

investigate the effect of adhesion layer on phase and texture evolution (CHAPTER 8). 

For the preparation of these substrates, 3” silicon wafers with 400 nm of thermal oxide 
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were used as the starting substrates for preparation of these substrates. Sputtering was 

performed using a Kurt J. Lesker sputtering tool at the Sandia National Laboratories.  

2.2.1. Pt/TiOx/SiO2/Si 

Titanium was sputtered onto the starting substrates using RF magnetron 

sputtering at 300 W and under 3 mTorr of Argon. The targets were presputtered for 4 

mins prior to the start of deposition on the silicon substrate. After deposition of 40 nm of 

titanium, the sputtering was stopped and the atmosphere of the chamber was switched 

to 15 mTorr of oxygen. The substrates were then heated to 450C and held for 30 

minutes to facilitate oxidation of the titanium adhesion layer. The oxidation of the 

titanium layer might not go to completion under these conditions and hence this layer is 

designated at TiOx. After the oxidization heat treatment, the substrates were cooled and 

then 100 nm of Pt was deposited 

2.2.2. Pt/ZnO/SiO2/Si 

40 nm of ZnO was RF sputter deposited onto silicon substrates at 150 W under a 

5 mTorr of chamber pressure with equal partial pressures of argon and oxygen. 100 nm 

of platinum was deposited after deposition of the ZnO layer. After deposition of the Pt 

layer the Pt/ZnO substrates were directly inserted into a furnace preheated to 700C 

and annealed for 10 minutes under ambient atmospheric conditions. 

2.3. In Situ Synchrotron X-Ray Diffraction Setup 

In situ experiments using synchrotron X-ray diffraction were performed during 

three different beam time allocations: March 2010, November 2010 and October 2011. 

The instrumental setups used for in situ crystallization during each of these beam time 

allocations were slightly different. A significant difference between these beam time 

accesses was the orientation of the sample with respect to the IR lamp during heating. 
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During beam time access in March, 2010 and October, 2011 the samples were heated 

with the film side of the samples facing the IR lamp. In general the results obtained 

during the March, 2010 and October, 2011 beam time access were consistent with 

existing literature. However, in the November, 2010 beam time access, the films were 

heated with the substrate side of the samples facing the IR lamp. The phase and texture 

evolution observed during the November, 2010 beam time access were not consistent 

with the results of the beam time access in March, 2010 and October, 2011. This 

inconsistency in the results could be due to the differences in the heating geometry. The 

effect of change in heating geometry on crystallization of solution deposited PZT thin 

films was not investigated further and the results of the November, 2011 beam time 

access are not presented in the dissertation. 

The thin films were crystallized at different heating rates by heating the samples 

using an IR lamp – similar to a rapid thermal annealer (RTA). The IR lamp (Osram-

Sylvania No. 64635HLX) was placed ~ 10 cms above the sample. Heating rate during 

experiment was controlled by gradually stepping up the voltage applied on the IR lamp. 

The voltage was controlled by using a digital-to-analog converter under program control 

which provided a 0 to 5 volt signal to a Control Concepts Inc. model 1032A solid state 

power controller that in turn provided phase-angle modulated AC power to a step-down 

transformer that lowered the voltage to a maximum of 15 VAC for the lamp. 

X-ray energies of 23.99 keV and 22.7 keV were used during in situ measurement 

in March, 2010 and October, 2011, respectively. The incidence angle of the incoming X-

ray beam on the sample was controlled by changing the orientation of the sample. A low 
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incidence angle was used in this work ( ~ 0.2 – 0.5) to maximize the interaction 

volume of the X-ray in the thin film.  

A significant difference between the experimental setup used in March, 2010 and 

October, 2011 are the detectors used for the measurement of the diffracted X-rays. In 

the beam time access in March, 2010 a MAR SX-165 CCD detector was used. This 

detector had a few disadvantages: the highest frame rate achievable was 1 s-1 and the 

readout time is ~2 s. To overcome these disadvantages, a GE amorphous silicon 

“Angio” 2D detector was used during the beam time in October, 2011. Using the GE 

detector frame rates as high as 4 s-1 could be achieved. The images of the setups used 

during the March, 2010 beam time access and the October, 2011 beam time access are 

shown in Figure 2-2 and Figure 2-3, respectively. 
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Figure 2-1.Steps in the preparation of PZT solution through the IMO route. 



 

51 

 

Figure 2-2.Experimental setup used at beamline 6-ID-B, APS during beamtime access 
in March, 2010. Photo courtesy of Krishna Nittala 

 

Figure 2-3.Experimental setup used at beamline 6-ID-B, APS during beamtime access 
in November, 2010. Photo courtesy of Krishna Nittala 
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CHAPTER 3  
IN SITU X-RAY DIFFRACTION SETUPS: DIFFRACTION GEOMETRY AND DATA 

EXTRACTION METHODOLOGIES 

To better understand phase and texture evolution in solution deposited PZT thin 

films, in situ X-ray diffraction studies were conducted using both laboratory and 

synchrotron X-ray sources. The setups used for these in situ diffraction studies are 

considerably different from the conventional diffraction geometries used for thin film 

studies. This chapter provides details of the experimental setup and data treatment 

methods used for the analysis of these methods.  

3.1. Texture Measurement using X-Ray Diffraction 

Texture can be defined as the preferential distribution of crystallite orientations in a 

polycrystalline material [125]. Thin films are often observed to be textured. Controlling 

the texture obtained in the thin films is desirable as it allows for taking advantage of the 

inherent anisotropy in the properties of materials. For PZT based materials, a 100 or 

111 type texture is observed to naturally form in the thin films. Depending on the 

particular application, either a 100 or a 111 texture is desirable in the films. Studies on 

texture in PZT based thin films have mostly used Lotgering factor to identify the 

components of texture and their relative fraction in the film. Lotgering factor,     , for a 

particular plane is calculated by 

      

    
    
 

    
    
   

    
    
  

    
    
 

 (3-1) 

Here,     
  represents the relative intensity ratio as expected from a powder 

sample.  
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While Lotgering factor can be used as a qualitative method for evaluation of 

texture, using Lotgering factor as a quantitative evaluation for texture is not accurate 

[126]. Approaches such as complete pole figure measurement or rocking curves are 

needed to quantify volume of the different texture components and the sharpness of the 

texture. In typical laboratory X-ray diffraction based measurement of texture, the 

diffraction intensity of a plane is used to measure the orientation distributions in the 

sample. Different sections of the orientation space are sampled by using a goniometer 

coupled to an Euler cradle (Figure 3-1). For planar representation of the change in 

diffraction intensities with angles  and , an equal area stereographic projection is 

often used. These representations are commonly referred to as pole figures. Using a 2-

D detector instead of a point detector allows for the simultaneous measurement of a 

section of the pole figure [127].  

X-ray diffraction is an attractive technique to characterize changes in the thin film 

during crystallization since it can measure the changes at the film-substrate interface 

nondestructively. However, few studies have focused on measuring changes during 

crystallization of PZT thin films [75, 128]. These previous studies have used laboratory 

X-ray diffraction techniques to measure phase evolution during crystallization of PZT 

thin films at slow heating rates. In typical PZT thin film processing, the films are 

crystallized by heating them at fast heating rates by using a rapid thermal annealer 

(RTA). Hence, the conditions present during typical thin film processing could be 

significantly from the measurements made at slow heating rates in previous studies. 

The low X-ray flux of the laboratory X-ray sources limit the in situ laboratory X-ray 

diffraction techniques used in these previous studies to slow heating rates. 
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3.2. Laboratory based In Situ X-Ray Diffraction Setup 

An Inel diffractometer with a curved position sensitive detector and furnace 

attachment was used for in situ laboratory X-ray diffraction measurements on thin films. 

This equipment was used to measure evolution of the crystalline phases during slow 

heating rates. Formalisms such as Lotgering factor have been developed for estimating 

the texture present in thin film materials [125] based on diffraction patterns measured in 

Bragg-Brentano geometry. In the coupled /2 geometry, the poles of the planes 

contributing to the diffraction intensities are always perpendicular to the sample surface. 

However, this is not the case in asymmetric /2 geometry of the Inel diffractometer. 

The direction of the poles contributing to the diffraction intensity varies with the pole 

being measured (Figure 3-2). Hence, estimation of the texture present in the thin films 

based on diffraction measurement on the Inel diffractometer is not straightforward and 

was not undertaken in this work. More details on this in situ technique are provided in 

Chapter 3. 

3.3. In Situ Synchrotron X-Ray based Setup 

The high X-ray flux available at synchrotron X-ray sources such as the Advanced 

Photon Source could be used to overcome the limitations of the laboratory based in situ 

diffraction techniques. Advantage can also be taken of the availability of advanced two 

dimensional (2D) detectors at these synchrotron facilities. 2D detectors are capable of 

measuring diffraction intensities from the entire Debye-Scherrer ring. Thus, both phase 

and texture information can be simultaneously captured in a single diffraction image. 

Modern 2D detectors also allow for the acquisition of diffraction intensities very rapidly. 

For example diffraction images can be measured with an acquisition time of 0.25 s. 



 

55 

Thus the combination of high X-ray flux from synchrotron sources and 2D area 

detectors would allow for the characterization of phase and texture evolution with 

texture, phase and timing resolution that are appropriate for the typical heating rates 

used during crystallization of solution derived PZT thin films. 

In the setup used at beamline 6-ID-B at the APS (Figure 3-3), the X-rays were 

parallel to the horizontal. The angle of incidence was controlled by changing the sample 

orientation with respect to the incident beam. A small incidence angle (0.2 or 0.5) was 

used to maximize the X-ray interaction volume in the thin film. The diffracted X-rays 

were measured using a MAR SX-165 CCD detector or GE amorphous silicon 2D 

detectors. A schematic describing the detector angles is presented in Figure 3-4A. 

Sections of the diffraction image sampled to extract phase and texture information are 

indicated in Figure 3-4 B and C, respectively. To measure the changes in the thin film 

during crystallization, multiple diffraction images were collected while the films were 

crystallized by heating with an IR lamp (Osram-Sylvania No. 64635HLX) placed ~ 10 

cms above the sample. Heating rate during the experiment was controlled by gradually 

increasing the voltage applied on the IR lamp. The voltage was controlled by using a 

digital-to-analog converter under program control which provided a 0 to 5 volt signal to a 

Control Concepts Inc. model 1032A solid state power controller that in turn provided 

phase-angle modulated AC power to a step-down transformer that lowered the voltage 

to a maximum of 15 VAC for the lamp. 

During heating of the sample, diffraction images were continuously collected using 

a 2D detector. Data reduction methodologies were developed to extract relevant phase 

and texture information from the diffraction images. Prior to data reduction, the sample 
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to detector distance and the detector tilt were refined using diffraction images measured 

on NIST Ceria dispersed on platinized silicon substrates. The Debye-Scherrer 

diffraction rings from NIST ceria were used to refine for detector distance and tilt angle 

in Fit2D© [129]. The obtained detector distance and detector tilt obtained from this 

refinement was used during subsequent data reduction in Fit2D.  

3.4. Data Reduction and Representation 

Data reduction of the 2D diffraction for phase identification and texture analysis 

involve integration of the data over different detector angles [127]. For phase 

identification, the intensities are integrated over a limited  range. This results in data 

similar to a typical diffraction pattern obtained in a Debye Scherrer diffractometer. The 

integration over  can be represented as 

        ∫          
  

  

 (3-2) 

        represents the intensity measured by the detector at the pixel corresponding to 

   and  .  

To obtain texture information diffraction intensities of a particular diffraction plane 

were extracted by integrating over 2 as shown in (3-3). 

       ∫           
   

   

 (3-3) 

Integration over 2 can be performed at 2 values corresponding to different (hkl) 

planes of the structure to obtain the change in diffraction ntensity distributions over  

[130]. Integrations or data binning over  and  2 were performed using Fit2D © [129]. 

Data reduction was performed for each of the diffraction images collected during the 

experiment. The reduced data was then plotted with respect to time of acquisition to 
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generate a map of the evolution of phases and texture with time. These plots are 

designated as phase evolution plots (Figure 3-5A) and azimuthal-time plots (Figure 3-

5B).  

To automate data reduction and representation, routines were developed in 

MATLAB ©. The codes for these routines are included in the APPENDIX A. In the 

phase evolution plots, the crystallites that contribute to the diffraction intensities in the  

range for integration are oriented at different angles with respect to the surface normal. 

In the azimuthal – time plots, intensity correction for absorption and the relationship 

between the diffraction angles and the pole figure angles need to be evaluated before 

analysis of the data. Details of these calculations are provided in the following sections. 

3.5. Theoretical Absorption Correction 

Accounting for absorption of X-ray intensities is important for interpretation of thin 

film diffraction data [125]. In bulk materials, the change in the path length of the 

diffracted beam is compensated by the change in the interaction volume. For thin films, 

since a limited thickness is available for contribution to the diffracted intensities, this 

compensation is not possible. Due to the difficulty in fabricating thin films with random 

orientation, an empirical intensity correction is not usually undertaken and theoretical 

correction factors for attenuation of the X-ray intensity due to absorption are used [131]. 

The absorption correction is given by  

                     (3-4) 

  is the X-ray linear attenuation coefficient and        is the total path length of the 

incident and the diffracted X-rays in the sample. The X-ray linear attenuation coefficient 
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( ) can be calculated from the X-ray mass absorption coefficient (  ) and density ( ) by 

using (3-5). 

        (3-5) 

For a mixture or a compound, the mass absorption coefficient can be calculated from 

the constitutive elements by using (3-6). 

     ∑
  

 
      

 

 (3-6) 

  

 
 represents the weight fraction of the constitutive elements and       is the mass 

absorption coefficient of the ith element. These values have been calculated for PZT 

(52/48) for X-ray wavelength of 20 keV and are listed in Table 3-1. From these values, 

and assuming density of PZT to be 8.605 g/cm3, the linear attenuation coefficient (    ) 

is calculated to be 5.7188*104 m-1.  

The total path length        is given by (3-7). 

                        (3-7) 

The projection of the path length along the sample normal is equal to the film thickness 

( ). This relationship is used to calculate both           and      . These relationships 

can be represented as: 

          
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   ̂    (3-8) 

and  

      
̅̅ ̅̅ ̅̅   ̂    (3-9) 

Where  ̂ is the unit vector parallel to the sample surface normal and is given by: 
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  ̂   [

     
 

    
] (3-10) 

         
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ and      

̅̅ ̅̅ ̅̅  are parallel to the incident and diffracted X-ray beams (Figure 3-6). 

The directional coordinates of the incoming (  
̅̅ ̅) and diffracted ( ̅) X-ray beams are 

given by (3-11) and (3-12), respectively. 

   
̅̅ ̅   [

 
 
 
] (3-11) 

  ̅   [
     

          
         

] (3-12) 

(3-13) is obtained by combining (3-8), (3-9), (3-10), (3-11), and (3-12). (3-13) can be 

used to obtain the magnitude of       . 

        
 

    
 

 

                       
 (3-13) 

Diffracted X-ray intensities measured at different 2 and  angles have travelled 

different distances in the thin films. Hence, the X-ray attenuation at these different 2 

and  angles is different. (3-13) can be used to calculate the effect of X-ray absorption 

on the measured intensity at different 2 and  angles. A representative calculation for 

the variation in value of the absorption coefficient for the (110) perovskite planes with  

is shown in (Figure 3-7). It is observed that the effect of absorption is greater for thinner 

films. Films used in this study are 250 – 300 nm thick. 

3.6. Correction for Tilting of the Sample 

During the experiment, only the inclination of the sample to the incident X-ray 

beam is controlled (Figure 3-8). Alignment of the tilt of the sample about the X-axis is 

not possible during sample setup. Tilting of the sample about the X-axis causes an 
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apparent shift along the in plane angle of the textured intensities. To correct for this shift 

in texture intensities due sample misalignment, an analytical relationship between the tilt 

of the sample and the measured shift in the in plane angle (off) is derived.  

The tilting of the sample about the X-axis rotates the sample coordinates and this 

rotation can be represented as 

         [
   
            

           

] (3-14) 

The orientation of the sample normal after this rotation can be calculated using (3-15). 

  ̂          ̂ (3-15) 

Where   ̂ is the unit vector along the Z-axis ((3-17)) and  ̂ is the unit vector along the 

surface normal after tilting((3-17)). 

   ̂   [
 
 
 
] (3-16) 

  ̂   [
 

      

     

] (3-17) 

Ideally, the crystallites with their momentum transfer vectors parallel to  ̂ will correspond 

to the maximum diffracted intensity measured along . However, due to the flat plate 

geometry used in the setup these crystallites donot contribute to diffraction intensities 

measured at  = 90. A more elaborate derivation of the planes sampled in this 

geometry is given in Section 3.7. The position of the maximum intensity along  

corresponds to the condition when the tilted sample normal is coplanar with the incident 

and the diffracted beams. This can be relationship between the sample normal and the 

incident and diffracted X-ray beams is represented by (3-18). 
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  ̂    ̅     
̅̅ ̅ (3-18) 

Substituting (3-11) and (3-12) into (3-18) we get (3-19). 

 

           

 (             )          

 (            )        

(3-19) 

The simultaneous equations in (3-19) can be solved to obtain the relationship between 

the sample tilt and the rotation of the diffraction image along the in-plane direction. 

      
 

 
    (3-20) 

From (3-20) it can be concluded that a rotation of the sample by angle 0 about 

the X-axis causes an equal rotation of the diffraction intensities along the in-plane angle. 

Additionally, this shift in the intensities along the in plane angle () is independent of 2.  

To correct for the shift in the intensities due to sample tilt, the tilt of the sample was 

estimated using the textured diffraction intensities of the platinum substrate. The sample 

tilt was refined by peak fitting the Pt(111) textured intensities with a Gaussian peak 

shape function. These tilts were estimated using the first diffraction pattern collected for 

each sample. The sample tilt correction calculated from this first pattern was then 

applied to the subsequent pattern collected during data treatment. 

3.7. Section of Pole Figure Sampled 

In laboratory X-ray based characterization of texture in materials, an Euler cradle 

(Figure 3-1) is used to measure the variation in the intensity of a particular pole of the 

sample with change in orientation. The orientation of the sample is varied by changing 

the goniometer angles ,  and . These scans are frequently referred to as -scan, -

scan and rocking curve scans, respectively. Angles  and  are directly related to the 
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pole figure angles  (=) and  (= 90-), respectively. The measured intensities of the 

poles with change in orientation is frequently represented as a stereographic projection 

and is referred to as an intensity pole figure [125, 131].  

During measurements taken at beamline 6-ID-B at the Advanced Photon Source 

(APS), the detector and the sample are held stationary during the experiment and the X-

ray beam is incident at a small angle to the sample. Due to this specific geometry 

(Figure 3-9), the pole intensities from planes parallel to the sample surface are not 

measured. For pole intensities measured at  = 90, the poles are an angle         

away from the sample normal. Where        is given by 

             (3-21) 

From the above equation, it is clear that for planes at higher 2,         is larger. 

Based on the diffraction geometry, the orientation of the crystallited leading to diffraction 

intensities measured at different 2 and   in the diffraction geometry can be calculated 

in terms of the pole figure angles  and . Let  ̅ represent the pole orientation with 

respect to the laboratory coordinate system (Figure 3-10). The pole orientation can be 

calculated from tensorial multiplication of the momentum transfer vector  ̅ and the 

rotation matrix representing the tilt of the sample with respect to the normal ( ). This can 

be represented as: 

  ̅        ̅ (3-22) 

where,  

       [
         
   

          
] (3-23) 
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 ̅  is parallel to the momentum transfer vector and can be calculated from diffraction 

angles using the Laue equation for diffraction [125, 127] and is given by 

  ̅   [
     

         
         

] (3-24) 

Combining (3-22), (3-23) and (3-24) the directional coordinates of  ̅ can be calculated. 

  ̅   [

                      
         

                      
] (3-25) 

The pole figure angles   and   can be calculated from the pole orientation by using (3-

26) and (3-27). 

             (3-26) 

          
  

√  
    

 
 (3-27) 

From (3-21) it follows that the center of the pole figure is measured only when the 

incident angle   is equal to  . During measurements at the APS, a shallow incident 

angle (0.2 - 0.5) was chosen to maximize the interaction volume of the X-ray beam in 

the thin film. Hence, the poles parallel to the surface normal are not measured for hkl 

planes with 2> ~1. For a particular hkl pole, corresponding to the change in  from 0 - 

180, orientations corresponding to different angles on the pole figure are measured. 

The orientations of the poles contributing to the diffraction intensities with change in  for 

the perovskite (100) pole are shown in Figure 3-11. An incident angle of 0.5 was used 

for this calculation. It is observed that for a particular hkl pole, the orientations from  = 

        to  = 90 are measured. However, only a limited range of  is sampled. 
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The perovskite phase formed in solution derived PZT thin films deposited on 

platinized silicon substrates crystallizes predominantly with (100) and (111) textures 

[102]. The texture axis is aligned parallel to the texture axis of the platinum layer and is 

parallel to the substrate normal. For fiber or axisymmetric textures with the fiber axis 

parallel to the sample normal, the texture components are invariant over . Hence, 

determination of texture components based on pole intensity distributions over the in-

plane angle  is justified. 

3.7.1. Determination of hkl Texture Components using non-(hkl) Diffraction 
Intensities 

In traditional X-ray  measurements, a hkl texture component (hence forth 

designated at hkl) is quantitatively characterized through the measurement of the 

change in hkl diffraction intensities with sample orientation. However, for the in situ 

measurements based on synchrotron X-ray diffraction developed in this work, diffraction 

intensities from crystallites oriented parallel to the surface normal are not measured. 

Hence, determination of the volume fraction of the hkl texture component based on the 

intensity of the (hkl) pole intensity at  = 90 could lead to overestimation of the FWHM 

of the texture component and underestimation of the volume of the texture component. 

However, crystallites with their (hkl) planes oriented parallel to the sample surface 

also contribute to diffraction intensities for non-(hkl) planes. Hence, advantage can be 

taken for the simultaneous measurement of the large number of Debye-Scherrer 

diffraction rings measured by the 2D detector. For example, (110) diffraction intensities 

could be used to estimate both 100 and 111 texture components. To illustrate this 

proposed methodology, representative (100), (110) and (111) pole figures are 

generated for (100), (110) and (111) type textures (Figure 3-12). From these figures, it 
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can also be seen that the center of the pole figures are not measured in the APS 

geometry. However, the section measured by the 2D detector on the (110) pole figure 

cuts across intensities from both the 100 and 111 texture components. A simulated 

(110) pole figure for mixed (111) and (100) type textures is shown in Figure 3-13 to 

further illustrate this point. Hence, the (110) diffraction intensities can be used to 

estimate the (111) and (100) texture components. However, for quantitative 

interpretation of intensities corresponding to different texture components, the plane 

multiplicities and the solid angle over which the intensity is distributed have to be 

considered.  

3.7.2. Plane Multiplicities and Angles between Planes 

For characterizing a hkl texture component using non-(hkl) pole figure, the plane 

multiplicities need to be considered. For a cubic crystal structure, there are 6 equivalent 

(110) type planes (only planes with positive indices are considered). The angles 

between the different (110) planes and the (111) and (100) planes are listed Table 3-2. 

For a film with (111) texture, equal numbers of (110) type planes contribute to diffracted 

intensities measured at  = 35.2 and 90.Similarly for a film with (100) texture, 4 (110) 

type planes contribute to diffraction intensities at  = 45 and 2 planes contribute to 

diffraction intensities at  = 90. The ratios of the plane multiplicities at different pole 

angles are expected to correspond to the ratios of the diffraction intensities measured at 

these angles, or the volume of the texture component on the pole figure. It should be 

noted that the volume of the texture components needs to be calculated by integrating 

over the pole sphere angles  and . 

The normalization condition for pole intensity distribution is defined as 
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 (3-28) 

     is an arbitrary orientation distribution function of the texture. For fiber texture with 

the symmetry axis parallel to the sample normal, the texture is invariant in  . Hence, (3-

28) can be simplified to  
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(3-29) 

If the sample contains multiple texture components, (3-29) can be expanded as 
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 (3-30) 

Where,       corresponds to the different texture components present in the 

sample. In PZT thin films deposited on platinized silicon substrates, (100) and (111) are 

the dominant texture components [102] hence (3-30) can be simplified to the following 

form 
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 (3-31) 

     and      represent the orientation distribution functions of the (110) pole for the 

(100) and (111) texture components, respectively. (110) pole intensities due to (100) 

texture component is distributed at both  = 45 and  = 90. The ratio of the volume of 

these pole distributions is constrained by the multiplicity of the (110) planes at these 

angles. Based on the plane multiplicities, (3-32) can be derived 
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Similarly for (110) pole distribution corresponding to the (111) texture component (3-33) 

is obtained. 

 
∫                      
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 (3-33) 

Based on (3-32) and (3-33), volume of the texture fractions in a sample containing 

multiple components of texture can be obtained. Consider that the volume fraction of 

the 100 texture component is     . Hence, 
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(3-34) 

Using (3-32) the above expression can be simplified to 
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(3-35) 

A similar expression can be derived for intensities corresponding to 111 texture 

component. 

   ∫                           

 
 

 

 (3-36) 

Combining (3-35) and (3-36),  
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 (3-37) 

From (3-37) it follows that for a sample containing equal volumes of 100 and 111 texture 

components, the ratio of the measured volume of orientations corresponding to the 100 

and 111 texture components would be equal to 4/3 (~1.67).  
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3.8. Calculation of Texture Component Volume and Volume Fraction 

To quantify the volume fraction of the different texture components, the intensities 

corresponding to the 111 and the 100 texture components were peak fit using the curve 

fitting tool box in MATLAB. The background was estimated using a linear polynomial. 

The background intensity corresponds to the diffracted intensity from the randomly 

oriented grains. Peak fitting enabled the deconvolution of the diffraction intensities from 

the 111 and the 100 texture components. A representative result obtained through after 

peak fitting is presented in Figure 3-14. 

 To estimate the volume of the 111 and 100 texture component, integration of the 

pole intensities needs to be performed over the pole figure angle . The general 

formalism for integrating pole intensities over the pole angle is given in (3-28). (3-28) 

can be discretized to obtain (3-38) [132]. 

       ∑           (3-38) 

The refined peak parameters from the peak fitting routine were used to calculate 

the contribution of different texture components to observed diffraction intensities. The 

diffraction intensities of the texture components were then individually integrated over  

(3-38).  was calculated from the azimuthal angle by using (3-26).  

Texture fraction of the different texture components was calculated by using the 

volume of the texture component and the multiplicity of the planes. The equation used 

for the calculation of the texture component is shown in (3-39). 

      
  

       

  
          

                    
 (3-39) 
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Here   
    represents the fractional multiplicity of the hkl texture component. The 

fractional multiplicities used for the different texture components are     
      and 

    
     .  

3.9. Temperature Calibration 

Due to the fast heating rates used in these studies, the rate of change of 

temperature is considerably greater than the time constant for the response of the 

thermocouple. Hence, thermocouple based temperature measurement is not possible. 

The response time is much greater than the time scales at which measurement needs 

to made. To get an estimate of the temperature at various times during the experiment, 

the thermal expansion of NIST ceria was used.  

To embed ceria in PZT thin films, solutions for deposition of PZT thin films were 

prepared using the IMO route and NIST ceria was mixed into this solution after the final 

dilution steps. This mixture was agitated before being dispersed and spin coated onto 

the substrate. After spin coating, the film was pyrolyzed at 300C or 400C. Similar to 

the standard procedure for obtaining PZT thin films, two more deposition and pyrolysis 

steps were repeated. Diffraction images for these samples were then in situ collected 

during heating.  

Thermal expansion of ceria due to temperature increase would lead to a shift in 

the diffraction peak positions towards lower 2 values. This change in the position of the 

Bragg peaks can be used to estimate the change in lattice parameter of ceria. The 

temperature of the sample can be calculated through the relationship between the 

change in lattice parameter and the coefficient of thermal expansion [133]. However, the 

apparent shift in the 2 position of the ceria diffraction peaks is also influenced by the  z-
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height shift caused by the thermal expansion of the sample stage [134]. Change in the 

z-height due to thermal expansion of the stage would lead to a shift in the position of the 

diffraction peaks towards a lower 2. Hence, evaluating the temperature of the thin film 

solely based on the thermal expansion would overestimate the temperature of the thin 

film. An analytical correction model the z-height displacement due thermal expansion of 

the sample stage was first attempted. However, the derived analytical model could not 

satisfactorily account for the variation in the lattice parameter and hence an empirical 

correction is used to estimate the temperatures. Details of the analytical model are 

provided in APPENDIX B. 

To better understand the contribution of the thermal expansion of the stage 

towards the apparent shift in the 2 positions of the ceria diffraction peaks, ceria-

dispersed PZT thin films were slowly heated to a particular voltage and  held for five 

minutes to allow for thermal equilibration. Diffraction measurements and temperature 

measurement by using a thermocouple were then performed. The thermocouple was 

placed away from the incident and diffracted X-ray beam paths to avoid any possible 

interaction. Such temperature and diffraction measurements were performed at 

particular voltage steps by sequentially increasing the voltage. The experimentally 

measured thermocouple temperature on equilibrated samples provides an independent 

measure of temperature and allows for correlating the relative change in the apparent 

lattice parameter to the temperature of the thin film. However, the following sources of 

error could decrease the accuracy of the temperature measurement: (1) the area of the 

sample measured by the thermocouple is different from the area probed by the X-ray 

beam, (2) The thermocouple could be preferentially heated by the IR lamp, and (3) a 
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reliable contact between the thermocouple and the thin films might not be made. Based 

on these considerations, it is expected that the temperature measured by the 

thermocouple is lower than the actual temperature of the thin film. 

During each of the hold step, diffraction images of the films were taken. The 

apparent change in the lattice parameter of ceria was obtained by refining the position 

of the ceria (111) peak. The variation of the ceria lattice parameter with increase in 

temperatures is shown in Figure 3-15. The trend in the variation of the lattice parameter 

with change in temperature is observed to be fairly consistent. The anomalous decrease 

in the lattice parameter of ceria observed for sample#3 could be due to change in the 

sample position during heating. While solution deposited PZT thin films are expected to 

crystallize at ~600C, the film was observed to not completely crystallize upon holding 

at 5.6V during the in situ experiments. Hence, the final voltage applied on the lamp was 

increased to 6.2V. The temperature corresponding to this voltage was measured to be 

760C. The lattice parameter of ceria obtained from diffraction measurement is 5.430 

angstroms. This lattice parameter value cannot be used for estimating the apparent 

lattice expansion with temperature as the z-height between samples could be different.  

The methodology followed for estimating temperature at various time during in situ 

crystallization is shown in Figure 3-16. During these calibration runs, ceria dispersed 

PZT thin films were crystallized at various heating rates and diffraction patterns were 

simultaneously collected. The experimental conditions for heating used on the 

calibration samples and during the actual experimental runs is the same. Hence, the 

temperatures in the samples at various times could be approximated to the films with 

ceria dispersion  
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The theoretical temperature was also calculated at the different voltage steps from 

the relative change in the lattice parameter and the coefficient of thermal expansion. 

Due to the reasons stated earlier, the theoretical temperature is expected to 

overestimate the temperature of the thin film. Hence, the actual temperature of the thin 

films is bound by the experimentally measured thermocouple temperature (TTC) and the 

theoretical temperature obtained through the relationship between the relative change in 

lattice parameter and the coefficient of thermal expansion (TCTE). These temperatures 

were then plotted with respect to time adjacent to the phase evolution and texture 

evolution plots (Figure 3-17). 
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Table 3-1. Mass absorption coefficients of the different elements at 20 keV [135]. 

Element Atomic Weight   (cm2/g)   

 
 

Pb 207.2 86.36 0.638 
Zr 91.2 72.37 0.14 
Ti 47.86 15.86 0.07 
O 16.0 0.86 0.148 

 

Table 3-2. Angles between the (110) type planes and (100) and (111) planes. Planes 

with angles greater than 90 are not listed as they are not detected in the 
diffraction geometry used at APS 

Plane Angle Number of planes 

100 

45.0 4 

90.0 2 

111 

35.2 3 

90.0 3 
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Table 3-3. Temperature of the film measured using a thermocouple at different voltage 
settings on the lamp 

Voltage on lamp (V) Temperatures (oC) 

Sample#3 Sample#4 

0.0 25 25 

2.0 155 140 

3.0 295 260 

4.0 440 430 

4.5 520 500 

5.0 602 580 

5.5 670 655 

5.6 680 670 
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Figure 3-1. Euler cradle used for measurement of texture in materials. 

 

Figure 3-2. Variation in the direction of  ̅ with   ̅  for the Inel diffractometer diffraction 
geometry. Radial direction represents absolute value of the momentum 
transfer vector. 
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Figure 3-3. Experimental setup used for the in situ synchrotron X-ray measurements 
taken at beamline 6-ID-B, Advanced Photon Source, Argonne National 
Laboratories. The blue line indicates the X-ray beam path. 

 

 

Figure 3-4. Definition of detector angles and schematics for data extraction. A) The 
definition of the angles in the 2D diffraction geometry. B) gamma integration 
for phase identification and C) two theta integration for texture analysis. 

 

 

Figure 3-5. Data representations of the in situ diffraction data A) evolution of phases 
and B) texture.  

A B 
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Figure 3-6. Definition of terms for calculation of Absorption correction. 

 

Figure 3-7. Absorption correction for different film thicknesses. 
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Figure 3-8. Rotation of diffraction cones due to tilting of the sample in the YZ plane. The 
position of the segregated intensities changes due to tilting.  

 

 

 

Figure 3-9. Schematic showing the diffraction geometry for the APS experiments. 
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Figure 3-10. Definition of the pole figure angles  and  based on the sample 
coordinates. 

 

Figure 3-11. Section of (100) pole figure measured in the APS in situ diffraction 
experiments. 
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Figure 3-12. Pole figures corresponding to different types of texture. For the sake of 
illustration, only (100), (110) and (111) pole figures of (100), (110) and (111) 
type textures are represented. Solid line across the pole figure represents the 
section of the pole figure measured in the APS diffraction geometry.  

 

Figure 3-13. (110) simulated pole figure for mixed (100) and (111) texture mode. 
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Figure 3-14. Representative result from the peak fitting procedure. 

 

 

Figure 3-15. Variation of apparent lattice parameter with change in temperature 
measured on two different samples. A) sample#3 and B) sample#4. The 

decrease in the lattice parameter seen in A) at ~650 could be due to change 
in sample position during heating. 

 

 

A B 
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Figure 3-16. Methodology used for the determination of the temperature of the thin film 
at different times during the crystallization heat treatment.  
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Figure 3-17. Contour plot showing phase evolution during in situ crystallization of  
PZT(52/48) film on Pt/Ti substrate. The change in the temperature of the film 
is shown in the plot in the right. 
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CHAPTER 4  
PHASE EVOLUTION IN PbO DEFICIENT SOLUTION DEPOSITED PLZT THIN FILMS 

The effect of lead precursor content in solution on the stability of the different 

phases formed during crystallization is not well understood. To characterize phase 

evolution in nominally lead deficient thin films, a new in situ high temperature laboratory 

X-ray diffraction based measurement approach was developed. The well characterized 

Pb-excess PLZT composition was used to compare and validate the newly developed 

XRD setup. The results described in this chapter have been published in the Journal of 

Materials Science [128]. 

4.1. Introduction 

Traditionally, PZT solutions are batched with nominally excess lead precursor to 

include for any lead volatilization during thermal processing. However, the properties of 

the films were observed to deteriorate when greater amounts of lead were included in 

the starting solutions [136], particularly during fabrication of ultrathin films [137]. The 

reaction between the film and Pt substrate has been suggested to be a possible cause 

for this degradation in properties [84]. To decrease the possible reaction between the 

film and bottom electrode, Brennecka et al. [84] recently developed a new route for 

making ultra-thin PZT films using solution deposition. The uniqueness of this approach 

is to deliberately start with a Pb-deficient solution, which is meant to decrease the film-

substrate interaction. The resulting multi-phase (stoichiometric perovskite + Pb-deficient 

fluorite) films are converted to single-phase perovskite through a post crystallization 

heat treatment under a PbO overcoat. Using this approach, high quality ultra-thin films 

of PZT can be made.  
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Few studies have focused explicitly on phase evolution of Pb-deficient PZT-based 

materials. Polli and coworkers carried out a comprehensive study of phase formation in 

sol-gel-derived PZT powders [91]. They observed that the fluorite phase is the stable 

phase on crystallizing the powders at 500°C. A metastable perovskite phase formed 

upon crystallizing the powders at higher temperatures ~ 600-700°C and finally, a 

perovskite single phase was formed on crystallizing at ~800°C. While this study 

provides insight into the crystallization behavior of PZT based materials, phase 

evolution is expected to be significantly different in thin films due to the presence of the 

film – substrate interface and the unique sample geometries. For example, PtxPb, a 

metastable intermetallic phase, has been observed during crystallization of Pb-rich thin 

films deposited on Pt bottom electrodes [78, 81, 104]. This transient intermetallic phase 

is suggested to affect phase and texture evolution in these thin films.  

X-ray diffraction (XRD) is a standard technique for characterizing phase evolution 

in solution deposited thin films. Most studies using XRD for characterization of phase 

evolution in solution deposited thin films have been done using quenched samples or 

samples that were intermittently heated [79, 117]. Sample to sample variability and the 

dynamic nature of phase evolution may introduce significant error in these methods. 

Phase evolution in solution deposited thin films is a dynamic process affected by the 

heat treatment history and the processing conditions. Hence, it is desirable to 

characterize phase evolution in thin films in situ during crystallization.  

In an earlier study, Wilkinson et al. studied phase evolution in sol-gel derived 

powders in situ by collecting the diffraction pattern over a limited 2 range on a Bragg-

Brentano type diffractometer during crystallization [75]. Multiple diffraction patterns were 
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measured to map the evolution of phases with time. The kinetics of phase evolution 

were studied by tracking the integrated peak intensity of the (200) peak with respect to 

heat treatment time. It was observed that the fluorite phase always preceded the 

formation of perovskite in PZT and lead zirconate powders. No fluorite phase was 

observed in lead titanate powders. Although this method provided valuable information 

about phase evolution in sol-gel derived powders, it cannot be directly applied to 

solution deposited thin films because the movement of the detector over the required 2 

range makes this technique inherently slow. Phase evolution in solution deposited thin 

films is faster in comparison to powders [92] and hence, it is desirable to develop a 

technique which allows for rapid characterization of phases during crystallization of thin 

films.  

With the above motivation, a new diffraction based technique was developed to 

study phase evolution in solution deposited thin films in situ during crystallization. 

Briefly, a curved position sensitive (CPS) detector is used to simultaneously collect 

diffraction data over a wide 2 range while the sample is heated to the crystallization 

temperature. The use of a CPS detector allows for rapid acquisition of diffraction data 

and characterization of phase evolution in the thin film. 

4.2. Experimental Methodologies 

4.2.1. Film Deposition 

La-doped PZT thin films (PLZT) were deposited from solution on single crystal Si 

substrates with a sputtered Pt layer (Pt(170 nm)//Ti(40 nm)//SiO2(400 nm)//Si). For this 

study the La, Zr, and Ti contents were all maintained constant with a ratio of 6/52.2/46.3 

(corresponding to a stoichiometric PLZT composition of 6/53/47 with B-site 



 

87 

compensation for the donor doping associated with La addition). From this base 

composition, 20% of the Pb content was either added to the batch calculations (PLZT 

6/53/47 + 20% Pb, referred to for the remainder of this chapter simply as Pb-excess) or 

subtracted from the batch calculations (PLZT 6/53/47 – 20% Pb, referred to as Pb-

deficient). Solutions for spin coating were prepared by the inverted mixing order (IMO) 

method developed by Assink and Schwartz [37]. The B-site precursors (zirconium 

butoxide and titanium isopropoxide) were first weighed and mixed in glacial acetic acid. 

After mixing, the A-site precursors (lead acetate and lanthanum acetate) were added to 

the solution. The solution was mixed at ~90 °C to dissolve the Pb(IV) acetate into the 

solution. After dissolution of lead acetate, the solution was cooled and diluted to the 

required molarity using acetic acid and methanol. The solution thus prepared was spin 

coated onto platinized silicon wafers at 3000 rpm. Three layers were spin coated and 

the films were pyrolyzed between each spin coating step and were pyrolyzed at 300°C 

after each spin-deposited layer. The films were crystallized during heating within a 

furnace mounted on a diffractometer to allow in situ characterization of the 

crystallization process. The thin films were ~350 nm thick after crystallization. The layer 

stack sequence at the end of processing is shown in Figure 4-2.  

4.2.2. Laboratory based In Situ Diffraction Setup 

A CPS detector was used to measure diffraction patterns in situ while the thin films 

were crystallized in the furnace during heating (Figure 4-1). The CPS detector is a one 

dimensional detector which simultaneously measures the diffraction pattern over a wide 

2 range. This allows for rapid acquisition of the diffraction data. The furnace used in 

the experiment is equipped with a Kapton sleeve to allow for the transmission of the 
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incident X-rays to the sample and the diffracted X-rays to the detector. All films were 

crystallized in air by continuously heating from room temperature to a final temperature 

in the range of 600-650°C at a rate of 5°C/min. A heating rate of 5 °C/min was used to 

minimize the uncertainty in the temperature. Patterns were each measured sequentially 

for an acquisition time of 60 s. Each pattern therefore represents the measurement of 

the time-averaged structure across a 5°C window of temperature. The slow heating rate 

also allowed for collection of considerable diffraction intensities from the different 

phases formed during crystallization. To compensate for the possibility of greater PbO 

volatilization due to the slower heating rate, for Pb-excess films, 20% excess Pb 

precursor was added to the starting solution. After crystallization, the samples were 

cooled to room temperature at the same rate (5°C/min). Diffraction patterns were 

measured during both heating and cooling.  

To collect the diffraction patterns, the thin films were placed at an incidence angle 

of ~ 10° to the incoming X-ray beam. The decrease in the intensity of the X-ray beam as 

it travels through and interacts with the sample can be calculated by using the Beer-

Lambert law,  

                   (4-1) 

Where, I(t) is the final intensity. I0 is the initial intensity, μ is the linear absorption 

coefficient of the material and t is the distance travelled in the material. The decrease in 

the intensity of the incident X-rays (Figure 4-3) for the particular case of a multilayer 

stack can be calculated by slightly modifying equation (1) to include for attenuation due 

to overlying layers[125] Hence, a knowledge of the linear attenuation coefficients[135] 

and the thickness of the material can be used to calculate the decay in intensity as the 
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X-ray beam penetrates the sample. The calculated intensity profile is shown in Figure 4-

3. The incident X-rays interact with all the different layers present in the thin films. 

However, diffraction peaks only corresponding to the PZT thin film and the Pt bottom 

electrode are observed (Figure 4-4and Figure 4-6) in the measured diffraction patterns. 

This can be explained as follows. The titanium adhesion layer is relatively thin (40 nm). 

Any weak diffraction peaks arising from the titanium adhesion layer are heavily 

attenuated by the overlying PZT and Pt layers. While SiO2 is present in significant 

quantities (400 nm), SiO2 has a small X-ray cross-section and is amorphous in these 

samples. Therefore, diffraction intensities from SiO2 are comparatively weak. This 

intensity is also heavily attenuated from reaching the detector due to the overlying Pt 

and PZT layers.  

A significant amount of the X-ray intensity reaches the silicon substrate and is 

diffracted by the silicon. However, as the silicon substrate is a single crystal, strict 

conditions have to be met to observe the diffraction spots resulting from silicon using 

this diffraction geometry. Thus, the diffracted X-rays from silicon are most often not 

found in the diffraction pattern measured on the Inel diffractometer . The possibility of 

observing silicon diffraction peaks ({110} and {113}) in the Inel diffractometer geometry 

was further decreased by slight in-plane rotation such that the (110) are not parallel to a 

Bragg plane in the present geometry. The <110> of the single crystal was estimated by 

using the wafer flats marked on the wafer and by tracking the specific orientation of the 

cut samples. 

Certain peaks in the measured XRD patterns were fit to profile shape functions to 

extract quantitative information. In peak fitting, the background of the entire diffraction 
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pattern from 2 = 20° to 2 = 80° was fit first using an eighth order polynomial function. 

The peaks were then each individually fit to a Pearson VII-type function using the curve 

fitting tool box in Matlab©. The Pearson VII function was modified to include diffracted 

intensities from both Kα1 and Kα2 of the incident X-ray beam; the position between the 

components was constrained by their difference in wavelength and the peak shape 

parameters of each component were set equal. Lattice parameters were calculated after 

correcting for the shift in 2 positions due to sample displacement by thermal expansion 

[134]. 

Grazing incidence X-ray diffraction (GIXRD) patterns were measured on the 

crystallized thin films using a Philips X’pert diffractometer. Diffraction patterns were 

measured at different incidence angles to probe different depths of the thin film.   

 

4.3. Results 

The first crystalline phase observed during crystallization of Pb-excess thin films is 

a PtxPb intermetallic phase. The evolution of the diffraction pattern of the Pb-excess thin 

film during crystallization is shown in Figure 4-4. The changes in the phases formed 

during the crystallization of Pb-excess thin films are shown in Figure 4-5. Based on 

previous reports on the PtxPb intermetallic, it was assumed that any intermetallic formed 

would be crystalline and will be observed in the diffraction pattern [78]. The maximum 

amount of PtxPb is observed to be present at T=430±2.5°C. The intermetallic phase 

eventually disappears as the film is ramped to higher temperatures and is no longer 

seen after T=471±2.5°C. A fluorite phase appears at T=440±2.5°C and reaches 

maximum diffraction intensity at T=471±2.5°C. Finally, the perovskite phase appears at 
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T=511±2.5°C and reaches a maximum by T=552±2.5°C. The appearance of the 

perovskite phase and the disappearance of the fluorite phase seem to be correlated 

Figure 4-5 is a contour plot on a limited 2 and time region showing the disappearance 

of the fluorite phase and the appearance of the perovskite. 

In Pb-deficient thin films, a perovskite and fluorite type phase appear together at 

T=506±2.5°C. The evolution of the diffraction patterns during crystallization is shown in 

Figure 4-6. The evolution of the phases during crystallization is shown in Figure 4-7. 

The amount of fluorite observed reaches a maximum at T=553±2.5°C. The perovskite 

reaches a maximum at T=580±2.5°C. Thereafter, on holding at T=600°C, an additional 

distinct perovskite phase is observed. To distinguish from the perovskite phase formed 

in the Pb-excess thin films, the first perovskite phase formed in the Pb-deficient thin film 

is designated as perovskite-1 and the secondary perovskite phase formed later in 

processing time is called perovskite-2 for the remainder of this chapter. There is a 

decrease in the observed fluorite phase content from the point where the perovskite-2 

phase is observed. At the end of the heat treatment the fluorite type, perovskite-1 and 

perovskite-2 phases are all observed to be present. 

The lattice parameters of the perovskite phases formed in Pb-excess and Pb-

deficient thin films are listed in Table 4-. The lattice parameters of the perovskite phases 

were calculated at 500°C from the diffraction patterns measured during the cooling of 

the sample after crystallization. Since this temperature is above the Curie temperature 

of the perovskite phases, the crystal structure was assumed to be pseudo-cubic. 
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4.4. Discussion 

In Pb-excess thin films (Figure 4-8), the temperature range in which the PtxPb 

intermetallic phase is observed is consistent with that reported by Chen et al. [81] (400-

700°C) and Huang et al. [117] (330°C). From the observed diffraction peaks of the 

PtxPb intermetallic, the structure corresponds to the Pt3Pb phase reported by Huang et 

al. [117]. The temperature at which the perovskite phase is observed to form is 

consistent with that observed by Kwok and Desu [110]. The observed sequence of 

phases formed during crystallization in the Pb-excess thin films is found to be consistent 

with previous reports on crystallization of PZT thin films [70, 106, 110].  

PtxPb is not observed to form in the Pb-deficient thin films (Figure 4-6), indicating 

that this reaction between the electrode and the thin films is reduced with a decrease in 

the Pb content in the thin film. Several possible reasons for the absence of PtxPb in Pb-

deficient thin films can be hypothesized. First, due to the lower amount of total PbO 

present in the film, the rate at which PtxPb is formed may decrease. However, the rate 

at which oxygen diffuses from the atmosphere to the film-substrate interface remains 

unchanged. PtxPb is unstable in the presence of oxygen and decomposes to PbO and 

platinum. Due to the decreased rate of formation of PtxPb in Pb-deficient films, the rate 

of oxygen diffusion from the atmosphere may be sufficient to destabilize any PtxPb 

formed. Second, it is possible that the amorphous phase consists of a nanocrystalline 

fluorite phase [72] which is not detected by X-ray diffraction. This nanocrystalline fluorite 

phase could control the availability of free PbO, leading to very little availability of PbO 

for reduction and subsequent formation of PtxPb at the interface. 

Polli et al. [91] observed that the formation of the fluorite and perovskite phases is 

delayed with a decrease in the Pb content in the powders. The trend in fluorite phase 
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formation observed in this study (T~440±5°C for Pb-excess and T~506±5°C for Pb-

deficient) agrees with the trend reported by Polli et al. However, the perovskite phase 

formation observed in the present work does not agree with the trend reported for sol-

gel derived powders in Polli et al. The perovskite phases were observed to form at 

similar temperatures (T~506±5°C for Pb-deficient and T~517±5°C for Pb-excess) for the 

thin films. Moreover, the fluorite phase and the perovskite-1 phase form at the same 

time and temperature in the Pb-deficient thin film. These discrepancies with earlier 

results are explained as follows. Nucleation of the perovskite phase in thin films 

preferentially occurs heterogeneously at the film-electrode interface. As crystallization of 

solution derived PZT is nucleation dependent [86], the temperature at which the 

perovskite phase is first observed is determined by the stabilization of the perovskite 

nuclei by the interface. Although the growth rate of the perovskite nuclei has been 

observed to be affected by the Pb content in the films, the nucleation rates were found 

to not significantly differ with Pb content (Pb-excess = 0 – 20%) in PZT thin films [138]. 

The observation of the formation of perovskite phases in both Pb-excess and Pb-

deficient films at similar temperatures implies that the nucleation rates could be similar 

for both Pb-excess and Pb-deficient films used in this study.  

During crystallization, the perovskite phase in Pb-excess thin films is observed to 

reach its maximum intensity by T~550°C (10 min), while the perovskite-1 phase in Pb-

deficient films reaches a maximum by around T~580°C (Figure 4-9). Deviation from 

ABO3 stoichiometry in PZT is expected to destabilize the perovskite phase. However, in 

the present study a Pb-excess in the solution is observed to help to crystallize the film 

faster than starting with a Pb-deficient solution. Similar behavior was observed in 
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solution derived powders [91] and sol-gel deposited PZT layers on LaAlO3 [138] 

substrates. Based on EXAFS studies by Sengupta et al. [53], Polli and coworkers [91] 

hypothesized that excess Pb acts as a network modifier that assists in rearranging the 

atoms for the formation of the required perovskite phase. This is a possible explanation 

for the faster crystallization of the perovskite phase in Pb-excess thin films. It should 

also be noted that the starting solutions nominally varied from stoichiometry by the 

same magnitudes, though in different directions. Pb loss during processing may bring 

the initially Pb-rich films closer to stoichiometry while pushing the Pb-deficient films 

further from stoichiometry. 

Parish et al. [139] characterized the final phases obtained after crystallization of 

Pb-deficient PLZT (12/70/30) thin films. Chemical segregation was observed in thin 

films which had been crystallized at 650°C for 30 min using a 50°C/min furnace ramp 

rate. The thin films were found to contain a perovskite and a fluorite phase. The 

perovskite phase was found to be Pb-rich and La-deficient relative to the nominal 

composition and was formed closer to the electrode than the fluorite phase, which was 

Pb-deficient, La-rich, and present near the top surface of the film. In the thin films in this 

study, apart from the fluorite and perovskite-1 phases, an additional perovskite phase 

(perovskite-2) is observed. Substitution of La3+ for Pb2+ in PZT causes a decrease in 

unit cell volume and lattice parameter [140]. The diffraction peaks of this La-substituted 

perovskite phase would be observed at higher 2 values relative to the perovskite-1 

phase formed initially. Hence, it is proposed that the perovskite-2 formed in the Pb-

deficient films crystallized from the remnant Pb-poor and La-rich fluorite phase at longer 

times or slower ramp rates. 
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Segregation in PZT thin films due to easier nucleation of lead titanate (PT) rich 

solid solutions at the interface has been reported to occur during crystallization [141]. 

PT rich compositions have a smaller unit cell volume compared to lead zirconate (PZ) 

rich compositions [10]. Early crystallization of a PT rich phase during in situ 

crystallization would show in the diffraction pattern as peaks at slightly higher 2 values 

compared to the later formed PZ rich phase. However, during crystallization of the Pb-

deficient thin film, diffraction peaks from the earlier formed perovskite-1 phase are 

observed at lower 2 values compared to the later formed perovskite-2 phase. Hence, 

the perovskite-1 unit cell is larger than that of perovskite-2 (Table 4-). Since it is unlikely 

that a PZ rich composition would crystallize first, therefore perovskite-1 and perovskite-2 

phases are possibly not due to PT rich and PZ rich regions segregating in the thin film. 

Due to the specific geometry of the X-ray diffractometer used in this study, the 

poles of the diffracting planes are not perpendicular to the sample surface. Hence, 

texture relationships cannot be directly interpreted from the diffraction data. However, it 

can be qualitatively observed that (00l) type peaks are present in Pb-excess films 

Figure 4-4)and are not present in Pb-deficient films (Figure 4-6). This is consistent with 

previous reports suggesting Pb-excess is a necessary condition for the formation of 

(00l) oriented grains [106]. GIXRD was undertaken to selectively probe the structure of 

the thin film. By varying the angle of incidence of the incoming X-ray beam, different 

depths of the thin film were probed. The change observed in the diffraction pattern with 

change in angle of incidence is shown in Figure 4-10. It is observed that the perovskite-

1 phase is present in greater quantities closer to the interface of the film with the bottom 

electrode, while the perovskite-2 phase and the fluorite phase are present closer to the 
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surface (Figure 4-10). This observation agrees well with the results of Parish et al. [139] 

A possible explanation for the proximity of both the fluorite and the perovskite-2 phase 

to the surface is that the perovskite-2 phase is formed from the segregated fluorite 

phase. 

Formation of a secondary perovskite phase was not observed in earlier studies on 

Pb-deficient PLZT thin films made by similar methods [84, 139, 142]. The perovskite-2 

phase was observed to form in this study even though the final temperatures to which 

the thin films were heated were comparable or lower. The longer time available for 

crystallization in these experiments could be the reason the perovskite-2 phase was 

observed. In this study, the thin films were heated using a ramp rate of 5°C/min,  while 

Brennecka et al. [84] and Parish et al. [139, 142] crystallized the thin films using a 

heating rate of 50°C/min or by inserting the sample in a furnace pre-heated to 700°C. 

The slower ramp rate used in the present work (5°C/min) may provide additional time 

for PbO volatility as well as cation diffusion and segregation. 

4.5. Conclusions 

Phase evolution in solution deposited PLZT thin films was investigated by using a 

newly developed in situ diffraction technique. The observed phase evolution in Pb-

excess PLZT thin films was consistent with the results reported on the temperature of 

formation of PtxPb by other groups. For Pb-deficient PLZT thin films, the film is 

observed to partition into two phases: (1) a Pb-rich and La-poor perovskite phase and 

(2) Pb-poor/La-rich fluorite phase. The fluorite phase partially transforms to a perovskite 

phase at higher temperature. Moreover, PtxPb, an intermetallic formed due to 

interaction between the thin film and the electrode, was not observed in the Pb-deficient 

thin film. 
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It is proposed that this in situ high temperature diffraction based technique can be 

used to characterize the effects of dopants, pyrolysis and solution chemistry on phase 

evolution. Knowledge of how different variables affect phase evolution can help to 

identify strategies to decrease the crystallization temperature. 
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Table 4-1. Lattice parameters of the different perovskite phases formed in the thin films 
investigated. Perovskite-1 and perovskite-2 refer to the perovskite phases 
formed in Pb–deficient thin films. Lattice parameters were calculated at ~ 
500°C assuming a pseudo cubic perovskite crystal structure. 

Film Composition Phase Lattice parameter 
(Å) 

Pb-excess Perovskite 4.08 

Pb-deficient Perovskite 1 4.08 

Pb-deficient Perovskite 2 4.02 
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Figure 4-1. Laboratory based setup used for in situ crystallization of PZT thin films. 
Photo courtesy of Krishna Nittala 
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Figure 4-2. Cross section of the thin film stack and interaction of the X-rays with the thin 
films 

 

Figure 4-3. Attenuation of the X-ray intensity due to absorption by the different layers 
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Figure 4-4. Phase evolution in PLZT + 20% Pb-excess film 

 

Figure 4-5. Limited 2 surface plot showing the evolution of the fluorite and perovskite 
phases 
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Figure 4-6. Phase evolution in Pb-deficient thin film 

 

Figure 4-7. Limited 2 theta plot showing the evolution of the fluorite and perovskite 
phases. A secondary perovskite phase is observed to form. 
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Figure 4-8. Phase evolution during crystallization of PLZT + 20% excess PbO thin film 
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Figure 4-9. Phase evolution during crystallization of PLZT + 20% PbO deficient film 

 

Figure 4-10.  GIXRD plots for the Pb-deficient thin films at different angles of incidence 
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Figure 4-11. Normalized integrated intensities obtained at increasing x-ray incidence 
angles 
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CHAPTER 5  
AGING IN PRECRYSTALLIZED SOLUTION DERIVED PZT THIN FILMS 

Samples for the in situ measurements performed using the high temperature 

laboratory and synchrotron X-ray diffraction setups were fabricated at Sandia National 

Laboratories and then transported to University of Florida and APS, respectively. The 

effect of delay between the pyrolysis and crystallization treatments on the crystallization 

behavior of these thin films is not well understood. This chapter provides the details of a 

systematic study performed to understand the effect of delay between pyrolysis and 

crystallization heat treatments on the crystallization behavior of these thin films. 

5.1. Experimental Methods 

The solutions used for film deposition were prepared through the Inverted Mixing 

Order (IMO) route developed by Assink et al. [37]. Briefly, precursors of the B-site 

cations (zirconium butoxide, Zr(OBu)4, 80% in 1-butanol and titanium isopropoxide, 98% 

both from Sigma-Aldrich, Inc., St. Louis, MO) were first vortexed together for 5 minutes. 

Acetic acid was then added to this mixture to chelate the zirconium and titanium 

precursors. After diluting the solution with methanol (MeOH, electronic grade, Fisher 

Scientific), lead (IV) acetate was added and dissolved at ~ 90 °C. To compensate for 

lead volatility during processing a 15 mole % excess of the nominal stoichiometric 

quantity of Pb was added. After complete dissolution of lead acetate, the solution was 

diluted to the required molarity by further addition of acetic acid and methanol. All 

solutions used in this work had a final molarity of 0.35 M.  

3” platinized silicon substrates (Pt (170 nm)/ Ti (40 nm)/ SiO2 (400 nm)/ Si) used 

for deposition of the films were acquired from Silicon Quest International (SQI), Inc., 

Santa Clara, CA. Films were deposited by spin coating the solution onto the substrate at 
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3000 rpm for 30 s using a standard photoresist spin coater (Headway Research, Inc., 

Garland, TX). Films were pyrolyzed after each deposition step. In this work, two 

different pyrolysis temperatures were used: 300°C or 400°C. After three deposition and 

pyrolysis steps, the wafer was cut into smaller pieces and the pieces were aged in 

different relative humidity (RH) conditions. Controlled relative humidity conditions were 

maintained by placing supersaturated salt solutions at the bottom of the desiccators. 

The specific super saturated salt solutions used are 1. LiCl (RH = 15%), 2. K2CO3 (RH = 

43%), 3. NaBr (RH = 58%) and  CuSO4 (RH = 98%) [133]. After aging the pyrolyzed 

films for specific times in these controlled humidity conditions, the films were 

characterized using FTIR and then crystallized. The films were crystallized by directly 

inserting into a preheated furnace at 700C and holding for 10 minutes. 

Phase characterization of the crystallized thin film samples was done using X-ray 

diffraction. The X-ray diffraction measurements were performed using a Philips APD 

3720 diffractometer. To qualitatively evaluate the texture of the films, the Lotgering 

factor of the (111) diffraction peak was used. The equation used for calculating the 

Lotgering factor is shown in (5-1). 

       

    

    
 

    
    
  

    
    
  

    
    
 

 (5-1) 

For electrical testing of the films, Pt electrodes were deposited on the films by 

radio frequency (rf) sputtering through a shadow mask. Polarization-field measurements 

were performed using standard semiconductor probes (Signatone, Gilroy, CA) 

connected to a Precision Workstation (Radiant Technologies, Albuquerque, NM) at 100 

Hz and the maximum applied voltage was varied from 2.5V – 20 V with a constant 
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increment of 2.5V. The variation of capacitance and loss tangent with change in 

frequency was measured using similar probes connected to an HP4294A precision 

impedance analyzer using a probe voltage of 100 mV. Microstructural characterization 

was performed using SEM. 

Solution derived powders were obtained by evaporating the solvent from the final 

solutions by continuous stirring at 150°C. The powders thus obtained were then 

pyrolyzed at 300°C and 400°C for 5 minutes by inserting them in a box furnace. These 

powders were then aged in desiccators with controlled humidity conditions maintained 

using supersaturated CuSO4 solution (RH = 98%). After aging for specific times, the 

chemical changes in the powders were characterized using FTIR. Thermogravimetric 

data was then obtained on the powders using a NETZSCH STA 449 F3 Jupiter system 

conditions. The powders were heated from room temperature to 700°C at a heating rate 

of 10°C/min while compressed air was flown through the system. 

The FTIR characterization of both solution derived powders and thin films was 

performed using a Varian Scimitar 2000 Fourier Transform Infrared Spectrometer with a 

Pike MIRacle ATR attachment. A FTIR scan of air was used for background subtraction. 

5.2. Results 

5.2.1. Electrical Characterization 

For films pyrolyzed at 300C, variation in the polarization – field measurements 

was observed in all relative humidity conditions. With aging time, the polarization field 

loops are observed to become more open. While the remnant polarization as observed 

to vary with aging, no systematic variation was observed with aging time. The measured 

hysteresis loops were observed to become more open for films aged in higher relative 

humidity conditions (Figure 5-1 A and B). The hysteresis loops measured on films 
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pyrolyzed at 400C also showed variation with aging time (Figure 5-2 A – D ). However, 

the openness of the loops was not observed to change significantly. No systematic 

variation in the remnant polarization was observed for films pyrolyzed at 400C.  

The dependence of the relative dielectric constant and tan with frequency for 

films pyrolyzed at 300 and 400C for the different relative humidity conditions are 

shown in Figure 5-3 and Figure 5-4, respectively. To identify specific trends with aging 

time and relative humidity condition, the dielectric constant and loss values at 100 Hz 

for both films pyrolyzed at 300C and 400C were extracted and are represented in 

Figure 5-5 and Figure 5-6, respectively. Variation was also observed in the dielectric 

properties of both films pyrolyzed at 300C and 400C with aging time. 

 For films pyrolyzed at 300C, a sudden drop in the relative dielectric constant is 

observed for films aged for 6 days in 20% RH (Figure 5-3A) and 2 days in 98% RH 

(Figure 5-3D) at ~104 Hz and the tan values are observed to peak at this frequency. 

This relaxation seems to occur at the frequency range typical for a space charge type 

relaxation mechanism. However, this relaxation is not observed for the rest of the films. 

The variation in the relative dielectric constant (Figure 5-5) seems to be higher for films 

aged in lower RH conditions (20% and 44%) than the higher RH conditions (55% and 

98%). The tan values for these films were observed to increase initially upon aging and 

then decrease.  

The relative dielectric constant for films pyrolyzed at 400C and crystallized 

immediately (~1090 at 100Hz) is higher than for films pyrolyzed at 300C and 

processed similarly (~830 at 100Hz). The relative dielectric constant of the films 

pyrolyzed at 400C seems to change with aging time for all RH conditions (Figure 5-6). 
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In general, the dielectric constant seems to decrease with increasing aging time. The 

tan for films aged in 98% RH seems to increase with increase in aging time. No 

significant change was observed in the variation of tan values with aging for 20%, 44% 

and 55% RH conditions.  

5.2.2. FTIR Measurements 

The FTIR spectra of films pyrolyzed at 300C and 400C and aged in different 

humidity conditions are shown in Figure 5-7 and Figure 5-8, respectively. Resonance 

peaks at 1533 cm-1 and 1393 cm-1 correspond to the anti-symmetric and symmetric 

vibrational stretching modes of the acetate groups ( (CO2
-)) (labeled 1 and 2 in the 

FTIR spectra). Resonance peaks are also observed at ~1010 cm-1 and ~930 cm-1 for 

films pyrolyzed at 300C (labeled 3 in Figure 5-7). These peaks correspond to the (C-

O)M stretching modes of the alkoxy groups. The two peaks centered ~1010 cm-1 and 

~930 cm-1 are from titanium isopropoxide and zirconium butoxide, respectively [49, 143, 

144]. Resonance peaks corresponding to (MO) are expected to occur in 300-600 cm-1 

range. However, these peaks could not be measured due to the limitation of the FTIR 

instrument. In addition to the peaks from the organic moieties in the film, a broad peak 

centered ~3200 cm-1 is observed for all films. This peak seems to correspond to the 

surface hydroxyl stretching mode ((-OH)). The resonance peak from the surface 

hydroxyl group seems to be present in films pyrolyzed at 300C and 400C for all aging 

times. No systematic changes in the intensity of this peak were observed with both the 

amount of relative humidity and aging time. 

For films pyrolyzed at 400C, resonances corresponding to the acetate group or 

the metal-alkoxide groups are not observed immediately after pyrolyzation (Figure 5-8). 
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No significant changes are observed in the FTIR spectra of these samples when aged 

in 20%, 44% and 55% RH levels. However, for films aged in 98% RH, the acetate and 

the alkoxy groups are observed (Figure 5-8D) upon aging for 1 day and are present in 

samples with higher aging times. No significant change was observed in the peak 

intensities of the acetate resonances with aging time. However, similar to the films 

pyrolyzed at 300C and aged in 98% RH, the peak widths were observed to increase 

with increase in aging time.  

5.2.3. Microstructural Characterization using SEM 

Both films pyrolyzed at 300C and 400C were observed to have a fine grained 

microstructure from the plan view (Figure 5-9A and Figure 5-13A). The coverage of this 

fine grained material is observed to be higher for films pyrolyzed at 300C than for films 

pyrolyzed at 400C. From the micrographs of the cross sections (Figure 5-9B and 

Figure 5-13B), the films crystallized immediately after pyrolysis were observed to have a 

columnar grain structure.  

No changes in the microstructure were observed for films pyrolyzed at 300C and 

aged in 20% RH (Figure 5-9 A-F). For films aged in 44% RH, isolated rosette type 

grains are observed for films aged for 9 days (Figure 5-10 C) in the plan view. However, 

no rosette type grains were observed for films aged for 30 days (Figure 5-10E). No 

changes were observed for films aged in 44% RH in the cross section views. No 

significant changes in microstructure were observed for films aged in 55% RH both in 

the plan and cross section micrographs (Figure 5-11 A-F). For films aged in 98% RH, no 

significant changes were observed between films crystallized immediately after 

pyrolysis and those aged for 9 days (Figure 5-12 A – D). Upon aging for 30 days, 
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considerable numbers of rosette type grains were observed to form in these films 

(Figure 5-12E). Additionally, porosity was observed to be present in the middle of the 

films aged for 30 days (Figure 5-12F). 

For films pyrolyzed at 400C and aged in 20% RH, the coverage of the fluorite 

type phase seems to increase with aging time (Figure 5-13 A, C, E and G). However, no 

significant differences are observed in the cross sections of the sample (Figure 5-13 B, 

D, F, and H). For films aged in 44% RH, isolated rosette type grains are observed to 

form for films aged for 8 days (Figure 5-14E). However, no significant changes are 

observed in the cross sectional images of the films (Figure 5-14B, D, F, and H).The film 

microstructure was observed to resemble a columnar grain structure for the rest of 

aging conditions (Figure 5-14A, C and G). For films aged in 55% RH, an increase in the 

coverage of the fluorite phase was observed with increase in aging time (Figure 5-15 A, 

C, E, and G). In addition, isolated rosette type grains are observed for films aged for 8 

days (Figure 5-15E). All films were observed to have a columnar microstructure and this 

was consistent for all aging times (Figure 5-15 B, D, F, and H). For films aged in 98% 

RH, compared to films crystallized immediately after pyrolyzation (Figure 5-16A and B), 

the film morphology is observed to change significantly with aging. For films aged for 2 

and 8 days, extensive formation of rosette type grains was observed in the plan view 

images (Figure 5-16 C and E). From the cross sectional images, these rosette type 

grains were observed to be localized to the surface, while columnar type grains were 

formed towards the interface (Figure 5-16 D and F). For films aged for 30 days, the 

surface was observed to consist entirely of rosette type grain structure (Figure 5-16 G). 

These rosette type grains were observed to be formed close to the surface, while 
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different grains nucleated towards the film – substrate interface (Figure 5-16 H). 

Porosity is also observed for these films in the middle, between the two different grains.  

5.2.4. XRD Measurements 

The films were observed to be single phase perovskite from the XRD 

measurements. In addition to the expected diffraction peaks from the perovskite phase 

and the platinum substrate, additional peaks are observed at 2~ 32 and 2~34. 

These peaks were observed only for films pyrolyzed at 300C. These peaks are 

designated to be from the under layers of the platinized silicon substrate. 

For films pyrolyzed at 300C, the diffracted intensity from the (100) perovskite 

planes is observed to be very low. Indicating that these films are predominantly (111) 

oriented (Figure 5-17 A – D). Some changes in the intensity of the (100) peak were 

observed with aging time. To quantify the changes in the texture of the film with aging 

time, the lotgering factor for the (111) plane (f111) was calculated. The lotgering factor is 

a crude measurement of texture [126], however, it is appropriate for qualitatively 

assessing the changes taking place in the texture of the film. The variation of f111 with 

aging time for the different RH conditions is shown in Figure 5-18. No significant 

changes were observed in the thin films with aging time or relative humidity conditions.  

For films pyrolyzed at 400C, the diffraction intensities of the (100) perovskite 

planes seems to be higher than for films pyrolyzed at 300C (Figure 5-19). This 

indicates that the films pyrolyzed at 400C (f111 = 0.70) are less (111) textured than the 

films pyrolyzed at 300C (f111 = 0.97). No significant changes are observed to take place 

for films aged in 20%, 44%, and 55% RH (Figure 5-20). For films aged in 98% relative 

humidity (Figure 5-20), a sudden increase in f111 is observed between films crystallized 
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immediately after pyrolysis and films aged for 1 day and then crystallized. The f111 upon 

further aging in 98% RH of films pyrolyzed at 400C seems to not change significantly. 

5.3. Discussion 

5.3.1. Aging of Thin Films 

Acetic acid is used during the solution preparation process to stabilize the metal 

alkoxide precursors against reaction with water. Acetic acid stabilizes the metal alkoxide 

by forming a coordination complex. Three modes of coordination (Unidentate (Figure 5-

21A), chelating (Figure 5-21B) and bridging complexes (Figure 5-21C) ) are possible 

between acetic acid and the metal alkoxide. These three modes can be differentiated 

based on the difference in the peak positions of the symmetric and anti-symmetric 

resonances of the acetate group [144]. The difference in the peak resonances for the 

acetate groups for the films investigated in this study was found to be ~ 140 cm-1. This 

value is less than the difference in peak resonances for ionic complexes of acetic acid 

(~201 cm-1). This indicates that the acetate group is present as a chelating complex with 

the metal ions in these films. 

During pyrolysis, the main processes that occur are: (1) evaporation of any 

remnant solvents and (2) break up of metal-organic compounds and subsequent 

removal of organic moieties [39]. While the specific temperature required for the 

complete removal of the solvent is dependent on the solution preparation route, it is 

mostly complete by ~ 200 °C. However, organic moieties, particularly in the form of 

acetates are known to persist until higher temperatures [70]. Higher pyrolysis 

temperatures would help to remove a greater amount of the remnant organics. This is 

consistent with the FTIR spectra wherein resonance peaks corresponding to the acetate 
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groups are observed in films immediately after pyrolysis at 300C but are not observed 

in films pyrolyzed at 400C. 

For films pyrolyzed at 300C no significant changes are observed in the peak 

intensities of the acetate resonances with time. However, the acetate peaks seem to 

broaden with time. To quantify this variation of the acetate peaks with time, the 

resonances corresponding to the acetate groups were peak fit with a Gaussian function. 

Peak fitting was performed using the curve fitting toolbox in Matlab©. Full width at half 

maximum (FWHM) of the peaks was used as a representative metric for the width of the 

peaks. The variation in the FWHM of the anti-symmetric resonance of the acetate group 

(a(CO2
-)) is shown in Figure 5-22. The FWHM of the peak was observed to slightly 

decrease with aging time for films aged in 20%, 44% and 55% relative humidity. 

However, for films aged in 98% RH, the FWHM was observed to increase with aging 

time. 

Significant changes in the FTIR spectra are only observed for films pyrolyzed at 

300C and 400C and aged in 98% RH. Lakeman et al. [70] reported that the acetate 

groups are the last organic moieties that escape from the films for 2-MOE based 

solution deposited PZT thin films. In the IMO based solution deposited PZT thin films 

used in this study, IR resonance signatures from the acetate and alkoxy groups are 

observed in the films pyrolyzed at 300C but are not observed for films pyrolyzed at 

400C. This trend in consistent with the results of Lakeman et al. [70]. Coffman et al. 

reported the formation of carbonate (CO3
2-) groups in sol-gel derived PZT powders upon 

prolonged exposure to air [145]. The carbonate groups were suggested to form due to 

the absorption of carbon dioxide from the atmosphere. In the films used in this study, 
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the formation of the carbonate groups ((CO3
2-) ~ 900 cm-1) is not observed. The 

appearance of the acetate and alkoxy groups in films pyrolyzed at 400C and aged in 

98% RH is presumed to be due to the reformation of these groups. The exact 

mechanism for the reformation of these groups is not clear. However, very high (98%) 

RH levels seem to be required for the reformation of these organic moieties. 

The symmetric and anti-symmetric stretching modes are normal vibrational modes 

and the frequency for resonance of these modes is dependent on the bond strength 

[146]. Hence, the spread in the intensity centered about the peak value corresponds to 

the variation in the bond strength for a particular bond. In films pyrolyzed at 300C and 

400C and aged in 98% RH, the FWHM of the acetate anti-symmetric stretching mode 

is observed to increase. This implies that the variability of the metal-acetate bond 

strength seems to increase with aging time. Therefore, a change in the chemical 

characteristics of the “gel” type phase present in the films after pyrolysis seems to occur 

in films aged at 98% RH. Changes in the chemical character of the films, either due to 

the specific solution chemistry or due to the addition of particular solvents, could be the 

reason for the differences in the final microstructure of solution derived PZT thin films 

[38].  

A fine grained material is observed in the plan views of the crystallized films 

appears to be localized towards the surface of the thin film from the cross sectional 

imaging of the sample (Figure 5-9B and Figure 5-13B). This fine grained material could 

be a fluorite type phase formed due to incomplete conversion for the thin film. Lack of 

stoichiometric amounts of the lead precursor in the thin film could stabilize the fluorite 

phase during processing [74]. However, no fluorite type phase was detected in XRD. 
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This inconsistency could be due to the limited sensitivity of coupled /2 X-ray 

diffraction measurements to the thin surface fluorite layer. 

The increased tendency for the formation of rosette type grains in films aged in 

98% RH could be due to changes occurring in the pyrolyzed films during aging. Rosette 

type grains are formed from homogenous nucleation while columnar grains are formed 

from heterogeneous nucleation [38].The correlation observed between the formation of 

rosette type grains structure and the increase in the FWHM of the acetate resonance 

peaks in the FTIR spectra suggests that chemical changes could be taking place in the 

thin film during aging.  

The microstructure of the films pyrolyzed at 400C seems to be more susceptible 

to aging in high humidity conditions. Rosette type grains are observed in films pyrolyzed 

at 400C and aged in 98% RH for 2 days. No rosette type grains are observed in films 

pyrolyzed at 300C and aged in 98% RH even after 9 days of aging. Since the acetate 

groups seem to undergo similar changes with aging, the cause for the difference in the 

formation of the rosette type grains morphology is not known. The gel state of the 300C 

pyrolyzed films could have a higher tolerance for chemical changes than the 400C 

pyrolyzed films. 

Dielectric fluorite phase has a lower relative dielectric constant and the presence 

of this fluorite phase decreases the final dielectric properties of the film. Fluorite 

coverage observed in the plan view SEM images seems to be lower for films pyrolyzed 

at 400C and immediately crystallized in comparison to films pyrolyzed at 300C and 

similarly processed. This lower fluorite coverage could be the reason for the higher 

dielectric constant observed in the 400C pyrolyzed films. 
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This trend of decrease in the (111) texture with increase in pyrolysis temperature 

is consistent with the trend observed in studies done at Sandia National Laboratories [1, 

105]. The increase in the f111 (Figure 5-20) seems to correspond well with formation and 

presence of the acetate groups in the films pyrolyzed at 400C and aged in 98% RH 

(Figure 5-23). The presence of greater amount of remnant organic moieties in the film 

after pyrolysis was suggested to cause reducing conditions to be present at the film – 

substrate interface [106]. The presence of reducing conditions during crystallization 

could preferentially nucleate (111) orientation in these thin films [82, 121]. 

5.3.2. Solution Derived Powders 

Changes are observed in the microstructure and properties of the films with aging. 

These changes are presumably due to the changes taking place in the “gel” state of the 

pyrolyzed film. To better understand the changes taking place in the gel state, powders 

were isolated from IMO solutions by drying the solutions at 150C. To mimic the state of 

the films after pyrolysis, the powders were pyrolyzed at 300C and 400C for 5 minutes. 

Since films aged in 98% RH seem to be most affected. Aging of solution derived 

powders were only performed at 98% RH.  

5.3.2.1. FTIR 

For powders pyrolyzed at 300C, the resonances from the stretching modes of 

acetate and alkoxy groups are observed (labeled 1, 2 and 3 in Figure 5-24A). This is 

consistent with the FTIR spectra obtained for films pyrolyzed at 300C (Figure 5-7). 

However, some differences are observed between the FTIR spectra of powders and 

film. In films, the intensity of the resonance peaks from organic moieties is not observed 

to change with time. While in powders, the intensity of the intensity of the resonance 



 

119 

peaks of the organic moieties is observed to increase with time. In addition, the 

broadening observed in the acetate resonance peaks in films aged in 98% RH (Figure 

5-22) is not observed in powders (Figure 5-25). The reasons for this difference in 

behavior are currently not known. 

In addition to the changes in peaks of the expected organic moieties, a broad peak 

is observed centered ~ 3250 cm-1. This peak seems to correspond to (OH-). This could 

be either due to absorption of water by the powders or due to reformation of alcohols. 

Since no resonance peaks corresponding to C-H bonds or alkyl groups are observed, 

this peak is presumed to be due to absorption of water by the powders during aging. 

The intensity of this peak is also observed to increase with aging time.  

Resonance intensities from a(CO2
-) are observed to form and grow with aging 

time. This seems to agree with the trend observed for films pyrolyzed at 400C and 

aged in 98% RH (Figure 5-8D). However, no peaks corresponding to the (OH-) are 

observed in these powders.  

5.3.2.2. Thermogravimetric analysis 

Powders pyrolyzed at 300C seem to have considerable mass loss at ~100C 

upon aging (Figure 5-26A). This mass loss could be due to evaporation of water from 

the samples. This mass loss is also observed for powder pyrolyzed at 400C. However, 

this mass loss is observed to be considerably low (Figure 5-26B and inset). For 

powders pyrolyzed at 300C, changes are also observed in the weight loss trends with 

aging. A plateau region is observed for powders at Day 0 between ~ 300C and 450C. 

The temperature region of this plateau is observed to decrease for powders aged for 2 

and 3 days to ~ 400C. For powders aged for longer times, this plateau is observed to 
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increase to ~ 475C. No significant changes are observed in the powders pyrolyzed at 

400C.  

While thermogravimetric analysis (TGA) gives information about the inherent 

response of the gel state to aging, the behavior observed in thin films is affected both by 

the presence of the substrate and inherent behavior of the gel phase. From TGA 

measurements, the inherent crystallization behavior of the gel phase was observed to 

change considerably for powders pyrolyzed at 300C. 

5.4. Conclusions 

The properties of IMO based solution deposited PZT thin films are observed to be 

affected due to aging after pyrolysis. The electrical properties of the films pyrolyzed at 

lower temperature (300C) showed higher variability due to aging than films pyrolyzed 

at higher temperature (400C). The relative humidity during aging seems to affect the 

films differently. No significant differences were observed in the grain morphologies of 

films pyrolyzed at 300C and aged in 20% and 400C and 20%, 44% and 55% RH. 

Films pyrolyzed at 300C and aged in 44% and 55% RH seem to form isolated rosette 

type grains. Films aged in 98% relative humidity seem to be the most affected for both 

pyrolysis conditions. Extensive rosette type grain structure is observed to form upon 

aging. This change in grain morphology could be due to the change in the chemical 

nature of the film as observed in the FTIR spectra. 

Films aged in 20% RH for both pyrolysis conditions were observed to undergo 

minimal changes in the microstructure and texture and, in general, the grain morphology 

was not observed to change. 
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This thesis aims to improve the understanding of the effect of processing 

conditions on the phase and texture evolution of solution deposited thin films. 

Equipment for film deposition does not exist at the Advanced Photon Source, the 

samples had to be fabricated prior to the experiment at Sandia National Laboratories. 

Aging of the films is inevitable. However, since the microstructure of films 300C or 

400C undergoes minimal aging when stored in 20% RH, films processed and stored in 

these conditions could be used to understand phase and texture evolution in these films 

during processing.  
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Figure 5-1. Polarization vs electric field measurements for films pyrolyzed at 300C and 
stored in different RH conditions. A) 20%, B) 44%, C) 55%, and D) 98% 
relative humidity conditions. 

 

Figure 5-2. Polarization - electric field measurements for films pyrolyzed at 400C and 
aged in different RH conditions. A) 20%, B) 44%, C) 55%, and D) 98% 
relative humidity. 
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Figure 5-3. C vs F measurements for films pyrolyzed at 300C and aged in different RH 
conditions. A) 20%, B) 44%, C) 55%, and D) 98% relative humidity. 
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Figure 5-4. C vs F measurements for films pyrolyzed at 400C and aged in different RH 
conditions. A) 20%, B) 44%, C) 55%, and D) 98% relative humidity. 
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Figure 5-5. Variation of relative dielectric constant and tan for films pyrolyzed at 300C 
with aging time. Measurements were performed at 100 Hz.  
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Figure 5-6. Films pyrolyzed at 400C: variation of relative dielectric constant and tan 
with aging time 
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Figure 5-7. FTIR spectrum of films pyrolyzed at 300C and aged in different RH 
conditions. A) 20%, B) 44%, C) 55%, and D) 98% relative humidity. 
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Figure 5-8. FTIR spectrum of films pyrolyzed at 400C and aged in different RH 
conditions. A) 20%, B) 44%, C) 55%, and D) 98% relative humidity  
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Figure 5-9. Films pyrolyzed at 300C and aged in 20% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 9 days ( C and D ) and 30 
days ( E and F ) are shown. 
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Figure 5-10. Films pyrolyzed at 300C and aged in 44% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 9 days ( C and D ) and 30 
days ( E and F ) are shown. 
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Figure 5-11. Films pyrolyzed at 300C and aged in 55% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 9 days ( C and D ) and 30 
days ( E and F ) are shown. 
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Figure 5-12. Films pyrolyzed at 300C and aged in 98% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 9 days ( C and D ) and 30 
days ( E and F ) are shown. 
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Figure 5-13. Films pyrolyzed at 400C and aged in 20% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 2 days ( C and D ), 8 days ( E 
and F ), and 16 days ( G and H ) are shown. 
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Figure 5-14. Films pyrolyzed at 400C and aged in 44% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 2 days ( C and D ), 8 days ( E 
and F ), and 16 days ( G and H ) are shown. 
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Figure 5-15. Films pyrolyzed at 400C and aged in 55% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 2 days ( C and D ), 8 days ( E 
and F ), and 16 days ( G and H ) are shown. 
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Figure 5-16. Films pyrolyzed at 400C and aged in 98% RH: SEM plan view and cross 
section micrographs of crystallized films after specific aging times. Films aged 
in 20% relative humidity for 0 days ( A and B ), 2 days ( C and D ), 8 days ( E 
and F ), and 16 days ( G and H ) are shown. 
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Figure 5-17. XRD measurements of films pyrolyzed at 300C and crystallized after 
aging for specific times. Films were aged in A) 20%, B) 44%, C) 55%, and D) 
98% relative humidity 
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Figure 5-18. Lotgering f111 factor values for films pyrolyzed at 300C and crystallized 
after different aging times 
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Figure 5-19. XRD measurements of films pyrolyzed at 400C and crystallized after 
aging for specific times. Films were aged in A) 20%, B) 44%, C) 55%, and D) 
98% relative humidity 
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Figure 5-20. Lotgering f111 factor values for films pyrolyzed at 400C and crystallized 
after different aging times 

 

Figure 5-21. Different modes of coordination between the metal ion and the acetate 
ions. Adapted from [144].  
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Figure 5-22. Variation in the full width at half maximum (FWHM) of s(C=O) with aging 

time in films pyrolyzed at 300C. Error bars correspond to 95% confidence 
interval.  
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Figure 5-23. Variation in the FWHM of s(C=O) of films pyrolyzed at 400C and aged in 
98% relative humidity. Error bars indicate 95% confidence intervals.  

 

 

Figure 5-24. FTIR spectra of powders aged in aged for different times in 98% RH. 

Powders were pyrolyzed at A) 300C and B) 400C. 
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Figure 5-25. Variation of FWHM with aging time of the a(CO2
-) resonance peak in 

solution derived powders pyrolyzed 300C and 400C. 

 

Figure 5-26. Thermogravimetry plots for powders. The masses were normalized with 
respect to the final mass of the powders. Powders were pyrolyzed at A) 

300C and B) 400C and aged for different times.  
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Figure 5-27. Limited temperature thermogravimetry plots for solution derived powders. 

Powders were pyrolyzed at A) 300C and B) 400C.  
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CHAPTER 6  
EFFECT OF HEATING RATE ON PHASE AND TEXTURE EVOLUTION 

In this chapter, the effect of heating rate on phase and texture evolution in solution 

deposited PZT thin films is presented. The in situ high temperature synchrotron X-ray 

based diffraction techniques described in CHAPTER 3 are used to measure phase and 

texture evolution in solution deposited PZT thin films during crystallization.  

6.1. Experimental Methods 

PZT (52/48) + 10% Pb excess thin films were deposited using IMO based 

solutions. Details on the specifics of the solution preparation have been listed in 

Section 5.1 and are only briefly presented here. Required amounts of zirconium 

butoxide and titanium isopropoxide were vortexed for 5 minutes before addition of acetic 

acid. The solution was further vortexed for 5 minutes to allow for chelation of the 

precursors before addition of methanol. Lead (IV) acetate was then added to the 

solution and solution was heated to 90C to aid the dissolution of lead acetate. After 

dissolution of lead acetate, the solution was cooled and diluted with acetic acid and 

methanol to obtain 0.35 M solutions. 

Films were deposited by spin coating the solution to the platinized silicon 

substrates and then pyrolyzed at 300C after each deposition. Multiple deposition step 

were performed to achieve a final thickness of ~300nm. To measure the phase and 

texture evolution during crystallization in these films, in situ high temperature diffraction 

experiments were performed at beamline 6-ID-B, Advanced Photon Source (APS), 

Argonne National Laboratory. In these experiments, the X-ray beam was incident at an 

angle of ~0.2° to the sample. Diffraction patterns of the sample were measured using a 

MAR SX-165 CCD detector. Each diffraction pattern was collected for an acquisition 
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time of 1 s. The readout time for the detector was ~2 s. To crystallize the thin films, the 

samples were heated using an IR lamp (Osram XENOPHOT). The heating rate for 

crystallization was varied by controlling the voltage on the IR lamp. The voltage applied 

on the lamp was increased in constant steps during the acquisition of the diffraction 

pattern and kept constant during data readout. Different heating rates were achieved by 

changing the number of steps required to reach the final voltage. It was assumed that a 

temperature of ~ 700C needs to be reached for the formation of the perovskite phase. 

Based on this assumption, the average heating rates for the different voltage rates were 

calculated. The heating rates were calculated to be 20C/s, 3C/s, 1C/s and 0.2C/s. 

SEM characterization and TEM analysis of these samples was performed at Sandia 

National Laboratories. 

6.2. Results 

To check for the repeatability of results, each condition was repeated. The phase 

evolution and azimuthal time plots for the different conditions and the repeat 

measurements are provided in APPENDIX C. 

6.2.1. Phase Evolution 

Phase evolution during crystallization of solution deposited PZT thin films at 

different heating rates is shown in Figure 6-1. Diffraction peaks corresponding to 

PtxPb(111), fluorite(111) and perovskite (100) were peak fit with Pearson-VII type 

function to extract the integrated intensity of these peaks. Peak fitting was performed 

using the curve fitting toolbox in MATLAB©. The variation in the integrated intensity of 

these phases during crystallization for different heating rates is shown in Figure 6-2. A 

PtxPb type phase is observed in films crystallized at 20C/s, 3C/s and 1C/s. The PtxPb 
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and fluorite type phases are observed to form before the perovskite phase. The general 

sequence of phase evolution is observed to be similar to the in situ crystallization 

experiments performed using a laboratory diffractometer (Figure 6-1).  

No PtxPb phase is observed in films crystallized at 0.2C/s (12C/min) at APS 

while a PtxPb phase is observed in films in situ crystallized at 5C/min in the laboratory 

diffractometer. This inconsistency in phase evolution during crystallization could be due 

to the following factors: The films used in the in situ laboratory based experiments had 

20% nominally excess lead precursor in them while the films used for experiments in 

the synchrotron based diffraction experiments had 10% excess lead precursor. The 

lower amount of lead precursor in the starting solutions could lead to decrease in the 

formation of the PtxPb phase [128]. This inconsistency could also be due to the 

difference in the types of heating used in these in situ measurements. An IR lamp is 

used in the APS measurements while the films are heated in a furnace in the laboratory 

based measurement. The fluorite phase is always observed to precede the perovskite 

type phase during crystallization.  

6.2.2. Texture Evolution 

The 110 AT plots for the films crystallized using the in situ diffraction setup are 

shown in Figure 6-3. Films crystallized at 20C/s are observed to have a random 

texture. 111 and 100 texture components are observed to be present in films 

crystallized at slower heating rates (3C/s, 1C/s and 0.2C/s). Intensity of the 100 

texture component is observed to increase with decrease in heating rate. To quantify 

the volume fraction of the different texture components, the intensities corresponding to 

the 111 and the 100 texture components were peak fit using the curve fitting tool box in 
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MATLAB. The background was estimated using a linear polynomial. The background 

intensity corresponds to the diffracted intensity from the randomly oriented grains. Peak 

fitting enabled the deconvolution of the diffraction intensities from the 111 and the 100 

texture components. To estimate the volume of the 111 and 100 texture component, 

integration of the pole intensities needs to be performed over the pole figure angle . 

The details of the methodology used for the calculation of the volume fraction of the 

texture components is presented in detail in Section 3.8.  

The variation of the 111 and 100 texture fractions for films crystallized in situ at the 

APS are shown in Figure 6-4. Films crystallized at 3C/s are observed to be (111) 

oriented. The degree of (111) texture is observed to decrease with decrease in heating 

rate. Corresponding to the decrease in the (111) texture, (100) texture fraction is 

observed to increase with decrease in heating rate. 

6.2.3.  SEM and STEM-EDS 

The grain morphology of the in situ crystallized samples was characterized using 

SEM. In films crystallized at 20C/s, rosette type grains are observed to form in this film 

(Figure 6-5A). A bimodal grain structure is observed in the cross-section (Figure 6-5B) 

along with porosity in the middle of the film. This trapped porosity could form due to 

bimodal grain growth [61]. A columnar grain structure is observed for films crystallized 

at lower heating rates. The grain sizes observed in the plan view are observed to 

increase with decrease in heating rate (Figure 6-5 - Figure 6-8). 

Chemical mapping of the cation segregation across the thickness of the thin films 

was performed using energy dispersive spectroscopy (EDS) in a scanning transmission 

electron microscope (STEM). The obtained EDS spectra were processed using 
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multivariate statistical analysis (MSA) to achieve nanometer scale resolution of cation 

segregation. Details on this STEM-EDS technique can be found elsewhere [139, 142, 

147-149].  

A strong Ti segregation is observed at the film – Pt interface in films crystallized at 

20C/s (Figure 6-9). The Zr/Ti ratio in this film is observed to increase towards the 

center of the thin film. Ti segregation is also observed for films crystallized at 3C/s 

(Figure 6-10). The Zr/Ti ratio in these films is observed to increase towards the surface. 

For films crystallized at 1C/s and 0.2C/s, no Ti segregation at the film – Pt electrode 

interface is observed (Figure 6-11 and Figure 6-12, respectively). Variation in the Zr/Ti 

ratio is observed across the thickness of the film. However, this variation in the Zr/Ti 

ratio is observed to be less than the variation observed in films crystallized at 20C/s 

and 3C/s. 

6.3. Discussion 

Crystallization of solution derived PZT thin films is nucleation limited [110]. Both 

heterogeneous and homogenous nucleations are observed to occur in CSD PZT thin 

films. Heterogeneous nucleation is thermodynamically more favorable. However, 

homogenous nucleation could be activated in the thin film if high temperatures are 

reached prior to complete crystallization of the film. Hence kinetic factors such as small 

energy difference between heterogeneous and homogeneous nucleation free energies 

and fast heating rates have been suggested to cause activation of the homogenous 

nucleation during crystallization [38]. Heterogeneous and homogeneous nucleation 

events can be distinguished from the final grain morphology of the films. Heterogeneous 

nucleation of PZT grains at the film – substrate interface has been shown to lead to the 
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formation of columnar grains while homogenous nucleation leads to the formation of 

rosette type grain morphology [38]. 

In thin films in situ crystallized at 20C/s rosette type grains are observed. These 

grains could be due to crystallization through homogenous nucleation. Consistent with 

the observation of rosette type grains, no preferred orientation is observed in these 

films. The formation of porosity in the middle of the thin films can also be explained 

based on the nucleation mechanism during crystallization. Transformation from the 

fluorite to the perovskite phase involves a decrease in volume. Since homogenously 

nucleated grains lack directionality, the porosity formed due to this decrease in volume 

could be trapped in the bulk of the film [61].  

The variation in the Zr/Ti ratio across the film thickness observed in the films in this 

study is similar to that observed in previous studies [141, 150, 151]. However, in this 

study, the Zr/Ti segregation is observed to decrease with decrease in heating rate. 

Hence, the Zr/Ti segregation observed in these thin films may not be thermodynamically 

driven. The lack of Zr/Ti segregation is films crystallized at slow heating rates in this 

study is consistent with the results obtained by Shelton et al. [26] on films processed 

through the IMO route – similar to films used in this study. The films used in this study 

were prepared through the IMO route while earlier studies used sol-gel based routes. 

The thermodynamic behavior of the thin films could be dependent on the route used for 

the preparation of the solution. 

To better understand the formation of Zr/Ti segregation across the thickness of the 

thin film, the change in the lattice parameter of perovskite PZT during crystallization are 

plotted (Figure 6-13). Lattice parameter of perovskite PZT was obtained through the 
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peak fitting of the perovskite (100) peak with a Gaussian profile shape function in 

MATLAB. No significant differences are observed in the change of perovskite PZT 

lattice parameter between films crystallized at different heating rates. It is observed that 

the lattice parameter of perovskite PZT decreases after formation in films crystallized at 

all heating rates. This decrease in lattice parameter could be due to volatilization of any 

excess lead present in the thin film [152]. However, no correlation could be found 

between the decrease in the perovskite PZT lattice parameter during crystallization and 

the Zr/Ti segregation observed in the thin film. 

From TEM EDS maps (Figure 6-9 - Figure 6-12) a sharp Ti segregation layer is 

observed in films crystallized at 20C/s and 3C/s. This Ti segregation could be due to 

the diffusion of Ti from the adhesion layer to the surface of the Pt electrode. Diffusion of 

titanium from the adhesion layer was observed in several studies by previous 

investigators [63-65, 68]. Recently, Shelton et al. [26] characterized Zr/Ti segregation in 

IMO based solution derived PZT thin films with different adhesion layers (Ti, TiOx and 

ZnO). Zr/Ti segregation was observed in PZT films deposited on Pt/Ti bilayers, while 

less Zr/Ti segregation was observed in films deposited on Pt/TiOx bilayers and Pt/ZnO 

bilayers. The titanium segregation observed in PZT films crystallized on Pt/Ti layers was 

suggested to be due to the diffusion of the titanium from the adhesion layer. Hence, the 

titanium segregation observed towards the film – substrate interface could be due to the 

migration of the titanium for the adhesion layer. During crystallization at slow heating 

rates, oxygen from the atmosphere could diffuse through the film and oxidize titanium. 

This oxidation of titanium could decrease the mobility of titanium and prevent it from 

diffusion to the surface of the platinum electrode [64].  
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The trend in the variation of (111) and (100) texture with heating rate is consistent 

with observations of Chen et al. [106]. However, Chen et al. observe a (111) texture for 

the fastest heating rate used in their study. The fastest heating rate during crystallization 

in the study by Chen et al. was achieved by directly inserting the films into a preheated 

furnace at 700C, while in this study the films were crystallized using an IR lamp – 

similar to an RTA. The difference in the heating method could lead to this difference in 

crystallization behavior [153]. However, the general trend in the variation of (111) and 

(100) textures with change in heating rate is observed to be similar to that reported by 

Chen et al.[106].  

The metastable intermetallic PtxPb phase has been suggested preferentially 

nucleate the perovskite 111 texture component crystallization of PZT thin films. The 

perovskite phase is suggested to be seeded by the PtxPb phase due to the smaller 

lattice mismatch between the PtxPb phase and the perovskite phase [78, 83, 154]. 

However, from the phase evolution plots, no overlap is observed between the PtxPb 

phase and the perovskite phase. Hence the PtxPb phase might not directly seed the 

111 texture component in these thin films. A more detailed investigation into the 

formation of the PtxPb phase is presented in CHAPTER 7.  

The fluorite phase is observed to precede the perovskite phase for all heating 

rates. It has been suggested that the formation of fluorite phase could be completely 

avoided by using the high heating rates, such as achievable by rapid thermal annealing 

(RTA) [88, 122]. However, early work by Sayer’s group suggested that avoiding this 

fluorite phase might not be possible – even for films crystallized at fast heating rates 

[79, 80, 155]. Transformation of the amorphous phase to the fluorite type structure is 
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suggested to be preferred due to the lower atomic rearrangement required for the 

transformation [61, 76, 94]. These results by previous investigators agree well with the 

phase evolution observed in films crystallized at different heating rates.  

Other mechanisms suggested to control texture in PZT thin films include fluorite 

crystallinity [72], formation of Pt3Ti intermetallic at the interface [64], formation of rutile 

seeds due to diffusion of the Ti from the adhesion layer to the surface of the Pt 

electrode [69] and oxygen stoichiometry during processing [82, 83, 121]. To identify the 

differences in the fluorite phase present in the thin film at different heating rates, the 

fluorite (111) peak before the formation of the perovskite phase was peak fit to extract 

the FWHM of the peak. The variation of the FWHM of the fluorite (111) peak with 

heating rate is shown in Figure 6-14. No consistent changes with heating rate are 

observed in the width of the fluorite phase. To verify the presence of preferred 

orientation in the fluorite phase, the measured fluorite (111) diffraction intensities over 

the measured azimuthal angle range was extracted. No preferred orientation could be 

observed from the fluorite (111) diffraction intensities for films crystallized at different 

heating rates (Figure 6-15). Hence, no evidence for seeding of the perovskite 

orientation by the fluorite phase could be found. 

Diffusion of the titanium from the adhesion layer has been suggested to seed 111 

texture component during crystallization of solution deposited PZT thin films [107]. The 

titanium diffusing from the adhesion layer was suggested control the texture of the thin 

film through the formation of rutile seeds at the film-substrate interface. The rutile seeds 

could form due to the oxidation of titanium [63, 68]. This mechanism agrees well with 

the compositional maps of the films in situ crystallized in this study. Intense Ti 
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segregation, possibly due to diffusion of Ti from the adhesion layer, is observed for films 

crystallized at fast heating rates. However, fast heating rates are also concomitant with 

the presence of reducing conditions at the film – substrate interface. Reducing 

conditions have been suggested to control the orientation of these films. Hence either 

rutile seed formation and/or reducing conditions could lead to the stabilization of the 

(111) orientation in these thin films. Platinized silicon substrates with TiOx and ZnO 

adhesion layers allow for limited diffusion of titanium to the film – substrate interface. 

Hence, in situ measurements were performed on CSD PZT thin films on platinized 

silicon substrates with different adhesion layers to better understand the effect of 

adhesion layer on phase and texture evolution in these thin films. The results of these 

measurements are presented in CHAPTER 8. 

6.4. Conclusion 

In situ diffraction measurements were performed during crystallization of PZT thin 

films. Films crystallized at 20C/s were observed to be randomly texture, possibly due to 

homogenous nucleation. Intense titanium segregation is observed in films crystallized at 

fast heating rates (20C/s and 3C/s). This titanium segregation could be due to 

diffusion of titanium from the adhesion layer. No evidence was found for seeding of 

(111) orientation in PZT thin films by the PtxPb intermetallic or the fluorite phase.  
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Figure 6-1. Phase evolution during crystallization of solution deposited PZT thin films. 

Films were crystallized by heating at A) 20C/s, B) 3C/s, C) 1C/s, and D) 

0.2C/s 
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Figure 6-2. Variation of integrated intensity of the crystalline phases formed in solution 

deposited PZT thin films. A) 20C/s, B) 3C/s, C) 1C/s, and D) 0.2C/s. 
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Figure 6-3. (110) AT plots for films crystallized at different heating rates. * indicate 
intensities from (111) type texture and arrows indicate (100) type texture. A) 

20C/s, B) 3C/s, C) 1C/s, and D) 0.2C/s.  
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Figure 6-4. Variation of texture in films in situ crystallized at different heating rates 

 

Figure 6-5. SEM micrographs of films crystallized at 20C/s. A) Plan and B) cross 
section views.   



 

159 

 

Figure 6-6. SEM micrographs of films crystallized at 3C/s. A) Plan and B) cross section 
views.   

 

Figure 6-7. SEM micrographs of films crystallized at 1C/s. A) Plan and B) cross section 
views.   

 

Figure 6-8. SEM micrographs of films crystallized at 0.2C/s. A) Plan and B) cross 
section views.   
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Figure 6-9. STEM-EDS compositional maps of films crystallized at 20C/s 

 
Figure 6-10. STEM-EDS compositional maps of films crystallized at 3C/s 
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Figure 6-11. STEM-EDS compositional maps of film crystallized at 1C/s 

 

 
Figure 6-12. STEM-EDS compositional maps of film crystallized at 0.2C/s 

 



 

162 

 
Figure 6-13. Change in the lattice parameter of perovskite PZT after formation during 

crystallization.  Films were crystallized at A) 20C/s, B) 3C/s, C) 1C/s and D) 

0.2C/s. 
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Figure 6-14. Variation of the FWHM of the fluorite (111) peak with heating rate 

 
Figure 6-15. Variation of pole intensity with azimuthal angle () for the fluorite phase 

formed during crystallization at different heating rates 
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CHAPTER 7  
FORMATION OF PTXPB 

The PtxPb metastable intermetallic phase formed during crystallization of solution 

deposited PZT thin films has been suggested to seed (111) orientation in PZT thin films 

[78, 81, 83]. However, a consensus on the structure and stoichiometry of the PtxPb 

phase formed during crystallization is lacking. This chapter focuses on the improving the 

understanding of the formation of PtxPb phase during crystallization using the 

synchrotron X-ray diffraction based in situ measurement technique developed in this 

work. 

7.1. Introduction 

The formation of PtxPb in solution deposited PZT thin films was suggested to be 

due to the highly reducing conditions present in the thin films during crystallization[81]. 

Reducing conditions in the thin film could form due to the oxidization of the remnant 

organic moieties. The reducing condition in the film, are suggested to lead to reduction 

of the lead precursor in the solution deposited thin film from a Pb+2 to a metallic Pb0 [81]. 

Based on thermodynamic calculations [156], at ~400C a pO2 of ~ 10-20 atm needs to be 

reached for the reduction of lead(II) oxide to metallic lead (Figure 7-1) [18]. Very fast 

heating rates and low pyrolysis temperatures are suggested to enable the formation of 

these highly reducing conditions [157]. Brooks et al. [82] observed that the PtxPb 

intermetallic phase could be reformed in an uncrystallized PZT thin film by using a 

reducing atmosphere.  

Different crystal structures and stoichiometry were suggested for the PtxPb phase 

in different studies. Chen et al. [81] based on SEM EDS suggested that the Pt/Pb molar 

ratio in PtxPb is ~ 5-7. Other researchers reported a Pt/Pb molar ratio of 3-4 [78, 82, 
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116]. In a recent study by Dippel et al. [158] two different PtxPb phases, a Pt3Pb (cubic, 

space group Pm-3m) and a PtPb type (hexagonal, space group P63/mmc) phase, were 

observed to form. The relative stability of the Pt3Pb and the PtPb phase was found to be 

dependent on the specific Zr/Ti stoichiometry of the thin films. In general, the PtxPb type 

phases were reported to form at higher temperatures in Zr-rich compositions. The PtPb 

phase preceded the formation of the Pt3Pb phase. 

In the study by Dippel et al., atypical processing conditions such as 

hyperstoichiometry of lead precursor and very thick films ( t~ 1m) were used to create 

favorable conditions for the reduction of the lead precursor. Hence, the formation 

sequence of the PtxPb type phases observed in this work could have limited applicability 

to conventionally processed thin films. In situ high temperature diffraction techniques 

could help to improve the understanding of the formation and stability of PtxPb phases 

in conventionally processed solution deposited thin films. Better knowledge of the 

formation and stability of the PtxPb phase could improve understanding of texture 

evolution in solution deposited PZT thin films. 

7.2. Experimental 

PZT (52/48) solutions with 10% and 20% nominally excess lead precursor were 

prepared through the IMO route with a solution molarity of 0.35 M. These solutions were 

spin coated onto platinized silicon substrates (Pt(170 nm)/Ti(40 nm)/SiO2(400 nm)/Si 

acquired from SQI) at 3000 rpm. These films were pyrolyzed at 300C on hot plate 

before subsequent depositions. Two more deposition and pyrolysis steps were 

performed to achieve a film thickness of ~300 nm. The final crystallization step was 



 

166 

performed using the in situ laboratory and synchrotron setups while diffraction 

intensities were continuously during crystallization.  

During in situ laboratory measurements, the films were crystallized by heating the 

films in a furnace. Films made from PZT (52/48) + 20% Pb excess solutions were used 

in these measurements. The furnace was ramped to 650C at 5C/s and held for 20 

minutes upon reaching the final temperature. Diffraction patterns were continuously 

acquired during heating with an acquisition time of 60s. To investigate the texture 

relationships between the PtxPb formed and the Pt electrode, the film was quenched 

after the formation of the PtxPb phase(T ~ 400C) by turning the furnace off and letting 

the sample furnace cool. (111) pole figure measurements of Pt and the PtxPb phase 

were obtained using a Phillips X’Pert 4-circle diffractometer. 

In situ measurements using synchrotron x-ray diffraction were performed during 

crystallization of solution deposited PZT + 10% Pb excess thin films. Films were 

crystallized at different heating rates while diffraction images were simultaneously 

collected using a GE amorphous silicon detector. Data reduction methodologies were 

then applied to extract and represent evolution of phases and texture during 

crystallization. For extraction of phase information, the methodologies applied were 

similar to those described in CHAPTER 3, except that intensities were integrated from  

= 5 - 175. Integration over a wide  range was performed to account for the presence of 

any textured PtxPb phases. 

7.3. Results and Discussion 

Phase evolution measured using the laboratory setup is shown in Figure 7-2. A 

PtxPb phase is observed first followed by a fluorite phase and finally a perovskite phase. 
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The trend in phase evolution is observed to be similar to the PLZT films investigated in 

CHAPTER 4 and hence further discussion on phase evolution is not presented here. 

Diffraction intensities from the PtxPb phase are observed to be present at ~ 38.5. This 

peak position corresponds to the Pt3Pb phase observed by earlier investigators [116, 

159]. No intensities corresponding to the formation of a PtPb phase were observed.  

During in situ crystallization, a PtxPb is observed to form in the thin films heated at 

65C/s, 32C/s and 11C/s (Figure 7-3 - Figure 7-6). The position of the diffraction 

intensities from the PtxPb phase formed in these films corresponds well with Pt3Pb type 

phase reported by Huang et al. [78]. No diffraction intensities corresponding to the 

formation of a PtPb (Table 7-1) [158] or other PtxPb type phases were observed. 

Limited 2 - time phase evolution plots for the different heating rates are shown in 

Figure 7-3B, Figure 7-4B, Figure 7-5B, and Figure 7-6B. The structure of the Pt3Pb 

seems to correspond well to the PtxPb phase (JCPDF# 06-0574), however the lattice 

parameter of the PtxPb phase formed in these films seems to be larger (a = 4.08 

angstroms). The observed higher lattice parameter is consistent with reports by Huang 

et al. and Kaewchinda et al. [78, 116]. The powder diffraction spectrum expected for this 

structure with a higher lattice parameter was calculated using CrystalDiffract© and is 

listed in Table 7-2. Hence, the PtxPb phase formed during crystallization of these films 

corresponds to a Pt3Pb phase.  

From the limited phase evolution plots, the maximum intensity of the Pt3Pb formed 

is observed to decrease with decrease in heating rate during crystallization. To quantify 

the variation of the Pt3Pb phase with heating rate, the intensities corresponding to the 

Pt3Pb phase were peak fit with a Pearson-VII type function using the curve fitting 
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toolbox in Matlab©. To account for any changes in the measured intensity due to 

differences in the X-ray beam attenuation and acquisition time used during in situ 

diffraction measurements at different heating rates, the integrated intensity of the Pt3Pb 

phase was normalized using the integrated intensity of the Pt peak observed at the start 

of the experiment. The variation of the intensity of the Pt3Pb phase with heating rate is 

shown in Figure 7-7. The normalized Pt3Pb integrated intensity is observed to decrease 

with decrease in heating rate. This trend in the decrease in the amount of Pt3Pb formed 

with decrease in heating rate is consistent with trend suggested by Chen et al. [81] and 

Huang et al.[159] 

The 2D detector used in the APS experiments captures both phase and texture 

information simultaneously. The diffraction images measured by the 2D detector at 

times corresponding to the maximum intensity of the Pt3Pb are shown in Figure 7-8. - 

Figure 7-11. Using this representation, both the phases present in the thin film and their 

texture can be observed. The texture of the Pt3Pb phase is observed to template from 

Pt bottom layer. The texture relationship between Pt3Pb phase and platinum is 

observed to be similar at all heating rates. The similarity in the texture of the Pt3Pb 

phase and the Pt layer is consistent with the epitaxial relationship observed between the 

Pt3Pb phase and the Pt layer by Kaewchinda et al. [116].  

The texture relationship between the Pt3Pb phase and the platinum bottom 

electrode were further verified through pole figure measurements on samples with 

quenched in Pt3Pb phase. Solution deposited PZT + 20% Pb excess films were heated 

in the laboratory X-ray diffraction based in situ measurement setup at 5C/s. Upon the 

formation of the Pt3Pb phase at 400C, the samples were quenched by turning the 
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furnace off and letting the samples furnace cool. Upon cooling, pole figures of Pt(111) 

and Pt3Pb(111) were measured using a Phillips X’Pert 4-circle MRD diffractometer and 

are shown in Figure 7-12 and Figure 7-13, respectively. Consistent with the results 

obtained on films in situ crystallized using the synchrotron X-ray diffraction based 

techniques, the fiber axis of the Pt3Pb(111) diffraction intensities is aligned along the 

fiber axis of the Pt 111 texture component.  

The Pt3Pb phase has a cubic crystal structure with a lattice parameter close to 

platinum (Figure 7-14 and Figure 7-15). In addition the Pb – Pt coordination in Pt3Pb is 

similar to the Pt – Pt coordination in platinum. Due to the low atomic rearrangement and 

similar lattice parameters, the Pt3Pb could form a coherent/semi-coherent interface with 

the platinum layer and thus mimic the platinum texture. The similarity in the atomic 

arrangements in the Pt3Pb and Pt are shown in Figure 7-16. The absence of formation 

of a PtPb phase could be due to the lower amount of metallic lead formed in these thin 

films or due to greater amount of atomic rearrangement required for the formation of 

PtPb. Hence, from the synchrotron and laboratory based measurements, it can be 

concluded that the Pt3Pb inherits its texture from the Pt bottom electrode due to a cube 

on cube orietational relationship. 

The stability of the Pt3Pb phase during storage was also investigated by 

measuring diffraction patterns of the quenched Pt3Pb phase at sequentially increasing 

aging times (Figure 7-17 ). No significant variation in the intensity of the Pt3Pb phase 

was observed until 28 days after the Pt3Pb phase was quenched in the thin film. 

Measurements beyond 28 days of aging were not performed. Hence, the Pt3Pb phase is 

stable against decomposition for up to 28 days after formation. 
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Based on the experimental observation of the formation of Pt3Pb, a mechanism for 

the formation of Pt3Pb phase in these films is suggested (Figure 7-18). The metallic lead 

formed due to the reduction of lead oxide in the amorphous film could diffuse into the 

platinum layer. Platinum alloys with lead and forms a substitutional alloy until Pt:Pb = 

3:1 (Figure 7-14). Upon further formation and diffusion of metallic lead into platinum a 

Pt3Pb phase could be formed. With further heating during crystallization, the Pt3Pb 

phase decomposes and the Pb from the Pt3Pb phase diffuses into the film and towards 

the substrate. Diffusion of Pb into the substrate is kinetically limited and hence most of 

the Pb could be absorbed by the PZT thin film. Some amount of Pb could reach the 

adhesion layer and beyond into the thermal oxide layer.  

7.4. Conclusion 

The metastable Pt3Pb phase is observed to form in PZT thin films crystallized at 

fast heating rates. The amount of the Pt3Pb phase formed in the thin films is observed 

to decrease with decrease in heating rate. The Pt3Pb phase is observed to have a cube 

on cube orientational relationship with the platinum bottom electrode.  
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Table 7-1. Calculated powder diffraction reflection positions for PtPb at  = 0.5462 
angstroms. The space group of the material is P63/mmc, with a = 3.358, b = 
3.358 and c = 4.0580 angstroms. 

h k l 2 d 

1 0 0 10.7771 2.90811 

1 0 1 13.2689 2.36380 

0 0 2 15.4708 2.02900 

1 1 0 18.7222 1.67900 

0 1 2 18.8924 1.66402 

0 2 0 21.6511 1.45406 

0 2 1 23.0169 1.36884 

1 1 2 24.3766 1.29355 

 

Table 7-2. Plane indices and 2 values expected in the powder pattern for Pt3Pb at  = 

0.5462 angstroms. The 2 values were calculated using Crystal Diffract ©. 
The crystal structure was modeled based on JCPDF#06-0574 with a Pm-3m 
space group and lattice parameter of 4.05 angstroms.  

h k l 2 d 

0 0 1 7.7328 4.05000 

0 1 1 10.9442 2.86378 

1 1 1 13.4141 2.33827 

0 0 2 15.5011 2.02500 

0 1 2 17.3441 1.81122 

1 1 2 19.0142 1.65341 

0 2 2 21.9898 1.43189 
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Figure 7-1. Thermodynamic stability of the constituent metals in PZT towards oxidation 
and reduction 

 

Figure 7-2. Phase evolution showing the formation of PtxPb metastable phase and the 
final perovskite phase (Pe) during in situ crystallization in the Inel 
diffractometer.  
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Figure 7-3. Results on in situ crystallization experiment performed at 64C/s A) Phase 

evolution and B) limited 2 plot for films.  indicates Pt diffraction peaks and  
denotes Pt3Pb diffraction peaks 

 
Figure 7-4. Results on in situ crystallization experiment performed at 68C/s. A) Phase 

evolution and B) limited 2 plot films.  indicates Pt diffraction peaks and  
denotes Pt3Pb diffraction peaks 
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Figure 7-5. Results on in situ crystallization experiment performed at 32C/s A) Phase 

evolution and B) limited 2 plot for films.  indicates Pt diffraction peaks and  
denotes Pt3Pb diffraction peaks 

 

Figure 7-6. Results on in situ crystallization experiment performed at 11C/s A) Phase 

evolution and B) limited 2 plot for films.  indicates Pt diffraction peaks and  
denotes Pt3Pb diffraction peaks 
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Figure 7-7. Variation of maximum normalized PtxPb intensity with decrease in heating 
rate. Error bars indicate 95% confidence intervals. 

 

Figure 7-8. 2 -  plot for film crystallized at 64C/s.  indicates Pt3Pb phase and  
denotes Pt. 
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Figure 7-9. 2 -  plot for films crystallized at 68C/s.  indicates Pt3Pb phase and  
denotes Pt.  

 

Figure 7-10. 2 -  plot for films crystallized at 32C/s.  indicates Pt3Pb phase and  
denotes Pt. 
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Figure 7-11.2 -  plot for films crystallized at 11C/s.  indicates Pt3Pb phase and  
denotes Pt. 

 

Figure 7-12. (111) pole figure of Pt substrate in the quenched sample 
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Figure 7-13. (111) pole figure of PtxPb phase in the quenched sample 

 

Figure 7-14. Pt – Pb binary phase diagram [160]. 
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Figure 7-15. Crystal structure of Pt3Pb phase (JCPDF#06-0574) 

 

Figure 7-16. Stacking of Pt(111) and Pt3Pb(111) planes showing similarities in atomic 
arrangements. 
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Figure 7-17. Diffraction patterns of the quenched in Pt3Pb phase in solution deposited 
PZT thin film measured at sequentially increasing aging times.  

 

Figure 7-18. Proposed sequence for the formation and disappearance of the Pt3Pb 
phase. 
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CHAPTER 8  
EFFECT OF ADHESION LAYER ON PHASE AND TEXTURE EVOLUTION  

The effect of the adhesion layer in the substrates on the phase and texture 

evolution in PZT thin films is not well understood. To better understand the effect of the 

adhesion layer on crystallization of PZT thin films solution deposited on platinized silicon 

substrates, films were deposited on substrates with various adhesion layers. Substrates 

with titanium, titanium oxide (TiOx) and zinc oxide (ZnO) adhesion layers were 

investgated. Phase and texture evolution during crystallization of solution deposited 

PZT thin films on these substrates was measured in situ at beamline 6-ID-B, Advanced 

Photon Source, Argonne National Laboratories.  

8.1. Experimental Methods 

8.1.1. Preparation of Substrates 

The Pt/Ti substrates used in this study were purchased from Silicon Quest 

International, Inc. In these substrates, 40nm of titanium was deposited on silicon 

substrates with 400 nm of thermal oxide (SiO2). Prior to deposition of titanium the 

chamber was pumped to 2.9*10-7 Torr and the sputtering was performed in an argon 

environment. The platinum layer (170 nm) was deposited after deposition of the titanium 

layer without breaking the vacuum.  

The Pt/TiOx and the Pt/ZnO substrates used were made in house at Sandia 

National Laboratories. Details of the preparation of these substrates are provided in 

CHAPTER 2 and the process is only briefly described here. 3” silicon wafers with 400 

nm of thermal oxide were used as the starting substrates for preparation of these 

substrates. For Pt/TiOx substrates, 40 nm of titanium was sputtered onto the starting 

substrates using RF magnetron sputtering. After deposition, the titanium layer was 
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oxidized in 15 mTorr of oxygen at 450C for 30 minutes. The titanium layer might not 

completely oxidize in these conditions and hence this layer is designated at TiOx. For 

the preparation of Pt/ZnO substrates, 40 nm of ZnO was RF sputter deposited onto 

silicon substrates. 100 nm of platinum was rf sputter deposited after deposition of the 

adhesion layer. After deposition of the Pt layer the Pt/ZnO substrates were directly 

inserted into a furnace preheated to 700C and annealed for 10 minutes under ambient 

atmospheric conditions. Only substrates with ZnO adhesion layers were additionally 

processed through this annealing heat treatment prior to deposition of PZT thin films.  

The fourth set of substrate used in this investigation were obtained from the army 

research lab and had a TiOx adhesion layer[161]. During the fabrication of these 

substrates, titanium was sputtered onto 4” silicon substrates with 500 nm of thermal 

oxide. After sputter deposition of titanium, the substrates were annealed (650C - 

800C) in a tube furnace to oxidize the titanium to titanium dioxide. 100nm of platinum 

was sputter deposited after the oxidation of titanium to titanium oxide. These substrates 

are designated as ARL Pt/TiOx for the reminder of the chapter.  

8.1.2. APS Setup 

PZT (52/48) solutions with 10% nominal excess Pb precursor prepared using the 

IMO solution preparation route and spin coated onto the platinized silicon substrates. 

Films were pyrolyzed at 300C- except film deposited on ARL Pt/TiOx substrates, these 

were pyrolyzed at 350C. Three sets of deposition and pyrolysis steps were performed 

to achieve films with t~250 nm on each substrate. After deposition and pyrolysis, the 

films were stored in desiccators maintained at ~20% relative humidity (RH). RH was 

maintained through the equilibrium aqueous tension of the LiCl salt in contact with its 
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supersaturated solution at the bottom of the desiccator [133]. The films were crystallized 

using the in situ setup at beamline 6-ID-B, Advanced Photon Source, Argonne National 

Laboratory. For these measurements a GE amorphous silicon detector was used. The 

GE amorphous silicon detector has a higher frame rate capability (8 frames/s) and 

allows for in situ investigation at faster heating rates [162, 163]. 

The heating rate used during in situ crystallization was varied by controlling the 

rate of change of voltage on the IR lamp. The temperatures at different times were 

estimated using ceria temperature calibration (chapter 3.9). These average heating 

rates at the highest heating rate observed in these samples are listed in Table 8-1. To 

ensure repeatability in measurements, two sets of samples were in situ crystallized for 

each of the heating rate investigated in this study. The results of the phase and texture 

evolution were observed to be consistent with the duplicate set of samples and the 

phase evolution and azimuthal time plots for both sample sets are shown in APPENDIX 

D. 

8.2. Results 

The texture of the platinum layer was observed to vary with the adhesion layer 

used. To quantify the variation of the platinum texture, the texture intensities of the (111) 

and (222) Pt peaks were peak fit using a Gaussian function. Since the texture intensities 

present at  = 90 could be artificially broadened due the diffraction geometry, the 

FWHM of the diffraction peaks present at  = 19.48 and 160.52 were used to evaluate 

the sharpness of the Pt texture. Additional (111) and (222) diffraction intensities 

corresponding to the 111 texture component are present at the  = 19.48 and 160.52 
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due to plane multiplicities of the (111) and (222) planes. The obtained FWHM of 

platinum on substrates with different adhesion layers are shown in Figure 8-1.  

Due to the higher frame rate achievable by the GE detector, phase and texture 

evolution during faster heating rates could be measured. The fastest heating rate 

achieved using this setup was ~68C/s upon ramping the voltage applied on the IR 

lamp at 1V/s. Ramping the voltage on the IR lamp at faster rates did not lead to any 

significant increase in the heating rate. Hence, heating rate of the film could be limited 

by its IR absorptivity. 

 The phase evolution plots for films deposited on different substrates and in situ 

crystallized at various heating rates are presented in Figure 8-3 and Figure 8-4. The key 

to the interpretation of these phase evolution plots is provided in Figure 8-2. During fast 

heating rates, a Pt3Pb metastable intermetallic is observed to form first and then a 

pyrochlore structured phase is formed. The perovskite phase is observed to form after 

the formation of a pyrochlore structured phase. The maximum intensity of the Pt3Pb 

phase is observed to decrease with decrease in heating rate and is not observed for 

films crystallized at 1C/s and 0.5C/s.  

The sequence of phase formed during crystallization of the films is observed to be 

consistent with the results obtained on the laboratory diffractometer (CHAPTER 4) and 

previous APS experiments (CHAPTER 6). Phase evolution is observed to be also 

consistent between the films deposited on various substrates crystallized at similar 

heating rates. The additional peak observed in the Pt/ZnO substrate at ~12.5 

corresponds to the (0002) ZnO diffraction peak. Only the (0002) diffraction peak is 

observed from the ZnO adhesion layer, suggesting that this layer is textured.  The Pt3Pb 
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intermetallic is observed to form in films crystallized at 64C/s (inst), 68C/s, 32C/s and 

11C/s. No Pt3Pb phase is observed in films crystallized at 1C/s and 0.5C/s.  

The 110 AT plots showing the texture evolution in these thin films during 

crystallization are shown in Figure 8-5 and Figure 8-6. A 111 texture component is 

observed in films crystallized at fast heating rates (64C/s, 68C/s, 32C/s, and 11C/s). 

This trend is consistent between films deposited on different substrates. For films 

crystallized at 1C/s and 0.5C/s, the texture of the PZT thin films is observed to be 

different for films deposited on different substrates. A mixed 111 and 100 texture 

components were observed for films deposited on Pt/Ti substrates. However, for films 

deposited on Pt/TiOx 100 and 111 texture components are observed for 1C/s heating 

rate and 111 texture component is observed for films crystallized at 0.5C/s. For films 

deposited on substrates with ZnO adhesion layer, a 111 texture component is observed 

for films crystallized at 1C/s and films crystallized at 0.5C/s are observed to be 

randomly oriented. 110 texture components are also observed to be present in these 

thin films. However, these texture intensities are only observed in films crystallized at 

fast heating rates. 

To quantify the formation and growth of texture components in the thin film during 

crystallization peak fitting of the (110) diffraction intensities as performed. Peak fitting 

was performed using the curve fitting toolbox in MATLAB©. A Pearson-VII type function 

was used to estimate the peak profile of the texture components. A Pearson-VII function 

was used to account for broad shoulders of the texture components. Prior to peak fitting 

of the texture components, the background intensity of the (110) diffraction intensities 

was estimated using a linear polynomial. For a thin film with no randomly oriented 
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grains, this background intensity would be zero since a background subtraction was 

performed prior to data binning. Hence, the background intensity of the (110) diffraction 

intensities is contributed by the random texture component of the film. Details of the 

methodology used for the calculation of the volume of the texture fraction are presented 

in Section 1.5. 

The variation of the different texture fractions in the films deposited on various 

substrates are shown in Figure 8-7 - Figure 8-9. The refined values for the FWHM of the 

111 and 100 texture components from the peak fitting routine are shown in Figure 8-10 - 

Figure 8-12. Plan and cross section micrographs for films deposited on Ti (Figure 8-13 

and Figure 8-14), TiOx (Figure 8-15 and Figure 8-16) and ZnO (Figure 8-17 and Figure 

8-18) adhesion layers were captured using SEM. A fine grained microstructure is 

observed to form in some of the films (eg. Films deposited on Ti adhesion layer 

substrates and crystallized at 64C/s and 32C/s). A predominantly columnar type grain 

structure is observed in the rest of the films. In general, the grain size is observed to 

increase with decrease in heating rate.  

8.3. Discussion 

The results obtained on the films investigated in this chapter are observed to be 

mostly consistent with previous results obtained during in situ crystallization of solution 

deposited PZT thin films presented in CHAPTER 6. Films heated at 20C/s in 

CHAPTER 6 were observed to be randomly textured, while 111 texture components are 

observed in the thin film crystallized at fast heating rates in this chapter. Thin film 

samples used in CHAPTER 6 were not controlled for aging in the precrystallized thin 

film during storage (CHAPTER 5) while films used during later beam time were stored in 
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controlled humidity conditions. This difference in storage during transportation of the 

samples to APS could be the reason for the difference in texture. 

A consistent trend towards the formation of 100 texture components during 

crystallization is only observed in thin films with titanium adhesion layer (SQI 

substrates). In films crystallized by increasing the voltage applied on the IR lamp at 

0.005V/s the 111 and 100 texture components are observed to form at the same instant 

(Figure 8-19A). The (100) planes are the low surface energy planes for the perovskite 

crystal structure [164] and are expected to have a faster growth rate compared to other 

planes such as (111). However, the growth rates of the 100 and 111 texture 

components are observed to be similar in these thin films. Hence, kinetic factors might 

have a more prominent role during crystallization of solution deposited PZT thin films 

than the equilibrium surface free energies.  

FWHM obtained from the peak fitting procedure was used as a metric to quantify 

the sharpness of the texture components (Figure 8-19B). During formation of the 

perovskite phase, the FWHM of the 100 and the 111 texture components is observed to 

follow different trends. The FWHM of the 100 texture component is broad initially while 

the 111 texture component is sharp during initial stages of formation. Both 111 and 100 

texture components are observed to converge to similar values at later times during 

crystallization. To better understand the reasons for this behavior of the FWHM of the 

texture components, sections of the detector image binned to generate the 110 

azimuthal intensities were plotted as intensity maps (I(2, )). Such intensity maps (I(2, 

)) at various times during the formation and growth of the perovskite phase were 

plotted (Figure 8-20). From these intensity maps, it is observed that during initial stages 
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of the perovskite formation the pyrochlore structured phase is still present in the thin 

film. Contribution of the pyrochlore structured phase to the binned 110 azimuthal 

diffraction intensities cannot be avoided due to the proximity of the perovskite (110) and 

pyrochlore (222) diffraction peaks in 2. These diffraction intensities from the pyrochlore 

structured phase could lead to artificial broadening in the 100 texture component. The 

evolution of intensities and FWHM of the texture components during crystallization of 

PZT thin films solution deposited on various substrates are provided in APPENDIX E.  

The fine grained microstructure observed in the cross sectional images of some 

films , for example: PZT on Pt/Ti crystallized at 64C/s, PZT on Pt/TiOx crystallized at 

0.5C/s, etc., is usually associated with the presence of pyrochlore structured phase in 

the solution deposited thin films. However, no diffraction peaks corresponding to the 

presence of a pyrochlore structured phase were observed in the in situ diffraction data.  

The sharpness of the 111 and 100 texture components are observed to be similar 

to the sharpness of the Pt 111 texture component for films deposited on SQI substrates. 

Since no evidence for the transfer of texture from the platinum layer to the perovskite 

phase through PtxPb or oriented pyrochlore structure phases could be observed 

(CHAPTER 6), other extant proposed mechanisms for texture control are considered. 

To explain the variation in texture observed in films deposited on different substrates, 

the extant mechanisms for orientation control in solution deposited PZT thin films are 

considered.  

Muralt et al. [69, 107] and Bouregba et al.[124] suggested that the formation of a 

rutile layer at the films – substrate controls the final texture obtained in solution 

deposited PZT thin films. The rutile layer was proposed to form due to the oxidation of 
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the titanium diffusing from the adhesion layer. In solution deposited films investigated in 

this study, 111 texture components are observed to form in films crystallized at fast 

heating rates – irrespective of the adhesion layer. Particularly, in films deposited on 

substrates with ZnO adhesion layer, the adhesion layer does not contribute any titatium 

to the PZT thin films [26]. Hence, the 111 texture component is observed to be not 

dependent on the adhesion layer used in the substrate.  

To further investigate the dependence of the perovskite texture components on Pt 

texture, PZT films were solution deposited on Pt/TiO2 (ARL) substrates. These films 

were pyrolyzed at 350C during deposition. The phase evolution and (110) azimuthal 

time plot for these films crystallized at 50C/s are shown in Figure 8-21. No Pt3Pb phase 

is observed to form in these thin films, probably due the lower expected organic content 

present in films pyrolyzed at higher temperatures [158]. Lower organic content in the 

thin films could lead to the formation of less severe reducing conditions during 

crystallization and hence decrease the possibility for Pt3Pb formation. 

The variation of the volume fraction of the texture components with heating rate 

during crystallization is shown in Figure 8-22. 111, 100 and random texture components 

are observed to be present in these thin films after crystallization. The volume fraction of 

the 100 texture component is observed to be similar in films crystallized at different 

heating rates. However, the volume fraction of the 111 texture component is observed 

to decrease with decrease in heating rate. Corresponding to the decrease in the volume 

fraction of the 111 texture component, the random component of the texture is observed 

to increase. From the refined FWHM of the texture components, the sharpness of the 

perovskite 111 texture component is observed to be similar to the Pt(111) texture 
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(Figure 8-23). No correlation is observed between the sharpness of the (100) texture 

component and Pt texture. 

Due to the oxidation anneal of the titanium layer prior to platinum deposition, 

diffusion of titanium through the Pt electrode during crystallization is not expected. In 

addition, formation of Pt3Pb is not observed in these thin films. Hence, the (111) 

orientation in these thin films might nucleate directly from the platinum (111).  

8.4. Conclusion 

Phase evolution during crystallization is observed to be consistent between PZT 

thin films deposited on Pt/Ti, Pt/TiOx and Pt/ZnO substrates. Films crystallized at fast 

heating rates are observed to be predominantly (111) textured for all substrates. Hence, 

the (111) texture components formed in solution deposited PZT thin films might not be 

seeded due to the titanium diffusion from the adhesion layer. The (111) orientation in 

these thin films templates could be seeded directly by the platinum layer.  
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Table 8-1. Average heating rates corresponding to different voltage rates used during 

the in situ diffraction experiments.  

Voltage rate (V/s) Heating rate 

      Inst 64.0 

1.0  68.0 

0.4  32.0 

0.1  11.0 

0.01  1.0 

0.005 0.5 
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Figure 8-1. FWHM of different Pt peaks along .  
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Figure 8-2. Key for interpretation of phase evolution plots.  denotes perovskite phase 
and  denotes the pyrochlore structured phase. The transient Pt3Pb 
intermetallic and the platinum (111) diffraction peak from the substrate are 
indicated.  
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Figure 8-3. Phase evolution plots of PZT films on different substrates crystallized at 

64C/s (inst), 68C/s and 32C/s.  
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Figure 8-4. Phase evolution plots of PZT films on different substrates crystallized at 

11C/s, 1C/s and 0.5C/s.  
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Figure 8-5. (110) azimuthal time (AT) plots for PZT films on different substrates and 

crystallized at 64C/s (inst), 68C/s and 32C/s. () indicates (111) texture 

component. The anomalous intensity observed at ~150 in films deposited 

on substrates with ZnO adhesion layer and crystallized at 32C/s could be 
from the silicon substrate. 
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Figure 8-6. (110) azimuthal time (AT) plots for PZT films on different substrates and 

crystallized at 11C/s, 1C/s and 0.5C/s. () indicates (111) texture 

component and () indicates (100) texture component. 
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Figure 8-7. Variation of (111), (100) and random texture components in PZT thin films 
deposited on Pt/Ti substrates and crystallized at different heating rates. 

 

Figure 8-8. Variation of (111), (100) and random texture components in PZT thin films 
deposited on Pt/TiOx substrates and crystallized at different heating rates. 
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Figure 8-9. Variation of (111), (100) and random texture components in PZT thin films 
deposited on Pt/ZnO substrates and crystallized at different heating rates. 

 

Figure 8-10. Variation in the FWHM of the 111 and 100 texture components with 
heating rate during crystallization for films deposited on Pt/Ti substrates.  
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Figure 8-11. Variation in the FWHM of the 111 and 100 texture components with 
heating rate during crystallization for films deposited on Pt/TiOx substrates. 

 

Figure 8-12. Variation in the FWHM of the 111 and 100 texture components with 
heating rate during crystallization for films deposited on Pt/ZnO substrates. 
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Figure 8-13. Plan view and cross section SEM images for PZT films deposited on Pt/Ti 

substrates. Films were crystallized at 64C/s (A and B), 68C/s (C and D), 

and 32C/s (E and F). 
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Figure 8-14. Plan view and cross section SEM images for PZT films deposited on Pt/Ti 

substrates. Films were crystallized at 11C/s (A and B), 1C/s (C and D), and 

0.5C/s (E and F). 
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Figure 8-15. Plan view and cross section SEM images for PZT films deposited on 

Pt/TiOx substrates. Films were crystallized at 64C/s (A and B), 68C/s (C and 

D), and 32C/s (E and F). 
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Figure 8-16. Plan view and cross section SEM images for PZT films deposited on 

Pt/TiOx substrates. Films were crystallized at 11C/s ( A and B), 1C/s (C and 

D), and 0.5C/s (E and F). 
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Figure 8-17. Plan view and cross section SEM images for PZT films deposited on 

Pt/ZnO substrates. Films were crystallized at 64C/s ( A ), 68C/s ( B and C ), 

and 32C/s ( D and E). 
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Figure 8-18. Plan view and cross section SEM images for PZT films deposited on 

Pt/ZnO substrates. Films were crystallized at 11C/s ( A and B) and 1C/s ( C 
and D). 
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Figure 8-19. Results of peak fitting of 100 and 111 texture components in PZT thin films 

deposited on SQI substrates and heated at 0.5C/s. A) Change in the 
integrated intensities of 100 and 111 texture components and B) change in 
the FWHM of the 100 and 111 texture components during crystallization. 
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Figure 8-20. Intensity maps (I(2, )) at various times during crystallization of solution 
deposited PZT thin film deposited on platinized silicon substrates with 

titanium adhesion layer (SQI). Diffraction intensities at 2 = 10.3 and 2 = 

10.8 correspond to the pyrochlore structured phase and perovskite PZT 
phases, respectively.  

 

 

 

 

 

 

Time 
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Figure 8-21. Results of in situ experiment performed on PZT films deposited on Pt/TiO2 

(ARL) substrates and crystallized at 50C/s. A) Phase evolution and B) (110) 
azimuthal time plots. In the phase evolution plot, () indicated perovskite 
phase and () indicates pyrochlore structured phase. In azimuthal time plot, 

() indicates (111) texture component and () indicates (100) texture 
component. 

 

 

Figure 8-22. Variation in the volume fraction of different texture components with 
heating rate for PZT films deposited on Pt/TiO2 (ARL) substrates. 
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Figure 8-23. Variation in the sharpness of different texture components with heating rate 
for PZT films deposited on Pt/TiO2 (ARL) substrates. Error bars indicate 95% 
confidence intervals 
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CHAPTER 9  
SUMMARY 

To measure the changes taking place in the films during crystallization, in situ 

synchrotron and laboratory X-ray based diffraction techniques were developed. 

Analytical treatment was performed to develop intensity corrections and analytical 

expressions for quantitatively analyzing the diffraction intensities measured in these 

non-standard diffraction geometries. Measurements performed using these techniques 

confirmed that the PtxPb phase formed in these films to be a Pt3Pb structured phase. 

The Pt3Pb phase is observed to inherit its texture from the platinum bottom electrode 

and the orientational relationship between Pt3Pb and Pt was found to be [111] Pt3Pb || 

[111]Pt. Laboratory based in situ measurements revealed that decreasing the nominal 

lead precursor content in the initial solution decreases the formation of the Pt3Pb 

metastable reaction phase between the thin film and the platinum bottom electrode.  

Heating rate during crystallization was found to influence the texture of the 

crystallized films. No evidence was observed for seeding of the (111) perovskite 

orientation by the Pt3Pb intermetallic phase or the intermediate pyrochlore structured 

phase. The adhesion layers used for the Pt bottom electrode had a greater effect on the 

variation of texture with heating rate. Particularly, the texture obtained in films 

crystallized at slow heating rates was significantly different between films with different 

adhesion layers.  
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APPENDIX A  
MATLAB CODES FOR DATA REDUCTION 

A.1. Codes for Integration over  

%Frame integration about   
% script for data reduction over gamma  
% script to run the sequential_command_script in each of the folder 
% kn 11/21/2011 
  
% list of folder to run the script in 
  
%% clearing buffer 
  
clear all; 
close all; 
  
%% iteratively move to each folder and run the script 
  
root_path = pwd; 
  
folder_names = {... 
     
   's79' 's80' 's81'... 
   's82' 's83' 's84' 's85' 's86' 's87' 's90'  ... 
   's92' 's93'... 
   's94' 's95' 's96' 's97' 's98' 's99' 's100' 's101' 's102'... 
   's103' 's104' 's105' 's106' 's107' 's108' 's109' 's110'... 
   's111' ... 
    }; 
  
%% 
path(path, 
'I:\APS_Oct_2011\test_automated_data_extractor\script_files\final_script_files_chi_plot_
170_150'); 
  
for path_counter = 1:length(folder_names) 
    path_temp = strcat(root_path, '\', folder_names{path_counter}); 
  
    cd(path_temp); 
    sequential_command_script(); 
    cd .. 
end 
  
rmpath('I:\APS_Oct_2011\test_automated_data_extractor\script_files\final_script_files_c
hi_plot_170_150'); 
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function [] = sequential_command_script() 
 
% program to run all script files in order 
%% 
% copy jscript file from detector files to present location 
path_current = pwd; 
command = ['copy', ' ' 'I:\APS_Oct_2011\s5\correct2seq2k_gmap_dsr.js' , ' 
',path_current]; 
dos(command); 
 
%% 
% extract data from .cor files 
process_batch_gen(); 
%% 
% rename .cor files to remove extra commas 
rename_cor_files_v2; 
%% 
% generate chi files from .cor files 
iterative_chi_file_generator; 
%% 
% plot and save data in chi files 
plot_chi_data; 
 
% move all chi files, data and fig file to folder 
move_chi_files; 
 
function [] =  process_batch_gen() 
%% 
jscript_name = 'correct2seq2k_gmap_dsr.js'; 
dark_filename = dir('dark*'); 
 
% taking only one dark file if there are multiple dark files 
dark_filename = dark_filename(1).name; 
 
all_filenames = dir('s*.*'); 
 
% searching in filenames for the sample file 
for i=1:length(all_filenames) 
    test = regexp(all_filenames(i).name, 's.(.?)(.?)_', 'match'); 
     
    if ~isempty(test) 
        filename = all_filenames(i).name; 
        break; 
    end 
end 
%% 
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% concatenating to obtain the command string 
command_string = [jscript_name, ' ', filename, ' ', dark_filename,' ', num2str(190), ' ', 
num2str(5)]; 
 
system(command_string); 
 
 
function [] = rename_cor_files_v2() 
 
% new rename cor files program based on dos rename command 
% the extension of the renamed .cor file is changed to .xyz 
% kn 11/18/2011 
 
 
%% clearing buffer 
%{ 
clear all; 
close all; 
%} 
 
%% 
filenames = dir('*.cor'); 
 
 
%% generating new filenames 
 
% cell array for new file names 
filenames_new = cell(length(filenames),1); 
 
 
%% selectively renaming the <filename_prefix>.cor.#.cor files to 
<filename_prefix>_#.xyz  
expr = '.cor(.?)'; 
 
 
for i=1:length(filenames) 
    name_parts = regexp(filenames(i).name, expr, 'split'); 
     
    if length(name_parts)==3 
        filenames_new{i} = strcat(name_parts,'_ren_', name_parts[166],'.cor'); 
         
        % renaming the file using dos commands 
         command = ['rename', ' ', filenames(i).name, ' ',filenames_new{i}]; 
         system(command); 
    
    end     
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end 
 
function [] = iterative_chi_file_generator() 
 
% function generates a Fit2D macro to extract chi files from .cor file 
% the macro is then run from Matlab on Fit2D using the -com mode 
% kn 11/17/2011 
 
 
%{ 
%% clearing buffer 
clear all; 
close all; 
%} 
%% extracting the raw image (.xyz) filenames 
 
% extracting the names of all the .cor files 
file_data = dir('*.cor'); 
 
% extracting the file path 
filepath = pwd; 
 
for i = 1:length(file_data) 
    test = regexp(file_data(i).name, 'ren', 'split'); 
    if length(test)==2 
        filename_prefix = regexp(file_data(i).name, 'ren', 'split'); 
        filename_prefix = filename_prefix; 
        break; 
    end 
end 
     
 
 
%% iteratively generating the macro file 
 
% opening file to write macro  
text_filename = strcat(filename_prefix, '_fit2d_chi.txt'); 
fid = fopen(text_filename, 'w'); 
 
for i=1:length(file_data)-1 
    input_file_full_path = strcat(filepath, '\', filename_prefix,'ren_', num2str(i-1), '.cor'); 
    output_chi_full_path = strcat(filepath, '\', filename_prefix, '_',num2str(i-1), '.chi'); 
     
    if i==1 
        [part1, part2, part3] = chi_macro_first_file(); 
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    else 
        [part1, part2, part3] = chi_macro_general(); 
    end 
     
    % writing fit2d commands into the macro file 
     
    for k=1:length(part1) 
        fprintf(fid, '%s\n', part1{k}); 
    end 
     
    fprintf(fid, '%s\n', input_file_full_path); 
     
    for k=1:length(part2) 
        fprintf(fid, '%s\n', part2{k}); 
    end 
     
    fprintf(fid, '%s\n', output_chi_full_path); 
     
    for k=1:length(part3) 
        fprintf(fid, '%s\n', part3{k}); 
    end 
 
 end 
%% 
final_part ={ ... 
    'EXIT' 
    'EXIT FIT2D' 
    'YES' 
    }; 
% writing the final part to the macro file 
for i=1:length(final_part) 
        fprintf(fid, '%s\n', final_part{i}); 
end 
     
% closing the file 
    fclose(fid); 
     
    %% running the fit2d macro in -com mode 
    %{ 
    system('diary'); 
    command = 'diary test'; 
    system(command); 
     
    dairy off; 
    %} 
    run_fit2d_com_mode(text_filename); 
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function [part1, part2, part3] = chi_macro_first_file() 
 
 
part1 = {... 
    'I ACCEPT' 
    'O.K.' 
    'POWDER DIFFRACTION (2-D)' 
    'INPUT' 
}; 
 
part2 = {... 
    'O.K.' 
    'O.K.' 
    'CAKE' 
    'NO CHANGE' 
    '0' 
    '0' 
    '0' 
    '0' 
    'INTEGRATE' 
    'X-PIXEL SIZE' 
    '200.0000' 
    'Y-PIXEL SIZE' 
    '200.0000' 
    'DISTANCE' 
    '296.3460' 
    'WAVELENGTH' 
    '0.546186' 
    'X-BEAM CENTRE' 
    '1021.777' 
    'Y-BEAM CENTRE' 
    '1092.177' 
    'TILT ROTATION' 
    '24.98881' 
    'ANGLE OF TILT' 
    '-0.690388' 
    'O.K.' 
    'START AZIMUTH' 
    '-95' 
    'END AZIMUTH' 
    '-85' 
    'INNER RADIUS' 
    '50' 
    'OUTER RADIUS' 
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    '950' 
    'SCAN TYPE' 
    '2-THETA' 
    '1 DEGREE AZ' 
    'NO' 
    'AZIMUTH BINS' 
    '1' 
    'RADIAL BINS' 
    '900' 
    'CONSERVE INT.' 
    'NO' 
    'POLARISATION' 
    'NO' 
    'GEOMETRY COR.' 
    'NO' 
    'O.K.' 
    'EXIT' 
    'OUTPUT' 
    'CHIPLOT' 
    'FILE NAME' 
}; 
 
part3 = {... 
    'O.K.' 
    'EXCHANGE' 
     
 
}; 
 
function [part1, part2, part3] = chi_macro_general() 
 
 
part1 = {... 
    'INPUT' 
}; 
 
part2 = {... 
    'O.K.' 
    'O.K.' 
    'CAKE' 
    'INTEGRATE' 
    'X-PIXEL SIZE' 
    '200.0000' 
    'Y-PIXEL SIZE' 
    '200.0000' 
    'DISTANCE' 
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    '296.3460' 
    'WAVELENGTH' 
    '0.546186' 
    'X-BEAM CENTRE' 
    '1021.777' 
    'Y-BEAM CENTRE' 
    '1092.177' 
    'TILT ROTATION' 
    '24.98881' 
    'ANGLE OF TILT' 
    '-0.690388' 
    'O.K.' 
    'START AZIMUTH' 
    '-95' 
    'END AZIMUTH' 
    '-85' 
    'INNER RADIUS' 
    '50' 
    'OUTER RADIUS' 
    '950' 
    'SCAN TYPE' 
    '2-THETA' 
    '1 DEGREE AZ' 
    'NO' 
    'AZIMUTH BINS' 
    '1' 
    'RADIAL BINS' 
    '900' 
    'CONSERVE INT.' 
    'NO' 
    'POLARISATION' 
    'NO' 
    'GEOMETRY COR.' 
    'NO' 
    'O.K.' 
    'EXIT' 
    'OUTPUT' 
    'CHIPLOT' 
    'FILE NAME' 
}; 
 
part3 = {... 
    'O.K.' 
    'EXCHANGE' 
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}; 
 
function [] = plot_chi_data() 
 
% program to read all chi data files and plot the data 
% data from 5 - 30 deg is plotted 
 
 
%{ 
%% 
clear all; 
close all; 
 
%} 
 
%% defining 2theta limits for plotting 
 
min_2theta = 5; 
max_2theta = 25; 
 
 
%% reading the files  
 
file_data = dir('*.chi'); 
 
filename_prefix = regexp(file_data(1).name, '__', 'split'); 
 
filename_prefix = filename_prefix; 
 
mat_filename = strcat(filename_prefix, '_mat_file.mat'); 
 
%% preallocation of data space 
 
fid = fopen(file_data(1).name, 'r'); 
         
% first 4 lines have text data 
for counter = 1:1:4 
    fgets(fid); 
end 
 
% reading the data 
data_chi_test = fscanf(fid, '%f %f', [2 inf]); 
 
fclose(fid); 
 
[m_file, n_file] = size (data_chi_test); 
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data_intensity = zeros(length(file_data)-1, n_file); 
 
 
%% reading all files data 
 
    for run_counter = 1:length(file_data)-1 
         
        filename = strcat(filename_prefix, '__', num2str(run_counter-1), '.chi'); 
         
        fid_chi = fopen(filename, 'r'); 
         
        % first 4 lines have text data 
        for counter = 1:1:4 
            fgets(fid_chi); 
        end 
        data_chi = fscanf(fid_chi, '%f %f', [2 inf]); 
        fclose(fid_chi); 
         
        if run_counter ==1 
            two_theta = data_chi(1,:); 
        end 
         
        data_intensity(run_counter,:) = data_chi(2,:); 
         
    end 
     
  
  % saving data as a mat file 
    save( mat_filename,  'two_theta', 'data_intensity'); 
     
 
    %% 
    acquisition_number = 1:1:(length(file_data)-1); 
 
two_theta_start = find(two_theta>min_2theta, 1); 
two_theta_end = find(two_theta>max_2theta, 1); 
 
[twt_grid, time_grid] = meshgrid(two_theta(two_theta_start:two_theta_end), 
acquisition_number); 
 
 
%% plotting the data : surface plot 
 
figure1 = figure; 
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% Create axes 
axes1 = axes('Parent',figure1,'FontSize',20,'FontName','Arial'); 
 
view(axes1,[-10 80]); 
hold(axes1,'all'); 
 
surf(twt_grid, time_grid, log(data_intensity(:, 
two_theta_start:two_theta_end)),'Parent',axes1,... 
    'EdgeColor','none','LineStyle','none','FaceLighting','phong') 
 
axis([two_theta(two_theta_start) two_theta(two_theta_end) acquisition_number(1) 
acquisition_number(end) min(min(log(data_intensity))) max(max(log(data_intensity)))]); 
colormap jet 
grid off; 
view(-10,80); 
 
xlabel('2\theta ( ^o )','FontSize',24,'FontName','Arial'); 
 
% Create ylabel 
%ylabel('Acquisition number','Rotation',104,'FontSize',24,'FontName','Arial'); 
 
 
%% plotting the data: contour plot 
 
figure2 = figure; 
 
% Create axes 
axes1 = axes('Parent',figure2,'FontSize',20,'FontName','Arial'); 
 
 
hold(axes1,'all'); 
 
contourf(twt_grid, time_grid, log(data_intensity(:, two_theta_start:two_theta_end)),... 
    'Parent',axes1) 
 
axis([two_theta(two_theta_start) two_theta(two_theta_end) acquisition_number(1) 
acquisition_number(end) min(min(log(data_intensity))) max(max(log(data_intensity)))]); 
colormap jet 
grid off; 
 
xlabel('2\theta ( ^o )','FontSize',24,'FontName','Arial'); 
 
% Create ylabel 
ylabel('Acquisition number','FontSize',24,'FontName','Arial'); 
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%% 
 
% surface plot filenames 
surface_fig_name = strcat(filename_prefix, 'surface_plot.fig'); 
surface_png_name = strcat(filename_prefix, 'surface_plot.png'); 
 
% contour figure filenames 
contour_fig_name = strcat(filename_prefix, 'contour_plot.fig'); 
contour_png_name = strcat(filename_prefix, 'contour_plot.png'); 
 
 
%% 
 
% saving the surface plots 
saveas(figure1,surface_fig_name, 'fig' ); 
 
print(figure1, '-r300', '-dpng', surface_png_name); 
 
% saving the contour plot 
saveas(figure2,contour_fig_name, 'fig' ); 
 
print(figure2, '-r300', '-dpng', contour_png_name); 
 
%% closing all figures 
 
close all; 
 
function [] = move_chi_files() 
 
 
% function for moving all chi files and plots  
% into a separate folder 
 
%% 
 
% making new directory 
 
dos('mkdir chi_files'); 
% moving chi files 
dos('move *.chi chi_files\'); 
 
% moving mat files 
dos('move *.mat chi_files\'); 
 
% moving png and .fig files 
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dos('move *.fig chi_files\'); 
dos('move *.png chi_files\'); 
 
 

A.2. Matlab Codes for Integrating over 2 

function [] = sequential_command_azi_plot() 
iterative_azi_file_generator(); 
%% projection of data onto the gamma range 
azi_data_projection(); 
%% plot and save 
azi_data_plotter(); 
%% move all azi related files to a specific folder 
move_azi_files(); 
 
function [] = iterative_azi_file_generator() 
 
% function generates a Fit2D macro to extract chi files from .cor file 
% the macro is then run from Matlab on Fit2D using the -com mode 
% kn 11/17/2011 
 
 
%{ 
%% clearing buffer 
clear all; 
close all; 
%} 
%% extracting the raw image (.xyz) filenames 
 
% extracting the names of all the .cor files 
file_data = dir('*.cor'); 
 
% extracting the file path 
filepath = pwd; 
 
% determining the filename prefix 
for i = 1:length(file_data) 
    test = regexp(file_data(i).name, 'ren', 'split'); 
    if length(test)==2 
        filename_prefix = regexp(file_data(i).name, 'ren', 'split'); 
        filename_prefix = filename_prefix; 
        break; 
    end 
end 
     
 
%% iteratively generating the macro file 
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% opening file to write macro  
text_filename = strcat(filename_prefix, '_fit2d_azi.txt'); 
fid = fopen(text_filename, 'w'); 
 
% an filedata has one extra .cor file... this is due the extraction 
% procedure followed by the jscript 
 
for i=1:length(file_data)-1 
    input_file_full_path = strcat(filepath, '\', filename_prefix,'ren_', num2str(i-1), '.cor'); 
    output_chi_full_path = strcat(filepath, '\', filename_prefix, '_',num2str(i-1), '.spr'); 
     
    if i==1 
        [part1, part2, part3] = azi_macro_first_file(); 
    else 
        [part1, part2, part3] = azi_macro_general(); 
    end 
     
    % writing fit2d commands into the macro file 
     
    for k=1:length(part1) 
        fprintf(fid, '%s\n', part1{k}); 
    end 
     
    fprintf(fid, '%s\n', input_file_full_path); 
     
    for k=1:length(part2) 
        fprintf(fid, '%s\n', part2{k}); 
    end 
     
    fprintf(fid, '%s\n', output_chi_full_path); 
     
    for k=1:length(part3) 
        fprintf(fid, '%s\n', part3{k}); 
    end 
 
 end 
%% 
final_part ={ ... 
    'EXIT' 
    'EXIT FIT2D' 
    'YES' 
    }; 
% writing the final part to the macro file 
for i=1:length(final_part) 
        fprintf(fid, '%s\n', final_part{i}); 



 

226 

end 
     
% closing the file 
    fclose(fid); 
     
    %% running the fit2d macro in -com mode 
    %{ 
    system('diary'); 
    command = 'diary test'; 
    system(command); 
     
    dairy off; 
    %} 
    run_fit2d_com_mode(text_filename); 
     
function [part1, part2, part3] = azi_macro_first_file() 
 
 
part1 = {... 
    'I ACCEPT' 
    'O.K.' 
    'POWDER DIFFRACTION (2-D)' 
    'INPUT' 
}; 
 
part2 = {... 
    'O.K.' 
    'O.K.' 
    'CAKE' 
    'NO CHANGE' 
    '0' 
    '0' 
    '0' 
    '0' 
    'INTEGRATE' 
    'X-PIXEL SIZE' 
    '200.0000' 
    'Y-PIXEL SIZE' 
    '200.0000' 
    'DISTANCE' 
    '296.3460' 
    'WAVELENGTH' 
    '0.546186' 
    'X-BEAM CENTRE' 
    '1021.777' 
    'Y-BEAM CENTRE' 
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    '1092.177' 
    'TILT ROTATION' 
    '24.98881' 
    'ANGLE OF TILT' 
    '-0.690388' 
    'O.K.' 
    'START AZIMUTH' 
    '-175.00000' 
    'END AZIMUTH' 
    '-5.00000' 
    'INNER RADIUS' 
    '270.0000' 
    'OUTER RADIUS' 
    '290.0000' 
    'SCAN TYPE' 
    '2-THETA' 
    '1 DEGREE AZ' 
    'NO' 
    'AZIMUTH BINS' 
    '170' 
    'RADIAL BINS' 
    '20' 
    'CONSERVE INT.' 
    'NO' 
    'POLARISATION' 
    'NO' 
    'GEOMETRY COR.' 
    'NO' 
    'O.K.' 
    'EXIT' 
    'OUTPUT' 
    'SPREAD SHEET' 
    'YES' 
}; 
 
part3 = {... 
    'O.K.' 
    'EXCHANGE' 
     
 
}; 
 
function [part1, part2, part3] = azi_macro_general() 
 
 
part1 = {... 
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    'INPUT' 
}; 
 
part2 = {... 
    'O.K.' 
    'O.K.' 
    'CAKE' 
    'INTEGRATE' 
    'X-PIXEL SIZE' 
    '200.0000' 
    'Y-PIXEL SIZE' 
    '200.0000' 
    'DISTANCE' 
    '296.3460' 
    'WAVELENGTH' 
    '0.546186' 
    'X-BEAM CENTRE' 
    '1021.777' 
    'Y-BEAM CENTRE' 
    '1092.177' 
    'TILT ROTATION' 
    '24.98881' 
    'ANGLE OF TILT' 
    '-0.690388' 
    'O.K.' 
    'START AZIMUTH' 
    '-175.00000' 
    'END AZIMUTH' 
    '-5.00000' 
    'INNER RADIUS' 
    '270.0000' 
    'OUTER RADIUS' 
    '290.0000' 
    'SCAN TYPE' 
    '2-THETA' 
    '1 DEGREE AZ' 
    'NO' 
    'AZIMUTH BINS' 
    '170' 
    'RADIAL BINS' 
    '20' 
    'CONSERVE INT.' 
    'NO' 
    'POLARISATION' 
    'NO' 
    'GEOMETRY COR.' 
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    'NO' 
    'O.K.' 
    'EXIT' 
    'OUTPUT' 
    'SPREAD SHEET' 
    'YES' 
}; 
 
part3 = {... 
    'O.K.' 
    'EXCHANGE' 
     
 
}; 
 
 
function [] = run_fit2d_com_mode(text_filename) 
 
% path of the fit2d executable 
fit2d_path = 'C:\Users\Krishna\Desktop\'; 
fit2d_exe = 'fit2d_12_077_i686_WXP.exe'; 
options = ' -dim2048x2048 -com'; 
 
command_fit2d = [fit2d_path, fit2d_exe, options]; 
 
command = [command_fit2d, ' ','<', ' ', text_filename]; 
 
system(command); 
 
 
 
 
function [] = azi_data_projection() 
 
%% reading names of files and extracting filename prefix 
 
file_data = dir('*.spr'); 
 
 
filename_prefix = regexp(file_data(1).name, '__', 'split'); 
 
filename_prefix = filename_prefix; 
 
 
%% 
 



 

230 

%% 
% defining azimuthal angles and arrays 
 
start_azimuth = -175; 
end_azimuth = -5; 
step_no = 170; 
 
azi_step = (end_azimuth-start_azimuth)/(step_no-1); 
 
azimuth_array = start_azimuth:azi_step:end_azimuth; 
 
 
 
 
%% reading all files data 
 
    for run_counter = 1:length(file_data) 
         
        filename = strcat(filename_prefix, '__', num2str(run_counter-1), '.spr'); 
         
         
        data = importdata(filename); 
        data_intensity = data.data; 
        clear data; 
         
        [m,n] = size(data_intensity); 
         
        % resetting data_azi_projection to zeros 
          
        data_azi_projection = zeros(1,m); 
         
        for counter = 1:1:m 
            data_azi_projection(counter) = sum(data_intensity(counter,:)); 
        end 
         
        azi_projection_output = [azimuth_array ; data_azi_projection]; 
         
        azi_proj_filename = strcat(filename_prefix,'__',num2str(run_counter-1), 
'_az_proj.txt'); 
         
        fid_azi_projection = fopen(azi_proj_filename, 'w'); 
         
        %writing the azimuthal projection into a text file 
        for counter=1:1:length(azi_projection_output) 
            fprintf(fid_azi_projection, '%f %f', azi_projection_output(:,counter)); 
            fprintf(fid_azi_projection, '\n'); 
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        end 
         
        fclose(fid_azi_projection); 
    
    
    end 
     
 
 
 
function [] = azi_data_projection() 
 
%% reading names of files and extracting filename prefix 
 
file_data = dir('*.spr'); 
 
 
filename_prefix = regexp(file_data(1).name, '__', 'split'); 
 
filename_prefix = filename_prefix; 
 
 
%% 
 
%% 
% defining azimuthal angles and arrays 
 
start_azimuth = -175; 
end_azimuth = -5; 
step_no = 170; 
 
azi_step = (end_azimuth-start_azimuth)/(step_no-1); 
 
azimuth_array = start_azimuth:azi_step:end_azimuth; 
 
 
 
 
%% reading all files data 
 
    for run_counter = 1:length(file_data) 
         
        filename = strcat(filename_prefix, '__', num2str(run_counter-1), '.spr'); 
         
         
        data = importdata(filename); 
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        data_intensity = data.data; 
        clear data; 
         
        [m,n] = size(data_intensity); 
         
        % resetting data_azi_projection to zeros 
          
        data_azi_projection = zeros(1,m); 
         
        for counter = 1:1:m 
            data_azi_projection(counter) = sum(data_intensity(counter,:)); 
        end 
         
        azi_projection_output = [azimuth_array ; data_azi_projection]; 
         
        azi_proj_filename = strcat(filename_prefix,'__',num2str(run_counter-1), 
'_az_proj.txt'); 
         
        fid_azi_projection = fopen(azi_proj_filename, 'w'); 
         
        %writing the azimuthal projection into a text file 
        for counter=1:1:length(azi_projection_output) 
            fprintf(fid_azi_projection, '%f %f', azi_projection_output(:,counter)); 
            fprintf(fid_azi_projection, '\n'); 
        end 
         
        fclose(fid_azi_projection); 
    
    
    end 
     
 
 
 
function [time, attenuation] = rate_identifier() 
 
 
%% code to identify the heating rate from the name of the file 
 
% identifyers used: 
% heating rate          identifier 
% inst                   inst 
% 1 V/s                  1vps 
% 0.4 V/s                0p4vps 
% 0.1 V/s                0p1vps 
% 0.01 V/s               0p01vps 
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% 0.005 V/s              0p005vps 
 
 
%% 
file_data = dir('*_ren_*'); 
 
file_identifier = regexp(file_data(1).name, '_', 'split'); 
 
rate_identifier = file_identifier[166]; 
 
 
%% 
if strcmpi(rate_identifier, 'inst') 
    time = 0.25; % time between acquisitions 
    attenuation = 0.340481; 
else if strcmpi(rate_identifier, '1vps') 
        time = 0.25; 
        attenuation = 0.340481; 
    else if strcmpi(rate_identifier, '0p4vps') 
            time = 0.25; 
            attenuation = 0.340481; 
        else if strcmpi(rate_identifier, '0p1vps') 
                time = 1; 
                attenuation = 0.115928; 
            else if strcmpi(rate_identifier, '0p01vps') 
                    time = 4; 
                    attenuation = 0.0394712; 
                else if strcmpi(rate_identifier, '0p005vps') 
                        time = 8; 
                        attenuation = 0.0134392; 
                    end 
                end 
            end 
        end 
    end 
end 
 
 
 
 
function [] = move_azi_files() 
 
 
% function for moving all chi files and plots  
% into a separate folder 
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%% 
 
% making new directory 
 
dos('mkdir azi_files_110'); 
% moving chi files 
dos('move *.spr azi_files_110\'); 
 
% moving az_proj files 
dos('move *_az_proj.txt azi_files_110\'); 
 
% moving the .mat files 
dos('move *.mat azi_files_110\'); 
 
% moving png and .fig files 
dos('move *.fig azi_files_110\'); 
dos('move *.png azi_files_110\'); 
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APPENDIX B  
ANALYTICAL CORRECTION FOR BRAGG PLANE DISPLACEMENT IN 

SYNCHROTRON IN SITU DIFFRACTION SETUP 

For flat plate geometry with a curved position sensitive detector, an analytical 

function for the correction of the apparent lattice parameter change due to sample 

displacement was demonstrated by Pramanick et al. [134]. In this section, a similar 

analytical function to correlate between sample height displacement and the change in 

peak position is attempted. Due to thermal expansion of the stage, the sample is 

displaced along its normal direction. This displacement is designated as   . Due to the 

displacement along the sample normal, the position of the beam on the sample changes 

(Figure B-1). Based on this, the following relationships can be derived:  

        
 

 
 (B-1) 

Since Bragg condition is always maintained,  

        
    

    
 (B-2) 

 

              
    

 
 (B-3) 

Due to the diffraction geometry,  

              (B-4) 

Combining (B-3)and (B-4), 

  

 
  

    

    
 (B-5) 

     
    

 
          (B-6) 

From Taylor series expansion of the LHS of (B-3) we have 
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                               (B-7) 

Combining (B-7) and (B-3), 

                  
    

 
 (B-8) 

  
  

 
            (B-9) 

Differentiating Braggs’s law, 

   

 
           (B-10) 

Combining (B-10) and (B-8), 

   

 
          

   

     
  (B-11) 

For a cubic material  
  

 
 

  

 
. Hence, 

               
  

 
            

         

 
 (B-12) 

Expanding and rearranging (B-12), we get  

      
 

 
 
  

 
    

     

    
              (B-13) 

(B-13) can be represented in the following form 

                 (B-14) 

Where, 

            
     

    
               (B-15) 

and 

      
   

   
 (B-16) 

The above derived methodology indicates that the measured lattice parameter 

changes with the displacement along the sample normal and the incident angle of the 
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X-ray beam to the sample. To validate the analytical relationship, diffraction images 

ceria dispersed in PZT thin films were collected at the following z-height and incident 

angle values (Table B-1).  

The apparent variation in the lattice parameter for different values of z-height and 

eta are shown in Figure B-2. The lattice parameters were derived from the refined peak 

positions of the Ceria (111) peaks. Using the analytical relation for correction described 

in (B-16), the exact lattice parameters were then estimated. The lattice parameters 

obtained after correction are shown in Figure B-3. While the analytical correction seems 

to decrease the variation and dispersion in the lattice parameter values, complete 

correction for sample displacement and inclination is not obtained. Hence, the analytical 

correction bragg plane displacement due to for sample displacement was abandoned 

and an empirical approach for temperature estimation was used. 
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Table B-1. z-height and eta matrix used for validating the derived analytical model 

Z Eta Eta Eta Eta Eta Eta Eta 

0.00 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

0.01 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

0.02 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

0.03 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

0.04 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

0.05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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Figure B-1. Definition of terms for analytical flat plate correction 

 

Figure B-2. Variation of uncorrected lattice parameters of the (111) CeO2 peak 
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Figure B-3. Calculated lattice parameters using the calculated analytical function 
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APPENDIX C  
MARCH 2010 EXPERIMENTAL RUN 

Two sets of samples were measured for each experimental condition. The phase 

evolution and azimuthal time plots for both sets are shown to demonstrate repeatability 

in measurements. 

 C.1. Phase Evolution Plots 
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 C.2. (100) Azimuthal Time Plots 
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APPENDIX D  
OCTOBER 2011 EXPERIMENTAL RUN 

Phase evolution and azimuthal time plots for two sets of samples are shown to 

demonstrate repeatability. 

 D.1. PZT/Pt/Ti/SiO2/Si (SQI) 

D.1.1. Phase Evolution Plots 
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D.1.2. (100) Azimuthal Time Plots 
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 D.2. PZT/Pt/TiOx/SiO2/Si (Sandia) 

D.2.1. Phase Evolution Plots 
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D.2.2. (100) Azimuthal Time Plots 
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 D.3. PZT/Pt/ZnO/SiO2/Si (Sandia) 

D.3.1 Phase Evolution Plots 
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D.3.2. (100) Azimuthal Time Plots 
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 D.4. PZT/Pt/TiOx/SiO2/Si (ARL) 

D.4.1. Phase Evolution Plots 
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D.4.2. (100) Azimuthal Time Plots 
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APPENDIX E  
(110) AZIMUTHAL SCAN PEAK FITTING RESULTS 

Error bars on all plots correspond to 95% confidence intervals. 

E.1. PZT/Pt/Ti/SiO2/Si (SQI) 
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E.2. Pt/TiOx/SiO2/Si 
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 E.3. PZT/Pt/ZnO/SiO2/Si 
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E.4. PZT/Pt/TiO2/SiO2/Si (ARL) 
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