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ABSTRACT 

The present investigation is concerned with the preparation and 

characterization of sol-gel derived lead zircon ate titanate (PZT) powders and films. 

Particular emphasis is placed on the synthesis, processing and characterization of thin 

films. The chemistry employed involves the use of alkoxides of Ti/Zr and lead 

acetate trihydrate. PZT gels were prepared and characterized insights gained were 

used as the basis for the synthesis and characterization of thin films. A model was 

also proposed to augment further understanding of the PZT capacitors obtained. 

PZT thin films were successfully prepared on various substrates such as 

platinized Si wafers and Corning 7059 glass. Numerous electrical and optical 

characterizations were performed, namely dielectric constant and loss, hysteresis loop, 

switching, fatigue, aging, leakage currents, refractive index, UV transmission 

spectroscopy, second harmonic generation (SHG) and waveguide loss. These 

electrical and optical properties are discussed in conjunction with film microstructure 

and phase assemblage. Very high quality films were obtained (e.g., dielectric 

constant as high as 3000 at 1kHz, and fatigue-free beyond 108 cycles and optical loss 

as low as 1.1 dB/em). Aging of these films can be kept as low as l%/decade. It was 

found that the domains play an important role in determining the dielectric 

properties. A model of the Pt-PZT-Pt capacitor was successfully developed based on 

totally depleted back-to-back Schottky barriers and the model predictions agree 

extremely well with measured device characteristics. This model also explains the 
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different dielectric behaviours of FE films compared to those of bulk ceramics. By 

tailoring the chemistry and controlling the post-deposition processing conditions and 

hence microstructures, the properties (both electrical and optical) of the PZT films 

can be effectively engineered. 
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1. INTRODUCTION 

PZT, one of the best known perovskite ferroelectrics, is not a new compound. 

However, the emergence of technologically important ferroelectric memory 

applications, which have focused attention on PZT-based materials, has greatly 

increased the need for new understanding and insights in order to achieve optimal 

control of properties through tailoring the chemistry and microstructure. 

In the present work, considerable attention has been directed to the 

preparation and characterization of wet chemically derived PZT powders. It was felt 

that the chemistry and processing of these powders will yield valuable insights into 

the characteristics of the corresponding thin films. It is recognized that not all 

experience or knowledge gained from powders can be transposed directly into 

processing thin films. It will be seen, in fact, that considerable differences exist 

between the crystallization behavior of bulk PZT gels and thin films, with the latter 

being very substrate-dependent. 

Throughout this study, the so-called tetrahedron of materials science will be 

followed closely - namely, the interrelationships among chemistry, processing, 

microstructure and properties. The properties of all PbTi03-based materials 

obtained (namely powders and particularly thin films) will be analyzed in terms of 

the microstructures obtained, the processing conditions used and the chemistries 

employed. 
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2. THEORY AND LITERATURE REVIEW 

The present section will begin with the theory of ferroelectric phenomena. 

The PZT system is then introduced along with the basics of wet chemical (sol-gel) 

processing. The literature review covering publications up to mid-1991 will 

emphasize comparisons between conventional and wet chemical approaches to the 

preparation of PZT powders and thin films. The properties of these materials are 

very process-specific and process-dependent. It will be shown that sol-gel routes are 

promising for obtaining optimal materials properties. The subject of PZT fibers, 

useful in composite transducer applications, will also be briefly discussed. Lastly, 

work directed to second harmonic generation and waveguiding in lead-titanate based 

films will be summarized. 

2.1 Ferroelectrics 

Ferroelectrics constitute an important class of non-linear dielectric materials 

with numerous applications ranging from capacitors, thermistors, and transducers to 

electrooptic modulators. They are utilized in many forms: bulk pellets, composites, 

fibers and increasingly as films and thin layers. 

Out of the 32 crystal classes of solids, 21 are noncentrosymmetric. Twenty are 

piezoelectric, while ten are polar (Le., they possess spontaneous polarization in the 

absence of an applied field). In crystals where the direction of this polarization can 

be switched by an applied field, the materials are termed ferroelectrics (FE's). 
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Hence, ferroelectrics can be defined as noncentrosymmetric crystalline materials 

having spontaneous polarization which is reversible under an applied external electric 

field. Note that a FE material will be piezoelectric or pyroelectric, but not 

necessarily vice-versa. For example, crystalline quartz is piezoelectric but not 

ferroelectric. 

There are a number of excellent text and review papers on ferroelectricity; 

and the reader is encouraged to consult them for detailed discussions of 

ferroelectricity and its applications [1-5]. 

The term ferroelectricity is in some aspects a misnomer since the phenomenon 

has nothing to do at all with iron or iron-containing compounds, unlike 

ferromagnetism. The first FE material was Rochelle salt (potassium sodium 

tartrate), discovered by Valasek in 1921. Other salts 'proved to be FE as well, such 

as KDP (potassium dihydrogen phosphate). The phenomenon of ferroelectricity is 

not, however, restricted to hydrogen-bonded compounds; and the discovery of 

inorganic BaTi03 led to an explosion of interest in FE's in the 1950's. The 

perovskite crystal structure, typified by BaTi03, is shown in Fig. 1. Other examples 

of perovskite FE's include KNb03 and PbTi03 (PT). However, not all perovskites 

are FE (MgTi03 and CaTi03, for example, are cubic paraelectric); and not all FE's 

have a perovskite structure. Other FE inorganic materials have the tungsten bronze 

(e.g., Sr J-pa~b205)' pyrochlore (e.g., Cd2Nb20 7), layered (e.g., Bi4 Ti30 12) or 

ilmenite (e.g., LiNb03) structures. 
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The crystal structure of perovskite, AB03 such as BaTi03 and PZT 
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There exists a temperature, T C' denoted as the Curie temperature, above 

which the sample is paraelectric (usually cubic) and below which it is ferroelectric 

(tetragonal in the case of BaTi03). At temperatures approaching Tc from below, 

there is a dramatic increase in dielectric constant. This phenomenon is exploited in 

capacitor applications where the T c is tailored to be around room temperature in 

order to obtain the highest values of dielectric constant. Above the Curie 

temperature, the dielectric constant of the material in the paraelectric region obeys 

the Curie-Weiss Law: 

E = (1) 

where € = dielectric constant 

C = Curie constant 

T = temperature above Curie temperature 

= Curie temperature 

As the temperature of the FE material is lowered below T c' domains appear 

and have the effect of lowering the energy of the FE crystal. Domains are regions 

within the crystals which have a single direction of polarization. Domain walls 

separate regions (domains) having different direction of polarization. The domain 

structure is restricted by the symmetry of the FE crystal class (e.g., in tetragonal 

crystals, there are 90° and 180° domain walls; while in rhombohedral samples, 71°, 

109° and 180° walls are present). The equilibrium domain width is influenced by 
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considerations of electrostatic self-energy, elastic energy and domain wall energy. 

Another aspect worth noting in evaluating domain structure is the electrical boundary 

condition at the domain wall where polarization termination occurs, namely: 

where D 

€ 

p 

p 

div 15 = dive + 41t div p = 41tp 

= electric flux 

= electric field 

= polarization 

= charge density 

(div 15 = 0 in bulk but non-zero at surface) 

(2) 

One of the main electrical characteristics of ferroelectrics is the hysteresis loop 

of polarization versus applied field. This is usually displayed on an oscilloscope using 

a Sawyer-Tower circuit (Fig. 2). The loop reflects domain reversals caused by the 

switching field. A typical hysteresis loop is shown in Fig. 3. With a small applied 

field, the FE acts essentially as a linear dielectric with no domain motion. Increasing 

the magnitude of the field starts to switch the polarization direction of some domains 

and involves domain wall motions. At sufficiently high fields, no more polarization 

reversal occurs and all domains are pointing in the same direction. Increasing the 

field further merely causes a linear increase of polarization. The extrapolation of 

this linear portion back to the polarization axis is denoted as Ps' the spontaneous 
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polarization, aptly named since if the field were to decrease instantaneously to zero, 

the polarization will revert to this value. If the field is decreased somewhat slowly, 

some realignments of the polarization direction occur in the domains and the overall 

polarization approaches the value of PI"' the remanent polarization, at zero applied 

field. The polarization does not go to zero since not all the domains which have been 

switched will return to their original structure before the field was applied. In order 

to set the polarization back to zero, an applied field named Eo the coercive field, is 

needed. 

In the Sawyer-Tower circuit, if the linear capacitor is replaced by a series 

resistor, the switching current can be detected. In contrast to the previous circuit 

used to determine the hysteresis loop, where the value of the linear capacitor is very 

large compared to that of the FE capacitor, the value of the linear resistor is as small 

as possible in order not to affect the effective switching voltage applied to the FE 

capacitor. 

Typical plots of the transient current during switching are displayed in Fig. 4. 

When switching occurs (as indicated by curve A in Fig. 4), as when a field above the 

coercive field is applied to a ferroelectric where the direction of Ps is antiparallel to 

the field direction, there is an initial decay of current due to dielectric discharging, 

followed by an increase in the current transient arising from switched charge. The 

total switching time is usually taken to be when the current falls to a value of 0.1 

times the maximum current. The maximum current (evident as a hump in the 
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transient) occurs when the largest number of domains switches with the applied 

field. If no switching occurs (the direction of polarization is parallel to the applied 

field) or if the device is not ferroelectric, the response is an exponential discharge as 

denoted by Curve B in Fig. 4. The relaxation time (or times) varies depending on 

the switching mechanism or mechanisms. 

Returning to case A where switching occurs, the maximum current and 

switching time depend primarily on the applied field - i.e., higher applied fields result 

in shorter switching times and higher maximum currents. Note that the total charge 

switched, which represents the integrated area under the current vs. time curve, is 

constant since 

f idt = PJ!iE 

= current transient 

= remanent polarization 

= electrode area 

(3) 

The large disparity between switched and unswitched charge can be detected by an 

external circuit, and is used as the basic circuit scheme in FE memory. 

Poling is often applied during the fabrication of piezoelectric ceramics to 

increase k, the electromechanical coupling factor, and hence enhance the efficiency 

in converting electrical energy into mechanical energy and vice versa. During poling 

a high field is applied through electrodes across the samples, usually at elevated 
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temperatures near T C' to facilitate domain reorientation using high permittivity 

liquids such as silicone oil. Due to the high fields applied, electrical breakdown 

discharges in air can occur if the poling is not performed in such liquids. This 

process of poling aligns most of the domains within the polycrystalline network along 

the field direction, resulting in a net polarization and near single-crystal properties. 

Crystallographic considerations place limitations on the poled properties; e.g., in 

tetragonal, rhombohedral and orthorhombic FE's, the maximum poled values of 

polarization in polycrystalline ceramics are respectively 0.831, 0.866 and 0.912 of 

single crystal values. 

The symmetry of the hysteresis loop is affected by the presence of an internal 

field within the FE (e.g., arising from coupled point defects), measurement specifics 

(e.g., asymmetric electrodes) or intrinsic materials properties. A mono domain defect-

free single crystal is expected to yield a square loop. The susceptibility, X ~ 

represents the slope of the hysteresis loop 

X' = ap == E - 1 aE 

(where € = dielectric constant) 

(4) 

In the hysteresis loop (Fig. 3), the slope clearly changes with field, indicating that the 

dielectric constant depends on the field. Fig. 5 demonstrates the different 

polarization vs. electric field curves of a polar dielectric, a ferroelectric, a linear 

dielectric, and a ferroelectric with poorly adhered electrodes. It is evident that the 
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hysteresis loop is an important tool in characterizing the FE nature and the quality 

of samples investigated, but it is not sufficient alone to demonstrate ferroelectricity 

(Curie-Weiss behavior discussed earlier above Tc is also required). 

The value of € is dependent on whether the FE is free or clamped. This 

clamping can arise from direct geometrical clamping (e.g. mechanically constrained 

or strain-free) or when the measurement frequency is above the piezoelectric 

resonance frequency. Above this frequency, the FE is unable to respond to the 

applied field, and hence the value of € is lower. The relationship between ~ 

(clamped dielectric constant) and €T (free dielectric constant) is given by [6]: 

(5) 

where A = 
[s3;(s/i + Sl~)y/2 

kpl k33 = piezoelectric coupling coefficients 

Sl;IS3;ISl~/S~ = elastic compliance coefficients 

The quantity in the brackets after € T is always less than 1; hence the clamped 

dielectric constant is always lower than the free one. Substrate clamping can also 

decrease the overall €. 

Grain size can also affect the FE character and the dielectric properties of 

ceramics. This effect is well-known, especially in BaTi03 [7-9] where the dielectric 

constant is highest in ceramics with 1 micron grain size. There are actually two 
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regimes of grain size effects; in the first (in the range of microns), the dielectric 

constant increases with decreasing grain size, and in the second (at submicron sizes), 

the dielectric constant increases with increasing grain size. 

The first effect is suggested to be caused by the increased stress within the 

grains as they become smaller, and the concomitant decrease in the number of stress

relieving 90° domains to accomodate the stresses. Increased stress (uniaxial or 

biaxial) can lead to a higher value of dielectric constant in the ceramics. 

As the grain size becomes even smaller, domain becomes unstable. The 

domain equilibrium in BaTi03 and PZT are approximately 0.5 and 1 micron in width 

respectively [8], depending on processing conditions and the resulting microstructures. 

However some domains may still exist at smaller domain widths. With decreasing 

grain size there is also a change in crystal structure from tetragonal to cubic resulting 

in the loss of ferroelectricity. Thus it is expected that ceramics with grain size below 

the equilibrium domain width will exhibit diminished dielectric constants. In fact, the 

critical particle or grain size below which BaTi03 and PT are not ferroelectric are 

about 1200 and 200A respectively [7]. 

Temperature affects dramatically the electrical properties of FE's (see e.g., 

Fig. 6 which illustrate the variations with temperature of €, and Ps for BaTi03). 

There usually exist discontinuities in the FE properties at the Curie temperature. 

A phenomenological theory of ferroelectricity was developed by Devonshire 

[10] in the 1950's and expanded by Cross and his co-workers [e.g., 11]. Devonshire 
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postulated that the free energy of a FE crystal can be represented by an equation 

involving the even power expansion of polarization, i.e., 

where 

G = Go + 1/2 /3 (T-To) p2 + 1/4 yp4 + 1/6 <5p6+ ... (6) 

G = free energy 

Go = free energy at zero polarization 

/3, y, <5 = constant coefficients 

p = polarization 

The "constant" coefficients are material-specific, with different values for each 

ferroelectric. The values of /3 and <5 are always positive. If y is negative, the FE 

undergoes a 1st order transition during the paraelectric-ferroelectric transformation 

involving latent heat and a discontinuity in specific heat, as typified by BaTi03. 

However, if y is positive, then the transition is second order, involving a peak in 

specific heat with no latent heat. The latter behavior is typical of salt FE's such as 

KDP. The presence of an electric field tends to increase the Curie temperature and 

diffuse somewhat the transitions. The 1st and 2nd order transitions are often called 

displacive and order-disorder transition in FE's due to the appearance and ordering 

of various dipoles. 

Newer approaches to interpreting the onset of ferroelectricity include the 

concepts of lattice dynamics and statistical mechanics, particularly involving the 

condensation of a transverse optical soft mode [4]. Such approaches are helpful in 

simulating or modelling and hence understanding of the phase transitions involved. 
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An important class of FE's with applications as high € capacitor materials is 

the class of relaxor FE's (as distinct from normal FE's). Examples of relaxor FE's 

include Pb(Mglj3Nb2/y03 (or PMN) and Pb(Scl/~1/V03. In these materials, the 

paraelectric-ferroelectric transition is very diffuse (in fact, they are also called DPT 

or diffuse phase transition materials) and hence the "Curie temperature" is spread 

over a wide range rather than a singular point as in normal FE's. Fig. 7 shows the 

different behaviors of the 1st and 2nd order of normal FE transitions and also the 

behaviour of a diffuse phase transition . The dielectric constant of relaxor FE's is 

highly dependent on the measuring frequency and is quite dispersive at low 

frequencies (hence the term relaxors), with a different Tc at each frequency. In the 

paraelectric regime above the range of Tc's, the relation which holds is 

where € 

T 

m 

= dielectric constant 

= temperature 

1 
€ 

= temperature of maximum € 

= a constant, usually = + 2 

(7) 

Note that m = 1 in the case of normal ferroelectrics such as BaTi03. The domain 

structure of relaxors is quite complex, consisting of macro- and microdomain polar 

regions, each with its characteristic Tc which leads to the broad distribution of Tc's 

and hence diffuse Curie transition. 
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2.1.1 PbTi03DBased System 

There are many members in the lead titanate family, including lead titanate 

(PT), lead zirconate (PZ), lead zirconate titanate (PZT), lead lanthanum titanate 

(PLT) and lead lanthanum zirconate titanate (PLZT). PZT is one of the most 

common nonlinear dielectric materials today. It is widely utilized for its ferroelectric, 

pyroelectric, piezoelectric, acoustooptic, photovoltaic and electrooptic properties in 

various forms and shapes in applications such as thermistors, pyroelectric detectors, 

displays and transducers. 

PZT represents the third generation of FE's. The first included the metal 

salts (e.g., Rochelle's salt) discussed earlier, where hydrogen bonding is 

predominantly responsible for the ferroelectricity. They were followed by the 

discovery of BaTi03 as a FE material in the 1940's. Japanese workers established 

the FE nature of PZT in the 1950's; its most famous derivative PLZT was developed 

in the 1960's as a result of efforts to obtain transparent electrooptic ceramics. 

Among the members of the lead titanate family, PLZT is perhaps the most 

important, commercially and scientifically. La is introduced into the Pb sites; and 

due to charge differences, lead vacancies are formed. PLZT is a versatile compound. 

Depending on the composition, the materials can be linear dielectrics, normal FE's, 

relaxor FE's or slim loop FE's. Its applications center more on electrooptic areas, 

taking advantage of its birefringence, linear electrooptic coefficient and quadratic 

electrooptic coefficient. The fact that this material can be employed in 
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polycrystalline ceramic form - rather than as single crystals (c.f., BaTi03 or LiNb03)-

in certain electrooptic applications has contributed to its use. 

PZT contains lead titanate (PT) and lead zirconate (PZ) in various 

stoichiometric ratio; PZT x/y refers to Pb(Zrx/loQfiy/ lOO)03 where x and yare less 

than or equal to 100 and x+y= 100. PT melts congruently while PZ melts 

incongruently; and the PZT solid solution changes from congruent melting to 

incongruent melting at about 1340C above 20 mole % PZ. PZ-rich compositions are 

used usually in pyroelectric applications due to their low value of € and large 

pyroelectric constants, while PT is normally utilized in ferroelectric-polymer 

composites for transducers due to its large crystalline anisotropy. Excess PbO (which 

melts at 880C) is often added to samples to compensate for lead volatility loss and 

to act as a sintering aid. 

The PZT phase diagram, shown in Fig. 8, is important in understanding and 

applying PZT. The crystal structure of PZT is essentially perovskite AB03 (see 

Fig. 1) with Pb atoms located on A sites while Zr and Ti are found on the central 

B sites ~urrounded by oxygen octahedra. Note that PZ is antiferroelectric (AF) 

(where neighboring domains possess antiparallel polarization directions, resulting in 

a net zero polarization) while PT is ferroelectric; and solid solutions of these two end 

members produce mostly FE materials with fascinating properties which are highly 

dependent on the Zr /Ti ratio. The stoichiometry ratio affects material properties 
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such as dielectric constant and planar coupling (Fig. 9). The Curie temperature, T C' 

and Curie constant in the Curie-Weiss Law also change with stoichiometry. 

At temperatures above T C' the PZT crystal structure is cubic and hence is 

paraelectric. Below T C' ferroelectric PT is tetragonal (a = b >Fe where a,b and care 

the lattice parameters). Substituting Ti4+ with Zr4+ on the B sites results in a 

reduction of the i!. lattice parameter while the ~ dimension remains fairly constant. 

At 47 atom % Zr, there is a change in crystal structure from the tetragonal to a 

rhombohedral phase (which is also FE). The polarization axis is no longer parallel 

to the c-axis, but now aligns along the (110) direction. Referring to the phase 

diagram, this rhombohedral phase can be further divided into 2 phases, a high 

temperature form and a superstructure low temperature phase consisting of multiple 

rhombohedral cells. The transition from the high temperature phase to the low 

temperature rhombohedral phase is a 1st-order phase transition; while the cubic to 

high temperature rhombohedral phase is 2nd-order, especially for high Zr /Ti ratios. 

In contrast, the cubic-to-tetragonal transformation in PZT with high TijZr ratios is 

always first order. At about 94 atom % and above in Zr content, the AF 

orthorhombic structure can be found. 

In the phase diagram, the rhombohedral-tetragonal boundary is the most 

important feature. This so-called morphotropic phase boundary (MPB) occurs at 

about 53 atom % Zr (or 47 atom % Ti). It is nearly a vertical line, indicating the 

independence of composition with temperature. MPB can also be found in other FE 
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systems such as PBN (lead barium niobate). The boundary is not strictly a line but 

rather a narrow range of coexistence of both tetragonal and rhombohedral phases. 

The narrowness of this region depends on the processing and chemical homogeneity 

of PZT. For example, this region extends over 15 mole % for PZT samples derived 

from mixtures of oxide powders; while for sol-gel derived PZT, it is only about 1 

mole % in width. The exact location of the MPB is not entirely fixed; it can be 

shifted by an applied field to the Zr-rich side by as much as 0.15 mole % Zr for each 

kV / cm of field. Not only is the dielectric constant highest at this boundary, but also 

the electromechanical coupling factor and the piezoelectric d and g strain coefficients 

achieve their maximum values here. Thus any application that seeks to optimize 

these properties of PZT-containing materials will likely employ the compositions at 

or near this morphotropic phase boundary namely PZT 53/47. 

The dependence of processing on the final value of € of PZT as a function 

of stoichiometry is illustrated by the data in Fig. 10. Not only are the dielectric 

constants of wet chemically derived powders (squares) consistently higher than those 

of powders obtained from solid state processing of mixed oxides powders (triangles), 

but also the € peak at the MPB is sharper. Sol-gel derived bulk PZT 53/47 can be 

prepared with a value of €r as high as 1700 [12]. Compare this with the €r value of 

750 shown in Fig. 9 for PZT 53/47 derived from mixtures of oxides. 

It is difficult to grow large, high-quality single crystals of PZT due to PbD 

volatility at high temperature and incongruent melting of most compositions. Fluxes 
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normally used during crystal growing include PbO, B20 3, PbF2, KF and mixtures of 

these [13,14]. It is somewhat easier to prepare PZ-rich PZT single crystals since the 

solubility of PZT increases in these fluxes with increasing Zr jTi ratio. PT and PT

rich crystals tend to crack during cooling near Tc since the crystal anisotropy is quite 

high in these tetragonal crystals leading to a buildup of large stresses. The thermal 

gradient within the crucible and cooling rate can affect the crystal morphology, 

resulting in either plate-like or dendritic crystals. Zr02 may precipitate out on the 

crucible walls, affecting the stoichiometry of the final crystal [17]. 

Due to these experimental difficulties, there is a glaring lack of physical data 

on single crystal PZT as a function of composition, unlike the vast literature on 

single-crystal BaTi03. Most of the current data on PZT (e.g., dielectric constant in 

Fig. 10) are based on polycrystalline ceramic samples and are highly dependent on 

processing and microstructural variations. 
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2.2 Sol-gel Processing 

Sol-gel processing refers to a preparation technique where the polymerization 

of organo-metallic precursors is used to form a gel via hydrolysis and 

polycondensation reactions. Gelation is followed by subsequent drying and pyrolysis 

to obtain a solid phase material (usually an oxide). A sol is a colloidal suspension 

of discrete particles and a gel is a three-dimensional network consisting of both solid 

(either colloidal or polymeric moieties) and fluid components. 

Brinker and Scherer detailed the numerous physico-chemical aspects of sol-gel 

processing, particularly those of silicate-based systems [16]; while Uhlmann and 

Zelinski have reviewed the fundamentals of sol-gel processing of numerous other 

oxide systems [17]. Differences and similarities between sol-gel and melt-derived 

glasses were reviewed by the author et al. [18]. The versatile approach of sol-gel 

processing can be used to fabricate various oxide compounds in thin film, bulk 

monolith, fiber and powder forms. This method is not limited to oxide components 

alone since sol-gel derived sulphides, oxynitrides and fluorides have been reported. 

The commercial potential of this synthetic approach is reflected in current 

commercially available products such as monolithic Si02 glass offering better optical 

properties than melted Si02, IROX (SiOTcolloidal Pd) coatings on architectural 

window panes, Si02-Ti02 reflective coatings for heads-up displays, abrasive powders 

and refractory fibers, and SOG (spin-on-glass) coatings used in partial etchback in 

microelectronic processes. 
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Sol-gel processing provides several distinct advantages compared with 

conventional processing of ceramics. Ultrahigh purity can be attained since the 

chemical precursors can be purified easily. Stoichiometry can be properly monitored. 

Molecular level homogeneity can be sometimes but not necessarily obtained. The 

intimate mixing of precursors does not automatically guarantee homogeneity since 

there can exist considerable differences in hydrolysis/condensation rates of the 

components in the precursor solution. The particle size of sol-gel derived powders 

is usually very small, typically less than lOooA . This results in a high surface area 

and hence a large driving force toward chemical reactions. Substantially lower 

processing temperatures can be used due to this enhanced reactivity compared to 

solid state reactions where the particles are larger. New materials and phases can 

be obtained, particularly metastable phases. Microstructure tailoring is possible by 

controlling various processing parameters such as pH and degree of hydrolysis as well 

as post-gelation treatments. In the case of sol-gel films, complex geometric shaped 

objects can be coated. 

Disadvantages of sol-gel processing include the high cost of precursor 

materials, use of alcoholic non-aqueous media, large shrinkage associated with drying 

and densification during processing, and long processing times (more evident in bulk 

monoliths than in thin films). 

Within the last two decades, sol-gel derived bulk samples and thin films have 

received considerable attention as attested by numerous conferences devoted to this 
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field, particularly the Workshops on Sol-Gel Processing [e.g., 19-21], Ultrastructure 

Processing [e.g., 22] and Better Ceramics Through Chemistry [e.g., 23-24]. 

Sol-gel derived films are not new. The preparation of single oxide coatings via 

sol-gel processing was reported by Geffcken and Bergen as far back as in 1939 [4]. 

Schroeder summarized the state of the art in obtaining thin films via this method up 

to 1970 [26]. An explosion of interest and rapid advances in understanding and 

knowledge of sol-gel processing only occurred in the 1970's. 

Precursors are highly important in sol-gel processing. Suitable chemical 

compounds include alkoxides M(OR)n' acetates M(CH2COO), acetyl-acetonates 

M(CH3COCHCOCH3)n' chlorides, M(C1)n hydroxides M(OH)n and alkyl MRn where 

M is a metal having a valence n, typically Si, Ta, Ti or AI and R is an alkyl group 

C1I2x+l' Among these, the metal alkoxides M(OR) are the most used [27] in 

scientific work, but not widely in industry since alkoxides tend to be expensive and 

require non-aqueous media usually alcohols. 

The two basic reactions involved are hydrolysis where transformation of the 

OR groups into OH-substituents occurs, and polycondensation where the primary 

species link together, forming a network of metal-oxygen-metal bonds and 

metallometalloxane polymeric species. Elimination of volatiles and organics is 

accompanied by densification and possibly crystallization during heating of the gels, 

transforming the gels into oxides. 
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The issue of homogeneity is very important especially in multicomponent 

systems where more than one reactive species is present. Even in a single 

component system, the homogeneity issue can still arise from porosity and/or 

residual organics within the network structures. In multi component systems, the 

constituent species may exhibit different or incompatible chemical reaction rates, 

namely hydrolysis and condensation rates. These dissimilar kinetics may lead to 

some localised heterogeneities since some species react faster than others. The 

problem of incompatible reactivities of different species has been usually mitigated 

by adding H20 slowly, prehydrolysing the slower reacting species or by using 

chelates (or alkoxide-modifying agents) on the faster reacting species. Chelates, such 

as 2,4-pentanedione, usually slow down the hydrolysis rates of the alkoxides and in 

some cases also decrease the condensation rates. 

During the gelation of the multicomponent system, the resulting network is 

not necessarily in the most randomly distributed state. The differences in the 

chemical reaction rates, with or without the use of chelates, cannot be made 

vanishingly small. During gelation, especially when this occurs slowly, there can be 

sufficient time for extensive rearrangement of still-labile species and the resulting 

final gel may not be homogenous. The scale of this potential inhomogeneity (ranging 

from the molecular level to macroscales) depends on the gelation process itself. 

Ideally, gelation or condensation should be performed quickly to "freeze in" the 

randomly distributed species. During syneresis, where phase separation occurs 
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forming a liquid and a solid gel, some soluble species tend to dissolve in the liquid 

component and hence affect detrimentally the overall homogeneity and stoichiometry 

of the final samples. 

One important. issue In sol-gel derived thin films is the relative rate of 

condensation with respect to the evaporation rate of the solvent which impacts the 

gel microstructures [see, e.g., 16]. These rates can be influenced by the precursor sol 

chemistry (e.g., affecting the degree of crosslinking), ambient atmosphere and the 

deposition conditions. For example, a faster spincoating speed increases the 

evaporation rate. 

Based on similar chemical precursors, bulk monolithic gels tend to be more 

porous than thin films due to their slower drying rate, allowing the network to 

consolidate while solvent is slowly evaporating, forming extensive percolated porosity 

within the material. The longer drying times of the bulk gels also imply that the gels 

have more time to undergo relaxation and further condensation, resulting in a stiffer 

gel at an earlier stage of drying. During the later drying stages, the amount of 

shrinkage is reduced (due to the stiffer gel) and results in an increase of porosity. 

In contrast, the fast evaporation rate in films allows the structure to collapse while 

the network is still relatively deformable. In films, slow drying rates provide longer 

times for condensation reactions; and as in the case of bulk gels, this can lead to a 

higher amount of porosity. A reduction of the condensation rate (achieved, e.g., by 

decreasing the pH of the silicate-containing precursor solution) helps in achieving 
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denser as-deposited films with accompanying higher refractive index and lower 

porosity. Note also that precursor solutions with highly branched polymeric species 

tend to produce as-deposited films with lower values of refractive index and higher 

porosity than in films derived from weakly branched polymeric species. 

Another important issue with thin films is the choice of substrates and film

substrate interactions. The substrate can affect adhesion (wetting considerations) and 

crystallization behavior (heterogenous or epitaxial nucleation may be promoted at the 

film-substrate interfaces). Interfacial chemical reactions between film and substrate 

can affect phase assemblages, microstructures and final properties of the films. 

Thin films are probably the most important application of sol-gel technology, 

both commercially and scientifically. The numerous applications of sol-gel derived 

thin films have been reviewed by Uhlmann and Rajendran [28] and can be 

segmented into four main categories: electrical, optical, chemical and mechanical 

applications. They can be obtained by a variety of methods: spincoating, dipcoating, 

spraying, electrophoresis, thermophoresis, or even direct painting. The first two 

methods are the most commonly used. 

The physics is somewhat different for these two methods. The evaporation 

rate is much faster for spincoated films compared with dipcoated films due to the 

rapid forced convection above the film surface on spinning. There is, therefore, less 

time for possible structural rearrangement of the species. Further, the presence of 

the strong centrifugal forces and shear fields on the gel network cannot be 
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discounted. The as-spincoated films are denser near the edges and at faster spinning 

speeds since the presence of higher shear rates enhances the evaporation rate. There 

are more papers pertaining to the physics of dipcoated films in the current literature 

than of spincoated films. 

Spincoating sol-gel derived films is compatible with microelectronics 

processing - similar methods are used for depositing photoresists. Because of drying 

stresses the thickness limit of single applied coatings (spincoated or dipcoated) in the 

absence of any chemical additives remains at about 1 J.LIl1 after drying. When 

modifiers are used, e.g., polymeric or selected small molecule additives or organically 

modified alkoxides, this crack-free thickness can be increased. Cracking can arise 

from stresses within the films; these stresses can be tensile stresses during drying, 

stresses during densification and tensile/compressive stresses due to the thermal 

expansion mismatch between films and substrates. Usually the films crack from 

drying stresses rather than thermal expansion mismatch since the films undergo 

drying at low temperatures (typically room temperature-400C). Since the thermal 

expansion is a linear function of temperature, the stress arising from thermal 

expansion mismatch is not expected to be significant until elevated temperatures 

(e.g., > 500e). Drying stress is exacerbated where large shrinkage is involved and the 

gel network is not sufficiently strong to accomodate the structure evolution during 

organic decomposition and volatilization. In cases where thermal expansion 

mismatch is responsible for film cracking during processing at elevated temperatures, 
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it is possible through substrate selection based on thermal expansion considerations 

to devise a film-substrate configuration where the thermal expansion mixmatch is 

minimized to inhibit cracking. Multiple coatings are often used (where the films are 

dried and consolidated after each application) to achieve thicker coatings. However, 

the presence of these interfaces between coatings, each having a different thermal 

history, has implications for the overall homogeneity of the film. 

Sol-gel derived films offer many opportunities for further application and 

progress. Such progress entails development areas such as the following: film 

adhesion, mUlticomponent coating compositions (complex a1koxides e.g. ), uniform 

coatings over large areas, thicker crack-free single coatings, pinhole-free films, 

composite coatings, characterization techniques, and films of non-conventional oxides 

and non-oxides. 

2.3 PbTi03-Based Powders 

PZT powders can be obtained via conventional solid state reaction and by wet 

chemical routes. With either approach, conventional powder processing techniques 

are utilized to obtain the final desired geometry, shape and properties. The two 

approaches will be discussed in detail in the subsequent chapters. 

The powders are normally cold pressed at high pressures, typically 10,000 -

30,000 psi, and later sintered at high temperatures (about 1l00C) by heating the 
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sample inside PbZr03 or other PbO-containing powders. Such atmospheres reduce 

lead loss at elevated temperature due to the high vapor pressure of PbO. 

The control of the PbO content is the most important processing issue in 

obtaining PT-based powders. Incorporation of excess PbO serves not only as a liquid 

phase sintering aid, thus enhancing the densification rate [29], but also compensates 

for lead volatility loss at elevated firing temperatures. It helps in eliminating porosity 

resulting in transparent PLZT [30] and bismuth doped-PZT [31]. The vapor 

pressures of PbO over various lead-containing ceramics are shown in Fig. 11. At any 

temperature, the vapor pressure of PbO is higher in the order PbO > PZ > PZT 

45/55 > PT. In general, the partial pressure of PbO increases with increasing Zr02 

content of the ceramics. This would imply that lead loss increases in the order for 

PZ > PZT > PT for uncompensated atmosphere sintering. PZT ceramics have been 

sintered either embedded in or enclosed with these lead-based compounds 

(particularly PZ + Zr02) in order to maintain the PbO activity within the pellets 

[32]. 

In sintered ceramics, the vaporization loss of PbO results in a lead-depleted 

surface [33], and usually in lower values of Er and d33> the piezoelectric coefficient 

[34]. Elevated loss of PbO, which induces the formation of secondary phases such 

as Zr02' La2Zr07 and La2 Ti20 7 [30], can also affect the properties. The magnitude 

of such effects depends on the Zr /Ti ratio. For example, PbO loss lowers the value 

of €r for tetragonal ceramics (low Zr/Ti ratio), while the corresponding loss raises 
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the value of €r in rhombohedral ceramics (high Zr /Ti ratio) [35]. These observations 

reflect the precipitation of a ZrD2-rich minor phase as a result of PbD loss. In 

tetragonal and rhombohedral PZT ceramics, the precipitation of the ZrD2-rich 

phases shifts the PZT composition away from and towards the MPB respectively. 

Note that the dielectric constant is highest at the MPB. 

It has also been found that excess PbD increases the lattice constant of the 

perovkite unit cell [30 and 36]. This is probably due to the reduction in the number 

of lead vacancies whose presence will decrease the lattice parameter. Even in 

stoichiometric PZT ceramics, especially those fired to high temperatures, there exist 

Shottky defects of Pb and D vacancies. 

Too much PbD can be deleterious, as a secondary paraelectric PbD phase 

may precipitate out. Also the pyroelectric figure of merit decreases with excess PbD 

[37]. Aside from dielectric and microstructural effects, excess PbD can also influence 

mechanical properties. The presence of PbD at grain boundaries results in fractures 

along the grain boundaries; while in the absence of such excess PbD, transgranular 

fractures are observed [38]. 

The beneficial effects of excess PbD is not limited to PT-based ceramics alone 

but can be extended to other PbD-containing materials. It has led to lower sintering 

temperatures, higher €r' enhanced bulk resistivity, increased amount of perovskite 

and decreased formation of pyrochlore in relaxors [39, 40]. There are, however, 
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some conflicting reports where such additional PbO resulted in lower values of €r 

[41] in PMN ceramics. 

Such differences can be attributed to different processing approaches, since 

in the report of lower €r with excess PbO, the PMN powders were fired from 

prereacted oxide mixtures (which eliminated any formation of pyrochlore) instead of 

firing mixed PbO, MgO and Nb20 5 powders. No PbO is needed to complete the 

transformation of pyrochlore into perovskite. In this case, the excess PbO remained 

segregated along the grain boundaries, forming a secondary phase with a concomitant 

dilution effect on the overall dielectric properties. Hence, a postsinter annealing can 

increase the final €r value due to PbO loss from the grain boundaries [42]. 

2.3.1 Solid State Reaction 

In solid state reactions involving PbO, Zr02 and Ti02 powders, temperatures 

in excess of 750C are required to form PZT; and even higher temperatures (lOODC) 

are needed to obtain single phase PZT. The actual temperature depends on the 

Zr /Ti content. At any temperature, the extraneous phases present may include 

PbTi03 and unreacted PbO, Zr02 and Ti02. The actual sequence (and 

temperatures) of the phases formed leading to the final stoichiometric PZT is still 

debated and is dependent on several physicochemical considerations, viz. the starting 

reagent purity, particle size, reactivity and intimacy of mixing. This sequence is 
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important in determining the ferroelectric properties of the final products due to its 

effect on the phase assemblages and microstructure. 

In solid state reactions, the product layers form at the boundaries between 

constituent oxide particles. Mass transport across the boundary layers between the 

particles must take place for the reactions to proceed, leading usually to a parabolic 

rate law. This approach relies on solid state diffusion, entailing longer processing 

times and higher temperatures compared to those used with chemically derived 

powders. Hence solid state reaction leads to lower degrees of chemical homogeneity, 

particularly when processing is performed at relatively low temperatures. The solid 

state approach can also lead to elevated lead volatility loss when fired at high 

temperatures unless properly controlled either by sintering within high PbO

containing atmospheres or incorporating excess PbO into the powders beforehand. 

Ball milling is usually performed as an intermediate step after calcining to 

obtain smaller particle sizes and higher packing density. Ceramic balls commonly 

used include Zr02 and Al20 3. While these are hard materials, in the prolonged time 

needed to achieve small particle size, some contamination from the ball surfaces 

occurs. Thus unwanted Al20 3 or Zr02 (the latter of which affects the Zr/Ti ratio) 

is introduced into the samples and affects the powder properties. 

In oxide powders of similar sizes, the Ti ions tend to diffuse faster than Zr 

ions [43], almost always leading to the preferential formation of PbTi03. This phase 

then transforms into an intermediate PZT phase by reacting with the remnant PbO 
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and Zr02 before forming the final stoichiometric PZT [44-47]. The faster 

diffusitivity of Ti than Zr may explain why in the majority of reaction sequence 

studies, PbZr03 is almost never formed. Diffusion of Zr into the crystal lattice is the 

last step in the formation of PZT. However, in the case where ultrafine chemically 

derived Zr02 particles with high specific surface areas are used [48], PbZr03 can be 

formed; and the temperature of PZT formation is drastically reduced to 500C [49]. 

For PZT compositions near or at the MPB (PZT 53/47) obtained by solid 

state re;).ction, the range of coexistence of the tetragonal and rhombohedral phases 

is large, typically 5-15 mole %. As will be seen in the next section, the same width 

is only 1 mole % (or smaller) for chemically derived powders. The wider MPB range 

produced using the solid state reaction route reflects a lower degree of homogeneity 

among the mixed oxide particles. 

2.3.2 Wet Chemically Derived Powders 

Many powders in the lead titanate family, viz. PT [50-63], PZ [64-68], PZT 

[68-83] and PLZT [84-94], have been prepared using wet chemical methods. In fact, 

wet chemical derived PLZT powders are manufactured commercially for use in 

electrooptic applications. PT powders with fine grain size and uniform size 

distribution are used in making FE-polymer composite transducers. Usually these 

composites (for use in hydrophones, e.g.) require some degrees of poling to attain 

their optimal piezoelectric properties. 
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The advantages of wet chemical processing in obtaining powders are chemical 

homogeneity, high purity, stoichiometry control, low processing temperatures, ease 

of introducing dopants and control of microstructure in the final ceramic bodies. The 

first step in preparing precursor solutions for PT-containing compositions involves 

solubilizing the metal sources (which can be metal alkoxides, acetates, etc.) in a 

suitable medium, usually alcohol or aqueous solutions. Powders can be obtained by 

either co-precipitation, or gelation and subsequent calcination. 

Distinctions should be made between the chemistries and the actual physical 

or processing routes involved in obtaining the powders. For example, precursor 

solutions suitable for co-precipitation can be derived from the acetate

methoxyethanol or aqueous metal salts routes. Similarly, gelation can be performed 

either on acetate-methoxyethanol or all-alkoxide based precursors. Spray drying is 

often performed, usually on the co-precipitated powders or even the precursor 

solutions themselves. The different wet chemical techniques can lead to different 

powder characteristics and subsequent bulk properties. Each of these approaches 

will be discussed in the following sections. 

2.3.2.1 All-Alkoxide Route 

In the all-alkoxide route, all the precursors consist of alkoxides. For example, 

the isopropoxides of Pb, Zr and Ti were used to prepare PT [57] and PZT [84] while 

the amyloxides of Pb, La, Zr and Ti were used to obtain PLZT powders [85]. The 
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alkoxides are mixed together and refluxed. H20 is later added to hydrolyze 

completely the precursors and to precipitate complex oxy-hydroxides. The powders 

obtained are then calcined to convert them into the desired perovskite phase. At 

first blush, this approach appears very promising since the all-alkoxide route offers 

potentially enhanced homogeneity due to the chemical reactions between the various 

alkoxide species before gelation or precipitation. There are, however, several 

disadvantages. 

Pb alkoxides were prepared using anhydrous lead acetate and Na alkoxides 

[8,55] according to the following reactions: 

Na + ROH -. NaOR + H2 
reflux 

Pb(OAch + 2NaOR -. Pb(ORh + 2NaOAc.j. 

(8) 

(9) 

The sodium acetate is precipitated out and filtered away. The synthesis difficulties 

lie in the hydrogroscopicity of the sodium and lead alkoxides, insolubility of the lead 

alkoxides in their mother solvents due to their tendency to dimerize or oligomerize, 

and Na+ contamination due to incomplete reaction or washing. When the Pb(ORh 

is used as a precursor for thin films, the presence of even 100 ppm of Na+ ions is 

detrimental in microelectronic applications, particularly CMOS devices. 

Lead alkoxides can also be prepared from the reactions of Pb[NSi(Me3hb 

and alcohols [95]. The preparation and purification of lead silylamides can, however, 

be daunting. 
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There are no known double or triple alkoxides involving Pb, Zr and Ti, in 

contrast to the familiar double alkoxides of BaTi(OR)6 or Mg[Nb(OR)6h (where OR 

is the alkoxy group). In double alkoxides such as these, the stoichiometries, which 

are coincidentally in the desIred ratios, can be maintained during subsequent 

hydrolysis and condensation reactions, which can result in a high degree of 

homogeneity. Even if there were double or triple alkoxides of Pb, Zr and/or Ti, 

these compounds may only exhibit certain fixed stoichiometries, for example, 

PbxZr/ORhx+4yOr PbxZryTiiORhx+4y+4z where x, y and z are fixed. Furthermore, 

in cases where combinations of double alkoxides or double and single alkoxides are 

used, there still remains the pressing issue of the different chemical reaction rates of 

the various alkoxide species. Since PZT is a solid solution of PT and PZ with a wide 

range of Zr/Ti ratios, this double/triple alkoxide route would not be versatile in 

preparing desired PZT powders. 

The all-alkoxide route has to rely on the mixing and chemical reactions of the 

constituent alkoxides. Additionally these different alkoxides will invariably exhibit 

different rates of hydrolysis/condensation, resulting in potential inhomogeneities. 

The different rates of reaction kinetics can be mitigated by the use of modifying 

agents such as 2,4-pentanedione or acetic acid. 

2.3.2.2 Acetate-Methoxyeth3liol Route 
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The acetate-methoxyethanol precursor route has been used to prepare bulk 

PT [50-53, 55-56, 58-59], PZT [68, 70, 71, 96], PZ [96] and PLZT [97] gels. These 

gels are later calcined to obtain the powders. Blum and Gurkovich pioneered this 

approach when they prepared PT by dissolving Pb acetate trihydrate in 

methoxyethanol, refluxing the solution and later adding Ti alkoxides with the 

appropriate amount of H20 [50]. PZT and PLZT can similarly be made by 

additionally adding Zr alkoxides and La alkoxides or acetates in the appropriate 

stoichiometric amounts. 

One notable advantage of the methoxyethanol route is the formation of the 

complex methoxyethoxide, whose structure is only now being investigated by 

researchers [52, 55, 59, 98]. This alkoxide can lead to potentially better homogeneity 

since there is no organic moiety present other than the methoxyethoxide groups and 

solvent molecules. Complete refluxing is often required to get rid of remnant acetate 

or ethyl acetate in the solution. Also the reaction between lead acetate trihydrate 

and methoxyethanol removes the water of hydration during refluxing, since the 

boiling point of methoxyethanol (124C) is higher than that of water. Thus precise 

control of the extent of hydrolysis of the precursor solution can be effected. As a 

general solvent, methoxyethanol has no rival; it can dissolve most metal saIts, 

particularly acetates. This is most desirable for wet chemical processing due to the 

ease of introducing dopants, such as La by using La isopropoxides [97], Ba in the 

form of Ba acrylate [99] or Fe using Fe(acach [68]. Note too that the boiling point 
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of methoxyethanol is much higher than that of typical alcohols used in sol-gel 

processing (such as methanol or ethanol), thus providing low vapor pressure under 

ambient conditions. Additionally, the methoxyethanol can be distilled away and the 

precursors rediluted with other alcohols or solvents. Thus the drying behavior can 

be substantially different when using different alcohols with different vapor pressures; 

and the potential for controlling pore size and pore size distribution appears quite 

promising. 

The chemistry of the methoxyethanol-based approach has been widely studied, 

especially of the Pb-Ti system [51, 52, 55, 59, 98]. The reactions of the precursors 

are only now being studied to investigate the intermediates formed [59, 98]. 

However, there are still contrasting reports as to the nature of the Pb-Ti complex 

obtained by the Pb acetate-methoxyethanol route, i.e., whether the Pb-Ti complex is 

a double alkoxide or whether some remnant acetate groups are still present. 

While Pb alkoxides are clear liquids (see 85, e.g.), the reaction products of Pb 

acetate and methoxyethanol tend to be gold or brown in color [e.g., 50]. This gold 

color in solution has been attributed to the presence of a Pb acetate-Pb oxide 

complex [98]. Thus the solution precursor consisting of Pb acetate in methoxyethanol 

is expected to contain some remnant acetate groups; and the product (or products) 

is not entirely pure Pb-Ti methoxyethoxides. 

Mass spectroscopy and NMR studies of complex Pb-Ti methoxyethoxides 

indicate that these alkoxides consist of a linear Pb-Ti alkoxide polymer [59]. Initially 
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in the precursor solution, the species exist in tetramer forms with the monomer unit 

PbTi2(ORh; they evolve into elongated polymers [55] upon further hydrolysis and 

condensation, thus increasing the viscosity of the solution. The acetate group may be 

retained in the complex [98], as indicated by FfIR spectra of the methoxyethanol 

solution containing Pb acetate and Ti alkoxide [53]. 

These contrasting observations by various researchers pertaining to the nature 

of the precursors may be explained by the use of different precursors (viz., different 

alkoxy types, different alkoxyalcohols such as ethoxyethanol or butoxyethanol) or 

dissimilar processing conditions (viz. different refluxing temperatures, different 

degrees of reaction, or different amounts of H20 added). 

The choice of catalyst can affect the reactions and the resulting gel structure 

[58]; acid catalyzed gels are clear and rubbery, exhibiting high chemical homogeneity. 

TEM investigations have shown that there are microcrystalline regions within an 

amorhous matrix in the as-dried gels. In contrast, base-catalyzed gels are translucent 

and cloudy, indicative of a chemically heterogeneous network and coarse texture. 

Additionally these gels are amorphous. However, too much acid can be deleterious. 

For fixed amounts of H20 and alkoxide molarity, increasing the acid content results 

in an increased gel opacity until finally the gels become powdery and break up [51]. 

The acid acts as a catalyst in the chemical reactions. At high acid content, the 

alkoxide species tend to hydrolyse faster, resulting in clusters of fully hydrolysed 

species before they can co-condense with the rest of the reacted species. These 
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clusters contribute significantly to scattering of light especially when they are within 

the wavelength range of visible light (4000 - 7000 A). The presence of the acid also 

lowers the elastic moduli of the gels due to the lack of extensive crosslinking within 

the network. 

While there have been many studies focused on the chemistry of the Pb-Ti 

system, little attention has been directed to investigations of PZT or PLZT 

precursors derived from methoxyethanol. 

The methoxyethoxide chemistry is somewhat similar (but not identical) in the 

preparation of PZT and PZ as in the preparation of PT. The presence of Zr and La 

(in the case for PLZT) in the precursors complicates further the structure of the 

complex acetate-methoxyethoxides. It would be interesting to investigate if Zr and/or 

La act as modifiers in the Pb-Ti gel networks. Note that the coordination numbers 

of Ti and Zr are 6 and 8 respectively; and this fact has repercussions for the type and 

homogeneity of polymeric species found in the precursor solutions. Ti and Zr atoms 

are not interchangeable in the polymeric structure. Additionally, Zr alkoxides tend 

to hydrolyse faster than the other alkoxide species present in the PT-containing gels, 

and inhomogeneities may ensue. Thus the faster reactivities of Zr alkoxides can lead 

to some degradation in the degree of chemical homogeneity within the resulting PZT 

gels. For example, unlike the case for PT, during preparation of PZ [65] and PZT 

[53], Pb, PbD and ZrD2 peaks were detected with XRD after heating to 500e. 

Moreover, the highly reducing conditions found during organic burnoff can lead to 
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conversion of Ti4+ .... Ti3+ in PT gels. However in PZ or PZT gels, there is no such 

corresponding reduction reactions for Zr4+. Pb species are easily reduced and 

reduction of Pb2+ species in the network during organic decomposition leads to the 

formation of metallic Pb which can either volatilize off at temperatures above its 

melting point of 327C or form PbO at higher temperatures. 

In PZ gels, higher temperatures (-800C) are needed to form single-phase 

crystalline PZ since the phase separation of the initial constituents into Pb, PbO and 

Zr02 requires elevated temperatures for solid state diffusion. The benefit of lower 

processing temperature inherent in wet chemical processing is then negated. Note 

that there is no report of a Pb-Zr double alkoxide in contrast to the Pb-Ti system. 

No Ti02 phase has been reported in PT gels, implying that no phase separation has 

occured. The higher degree of homogeneity in PT gels can be attributed to the 

presence of the Pb-Ti double alkoxide species which involves only one chemical 

reaction during hydrolysis or condensation. 

Gelation and subsequent calcination is not the only way to obtain PT

containing powders; spray-drying can also be performed. Spray-dried Fe-V-Nb-doped 

PZT powders from sols obtained using methoxyethoxide precursors required a heat 

treatment of 800C for 5 hrs. to attain the perovskite phase [68]. However, there may 

be some intermediate Pb phase present during firing since a slight weight gain was 

recorded during thermo- gravimetric analysis of the resulting powders. This has been 

attributed to the reoxidation of Pb at 600 - BOOC [68]. The choice of solvent used 
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In dispersing these Fe-V-Nh-doped PZT sols affected the morphology of the 

particles; when H20 was used, hollow particles 1-6 J..lffi in size were obtained, while 

more complex irregular shapes were found with methoxyethanol [68]. 

The MPB in methoxyethanol-derived PZT powders was found to be 1 mole 

% wide [71]. The exact location and width of the MPB is important since these 

determine the phase (or phases) found in the powders and ultimately the properties 

of the bulk ceramic. 

One serious drawback in the methoxyethanol route is the teratogenicity of this 

solvent. Even at ppm levels, methoxyethanol has been demonstrated to cause 

hematological damage, and is extremely deleterious to a developing fetus and hence 

harmful to pregnant women. One cannot envisage the methoxyethoxide route being 

adopted commercially unless accompanied by stringent safety and environmental 

precautions which would greatly increase the manufacturing cost. 

2.3.2.3. Acetate-Methanol Route 

In a related approach, methoxyethanol was not used; instead, lead(IV)acetate 

was dissolved in methanol and TijZr alkoxides are later added [69]. Gelation was 

initiated by adding H20. Note that lead acetate is not readily soluble in alcohols 

such as ethanol or isopropanol. Dissolved basic lead acetate, 

Pb(COOCH3)2.Pb(OHh in acetic acid was also used as a source for Pb [73]. The 

use of acetic acid in sol-gel processing has received attention recently, especially its 
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complexation reactions with Ti alkoxides [100, 101]. The acetate groups are 

essentially bidentate ligands, resulting in chelated and bridging species; and Ti oxo

acetate polymers can be obtained [100]. 

Acetic acid has been utilized as a solvent for basic Pb acetate [73] rather than 

as a direct modifier for the Ti/Zr alkoxides. While the presence of acetic acid in the 

precursor solution helps in decreasing the reactivities of the constituent alkoxides, the 

copious presence of acetate groups can be detrimental in final organic burnoff and 

the achievement of single-phase perovskite particles. For example, the reaction to 

form single-phase perovskite PZT was not completed unless the gels were heated to 

600C for 10 hours [69]. Even in spray-dried PZT powders [73] derived from a 

methanolic precursor solution containing acetic acid, Pb acetate, Zr n-propoxide and 

Ti methoxide, intermediate PbTi03, PbO and Zr02-rich PZT were observed, which 

are indicative of solid state reaction oceuring before the final formation of the 

perovskite phase. The phase separations observed in these gels ( similar to the earlier 

case involving acetate-methoxyethoxide-based gels discussed in Section 2.3.2.2 ) attest 

to the low degree of chemical homogeneity due to the occurrence of different 

chemical reaction rates in these precursors in spite of the presence of aeetic acid. 

2.3.2.4 Co-Precipitation Route 

Co-precipitation is a classical method to obtain oxide powders. It has been 

used to obtain PT-based powders such as PT [54,56,60,63,99], PZ [64,66,68], PZT 
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[72, 79], and PLZT [72, 79,87,88, 90,91,93,94, 102-104, 105, 106]. This technique 

involves dissolving metal salts or alkoxides in the appropriate molar ratios in an 

aqueous or alcoholic medium, into which a precipitating agent is later added (such 

as NH40H, H20 2 or oxalic acid). The precipitates, which are usually amorphous, 

are then filtered, washed and fired to obtain the final oxide form. Numerous 

processing variables such as pH, concentration of solutes, temperature, speed of 

precipitation, choice of solvent, etc., determine the final powder characteristics. 

Scale-up is relatively easy to perform. Alkoxides are sometimes used, in which case 

the H20 necessary for complete hydrolysis is added to precipitate out the desired 

phases. Very small size particles can be obtained as-precipitated by careful control 

of experimental parameters; and agglomeration of these particles during drying and 

densification can be avoided or reduced by subjecting them to a fluidized bed 

treatment. Small particle size is desired for sinterability of ceramic compacts; and 

good grain size control has important ramifications for the ferroelectric and 

electro optic properties of final bodies, particularly for PLZT samples to control 

scattering losses. 

One potential disadvantage in this method involves the different solubilities 

of metal hydroxides or other precipitated species such as oxy-hydroxides or peroxides 

within the solvent. A particularly soluble metal hydroxide can lead to metal-deficient 

powders after washing. Additionally, some of the initial metal salts may not have 

undergone complete reaction and remain in the particles after drying. These 
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remnant groups, such as nitrates, are harder to remove than hydroxides and need to 

be decomposed during post-precipitation firing, thus introducing unnecessary 

additional exothermic reactions. While small size particles can be obtained from 

precipitated P'T-based powders by careful control of the co-precipitation process (the 

small size aids in subsequent sintering of the bulk ceramics), the final FE properties 

of the bulk ceramics can be adversely affected. The dependence of the grain size of 

the microstructure on bulk FE's has been discussed in Section 2.1. For example, 

PZT bulk ceramics prepared from co-precipitation of complex oxalate salts [30] 

exhibited lower €T' higher T c and lower P r as the grain size became smaller; the 

coercive field, however, remained fairly constant. 

A variety of metal salts, such as nitrates, chlorides, oxychlorides or 2,4-

pentanedionates, must be used carefully to prepare the precursor solution in order 

to avoid any undesired reactions before the actual co-precipitation process. The 

mixture of these different metal salts can result in the premature precipitation of 

certain insoluble metal salts; e.g., adding a solution of TiCl4 into a Pb(N03h solution 

can lead to precipitates of PbCI2. Such premature precipitation often leads to 

undesired stoichiometries or a low degree of homogeneity within the powders. These 

undesired precipitates or remnant groups resulting from incomplete reactions can 

often be detected by X-ray diffraction since the co-precipitated complex hydroxides 

are usually amorphous while the remnant salts are crystalline. Undesired 

precipitation of the PbCl2 phase where nitrates and chloride salts are used can, 
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however, be avoided by first precipitating out the hydroxides of La, Zr and Ti by 

reacting with aqueous ammonia and later adding Pb nitrate [93]. In cases where 

chlorides are used, some remnant cr may still be present even after washing. These 

CI- ions can only be removed by firing at high temperatures. This can lead to 

porosity when these ions escape into the air (since the sample has attained a rigid 

structure and cannot collapse around the pores at these elevated temperatures). The 

resulting porosity degrade the microstructure and properties and also decrease the 

mechanical strength. Additionally, CI- ions are corrosive towards stainless steel 

containers. 

The choice of precursors, nitrates, chlorides, 2,4-pentanedionates or 

combinations of these, can also affect the final material properties. Powders derived 

from these different precursors have different morphologies, surface activities and 

sinterabilities of the particles [87]. These effects in turn result in different final 

material properties, namely density, €I"' tan 6, To kp and Pr [94]. 

Spray drying is often performed at slightly elevated temperatures, typically 

below 250C, using co-precipitated amorphous powders that have been thoroughly 

washed resulting in fine amorphous particles (56, 72, 79). The resulting particle 

characteristics, specifically morphology and grain size, are determined by various 

factors, such as inlet temperature, solids content, pH, speed of injection, type of 

nozzle and choice of dispersant used. It should be noted that spray-drying is often 

used in commercial applications for mass-producing ceramic powders. 
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2.3.2.5 Spray Pyrolysis Route 

Spray pyrolysis is a process involving atomization of a precursor solution ( 

rather than co-precipitates as in spray drying discussed in Section 2.3.2.4) into a 

heated atmosphere where decomposition of the aerosol occurs, leading to the 

formation of oxide particles. 

This process is also known as the evaporative decomposition of solutions 

(EDS). The heated atmosphere is provided by maintaining the furnace walls at 

elevated temperatures. The precursor solution is often sprayed vertically downwards 

between the heated furnace walls and the powders are collected in a receptacle 

below at a cooler location. Atomization of the solutions is performed by either 

injection through nozzles or using an ultasonic vibrator. Spray pyrolysis can also be 

performed to obtain films by spraying a solution onto heated substrates. This 

method is widely used to prepare transparent conductive oxide films [11, e.g.]. 

Among the PT-based compositions, spray pyrolysis has been used predominantly to 

prepare PLZT powders [89, 92, 107]. 

This approach is inherently simple, involving the mixing of various metal 

sources depending on the PT-based composition chosen. Selected dopants can be 

easily introduced by adding the necessary salts or cation sources. The use of an 

aqueous medium as the spraying solvent is very attractive in industrial applications 
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since water is cheap and enviromentally safe. The nature of the spray-pyrolysed 

particles depends on the solvent, aerosol size, spraying speed, atmosphere type, 

temperature and solution molarity. For example, it has been reported that the 

addition of 20 vol. % of ethanol to .an aqueous solution containing Pb nitrate, 

zirconyl nitrate, Ti isopropmdde and La oxide dissolved in acetic acid resulted in less 

agglomeration and promoted the formation of single phase perovskite PLZT; if no 

ethanol was added, the particles tended to be agglomerated with 2 - 4 microns in size 

and each agglomerated grain consisting of fine grains 0.2 - 0.4 micron in size [92]. 

The compounds used to prepare PLZT precursor solutions usually consist of 

Pb nitrate, La oxide or La nitrate, zirconyl nitrate or zirconyl chloride and Ti 

isopropoxide [107,89,92]. Nitric acid or acetic acid is used to dissolve La oxide [92]. 

A N2 atmosphere was found to aid in decomposing the lead nitrate phase 

present in the spray-pyrolyzed powders since the decomposition of Pb nitrates is 

accompanied by oxygen formation and the presence of an oxygen atmosphere can 

retard this reaction. However, the lack of oxygen or the use of a low oxygen partial 

pressure to promote this reaction is not conducive to perovskite formation. 

While spray pyrolysis appears simple, there are a few problems associated with 

spray pyrolysing Pb-containing compounds. The temperature at which the spray

pyrolysis is performed must be high enough to decompose the constituent salts into 

oxides, but cannot be too elevated where Pb loss from the particles may pose 

stoichiometry problems. When using stock solutions containing various metal 
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nitrates, Pb nitrate was still detected even when spray-pyrolyzed at 700C [92]. 

Additionally, when spray pyrolyzed above 800C, the resulting powders were found to 

contain a pyrochlore phase, Pb2 Ti20 6 [92]. Since the stock solution consists of 

soluble salts in an aqueous medium, there is no chemical reaction between the 

various metal cation species, unlike in the precursors derived from the all-alkoxide 

[Section 2.3.2.1] or acetate-alkoxide [Section 2.3.2.2] routes. During spray pyrolysis, 

some metal salts tend to decompose easier than the others. Coupled with possible 

Pb loss at high temperatures, the spray-pyrolyzed powders may have homogeneity and 

stoichiometry problems. Special equipment to vent the decomposition products 

during spraying can be expensive. Alkoxide-based precursors within an alcoholic 

medium can be used to initiate chemical reactions. This presence of alcohol, 

however, is not recommended due to its flammability, expecially at high pyrolysis 

temperatures. Additionally, use of alkoxides is not compatible with aqueous 

environments where copious precipitation may occur due to uncontrolled hydrolysis 

and condensation. 

2.3.2.6 Dispersion of PbO Powders in Alkoxides Route 

A different approach in making PT-based powders involves usmg PbO 

powders (instead of soluble Pb salts or alkoxides) dispersed in a solution containing 

Zr/Ti alkoxides or salts, hydrolyzing by adding an aqueous solution which can 

contain dopant salts, and subsequently calcining to form PZT [81-83] and PLZT [86, 
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108]. The PbD powders are usually themselves derived from solid state reactions and 

hence tend to be micron-sized. This method was adopted by Motorola for making 

PLZT powders (where La 2,4-pentanedionate was used as the La source [86]); the 

powders are subsequently hot-pressed to obtain transparent electro optic wafers. This 

approach has great appeal for mass production in large bat~hes. A perovskite PZT 

phase was obtained by heating the slurry at 500C for 16 hrs. [81]. The powder 

characteristics were determined during hydrolysis, and are influenced by temperature, 

hydrolysis rate and pH of the solutions [82]. 

This method is, however, not that attractive since the resulting material is 

inherently chemically inhomogenous since the micron-size PbD powders are not 

distributed uniformly on a molecular scale. The hydrolysis of Ti/Zr alkoxides results 

in coatings of Ti/Zr species around the surface of each individual PbD particle. 

Solid state diffusion needs to take place to form perovskite PZT; the extent and rate 

of this solid state reaction ultimately depends on the size of the PbD powders and 

the thickness of the Ti/Zr-containing coatings. PZT formation is aided by using PbO 

with the smallest grain size as possible; but extremely pure and small size PbO 

powders are difficult to synthesize using solid state reactions. Fine grain size PbO 

powders can be obtained by wet chemical techniques; if, however, PbO powders are 

derived from wet chemical techniques, then the entire PT-based powders might as 

well be synthesized by wet chemical techniques. In some cases, under extreme 

hydrolysis conditions, Ti/Zr-containing precipitates may also form. The situation is 
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just marginally better than with solid state reactions involving mixed oxides discussed 

in Section 2.3.1, since at least the Ti/Zr precipitates are expected to yield high 

specific areas and hence high reaction rates. 

2.3.2.7 Hydrothermal Reaction 

Hydrothermal synthesis of materials involves using H20 as a catalyst, and 

usually as the solvent, at elevated temperatures (above lOOC) and high pressures 

(above 1 atmosphere). One feature of this route is the ability to obtain crystalline 

compounds at relatively low temperatures ( < 30DC). 

Hydrothermal preparation of PT from Pb acetate and TiCl4 in KOH has been 

reported [62,77, 78]. The processing temperature and pH conditions determined the 

PT phases formed; high pH produced the perovskite phase, whereas low 

temperatures « 170C) produced a pyrochlore phase, Pb2 Ti20 6. Similar results on 

the hydrothermal synthesis ofPZT 52/48 particles demonstrated that perovskite PZT 

particles were formed under high pH conditions, while low pH resulted in phase

separated particles of PT and PZ [78]. These PZT particles tend to be euhedral in 

shape. While PZT powders can be formed at temperatures as low as 70C [78], the 

hydrothermal method can introduce alkali contamination into the particles due to the 

high pH condition of the medium. Additionally, the PZT particles formed at such 

low temperatures are not expected to be dense, a fact which can lead to porosity 

problems during subsequent sintering. An autoclave is also needed for this type of 
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reaction; and hence mass production is not trivial. Furthermore, large industrial 

autoclaves require stringent safety precautions. There is no known report on the 

hydrothermal synthesis of PLZT. 

2.3.2.8 Comparisons of PZT Powders Obtained from Various Wet Chemical 

Techniques 

Various wet chemical methods of preparing PT-containing powders have been 

discussed. From reviewing the various wet chemical approaches, it is evident that 

different techniques produce powders with different characteristics, including 

morphology, size and degree of agglomeration, purity, presence of extraneous phases 

aside from the required perovskite phase, and homogeneity - all of which impact the 

material properties of the final bulk ceramics. 

In an interesting comparison, Swartz and Payne [56] prepared PT powders by 

co-precipitation (and later spray-dried), sol-gel (methoxyethanol route) and rapid 

solidification (where the sample was splat-cooled between metal cylinders). The 

resulting powders exhibited different crystallization temperatures: 375C, 425C and 

475C respectively. The sol-gel derived and co-precipitated powders did not exhibit 

any metastable phase of pyrochloric origin; but in the rapidly solidified powders, two 

non-perovskite phases were detected consisting of PbO and a pyrochlore phase. The 

differences in crystallization temperature are probably due to the different surface 

areas of the as-prepared powders, with the spray-dried powders having the highest 
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surface area and hence the largest number of heterogeneous nuclei. The presence 

of free PbO phase in the rapidly quenched PT sample demonstrates the segregation 

of PbO from the matrL"{. Thus the lower degree of homogeneity leads to a higher 

crystallization temperature than that in samples derived from sol-gel or co

precipitated powders since solid state reactions have to take place to form perovskite 

PT. 

To evaluate the quality of the powders obtained from a variety of wet 

chemical methods, the dielectric constants of sintered PZT 53/47 pellets derived 

from these powders are compared in Table 1. There are no data on samples derived 

from hydrothermal PZT 53/47 powders. All the pellets were sintered at 

approximately the same sintering temperature ( -1100C); and hence any difference 

in the value of dielectric constant cannot be attributed to different thermal histories. 

It is apparent that PZT bulk samples prepared from gel-derived powders 

exhibit higher dielectric constants than powders prepared from other methods. Gels 

derived from lead acetate and Ti/Zr alkoxides in methanol produce pellets with the 

highest dielectric constant (1700) while pellets made from the "Pb0 powders 

dispersed in Ti/Zr alkoxides" and spray-pyrolysis route exhibit values of dielectric 

constant (-700) smaller than those obtained using the mixed oxide method. 

It is interesting to note that the PZT sample derived from Pb acetate dissolved 

in methanol offers a higher €r (1700) than that prepared from Pb acetate in 
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Table 1 - Dielectric constant of sintered PZT 53/47 pellets from wet chemically 
derived powders 

Method €r Reference 
-,. -,~- Cc 

Lead acetate in methoxyethanol + 1100 70 
alkoxides 

Lead (IV) acetate in methanol + 1700 69 
alkoxides 

PbO powders dispersed in alkoxides 700 81 

Mixed oxide (solid state reaction) 750 6 

Spray-pyrolyzed 650 74 
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methoxyethanol (1100). The reasons may be in the higher homogeneity of the 

former case and gel network structure differences which affect microstructural 

development. As discussed in Section 2.3.2.2, in PZT powders derived from the 

acetate-methoxyethanol route, some extraneous phases consisting of Pb and PbO 

were detected, attesting to the lower degree of homogeneity in these powders. 

In spray-pyrolyzed powders, the particles may actually consist of individual 

constituent oxides (or oxyhydroxides) rather than of any Pb-Zr-Ti complex. In the 

approach where PbO powders are dispersed in Ti/Zr alkoxides, the slurry obtained 

after hydrolysis is inhomogenous on the scale of the particle size, consisting 

essentially of PbO powder covered with Ti/Zr-containing surface layers. In the two 

latter approaches, solid state reactions are needed to form the perovskite phase. 

Hence the degree of homogeneity is expected to be considerably lower than in gel-

derived powders. 

2.3.3. Comparisons of PZT Powders Obtained from Solid State Reaction of 
Mixed Powders and Wet Chemical Techniques 
The solid state reaction of mixed oxides and various wet chemical techniques 

to prepare PT-containing powders have been discussed in the previous sections. One 

notable difference between these approaches is the processing temperatures needed 

to obtain full perovskite PZT. Solid state reactions of mixed oxide powders require 

high temperatures (about 1000e); while wet-chemically derived PZT powders yield 

the perovskite phase at temperatures as low as 600C. Further, the smaller particle 

size of wet chemically derived powders aids in sintering of the final PZT bodies. For 
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example, PZT ceramics prepared from solid-state reacted oxides are normally 

sintered at temperatures above 1200C, while similar ceramics obtained from wet 

chemically derived powders can be fully densified at temperature as low as 900C. 

Note that a high sintering temperature results in a higher Pb loss, which can impact 

the final stoichiometry of the PZT ceramics. Besides better stoichiometry control, 

the lower processing temperatures inherent in wet chemical processing also lower 

energy costs. 

Additionally, the powders obtained by wet chemical techniques are typically 

amorphous. Packed in a compact, these powders sometimes can undergo full 

densification before crystallization, aiding significantly the sintering process. In 

contrast, powders derived from solid state reaction of mixed oxides are typically 

crystalline. After reaction at high temperatures, ball-milling of these powders is 

usually performed to obtain fine PZT particles before packing them into compacts. 

Since the particles are already crystalline, the degree of densification at low 

temperatures is typically lower than that in ceramics derived from amorphous 

powders obtained by wet-chemical techniques. This necessitates higher sintering 

temperatures and ultimately exacerbates the problem of PbO loss. 

Since high purity precursors are used in wet chemical processing, the resulting 

powders also have a high degree of purity. Mixed oxide powders tend not to be as 

pure. Note that high purity and small particle size oxide powders of Pb, Ti and Zr 

are usually prepared by wet chemical routes. The necessity of ball-milling the 
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calcined powders upon completion of solid state reactions before packing into 

compacts can introduce undesired contamination from the milling media. PZT 

ceramics prepared from wet chemically derived powders with a high degree of purity 

afford final products with consistent and reproducible materials properties. 

Due to the intimate level of mixing (possibly at a molecular level) in gel

derived PZT powders, the degree of homogeneity is high, unlike in solid state reacted 

oxide powders where mass diffusion must occur across boundary layers between the 

particles to complete the formation of the perovskite phase. The chemical 

fluctuations in the powders obtained from mixed oxides can be quite large. For 

example, the MPB in wet-chemical derived PZT powders is typically about 1 mole 

%, while the same boundary in solid state reacted powders can be as wide as 15 

mole %! The high degree of homogeneity results in better materials properties, such 

as higher values of dielectric constant and piezoelectric coefficients, and also a 

sharper peak in dielectric constant at the Curie transition. 

Phase assemblages can also be different. In powders obtained from solid state 

reactions, the extraneous phases present during processing may include PbTi03 and 

unreacted PbO, Zr02 and Ti02 before the final formation of perovskite PZT. In 

contrast, wet chemically derived PZT powders usually transform into a metastable 

pyrochlore phase at low processing temperaures before the final perovskite phase is 

obtained. There is no known report of any intermediate pyrochlore phase in solid 

state reacted powders. Pyrochlore is paraelectric and can degrade the ferroelectric 
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properties of the powders. Note that the structures of perovskite and pyrochlore are 

almost identical, except that the direction of the B - ° -B chains is a straight line 

in perovskites, but this direction is zig-zagged in pyrochlores. The structure of 

pyrochlore can be perceived as a defective and more open variant of the perovskite 

structure. The pyrochlore formation, on the other hand, attests to the enhanced 

driving force for crystallization in the wet chemically derived powders. Even though 

pyrochlore is formed in wet chemically derived PT-based powders, it is usually 

transformed into perovskite at temperatures « 600C) which are still considerably 

lower than the temperatures (about IOOOe) needed in the solid state reaction route. 

Pyrochlore formation, which is evident in both vapor-deposited and sol-gel derived 

PT-based films, is also discussed with regard to its effects on the phase assemblages 

and properties of the thin films in Section 2.5.3 

2.4 PbTi03-Based Films 

PZT films are proposed to be used in a gamut of applications ranging from 

infrared bolometers to FE memory. Like other FE films, PZT films were first 

utilized in high dielectric constant capacitors. PZT films are used in electrooptic 

applications such as optical switches and waveguides. PLZT is a serious competitor 

to Ti-diffused LiNb03 as a planar waveguide due to the higher induced birefringence 

of PLZT [109]. Additionally, LiNb03 suffers from optical damage problems and 

weak E-O coefficients. A high speed total internal reflection optical switch has been 
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fabricated using a PLZT active layer and a Ta20S buffer layer [110]. PT-based film 

applications are not limited to electrooptical uses alone. Thin film transistors based 

on either PLZT bulk substrates [111] or thin film PLZT using CdSe as the 

semiconductor [112] have been reported. They can be found in numerous 

applications such as dielectric layers in electroluminescent devices and neural 

networks [113]. 

DRAMs of increasingly higher density (16M DRAM's are expected at the end 

of 1992) necessitate further miniaturization of circuit features to the submicron level. 

Hence there is a pressing need for high dielectric constant insulator films to replace 

conventional Si02 whose relative dielectric constant is 3.8. Thin Si02 layers at 

hundreds of A to provide higher capacitance per unit area are difficult to process due 

to uniformity and reproducibility problems. By judicious choice of composition in the 

PZT, PLT, PLZT families or by incorporation of specific dopants, e.g., it is possible 

to design a paraelectric lead titanate system with linear dielectric characteristics 

unlike that of typical ferroelectric compositions. For incorporation of these PT-based 

films for DRAM application, suitable etch ants for Pb in plasma etching need to be 

available which are presently lacking. 

Techniques to deposit PZT films can be generally classified into physico

chemical and wet chemical approaches. The main issues in both approaches include 

film-substrate interaction, precision of stoichiometry, degree of homogeneity, control 

of microstructure and compositional doping. PZT thin films in general tend to be 
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different from their bulk ceramic counterparts; usually their properties are inferior 

compared to those of the bulk. Among contributing factors to such differences are 

clamping effects of substrates, size effects in the FE, film-substrate interactions, film 

vs. bulk microstructure, and lower density of films. Additionally, the stresses in films 

may be considerable due to contributions from thermal expansion mismatch between 

film and substrate and from the large volume change during crystallization. 

It should be noted that not all film properties are inferior to those of bulk 

samples. For example, the photosensitivity of PZT films tends to be much higher 

than that of bulk ceramics. Substrate clamping also affects the longitudinal and 

transverse electro optic coefficients; and in PZT thin films, the MPB shifts to higher 

Zr contents. This is probably due to the presence of stresses in the film (which can 

affect the FE characteristics) and/or the small size of the crystallites in the films. 

The grain size and thickness of the film play critical roles in determining the FE 

behavior: size effects in FE's are well known and have been discussed in Section 2.1. 

Before considering the relative merits of various techniques in preparing PT

based films, it is important to point out the lack of a generally accepted format in 

reporting FE film properties. The IEEE standard protocol in reporting FE film 

properties is still in progress. These films are non-linear dielectrics; and their 

properties are inherent functions of numerous physical factors, notably film thickness, 

grain size, applied d.c. bias, amplitude and frequency of applied signal, measurement 



89 

geometry, preferred orientation and presence of secondary phases. With these 

reservations in mind, any comparisons of FE film properties should be taken with 

care. 

The measured dissipation factor, tan 6, is actually the total tan 6 of the device 

under test (usually a capacitor structure) and consists of the intrinsic material tan 6 

plus a contribution from the series contact resistance, wRC. Usually there is an 

anomalous increase in tan 6 at high frequencies arising from this series resistance 

and at frequencies near the resonance frequency. 

The level of the signal amplitude influences small signal and large signal 

values of the dielectric constant and loss. At higher amplitudes, polarization 

reversals occur and lead to an increase in dielectric constant and loss due to the 

nonlinear contribution from the hysteresis loop - namely the motion of domain walls. 

Even in the case of a paraelectric film (e.g., in some PLZT compositions), the signal 

level influences the impedance - notably when an interfacial barrier is present. This 

barrier impedance dominates at low signal levels while the bulk impedance becomes 

significant at higher signal levels. 

The higher loss for crystalline films (compared with amorphous films) is due 

to a contribution from the nonlinear (hysteresis loops) nature of the films and grain 

boundary scattering. The choice of substrate can also affect decisively the FE 

properties, particularly the dielectric constant. Low dielectric constant values imply 

amorphous films or the presence of interfacial reactions. The highest values of €r 
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are found in films deposited on Pt. The selection of substrates is crucial with respect 

to substrate-film interdiffusion and reaction. Methods of circumventing or mitigating 

harmful interactions with ceramic substrates (e.g., rapid thermal annealing or 

intermediate passivation layers such as Sn02) seem deserving of greatly expanded 

attention. 

In PZT films, the method of preparation can affect important microstructural 

characteristics which include grain size, porosity, chemistry, phase assemblages, 

preferred orientation and substrate-film interactions. Aside from these 

considerations, post-deposition processing can also affect the final film properties. 

These issues will be discussed in the following sections. 

2.4.1 Chemistry Issues 

It is sometimes advantageous to dope or co-dope PZT films to tailor the FE 

properties. The incorporation of dopants in bulk PT-based ceramics has been 

studied extensively [6], where dopants have improved considerably the dielectric, 

piezoelectric, pyroelectric and electrooptic properties of the final bodies. 

The chemistry issues involve cation ratios, cation-to-anion ratios and retained 

organic species in the films. The specific PT-based film composition chosen is very 

much property-driven. PT, PZ, PZT, PLZT or PLT films can be obtained by using 

vapor-deposition or sol-gel methods. The properties of the films depend critically on 

the stoichiometry and composition. For example, PT films with high pyroelectric 
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coefficients are chosen for pyroelectric applications; while PLZT films with high 

dielectric constants are attractive in dielectric or microelectronic applications. Due 

to the high surface area per volume of films, Pb loss can occur more easily, resulting 

in stoichiometry problems. The Zr /Ti ratios in the films determine the PZT crystal 

structure, either tetragonal or rhombohedral. Presence of off-valent dopants can 

render the films semiconducting and can affect the film-substrate and film-electrode 

interfacial characteristics ( see Section 2.5.4 ). 

Sol-gel derived PZT thin films have been doped with La [22], Fe [22] and Nb 

[26]. Excess PbO has also been incorporated in some sol-gel PZT thin films [26], 

which exhibited higher values of dielectric constant than if no excess PbO was used. 

In terms of ease of incorporating dopants, wet chemical methods have proven their 

undisputed merit. 

2.4.2 Microstructural Issues 

Porosity is present to some degree in almost all as-prepared PZT films. It can 

be discrete or disconnected, but is often interconnected. The volume fraction is 

large, being higher for wet chemical films at 50% than for sputtered film at 30%. 

The processing atmosphere is expected to have a considerable effect on the evolution 

of microstructure and thus properties. It is highly desirable to minimize porosity in 

PZT films, since it can contribute to pinhole formation (especially for percolated 

porosity) which is detrimental to devices, and can degrade the FE properties of the 
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films. In some aspects, however, porosity can be used to tailor materials properties. 

For example, porous PZT ceramics with low values of dielectric constant are 

prepared for hydrostatic transducers. While there has been no report so far on 

obtaining PZT films with controlled amounts and distributions of porosity, these films 

are expected to be useful in sensor applications. 

Crystalline orientation in PZT films is possible via substrate epitaxial 

effects, the deposition process itself (e.g., the columnar features in sputtered films) 

or by unidirectional shrinkage and densification/ crystallization during post-deposition 

processing. The potential for manipulating film orientation by judicious choice of 

substrate offers great possibilities, but has not been widely explored. More work has 

been performed on obtaining epitaxial and single crystal PLZT films than PZT films, 

particularly on MgO and sapphire. Not only is the lattice matching between these 

substrates and PLZT films better, but there also are more pressing technological 

needs for epitaxial PLZT films, especially in electrooptic applications. 

One important issue in epitaxial growth of PZT films is whether these films 

crystallize below or above the Curie temperatures. If the films crystallize above T C' 

the crystal structure is cubic, while below T C' the crystal structure is tetragonal or 

rhombohedral depending on the composition. Any lattice matching of the epitaxial 

substrates must take into account the lattice parameters of the subtrates at the 

elevated processing or deposition temperatures and not the room temperature values. 

As an illustration, c-axis oriented sputtered PT films on MgO can be obtained easily 
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[e.g., 114]; but the corresponding sol-gel films are not as strongly c-axis oriented [e.g., 

115]. The sputtered films were deposited on heated substrates above Tc where there 

is good lattice matching between MgO and cubic PT. In sol-gel films, in contrast, 

crystallization may occur below T c during firing. The c- lattice edge of PT and lattice 

parameter of MgO match well, resulting in some alignment of the c-axis direction 

parallel to the substrate surface. 

2.4.3 Phase Assemblage Issues 

Both physical and wet-chemical PZT films frequently produce as-deposited 

coatings that are either amorphous or contain a metastable pyrochlore phase which 

is paraelectric and thus degrades the FE properties. Crystallization behavior is 

expected to be different in thin films than in bulk due to the presence of the 

substrate and the high surface area per volume of the films. As noted in Sections 

2.3.1 and 2.3.2, pyrochlore formation only occurs in chemically derived powders and 

not in powders obtained via the solid state reaction. Much work is needed to 

understand and control the pyrochlore to perovskite transformation. The presence 

of pyrochlore will be discussed in more detail in the next two sections on the 

preparation of PZT films. 

Oxide pyrochlore compounds with the general formula A2B20 7 (where A and 

B are metal ions) are usually cubic with a lattice parameter of about lOA. [116]. 

Defect pyrochlores of types A2B20 6 and AB20 6 also exist. There are not many Pb-
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containing pyrochlore compounds. Martin first reported a metastable cubic PT 

pyrochlore phase having the general formula A2B20 7 [117]. This pyrochlore phase 

crystallized at 570C from a PbO-containing glass and transformed into the tetragonal 

perovskite PT at 620C. PbTi30 7 derived from co-precipitated powders was also 

obtained but decomposed into PT and mtile when heated above 850C [118]. 

The formation of pyrochlore phase(s) has been reported in both sol-gel 

derived [115, 119-126] and sputtered films [127-137]. These pyrochlore phases can 

be grouped into Pb2Ti20 7 [e.g., 138] or PbTi30 7 [e.g., 139] types which are formed 

at low « 500C) and elevated temperatures (> 700C) respectively. The pyrochlore 

structures are quite accomodating; several pyrochloric phases have been reported 

depending on the compositions and heat treatments in sol-gel derived PZT films 

[140], as well as in sputtered Bi4Ti30 11 [141] and Pb2KNb50 15 [137] films. 

An important issue is why the pyrochlore phase forms at all considering that 

both the pyrochlore and PT phases are cubic at temperatures above Te. BaTi03 

does not exhibit any corresponding pyrochloric metastable phase such as Ba2 Ti20 7 

while Pb or Bi-containing titanates do so. The reason may lie in the relative 

volatility of PbO compared with BaO. At elevated processing temperatures, Pb 

vacancies can result. Note that the calculated densities of pyrochlore and perovskite 

PT are 7.16 and 8.00 g/cc respectively [118], indicating that the pyrochlore phase is 

quite "open" and can tolerate numerous vacancies. 
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There has been scant attention directed to the crystallization behaviour of 

pyrochlore. It would be interesting to study and compare the following processes : 

amorphous-to-pyrochlore, pyrochlore-to-perovskite and amorphous-to-perovskite. It 

is known that thicker PZT films aid the pyrochlore-to-perovskite conversion [e.g., 

120]. Insight into understanding these behaviors would aid in optimizing the phase 

assemblages and achieving single-phase perovskite films. The phase assemblage of 

PZT films - consisting of perovskite, pyrochlore and/or amorphous phases - play 

important roles in determining the electrical and optical properties. Pyrochlore is 

paraelectric; and its presence is expected to dilute the overall FE nature of the films. 

2.4.4 PZT Film-Substrate Interfacial Issues 

PZT-substrate interactions can be structural, chemical or mechanical In 

character. Prediction of epitaxial effects in general is a far-from-exact science. A 

further complication is provided by the role of defects on the surface of the substrate 

(ranging from dislocations to scratches) which can be detrimental to the preparation 

of high quality films. Chemical interactions can lead to the formation of a 

deleterious paraelectric intermediate layer between PZT and the substrate (e.g., Si02 

from Si substrates), depending on the relative chemical reactivity and diffusivity of 

the various species present at the interface. Customized barrier layers are needed 

if PZT is to be deposited on Si. A current popular choice seems to be Pt. 
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Mechanical influences include tensile stresses produced by densification and 

crystallization of the films, tensile or compressive stresses produced by the deposition 

process itself, and tensile or compressive stresses associated with different thermal 

expansions of PZT and the substrate. The presence of stress can affect the domain 

structure and phase transition behavior. It is possible to obtain either tensile or 

compressive stress in the films through judicious selection of substrates; and this can 

affect the domain structure. 

For example, in an in-situ high temperature XRD study of sputtered PT films, 

the c-axis was found to be parallel to the MgO substrate near T c; while below T c in 

the FE mode, the film is highly c-axis oriented, i.e., the c-axis pointing perpendicular 

to the substrate [114]. The change in domain orientation may be attributed to 

substrate clamping arising from different thermal expansion. The resulting 

compressive stresses in the films below T c parallel to the substrate align the 

polarization direction of the c-axis perpendicular to the substrate. This substrate 

clamping effect is also indicated by PT films on MgO having a lower T C' and a lower 

and broader dielectric constant peak near Tc when compared with free-standing films 

[142]. 

Substrate-PZT film interaction (or rather the lack of interaction) is an 

important issue since any interfacial layer formation (which invariably is paraelectric) 

tends to degrade the FE properties. Pt seems to be the best substrate for sputtered 

PZT films due to its unreactive nature, leading to little, if any, interdiffusion. The 
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nature of the PZT-substrate interface can be affected, too. Pb from sputtered PZT 

films has been reported to diffuse profusely into ITO-coated glass [143], yielding a 

p-type surface on the PZT side due to Pb vacancies and an n-type surface on the 

ITO side. There was also a large residual stress at this interface. Single crystal 

substrates such as MgO often leads to c-axis oriented films [144], but unfortunately 

cannot form a conducting back contact. Ti nitride and Ti oxide have been shown to 

be ineffective as barrier layers [145], while Ru02 has shown great potential. Rapid 

thermal annealing can possibly mitigate interfacial reactions and thus makes possible 

higher annealing temperatures since the FE properties of films are much improved 

by treatment at higher temperatures. 

The choice of electrodes is important, particularly if the FE film is doped with 

off-valent dopants leading to semiconducting properties. The contacts formed may 

be rectifying or ohmic, thus affecting the electrical characteristics. In the case where 

Pt-PZT-Pt capacitors are utilized, even though the same metal is used as the back 

and top contacts, the devices are not necessarily symmetrical electrically. The bottom 

interface usually undergoes a different thermal processing history than the top one. 

While a metal-FE-Si structure is simple (notwithstanding interfacial reaction layers), 

the resulting electrical characteristics (e.g., hysteresis loop) are asymmetric due to 

different work functions of the metal and Si. The voltage drop across the Si 

depletion region makes it difficult to determine accurately the coercive field. Under 

suitable conditions, Si can also inject carriers into the film. Si is the backbone 
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semiconductor material in microelectronic applications. Future integration of Pt-

containing films in Si-based technology needs to take into account the Si-PZT 

interface. There are numerous reports on the Si-PZT interface and methods for 

mitigating interfacial reactions. Sputtered PT films on Si were found to exhibit high 

values of interface state densities and bulk trap levels near the interface [145]. 

Mackenzie et aI. [147] treated Nb-doped PZT as a p-type semiconductor, 

rather than a pure insulator and found p-n diode characteristics of the PZT on n-Si. 

The presence of an internal field within the film is reflected by the current density 

vs. voltage curve which did not pass through the origin. However, their treatment of 

the Si-PZT interface as a heterogenous junction did not take into account the 

presence of an interfacial layer (whether Si02 or other paraelectric oxide phases such 

as Pb silicate) which can influence the nature of the interface and its characteristics. 

PZT films on Si also tend to exhibit asymmetric hysteresis loops with cutoff at either 

end of the loop depending on the type of Si used, arising from space charge regions 

created near the interface [148]. Cr diffusion from stainless steel substrates led to 

the formation of interfacial Pb chromate accompanied by severe decrease in the 

dielectric constant, to 30 [149]. 

Si has been observed to diffuse into the PZT film surface [150]. Tan 6's of 

PLZT 7/65/35 on Si (100) and Au were 0.17 and 0.004 respectively [151]. The 

presence of an intermediary Al20 3 layer acted as an adhesion layer between PZT 

and ITO-coated glass [152]. Surprisingly, these films exhibited no substantial change 
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in dielectric constant with varying Zr /Ti ratio, possibly indicative of interfacial 

reactions. This observation (plus the low value of dielectric constant) can probably 

be attributed to the small grain size, clamping of the film-substrate interface and/or 

diffusion across the film. 

Si is recognized to inhibit crystallization of PZT films unless the PZT film is 

thick enough ( -1 J.LI1l) [134] or there is either an intermediate layer of Pt or PbTi03 

between the PZT film and substrate. There are cases, however, where a highly 

insulating oxide, e.g., Si02, is desired as a barrier toward charge injection into the 

films, thereby reducing the conductivity contribution to the dielectric loss. 

Interfacial reaction giving rise to an interfacial layer at substrate-film and 

electrode film [152] can lead to an apparent higher coercive field than that found in 

bulk ceramics. This is because most of the voltage applied to the film is distributed 

on this interfacial layer due to its much lower dielectric constant compared to that 

of PZT. Volatility of PbO at elevated temperature can lead to segregation of Pb 

preferentially at the surface - a Pb-rich film-air interface has been reported [124, 152, 

153]. However the Pb loss becomes constant at higher temperature reflecting that 

the composition has "locked-in" or stabilized after PZT crystallization [124]. 

2.4.5 Processing Issues 

Rapid thermal annealing (RTA) has been used to process sol-gel derived PZT 

films [124, 151, 154]. RTA results in good control of Pb stoichiometry, maximizes 
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the perovskite phase content and minimizes the formation of metastable pyrochlore 

phase by bypassing the temperature window of nucleation and growth of the 

pyrochlore phase for films deposited on Pt [124, 154]. However, films deposited on 

bare Si still exhibited a persistent pyrochlore phase and an interfacial product 

Pb4Si06 [151]. 

Poling, which has been discussed in Section 2.1.1 , can be performed 

on the films during or after crystallization. Sputtered PZT films were poled after 

crystallization in order to influence the domain structure [131, 155]. The poling 

direction can be either along or perpendicular to the substrate. Poled films are 

usually used in pyroelectric applications. Sufficiently oriented films also demonstrate 

pyroelectric effects. The presence of an internal field within such oriented films gives 

rise to an asymmetric loop [156]. There is an experimental limit on the poling 

conditions due to electromigration (especially when AI or Ag contacts are used) 

resulting from the high electric field (giving rise to atomic fluxes) and elevated 

temperature (which enhances the electromigration kinetics). 

Poling has also been performed on sol-gel PZT films, particularly PT. In an 

interesting experiment, PT films were fired under a dc field applied between two 

parallel steel plates [125], resulting in crystallization under an in-situ electric field. 

This field was found to make the cia ratio of the film crystallites smaller than if no 

field was applied. This type of poling has the potential in tailoring the structure 

anisotropy and degree of preferred orientation, and hence domain structure too. 
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2.4.6 Conventional Films 

Numerous physico-chemical methods have been used to prepare PZT films; 

these include: magnetron sputtering [131-135], d.c. diode sputtering [127, 128, 130, 

157], ion beam sputtering [129], evaporation [158], laser ablation [113], plasma 

spraying [159], and MOCVD [160]. Of these techniques, sputtering is the most 

widely used physical vapor deposition method. 

Interestingly, no MBE-derlved PT-containing films have been reported, even 

though this method is widely used for making superconductor and 111-V 

semiconductor films. It is expected, but not yet fully demonstrated, that different 

deposition processes yield ferroelectric films with different microstructures and thus 

properties. Ferroelectric properties of selected PZT films deposited by various 

physical methods are tabulated in Table 2. Bulk values are also included for 

comparison. Note the dissimilarities in these values depending on the specific 

method utilized; also the thin film properties tend to be inferior (or at most equal) 

to bulk values. 

2.4.6.1 Sputtering Techniques 

As mentioned previously, sputtering is often used to deposit PZT films (see 

Table 3). Sputtered films of PT [114, 139, 142, 166-172] and PLZT [112, 173-184] 

have also been prepared. The properties of these sputtered PZT, PT and PLZT 

films are shown in Tables 3, 4 and 5 respectively. It is apparent that PLZT 
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Table 2 - Ferroelectric properties of various PZT films 

€r PR(IJ,C/cm2) Ec(kV/cm) Composition Method Ref. 
" " "~' 

,.,_.' . ""~"" 

- 8 - 60/40 ion-beam 144 

658 12(Ps) 12 58/42 pulsed laser 161 

600 36 - 53/47 laser ablation 162 

751 20 23 52/48 diode sputtering 128 

750 36 10 53/47 bulk ceramic 6 



Table 3 - Ferroelectric properties of sputtered PZT films 

€r 
- ---. ,- " 

500 

751 

654 

800 

800 

450-680 

820 

300-500 

400 

350 

Ceramic 

800 

* diode sputtering 
a rf sputtering 

PR(,£/em) 
, , ... , 

3 

20.4 

6.37 

24(Ps) 

30 

18 

30 

12.5 

40 

35 

35 

30 

Ec(kV /em) Composition 
'-"','.<" ~, ,,-." ~ ., " , 

30 65/35 

23.3 52/48 

12.2 47/53 

6.1 54/46 

30 58/42 

53 53/47 

2.5 58/42 

90 65/35 

150 45/55 

35 90/tO 

11 90/tO 

25 52/48 
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Ref. 
, ., , , 

127* 

128* 

130* 

157* 

131* 

132a 

133a 

134a 

163a 

164a 

164a 

165a 
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Table 4 - Ferroelectric properties of PT films 

€r Ps (P£/cm2) Ee (kV/cm) Method Ref. 
... .. . ". '-'-.-.::',.',-, ' ~u ... c" 

100 0.16 14.5 CVD 185 

100-130 CVD 186 

88-90 CVD 187 

120 5.3 100.6 CVD 188 

110 rf sputtering 166 

108 mag sputtering 167 

110 rf mag sputtering 142 

97 35 160 rf mag sputtering 114 

210 75 6.7 bulk ceramics 6 
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Table 5 - Ferroelectric properties of rf-sputtered PLZT films 

€r Pr(J£/cm2
) EdkV/ cm) Composition Ref. 

••• C., 

350-500 9/65/35 174 

1000-1300 7.7 24 7/65/35 175 

1000-2500 5.30 18-35 7/65/35 176 

5000 7/65/35 182 

3000 7/65/35 183 

500 4.2 37 8/65/35 184 

2000 28/0/100 189 

1000 9/65/35 177 

1200 21/0/100 177 

3100 35/0/100 177 

1100 44/0/100 177 

200 10/0/100 190 
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compositions display higher dielectric constants than PZT. Note also that most of 

the PLZT compositions investigated lie in the tetragonal system, namely X/65/35 

(x~12) and X/O/100 (x:s28) since these compositions yield the most interesting 

electrical and electro optical properties. Among the various sputtered PZT films, the 

ferroelectric properties are not similar even in films with the same nominal 

compositions, as illustrated by the wide dispersion of values in Table 3. 

There are many inherent difficulties with sputtering which pose serious 

impediments towards widespread commercial usage. The sputtering process is 

dependent on a myriad of factors: ambient pressure, backfill gas pressure, type of 

gas used, size and nature of target, target to substrate distance, substrate 

temperature, size of chamber, plasma uniformity, rf power used, and post-deposition 

annealing. The basic sputtering process refers to the bombardment of Ar+ ions 

created in a generated plasma near the target onto the target surface. These Ar+ 

ions, driven under high fields, knock off the target species and propel these species 

onto the substrate. Argon is often used, although not universally as the backfill gas. 

There is a report that heavier ions such as Kr+ and Xe+ during sputtering can assist 

in yielding high quality PZT films [144]. These sputtering techniques can be divided 

into rf magnetron sputtering [131-137], d.c. diode sputtering [127, 128, 130, 157] and 

ion-beam sputtering [129]. 

Sputtered films tend to exhibit columnar features and this can affect 

significantly the grain size (or grain size distribution). Precise control of 
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stoichiometry is also difficult to achieve, and high temperature treatments (either 

during deposition or post-deposition) are necessary to obtain ferroelectric properties. 

Such thermal treatment restricts the choice of substrates (due to enhanced PZT

substrate interactions at elevated temperatures) and can irreversibly damage the 

underlying layer profiles of semiconductor devices. Physical deposition is also 

inherently expensive in terms of capital equipment and has low sample throughput. 

The deposition rate is also slow, typically 1-100A/min. This rate is often limited by 

the amount of rf power used which in turn depends on the cooling capability of the 

target. A faster deposition rate also results in more porous films. There is no 

guarantee that the film composition will exactly match that of the target (e.g., see 

130) due to several reasons such as different vapor pressures and dissimilar sticking 

coefficients of the constituents and Pb loss at elevated temperatures. Segregation of 

Pb during reactive sputtering along grain boundaries in crystalline PZT films has 

been also reported [135]. Even in cases where the overall stoichiometry proves to 

be correct, the desired perovskite phase can be absent; Pb, PbO, ZrTi04, Zr02 and 

Ti02 extraneous phases are formed. The substrate temperature during deposition 

also affects stoichiometry [130] due to the temperature dependent partial pressure 

of each constituent oxide. Post deposition annealing at high temperatures and 

prolonged times exacerbates lead loss and can also result in Ti vaporization [155]. 

Surface Pb and Zr respectively decreases and increases during this treatment [191], 
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and a secondary structure appeared within the perovskite grains (which cannot be 

attributed to any new phases or composition change) at prolonged firing times. 

Sputtered PT films also tend to have Pb-rich surface regions [167] or even Pb 

crystallites which increase in concentration near the surface on quenched substrates 

[168]. This can lead to an anomalous enhanced surface conductivity. Desputtering 

of Pb from the deposited films has been reported, especially near the plasma edge. 

Thus inhomogeneity in the chemical profile across a large area is commonly 

observed. 

One other variation in the sputtering process is the type of target used. The 

target can be metallic or consist of oxides. With metal targets, the deposition 

temperatures are lower and reactive dc sputtering under 02 can be performed; but 

oxidation within the plasma field occurs leading to reduced sputtering yields over 

time. The metallic target can be a Pb-Zr-Ti alloy (although it is difficult to fabricate) 

or separate pieces of the individual metals. Stoichiometry is not a simple case of 

solely adjusting the area of these metal targets - no linear superposition of net flux 

can be assumed due to interaction between these individual fluxes during transport 

from the target to the substrate. 

Oxide targets of mixed PbO, Zr02 and Ti02 powders and sintered PZT disks 

have been used. Since these oxides are non-conductors, rf sputtering is used since 

dc sputtering of insulating targets will lead to charging. Targets can be either single 

multicomponent or multiple single-component. With a multiple single-component 
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target attempts can be made to compensate for the differences in sputtering yields, 

binding energies and sticking coefficients of the various oxide components. Note that 

Pb has a low sticking coefficient and its high vapor pressure (especially at high 

temperatures) impedes its deposition onto the substrate in the required 

stoichiometry. Ceramic targets have their own problems, such as difficulty in 

fabricating large uniform targets, problems in target cracking during preparation and 

sputtering; and O-deficiency after sputtering. The dependence of film quality on the 

type of sputtering target is demonstrated by studies performed using different targets 

consisting of PLZT 9/65/35 ceramics, sintered powders and unsintered mixed 

unreacted individual oxides. Depending on the target used, some of these films 

contained more pyrochlore or exhibited higher dielectric constants than the others 

[179]. 

Control of PbO content is the most difficult and yet the most important 

aspect. The incorporation of excess PbO in the target (or targets) is at best an 

iterative time-consuming approach. Sputtering can also be conducted within a PbO

containing atmosphere [157]. Additionally, a Pb strip can be mounted on top of the 

target [138] or on the side wall of the chamber [127]. Taken together, these attempts 

have resulted in some marginal (but not substantial) improvement in ferroelectric 

PZT films. 

The substrate temperature has various other effects apart from determining 

crystallinity; it can influence the Zr/Ti ratio [130] and the asymmetry of the 
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hysteresis loop [132]. The lattice parameter increases with increasing post-deposition 

firing temperature, particularly above 900C which has been attributed to loss of Ti 

leading to a Zr/Ti-rich composition which has an accompanying higher lattice 

constant. During the sputtering process, heating of the target can occur, if it is not 

cooled sufficiently, and the substrate (if initially at room temperature) which 

undoubtedly affects the time-dependent physical conditions for sputtering and 

ultimately the film properties. It was also found that stoichiometry changes in PLZT 

can occur with sputtering time since it took 90 mins. to obtain stable emission 

intensities of Pb,La,Ti and Zr fluxes from a ceramic target [182]. 

The energetic bombardment of various mobile species on the growing film can 

lead to high levels defect densities and subtantial heating effects. In order to 

overcome these problems, facing targets sputtering has been used to prepare PZT 

films [138]. In this type of sputtering, two PZT targets are placed facing each other 

with the substrate located away from the fluxes, perpendicular to both targets. 

The intensive bombardment of the substrate may lead to a highly charged surface 

which without sufficient charge compensation in the growing crystal front can lead 

to preferential direction of the polarization and hence the lack of 1800 domain walls. 

For example, even though an epitaxial PT film on (001) single-crystal MgO has been 

obtained via sputtering, there existed no 1800 c-c domain walls where the 

spontaneous polarization points towards or away from the substrate [172]. 
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Sputtering is also widely used to prepare epitaxial PT and PLZT films. Due 

to the highly anisotropic nature of PT, certain properties can be optimized if the 

films exhibit preferred orientation. Properties of sputtered and CVD-derived PT 

films are listed in Table 4. Epitaxial films have been obtained on MgO [114, 142] 

and SrTi03 [170]. The dielectric constant of the PT films decreases with an increase 

in the degree of c-axis preferred orientation [142], because the c-axis is in the 

direction of Ps' and the dielectric constant is lowest along this direction. The more 

oriented the film is, the hysteresis loop tends to be more asymmetric [114] due to the 

opposing built-in-field caused by this polarization. 

Epitaxial sputtered PLZT compositions have been obtained on SrTi03 [173, 

183], MgO [183], sapphire [173] and MgA1204 [173, 178]. The Tc [177] is higher than 

that of bulk ceramic counterparts while the dielectric constant of the PLZT 7/65/35 

films 962] is similar to that of the correponding bulk ceramics. Moreover the value 

of the dielectric constant of the PLZT film exhibited a broad transition near T C 

[176]. These observations have been attributed to submicroscopic heterogeneities or 

low film densities or imprecise La contents. PLZT exhibited [110] preferred 

orientation when deposited on (111) GaP, (100) GaAs and amorphous substrates 

[180] arising from stresses in the films resulting from the somewhat large lattice 

parameter mismatches and different thermal expansions. Note that the (110) plane 

in perovskite has the highest density. 
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The PT-based films belonging to PLT (lead lanthanum titanate) compositions 

are deserving of special attention. Sputtered PLT films have been studied and 

reported [189, 190, 192-196]. As mentioned previously, the absence of Zr enhances 

film transparency. Such films are used for pyroelectric detectors and Bragg acousto

optic deflectors [193]. Table 5 shows the dielectric constant of various PLT sputtered 

films. PLT is paraelectric at x> 28 at room temperature and €r increases 

dramatically with increasing La content since Tc is shifted toward room temperature 

[146]. It is interesting to note that paraelectric 35/0/100 films exhibit a high relative 

dielectric constant of 3100. This composition, being a linear dielectric, could have 

important ramifications for microelectronic applications where the increasing 

miniaturization of circuit features requires high dielectric constant films. Epitaxial 

PLT films have been obtained in MgO [73] and (0001) sapphire [192]. The degree 

of c-axis orientation and cia tetragonality ratio tend to decrease with increasing La 

content [194]. Also the hysteresis loop was slimmer and more symmetrical with 

increasing La content. Films on fused quartz exhibit (100) preferred orientation [195, 

196] which is in contrast to (110) prefered oriented PLZT film on amorphous 

substrates [180]. Various E-O coefficients of PLT films are listed in Table 6. Note 

that there exists a range of quadratic E-O coefficient values for even the same 

28/0/100 composition in rf-sputtered films as shown in Table 6. This once again 

illustrates the variability of properties with deposition conditions. 
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Table 6 - Electro-optic coefficients of Rf-sputtered PLZT films 

Linear (10- 1 <hl/Y) Quadratic (10- 1 tln2/y2) Composition Ref. 
••• , <~. _."" z," , 

1.0 9/65/35 177 

0.6 28/0/100 177 

0.28 14/0/100 177 

0.81 21/0/100 177 

0.1-0.2 28/0/100 109 

0.8 28/0/100 109 

0.06 28/0/100 195 

3.8 9/65/35 177 
Ceramics 
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Based on the difficulties encountered in sputtering, it is not surprising to find 

a lack of reproducibility from one sputtered PT-containing film to another, resulting 

in system-specific films. This is illustrated in Table 3, 4 and 5 where ferroelectric 

properties of various sputtered PZT, PT and PLZT films are presented. The 

existence of many variants of the sputtering process attests to the persistent 

stoichiometry and homogeneity problems in obtaining PZT thin films. 

2.4.6.2 Laser Ablation Techniques 

Laser ablation has been widely used to fabricate films of the superconductor 

Ba2 YCu30x- Recently the method has been applied in preparing both PZT and 

PLZT films [113]. It can be perceived as a "high-tech" version of the evaporation 

method (see Section 2.5.6.5). As in sputtered films, enhanced substrate temperatures 

promote the formation of perovskite. Additionally, the laser fluence (laser power 

density) affects the film microstructure with higher perovskite contents being 

associated with higher fluences. However, a higher fluence also causes the Pb 

content to decrease [138]. There is a critical fluence level below which thermal 

evaporation takes place and not the required ablation. Both CO2 [197] and Nd:YAG 

[162] lasers have been used. The laser ablation technique gives poor stoichiometry 

control (particularly resulting in Zr-poor composition) and the films have high 

pyrochlore contents (even after post-deposition thermal annealing) and a large 

amount of porosity. 
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2.4.6.3 Chemical Vapor Deposition (CVD) 

In the use of CVD methods to prepare films in the lead titanate family, PT 

films have received the most attention, since their formation requires only 2 reactant 

vapor species. In contrast, there are only a few reports on PZT films and none at 

all for PLZT films derived in such a manner. The precursors used to prepare PT 

films may include lead vapor, Ti tetraethoxide, lead (II) chloride, titanium (IV) 

chloride, and PbO vapor to name a few. The films obtained are highly dependent 

on the deposition conditions, i.e., the gas flow (which determines whether the 

reaction is mass transport or surface reaction limited), substrate temperature, 

reactant species used, and flow rate, etc. The grain size of the crystalline film 

obtained increased with the flow rate of carrier gas [187]. Even the microstructure 

(e.g., whether the grains are columnar, porous, near spherical, faceted, acicircular, 

etc.) can depend strongly on these conditions. It has been demonstrated that below 

a substrate temperature of 600C, the PT film is randomly polycrystalline [188]. 

Above this temperature, the film is c-axis oriented due to enhanced surface diffusion 

at more elevated temperatures [188] which facilitate the rearrangement of mobile 

species on substrates. The Tc is higher at 545C [198] and the tetragonality cia ratio 

[199] is lower in these films than in bulk PT ceramics, presumably due to substrate 

clamping. 

Substrates playa critical role in determining epitaxy. For example, c-axis 

epitaxial PT films have been obtained on single-crystal MgO [186, 200] and SrTi03 
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[166]. Interestingly, PT deposited on fused quartz displayed a (100) texture without 

any columnar features and with the c-axis lying along the plane parallel to the 

substrate, while sputtered films tend to result in the c-axis (and hence the direction 

of Ps) perpendicular to this plane [198]. 

The two processes of sputtering and CVD were combined in sputter assisted 

plasma CVD [201] where the sputtering target is metallic Pb and the Ti source is 

TiCl4 with a H2 carrier gas. The relative proportion of these species affects the 

quality of the films - excess TiCl4 produced amorphous films, whereas excess Pb 

gave crystalline pyrochlore and PbO phases [201]. 

Metallorganic chemical vapor deposition (MOCVD) has recently been used 

to prepare PZT thin films. There is a lack of stable volatile precursors for the 

various components of PZT, especially for Zr02. Precursors normally used such as 

metal dipivaloylmethanes, are very expensive.* It has been reported that the Zr02 

precursor is important in determining the final quality of the PZT film - the 

preferential formation of Zr02 using zirconium isopropoxide inhibits the formation 

of an epitaxial PZT film even on single crystal (100) MgO [160]. However, it is 

anticipated that these problems can be overcome, and that MOCVD represent an 

extremely viable and competitive method for mass fabrication of PZT thin films. 

*$125/gram from Atomergic Chemetals Corp., NY. 
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2.4.6.4 Plasma Spraying 

Plasma spraying has been used to form thick (100 J.LIIl) PZT film [159]. 

Extraneous phases of PbO, Zr02 and PbZr03 are formed depending on the exact 

processing conditions. High temperatures, in excess of 800C, are required to obtain 

single phase PZT films. These films have a high degree of porosity and are fragile. 

The crystallites can also be cubic due to the quenching effect of the plasma spraying 

process. While plasma-sprayed PZT films may be suitable for fast deposition on 

large substrate areas, the incongruent melting of PZT makes it unsuitable as far as 

obtaining the correct PZT phase since this technique can result in a Ti-rich phase 

and Zr02' Additionally, uniform PZT films (> 2 microns) are difficult to obtain 

using plasma spraying. 

2.4.6.5 Evaporation Technique 

PZT thin films were deposited onto fused quartz and stainless substrates by 

an electron beam evaporation technique [158] using a ceramic PZT target. These 

films, however, required a post-deposition annealing within a PbO-containing 

atmosphere. While these films are ferroelectric, their properties are quite poor. For 

example, a PZT film (unfortunately, the authors did not provide the actual PZT 

composition selected ) treated at 650C after deposition displayed value of 

polarization of 4.2 J-LC/ cm2, while the corresponding value in the bulk target is 30 

J-LC/cm2. 
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While evaporation trechniques, such as thermal evaporation, is a relatively old 

method in preparing metallic and oxide coatings, it is rarely used to prepare binary 

or multi component oxide films. Stoichiometry and homogeneity are poor since the 

constituent oxides can have vastly different vapor pressures and sticking coefficients. 

Precise control of highly volatile PbO during evaporation is a big obstacle. These 

limitations have seriously impeded the widespread use of this method. 

2.4.7 Sol-Gel Derived Films 

Sol-gel technology has been employed extensively to fabricate numerous 

ferroelectric films [202] such as BaTi03, LiNb03, SrTi03, SBN, PMN, PBN and 

KNb03. Various PT-containing films have also been prepared using wet chemical 

techniques, namely PT [120, 115,41, 123, 125, 126, 153,204-206], PZT [119, 120, 147, 

152, 203, 207-231], PZ [120, 205], and PLZT [203, 205, 229]. Among this list of 

ferroelectrics, sol-gel derived, thin-film, PLZT has been commercialized by National 

and Ramtron for ferroelectric memory applications. Sol-gel PZT films are being 

investigated as ferroelectric connection elements in Ie neural networks [210]. 

Optical data storage based on antiferroelectric PLZT thin films is possible, where the 

data manipulation is performed by the field induced transition between the 

metastable ferroelectric phase and the antiferroelectric phase [212]. PbTi40 9 has 

also been considered for planar waveguides [153]. 
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Detailed studies have been directed to processing and property-tailoring in this 

system. The precursor sol chemistry is similar but not identical for the different 

members in the PLZT family (namely PT, PLT and PLZT); however, there exists 

certain subtle nuances in each specific system. Various ferroelectric and electrooptic 

properties of sol-gel derived PZT films are tabulated in Tables 7 and 8 respectively. 

It is apparent that there exists a wide gamut of property values (even for the 

same nominal composition prepared by different groups of researchers) as also 

evident in sputtered films discussed in Section 2.4.1.1. For example, the reported €r 

and tan 0 of PZT 53/47 films ranged from 200-1800 and 0.01-0.4 respectively. Better 

material properties are obtained on Pt substrates rather than on reactive substrates 

such as Si or stainless steel. An €r and a Ps as high as 4000 and 80 Ji.C/cm2 

respectively have been reported in the literature for sol-gel derived PZT films. 

These exceed bulk values by a wide margin. 

Comparing Table 3 with Table 7, it is seen that sol-gel derived PZT films, in 

general, offer better ferroelectric properties than those of sputtered films, e.g., higher 

€r and properties approaching near-bulk values. 

Reliability is probably the most important issue for the commercialization of 

sol-gel derived PZT films. Current density versus voltage characteristics (see Section 

2.5.3) of PZT films have been obtained which indicate an ohmic conduction at low 

field and an exponential dependence at a moderately high field [225]. On the other 

hand, another study showed a Frenkel's Law behavior in this characteristic [216] with 
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Table 7 - Properties of sol-gel PZT films 

£r tan 0 Pr (Jlc/cm2) E,..(kV/cm) C~sition Substrate Ref. 
- .. '" c,j ,"" "', . ~, " ) .' " ,"" 

500 0.06 12 60 SO/50 Pt 119 

505 -- 12 100 SO/50 Pt 152 

214 0.15 SO/50 Pt 120 

720 0.08 55/45 ITO 203 

-- -- 8.0 SO/50 Pt 212 

500 -- 10 37 53/47 + 2 at% Nb Pt 213 

-- -- 2.2 7.5 SO/50 Si 148 

300 0.05 31 45 SO/50 Pt 241 

- - -- 33 6.5 SO/50 Ceramics 148 

250-300 0.01-0.03 -- -- 0/100 Pt 215 

400 0.04 58/42 S-steel 149 

1200 0.01-0.02 SO/50 Pt 216 

1000 36(P ) 100 44/56 Pt 216 

1000 20(P ) 25 53/47 + 2 atX Ilb Pt 121 

620 0.03 25 107 52/48 Pt 122 

580 12.5 SO/50 not stated 231 

1800 0.04 5(P ) 8 8/65/35 Pt 229 

27 34 53/47 Pt 154 

160 0/100 Si 233 
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Table 8 - Electro-optic coefficient of sol-gel derived PZT films 

Quadratic Linear Composition Ref. 
(10-1~2/V2) (lO-l<ln/V) 

-'._, _.,' J~> .r • "T"" 'r." ~ ,'<." .,' .... 'l· 

10 40 50/50 212 

0.5 0.3 8/65/35 229 
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a dependence on the square root of field. The activation energy for conduction 

ranges from 0.33 e V to 1.44 e V, indicating a high functional dependence of material 

properties on processing variabilities. The high polarization value in these PZT films 

highlights the superior leakage current characteristics compared with other 

conventional paraelectric oxides such as Ta20S. 

Time-to-dielectric breakdown (TDDB) is the most pressing issue within the 

reliability context. In most TDDB studies, at constant applied voltage, there was a 

steady decrease in current before catastrophic breakdown [e.g., see 225]. A 

breakdown value for PZT 50/50 of 2 MV /cm has been reported [224]. A fatigue 

cycle of less than 1013 cycles has been observed [224] even though a projected fatigue 

cycle as high as 1016 has been reported [218]. 

Radiation studies are important as far as implementing ferroelectric memory 

for use under high radiation environments, such as in outer space within the Van 

Allen belt and in tactical nuclear scenarios. Radiation effects on sol-gel PZT 

capacitors have been studied [226-228]. Degradation occurred after about 5 M rad 

(Si) total dose. This is usually manifested as a dramatic decrease in spontaneous 

polarization due to a change in the internal field and a corresponding lowering of 

switched charge which may fall below the detection limit of the sensing circuit in a 

ferroelectric memory device. Such a change in the internal field has been attributed 

to charge trapping at grain boundary, walls, defects and interfaces and their 

concomitant pinning effect on domain wall motions. It has been reported that 
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biasing these capacitors [227] or cycling them through polarization reversals [228] 

during and after irradiation helped to alleviate the deleterious radiation effects. So 

far there has been no systematic study on the effect of stoichiometry or dopants on 

the radiation hardness of PZT films even though the retention loss of sputtered PZT 

film is higher than sol-gel derived films. 

Various additives such as chelates or formamide have been incorporated into 

PZT precursors solutions [e.g., 223]. In one case [203], p-diketones such as 2,4 

pentanedione were used as solvents for alkoxides and anhydrous lead acetate. 

Alternatively if alcohol was used, the subsequent films were shorted. 

One important feature of sol-gel derived PT-based films is that as-deposited 

films are always amorphous; heat treatment at elevated temperatures is needed to 

crystallize them into the desired perovskite phase. Unfortunately, during firing, the 

films often transform first into a metastable pyrochlore phase before final 

transformation into the ferroelectric perovskite phase. In contrast, sputtered films 

can be obtained with the perovskite phase, usually by maintaining the substrate 

temperature during deposition at slightly elevated temperatures. If the temperature 

is too low, pyrochlore phase tends to form (either at the expense of or in co-existence 

with the perovskite phase). The ease of formation ofpyrochlore depends on the PT

based composition, substrate and processing. RTA can aid in the formation of 

perovskites as discussed in previous Section 2.5.1. 
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Sol-gel PT is relatively easy to form, even on amorphous glass substrates [e.g., 

205]. Crystallization to single-phase perovskite becomes more difficult with 

increasing Zr content. The crystallization temperature increases on crystalline 

substrates from PbTi03 to PZT and finally to PbZr03' An intermediatePT layer 

inhibits pyrochlore formation in PLZT films [230]. However the resulting €r was 

quite low ( < 200); for comparison in a composite PT /PZT, an €r of around 1000 was 

obtained. 

The ease of introducing dopants is one of sol-gel processing's salient points. 

By adding suitable dopants in the form of alkoxides or salts into the precursor 

solution, it is relatively facile to obtain doped PT-based films. 

Donor-doping of ferroelectric films can lead to lower aging rates and coercive 

fields as well as higher bulk resistivities. Nb-doped PZT films have been investigated 

[121], but dopant levels of >5 mole % can lead to non-perovskite phases such as 

Nb20 S' However, in bulk PZT, the Nb solubility limit is only 3 mole %. The 

activation energy for conductivity was substantially lower in this film (0.55 e V) 

compared with bulk PZT (0.9 e V). The addition of Nb also increased the fraction 

of perovskite over pyrochlore and enhanced the grain size of the perovskite 

crystallites [123]. La and Fe have also been incorporated into 50/50 PZT films in 

order to enhance film bulk resistivity and improve fatigue resistance [217]. 

The wet chemical synthesis of PZT films, similarly done for bulk powders in 

Section 2.3.2, can be divided into the following precursor types: all-alkoxide, acetate-
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methoxyethoxide, acetate-methanol and metallorganic decomposition (MOD) based 

on metal soaps. 

2.4.7.1 All-Alkoxide Route 

An all-alkoxide route has also been explored [208, 209], which offers 

potentially improved chemical homogeneity, in spite of severe practical drawbacks 

with lead alkoxides. They are extremely hygroscopic (chelates are sometimes 

required - e.g. [122]), difficult to synthesize and exhibit a severe tendency toward 

oligemerization leading to solubility problems in common organic solvents. The 

presence of oligomeric lead alkoxides can also lead to localized heterogeneities of 

lead-rich regions. Lead alkoxides are usually prepared via Na alkoxides - thus 

introducing some level of Na+ contamination in the precursor solution which is 

anathemic in microelectric processing (even at 100 ppm levels), particularly wherever 

MOS devices are concerned. 

2.4.7.2 Acetate-Methoxyethanol Route 

The chemical reactions for this route have been discussed previously in 

Section 2.3.2. This methoxyethoxide route is widely employed by a number of 

researchers; however, the highly toxic nature of this solvent would impose severe 

limitations on its widespread commercial use. 
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The pH of the precursor solution plays a poorly understood role in affecting 

the final properties of sol-gel derived films. Beyond this, it appears that results 

obtained on Si02 cannot be extrapolated freely to other systems, notably those based 

on Pb-Zr-Ti precursors. Specifically, amorphous acid-catalyzed PbTi03 films are 

denser and have higher dielectric constants after low temperature heat treatment 

than those which are base catalyzed; but crystalline acid-catalyzed films have slightly 

lower dielectric constants and dielectric strengths [204]. Nitric acid catalyzed 

methoxyethanol derived PT films gave porous coatings with no abnormal grain 

growth and more splitting in the tetragonal XRD peaks [233], indicating a higher 

degree of crystallinity. 

There exists an optimum degree of hydrolysis of the solutions, which depends 

on the composition, concentration, starting materials and post-deposition processing. 

The presence of adequate amounts of water lowers and shrinks the temperature 

window where the pyrochlore phase is found. Extensive hydrolysis produces 

amorphous, porous films which do not densify even at high temperatures [214]. The 

detailed character of the structure before firing thus strongly affects the ultimate film 

properties. A reaction limited film (hence lower degree of crosslinking) resulted in 

a denser film with a lower Tc than an evaporation limited film [219]. The nature of 

the alkoxy groups are reported to affect microstructure [205], but do not exert any 

influence on the crystallization behavior of PZT films; organic groups are essentially 

absent at the onset of crystallization. 
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Pt films showing a high degree of preferred orientation on single crystal MgO 

have been demonstrated [126]. The films on MgO were full-perovskite at 470C; films 

deposited on fused quartz and alumina were, however, still contained pyrochlore 

when treated at the same temperature [126]. In contras~ Goosey et al. [215], did not 

observe any such epitaxial effect on either MgO or on highly oriented Pt films. Both 

sets of investigators used similar precursors and chemistry; but the former group 

[126] noted that lower degrees of hydrolysis resulted in a looser network which 

promotes favorable epitaxial rearrangements. 

Various additives such as drying chemical control additives (DCCA's) and 

chelates have been utilized in order to modify the properties (in particular the 

reactivities) of the components of the precursor solution. Formamide has also been 

used as a DCCA in films similar to its use in silicate processing. 2,4-pentanedione 

modified Ti alkoxides have been used to prepare a PT precursor solution [234]. It 

was reported that a 1 J.illl film can be obtained in a one-coating step, since the slower 

rate of gelation as a result of the chelate, produced a gel network which became rigid 

at a higher temperature; most of the shrinkage occurred at lower temperature and 

stresses within the films were minimized. This resulted in a much thicker film than 

if no chelate were used. 
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2.4.7.3 Metallorganic Decomposition (MOD) 

PZT films have been prepared by metallorganic decomposition (MOD), using 

ethylhexanoate or neodecanoate precursors [211]. Such routes are unattractive due 

to the low solid content of the films resulting in large shrinkage and cracking during 

firing. This raises the need for numerous multiple coating steps to achieve thicker 

coatings, which further complicates the processing of these films. The high organic 

content the as-deposited films can lead to carbonate formation and highly reducing 

conditions even under an oxidizing atmosphere during pyrolysis. Some organics are 

still detected at 400C [119] and these remnant organics can induce voids if they are 

burned off at temperatures above those required for densification of the films, 

resulting in porosity films. The (001) plane of MOD-derived PLZT films was found 

to be parallel to the sapphire substrate surface when heated at 750C [227]. 

2.4.7.4 Acetate-Methanol Route 

Lead acetate, which is soluble in methanol, has been used on the PbO 

precursors [115, 120, 149]. XRD studies of bulk gels derived from an alkoxide

acetate route showed that before the perovskite was formed at 600C, Pb and PbO 

were present. The phases found in thin films on glass were dependent on the 

molarity of the precursor solution. Single perovskite was detected for molarities ~ 

O.5M. Otherwise pyrochlore was present, which transformed into perovskite only 

after heating at 700C for 25 hours. This is probably due to a thickness effect rather 
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than that of the intrinsic starting concentration since more concentrated solutions 

yield thicker coatings. The choice of solvent also determined the viscosity (hence the 

thickness) and orientation of the final film obtained [115] since different solvents 

affect the degree of associations and the network structure. Interestingly, in lead 

titanate film derived from alkoxide precursors, c-axis oriented films were only 

observed on SrTi03, not on MgO [115]. 

2.4.8 Conduction Across the Ferroelectric Films 

Conductions across any insulator including ferroelectric films can involve 

several mechanisms [235] such as Schottky emission, Frenkel-Poole emission, 

tunneling emission, space-charge, ohmic and ionic conductions. These mechanisms 

and their dependencies on E (electric field) and T (temperature) are shown in 

Table 9. Usually one process dominates at one temperature or field regime (but not 

necessarily); for example, at low fields, ohmic conduction usually takes place with an 

exponential dependence at higher fields. By a judicious choice of the plot axis based 

on the I-V data of ferroelectric films, it is possible to ascertain the dominant 

conduction process at each field regime, e.g., a plot of In J IE vs. IE should yield a 

straight line if Frenkel-Poole emission occurs. 

For most microelectronic applications, the leakage current needs to be 

minimized. Leakage current is dependent on a variety of intrinsic and extrinsic 

factors such as type of charge carriers, temperature, dielectric thickness, dielectric-
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Table 9 - Conduction processes in insulators [235] 

Mechanism Voltage and Temperature Dependencies 
,;." ".', . . ..,(,~ ,~ .-. dH' ,. -", ' ~',,' """ .. " 

Schottky 

J - T2 exp ( af! _ q$B) 
kT 

Frenkel-Poole 

J - E exp [ a'lE - q$B 1 
T kT 

Tunnelling 
J - E2 exp (- ~) 

Space-Charge Limited 
J - E2 

Ohmic 
J - E exp [- ~] 

Ionic 
J - ~ exp [- ~] 

a,b,d,c are constants 
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metal interfaces, electric field, band gap, phase assemblages (for multicomponent 

films), degree of preferred orientation, presence of grain boundaries, microstructure 

and especially the electrical history for ferroelectric films. 

Ferroelectrics are non-linear dielectric materials and the domain structure 

plays an important role in determining its ultimate conductivity. The presence of 

light (or radiation) can lead to carrier photogeneration (due to photovoltaic effects) 

and this can affect the leakage current. In bulk ferroelectrics, a slowly decreasing 

current is almost always detected [236]. The situation is made more complicated by 

the fact that at any applied field, the ferroelectric will switch eventually (due to a 

lack of a true coercive field) which leads to a sudden current increase. Conductivity 

of bulk PZT ceramics is also determined by the sintering atmosphere (particularly 

the 02 partial pressure) [236]. Little I-V characterization aside from switching 

currents, has been performed on PZT films, especially those obtained by sputtering. 

It has been reported in sol-gel derived PZT films [225] that the current was ohmic 

at low field, but evolved into an exponential dependence upon the application of 

higher fields, while another study indicated that Frenkel emission was dominant as 

characterized by a dependence on the square root of the field [216]. La-Fe modified 

PZT film offered substantially better leakage characteristics [217]. Further work is 

required to investigate the effect of processing (viz., sintering temperature), 

homogeneity and dopants on the leakage current of PZT films. An added 

complication is that these currents are not time-invariant; the currents tend to 
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decrease with time at any applied voltage [e.g., 225]. Interestingly, I-V studies from 

electron-beam- evaporated lead germanate films on Si indicated that an n-n+ 

heterojunction was formed at the interface leading to a generation-recombination 

current at low voltages (typical of p-n diode characteristics) and a tunnelling current 

at higher voltages [237]. For this film, the activation energies for ferroelectric and 

paraelectric phases were estimated at 0.35 eV and 0.70 eV respectively [238]. 

Insights gained by studying the conduction mechanisms based on the 

appropriate I-V curve (or curves) can certainly lead to newer and better devices. 

Ferroelectric films tend to exhibit high dielectric constants and thus a high dielectric 

loss. If the leakage current can be minimized, then their application as monolithic 

high dielectric constant dielectric layers is quite promising. 

2.4.9 Comparison of Conventional and Sol-Gel Derived Films 

Sputtered and sol-gel derived PZT thin films shared some similarities and of 

course some notable inherent differences. This would be expected as film properties 

are process dependent. Post-deposition processing may acerbate or mitigate these 

differences. 

Fully dense PZT films are desired, especially amorphous ones prIor to 

crystallization in order to achieve optimal sintering. By subsequently crystallizing 

these amorphous films at a series of elevated temperatures, relaxation studies can be 

performed in relation to the phase assemblages present. However, quenched 
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substrates have resulted in a high level of conductivity in sputtered films. At slightly 

higher substrate temperatures, pyrochlore can be found. Perovskite films can be 

obtained by sputtering by maintaining the substrate at some appropriate temperature, 

but these films, aside from having a columnar microstructure, are porous. In sol-gel 

derived PZT films, crystallization (usually pyrochlore) often occurs before final 

organic burnout or densification. It is quite difficult to obtain a fully dense 

amorphous PZT coating. In both cases, the paraelectric pyrochlore phase is observed 

for films heat treated at lower temperatures. In sol-gel films, the crystallization 

temperature is dependent on composition and choice of substrate; temperatures 

higher than 525C for PZT or 600C for PLZT are required to obtain monophasic 

perovskite. Films annealed at higher temperatures suffer from PbO loss, leading to 

the formation of a Pb-poor pyrochlore such as PbTi30 7• In both sputtered and sol

gel PZT films, the presence of Zr02 helps to avoid the formation of the PbTi30 7 

phase. Pyrochlore and perovskite phases have almost identical structures; and it 

seems imperative to devote more attention towards further understanding of the 

amorphous to pyrochlore to perovskite transformations. 

The microstructures of both films are vastly different; sol-gel derived thin films 

tend to display a microstructure consisting of micron-sized "rosette" islands (each 

radial arm emanating from a central nucleation sites is actually a PZT single crystal 

perovskite) surrounded by fine grain sized (less than 200A) pyrochlore, especially in 

those films with high Zr /Ti stoichiometry ratios [123, 231]. In contrast, no such 
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dissimilar crystallites have been reported to date in the microstructure of sputtered 

films, even though these films exhibit a columnar texture. This difference may be 

resolved by examining the chemical composition of the pyrochlore phase present in 

the films. In sputtered films, the pyrochlore phases are nominally Pb2 Ti20 6 or 

PbTi30 7, while those in sol-gel PZT films contain Zr, i.e., PbO.7:ilr1.5TiO.Px or 

Pb 1.2Zr 1.2TiO.sOx [123]. The presence of Zr in these pyrochlore phases attests to the 

inherently high chemical homogeneity of sol-gel derived materials. 

In sputtering, especially diode sputtering, the substrate can be charged during 

deposition. The presence of this charge or field can affect the domain structure of 

the PZT films during crystalline growth, especially if the substrate temperature is 

below the film Te. Additionally, the substrate bias applied between the target and 

the substrate can preferentially orient one particular polarization direction. So far, 

however, there has been no systematic study of substrate bias on the microstructure 

and domain structure of sputtered PZT films. 

Due to the lower processing temperature, sol-gel PZT films also tend to 

exhibit a finer perovskite grain size (not including rosettes). Such a fine grain 

microstructure, coupled with better stoichiometry, is responsible for better aging and 

retention behavior compared to sputtered films. From the examination of the tables 

of ferroelectric properties listed in Table 3 and 7 of sputtered and sol-gel derived 

PZT films, it is apparent that sol-gel films offer better stoichiometry and 
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homogeneity control and ease of property-tailoring resulting in better materials 

properties. 

2.5 SHG 

Second harmonic generation (SHG) is an important manifestation of the 

nonlinear optical phenomena universally displayed by noncentrosymmetric materials. 

The degree of the nonlinear optical processes observed is often dictated by the 

amount of power in the probing signal. The advent of the laser in modern optical 

research enables high power pulses to be obtained. This facilitates the observation 

of SHG which is extremely small in magnitude. Polarization in an optical medium 

can be expressed as 

P=X(l)·E + X(2):EE + X(3):EEE + higher order terms (10) 

The coefficient X(2), a quadratic electric field term, is the second-order 

nonlinear susceptibility and a third-rank tensor. Its values determine the strength of 

second harmonic generation observed. Classically, SHG is utilized in the 

investigation of the ferroelectric-to-paraelectric transition and in the determination 

of single crystal quality as shown by the narrowness of peaks observed [4]. Presently, 

SHG has potential applications in optical computing, microlithography and optical 

data storage. 

Noncentrosymmetric compounds, both inorganic (namely ferroelectrics) and 

organic molecules (such as 2-methyl- 4 nitroaniline) exhibit SHG phenomenon. On 



136 

the other hand, in centro symmetric materials, the value of )«2) is zero. Even though 

organic compounds are more prone to power damage than inorganics, the organics 

such as 2-methyl - 4-nitroaniline exhibit higher values of X(2) and hence stronger 

SHG. The investigation of SHG phenomenon has been focused on single-crystalline 

FE's such as BaTi03 or LiNb03. The most common ceramics ferroelectrics 

investigated for SHG belong to the PLZT system. 

2.5.1 SHG in PbTi03-Based Bulk 

SHG from bulk PLZT ceramics has been reported [239]. The SHG signal 

strength was observed to increase with decreasing Zr /Ti ratio and to decrease with 

increasing La content. In fact, SHG has been used as a probe to investigate phase 

boundaries of ferroelectric (strong SHG), antiferroelectric (weak SHG) and cubic 

paraelectric (no SHG) phases in this system. PbTi03 exhibited the highest degree 

of SHOo 

Electric field induced second harmonic generation has also been studied 

particularly in PLZT 9/65/35 (e.g., 240) where in-situ poling was performed 

transversely to the laser direction. The observed SHO signal varied with the amount 

of field applied. Composition in this PLZT are a-cubic (hence not SHO-active); 

however, the structure can be converted to a pseudocubic ferroelectric f3 phase by 

an applied field or stress. In-situ poling results in this a- f3 transition and further 
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ordering of dipoles perpendicular to the laser direction - thus enhancing the SHG 

signal. 

There is no report of SHG from single crystal PLZT crystals due to the 

difficulties involved in preparing these crystals. It is expected that with proper phase 

matching, the SHG from single crystal will be much higher due to absence of grain 

boundary scattering of both the primary and secondary wavelengths in the ceramics. 

2.5.2 SHG in PbTi03-Based Films 

There is no reported literature on SHG phenomenon from sol-gel derived 

pZT films. Investigation of SHG in physical vapor deposited PLZT thin films has 

been concentrated predominantly on the PZT composition (particularly 28/0/100) 

[see 195, 196]. Zr decreases the overall transparencies of these films. Films 

deposited on fused quartz exhibited a (100) preferred orientation, indicating that the 

Ps direction lies mostly parallel to the substrate surface. Application of in-situ 

electric field during laser irradiation indicated that the amount of SHG observed 

increased quadratically with the field. Increasing the La content in PLT films, on the 

other hand, decreased the SHG (146). Note that with increasing La, the cIa ratio 

also becomes lower, approaching one. By scanning the sample as a function of 

rotation, angular dependence on SHG was observed, indicating preferred orientation 

(146). This may be exploited to study preferred orientation of ferroelectric films. 

Further SHG applications for PZT films entail the preparation of high quality 
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defect-free film with precise control of orientation (single crystal PLZT films are best 

suited for this) to maximize SHG efficiency. 



139 

3. EXPERIMENTAL PROCEDURES 

The various wet chemical routes used in the present work are summarized in 

the flow chart of Fig. 12. As indicated there, these routes have been used to prepare 

both gels and films. The major thrust of this dissertation is directed towards the 

electrical and optical characterization of PZT films, as well as the development of 

improved understanding of their properties. 

3.1 Gels 

To prepare PZT gels, Pb acetate trihydrate (Pb(OAch -3H20) was dissolved 

in methanol (MeOH) which had been distilled over sA molecular sieve. Freshly 

distilled Ti iso-propoxide (TIP) and Zr n-propoxide in n-propanol, in the appropriate 

molar quantities, were then added to the methanolic Pb acetate solution with 

VIgOroUS stirring to give the desired stoichiometry, such as PZT 

S3/47(PbtZr.53Ti.4P3)' PLT and PLZT precursor solutions were prepared similarly 

using the appropriate amounts of La butoxide. The solutions were then stirred at 

room temperature overnight and cast into plastic petri dishes. 

Among the chemical parameters which have been systematically varied in this 

work are the addition of excess PbO to give Pbt+XZr.53Ti.4P3 where x is the mole 

% excess PbO and the Zr /Ti content of the PZT gels. 
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Figure 12. Schematic representation of synthetic routes to PZT gels and thin films 
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3.1.1 Characterization of Gels 

Thermal analysis (DT A and TGA), FfIR and XRD were performed on gels 

heated at temperatures ranging from 350C to 700C. 

Differential Thermal Analysis (DTA) was carried out using a du Pont 2100 

thermal analysis system at heating rates of 5 and 10C min-Iunder a 100 cc min-I 02 

atmosphere. Thermal Gravimetric Analysis (TGA) was performed using the same 

du Pont 2100 equipment at a heating rate of usually lOC min-I under a 100 cc min- I 

02 atmosphere. In some cases, different heating rates were used, ranging from 1 to 

20 C min-I. 

Heated gels were powdered and deposited on microscope slides with double 

sided adhesive tape. XRD scans were performed using a GE Diffractometer Model 

10 from 28 = 20° to 40° at a scan rate of 4C min-I, using CuKa radiation. 

Diffuse Reflectance Infra-Red Fourier Transform (DRIFT) spectra of the 

fired gels were obtained on a Galaxy FTIR Spectrometer. Samples were prepared 

by grinding and mixing the fired powders with KBr powder (1 wt %). 

3.2 Thin Films 

The basic chemistries for the thin film precursors are derived from similar 

approaches preparing bulk gels. The experimental variables studied in the case of 

thin films included the effects of varying the firing temperature and time and the 

addition of excess PbO (to compensate for PbO loss at elevated temperatures). 



142 

3.2.1 Precursor Synthesis 

Precursor solutions for spin-coating were prepared using Pb acetate and Ti/Zr 

alkoxides in methanol. Additionally, these solutions can be refluxed to ensure a high 

degree of mixing and molecular level interaction. Refluxing was performed for 3 

hours and the solutions were later concentrated to either O.3M or l.OM solutions and 

stirred overnight. To prolong their shelf lives, they were stored in a refrigerator. 

3.2.2 Substrates Preparation 

The substrates used for electrical characterization of the PZT films were 

oxidized Si wafers which were coated with Pt deposited by sputtering. (100) or (111) 

2" diameter Si wafers (the actual type or conductivity is immaterial since these wafers 

merely serve as passive substrates) were dry-oxidized under 02 for 2 hours at 1000C 

resulting in about 1500A.. of thermal oxide. Later these wafers were inserted into a 

Perkin Elmer 510 Sputterer and a base pressure of 1O-5Torr was obtained. Pt films 

were rf-sputtered at 40 mTorr Ar pressure, 200W rf power and an applied dc bias 

of 1200V for 15 minutes which resulted in -2000A.. Pt coatings. The platinized 

wafers were then annealed at 700C for 30 mins to consolidate the coatings. Top 

electrodes were deposited on the PZT films in a similar manner using a shadow 

mask with holes Imm in diameter. For optical characterization, the substrates chosen 

included fused silica and Corning 7059 glass (a barium alumino borosilicate glass). 
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These substrates were ultrasonically washed in MeOH for 1 min. and oven-dried at 

lOOe for 15 mins prior to spincoating. 

3.2.3 Spincoating 

Before spincoating, the substrates were usually washed and spindried at 2000 

rpm for 1 min. with distilled methanol. This step also primed the surfaces for 

subsequent spincoating with the PZT solutions. The precursor solution was applied 

onto die substrates through a syringe equipped with a 0.2 J.LIIl PTFE 

(polytetrafluoroethylene) filter to eliminate problems with dust or particulates in the 

solution. Spincoating was typically performed in a class 100 clean room using a 

Headway Spinner at 2000 rpm for 20 sec. If a 0.3 M solution was used during 

spincoating, films with a thickness in the range of 500 A per application after firing 

at sooe were obtained. Multiple coatings were used to achieve thicker coatings. In 

between successive coatings, the overall films were subjected to a sooe heat 

treatment under O2 for 30 mins. to oxidize the organics and consolidate the films. 

Spincoating is preferably performed under clean room conditions to minimize 

dust particles on the film surface since it was found that cracks can initiate from 

these particles upon annealing. Much thicker crack-free coatings could be obtained 

for films spincoated in a clean room than under a normal laboratory atmosphere. 
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3.2.4 Processing 

The films were fired at the final crystallization temperatures, ranging from 

550C to 750C, for various times (30 min to 2 hrs but typically for 30 min.) Heating 

rates varied from 1 to 20C min- I and rapid thermal annealing (RTA) . In rapid 

thermal annealing, the wafers were placed on a quartz plate, immersed directly into 

a furnace preset at a selected temperature, and after treatment for a desired time 

were naturally cooled in the furnace. If removed immediately from the furnace after 

heat treatment, the RTA films tended to crack. The furnace was equipped with a 

sealed quartz tube where the atmosphere during firing could be readily changed. 02 

was normally used as the furnace atmosphere at a flow rate of 200 cc min-I. 

3.2.5 Characterization of PZT Thin Films 

In determining the electrical properties of films, Pt dots were sputtered via a 

shadow mask onto the films, forming the top electrical contacts and resulting in 

numerous Pt-PZT-Pt monolithic capacitors. Fig. 13 shows the device configuration. 

Back contact was established by partially covering the PZT film with wax, acid

etching the wafer and finally removing the wax with an organic solvent. The wafers 

were then annealed at lOOC for 30 min under 02 to remove residual organic solvents 

and to consolidate the top Pt dots before carrying out the electrical characterization. 

The thicknesses of the films were measured with a Sloan Dektak profilometer. 

Capacitance and dissipation factor as a function of frequency were obtained using a 
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Figure 13. Device configuration of typical PZT monolithic capacitors used during 
electrical characterization 
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customized shielded probe station connected to a HP 4192;\ Impedance Analyzer. 

The measurements were carried out in a dry N2 atmosphere and in the dark to avoid 

any spurious photoconductivity effects. Dielectric constants were calculated from the 

capacitance data using the following equation: 

(11) 

where 

€r = relative dielectric constant 

C = capacitance 

t = film thickness 

A = electrode area 

€o = permittivity of free space 

A Sawyer-Tower (Fig. 2) circuit was used to characterize the hysteresis loop 

at 60 Hz. Switching characteristics were studied by applying 10 V, 60 Hz square, 

pulses to the modified Sawyer-Tower circuit with the linear capacitor replaced by a 

small series resistor. X-ray diffraction, scanning electron microscopy and optical 

microscopy were used to investigate the evolution of microstructural features and 

phase development. Aging was investigated by monitoring the capacitances of the 

devices as a function of elapsed time after application of a unipolar 5V pulse. 

The values of the refractive index of the PZT films deposited on fused silica 

or Corning 7059 glasses were measured using a Gaertner Model L1116C 
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Ellipsometer. UV-VIS spectra of these films were recorded on a Shimadzu UV3100 

Photo-spectrometer, while the SHG activities were investigated using the setup shown 

in Fig. 14. Waveguide loss measurements were made with a He-Ne laser (6328A) 

using a prism coupler. 

3.2.6 Electrical properties 

In preparing the PZT films, various experimental variables were chosen and 

investigated. These experimental variables include: 

3.2.6.1 Annealing Temperature 

A series of PZT films were spin coated on platinized Si wafers using a O.3M 

stock solution at 2000 rpm for 20s. The films were consolidated by firing at 500e for 

30 min under t10wing 02 (200cc min-~. This process was repeated six times to 

achieve a final film thickness of about 340oA. Final firing temperatures of 550, 600, 

650, 700, 725 and 750e for 30 mins., both RTA and rate heated at 5e min-I, were 

used for crystallization. 

3.2.6.2 Heating Rate 

From XRD data, films fired by RT A at 700e for 30 mins. consisted of single

phase perovskite, whereas rate-heated films contained small amount of pyrochlore. 

Several films were heated at 700C for 30 min under 200cc min- I 02 t10w using 
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Figure 14. Schematic of the set-up to measure the 5300;\ SHG signals after YAG 
laser excitation (1.06 J.LlTl) in PZT films 
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heating rates of 1, 2.5, 5, 10,20 and 23C min-I. Exploration of this range of heating 

rates can provide critical input to determining the optimum heating rate for obtaining 

single-phase perovskite. The 23C min- I rate was the maximum afforded by the 

furnace and controller. Films with similar chemistry as in Section 3.2.6.1 above were 

used - namely a O.3M precursor solution and 6 successive coatings. The thickness of 

all these films was about 3000A after firing at 700C. 

3.2.6.3 Soaking Time 

The next parameter studied was the effect of soaking time. PZT 53/47 films 

(similar to the films prepared in Section 3.2.6.1) were prepared from a O.3M stock 

solution spincoated at 2000 rpm for 30s and cured at 500C for 30 mins. Multiple 

coatings were performed to obtain final film thicknesses of about 4500A. These films 

were annealed at 5C min- I to 700C for periods ranging from 15, 30, 60 and 120 mins. 

This temperature and rate were chosen to determine if longer soaking times were 

required to obtain single phase perovskite. The films investigated here were thicker 

than the previous ones, as it was discovered that thicker films afforded a higher yield 

of good devices (or a higher percentage of capacitors not shorted out). 

3.2.6.4 Excess PbO 

PbO volatility loss particularly at elevated temperatures can be a problem in 

PbO-containing ceramics such as PZT. Incorporating PbO in excess of the PZT 
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stoichiometry can compensate for such a loss when these films are fired at high 

temperature. Another potential benefit arising from excess PbO is the segregation 

of PbO along the grain boundaries which can lead to liquid phase sintering at 

elevated temperatures. Various levels of excess PbO were utilized, namely 2.5,5.0, 

7.5, 10.0, 12.5, 15.0,20.0 and 30.0 mole %, to prepare a series of 1.0M PZT 53/47 

precursor solutions. The spincoated films were fired at 700C for 30 min employing 

a 5C min- I rate. 

3.2.6.5 Reproducibility Test 

Reproducibility of the ferroelectric properties of the films was investigated by 

preparing the same PZT 53/47 O.3M precursor solution twice at different times with 

no excess PbO. These are labelled as Sample 1 and Sample 2. The two films were 

the heated at 700C for 30 mins. at 5C min-I. 

3.2.6.6 Film Thickness 

To investigate the effect of film thickness, a series of PZT 53/47 films with 

15 mole % excess PbO was prepared having a number of coatings ranging from 1 to 

9; each spincoating was performed at 2000 rpm for 30 s, and the resulting film was 

subjected to a 500C intermediate firing before subsequent coatings. The films were 

then fired at 700C for 30 mins. based on a 5C min- I heating rate under O2. 
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3.2.6.7 Post-Metallization Annealing 

PZT 53/47 films with 12.5 mole % excess PbO fired at 650C were deposited 

with Pt top electrodes deposited were subjected successively to post-metallization 

annealing temperatures ranging from lODC to 750C for 30 mins under 02. After 

each annealing temperature, electrical characterizations, namely dielectric properties 

and hysteresis loop, were performed before subjecting the same film to another 

higher annealing temperature. 

3.2.7 Optical Properties 

PZT films were prepared on substrates such as fused Si02 and Corning 7059. 

After firing the films, the optical properties were measured, namely the refractive 

index, UV transmission, optical attenuation loss and SHG activity. Among the 

experimental variables studied are the effects of firing temperature and composition. 

3.2.7.1 Firing Temperature 

PZT 53/47 and PLT 28 films were deposited on Corning 7059 glass by the 

spincoating technique discussed in Section 3.2.3. These films were fired from 350-

700C. The refractive indices and UV transmissions of the films were then measured. 
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3.2.7.2 Composition 

The compositions studied include PT (lead titanate), PZ (lead zircon ate ), PZT 

(lead zirconate titanate), PLT (lead lanthanum titanate), PLZ (lead lanthanum 

zirconate) and PLZT (lead lanthanum zirconate titanate). The general chemical 

formulae, PLZT x/y/z, PZT y/z (x=O), PLT x (y=O,z= 100) or PLZ y (z=O,y= 100), 

for these compositions consisted ofPb 1-xii O&axi 1 o~Zr y 11 o(fizi 1 o~ 1-xl 40613 where 

x,y, and z < 100 and y + z = 100. The desired PZT stoichiometries were achieved 

in the precursor solutions by using the appropriate molar ratios of Pb, La, Zr and Ti 

(where applicable). 10 mole % excess PbO was also incorporated in the 1.0M 

precursor solutions. It was found that excess PbO aids significantly in preparing PZT 

films with superior dielectric and FE properties, such as higher values of dielectric 

constant, than if stoichiometric compositions (no excess PbO) were used. 

3.2.7.3 Optical Attenuation 

In PZT films exhibiting higher refractive indices (e.g., 2.0 - 2.3) than that of 

the substrate (viz. 1.53 for Corning 7059), thin film waveguides are possible. 

Attenuation in the sol-gel thin films was measured using a CCD camera to provide 

feedback for the development of low-loss waveguides. Waveguiding is achieved using 

prism-coupling. An Electrophysics camera with gamma correction for linear intensity 

response is connected to a PC computer equipped with a Catenary Systems frame 

grabber. This system records the length of a light streak guided by the planar 
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waveguide samples. The decay of the light streak is computed from the recorded 

image. For a typical light streak, up to 100 scans across the length of the light streak 

are convolved with a normalized gaussian. The convolution is fitted to an 

exponential and this is used to report the decay of the light streak in dB/em. These 

measurements were made using a Particle Measuring Systems Helium-Neon laser 

(6328A). 

3.2.7.4 SHG 

Films of the following compositions were synthesized: PbTi03(PT); 

PbZrO.65 Ti o.350 3(PZT 65/35); Pbo.93Lao.07 Tio.980 3(PL T 7/100); 

Pbo.8J.-ao.15TiO.9tP3(PLT 15/100) and PbO.9~.oc}lrO.64TiO.3P3(PLZT 9/65/35). 

Films were spin-coated at 2000 rpm for 30 sees. on fused quartz plates. These 

substrates were used rather than platinized Si wafers because some amount of 

transparency is required during SHG measurement, especially in the transmission 

mode. Typically 3 coatings were applied, with intermediate firing, to give films with 

final thicknesses of about 0.5 J.LI11 upon firing at 500e. 

SHG was measured using a modified Kurtz-Perry powder method [241] as 

shown schematically in Fig. 14. The measurement technique involved rotation of the 

films with excitation by a Q-switched Nd-YAG laser (1.06 J.LI11), while the second 

harmonic signal (5300A) was measured in the transmission mode with a 

photomultiplier tube. The results were obtained as signal strength (mY) vs. angle 
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of rotation. Since the films are polycrystalline, no specific dijkcoefficient values of 

the SHG activities can be determined. Instead for comparison, a 1 mm layer of 

powdered urea (75-100 JLIll) excited by a transverse beam was used as a reference. 

This gave a signal of 1100 m V. 



155 

4. RESULTS AND DISCUSSION 

The results obtained on PZT gels and thin films are discussed in the following 

sections. 

4.1 Gels 

The gels investigated are PZT 53/47 unless noted otherwise. O.5M solutions 

were stirred overnight and then cast into PTFE molds and then partially covered with 

aluminum foil and allowed to gel. The precursor solution was slightly cloudy and 

gelled overnight. 

4.1.1 Thermal Analysis 

The DTA scan of the PZT 53/47 gel prefired at SOC overnight (Fig. 15) shows 

a large exothermic peak at 373C and a smaller one at 524C. XRD of samples taken 

just above these peaks indicated that pyrochlore and perovskite phases were found 

above 373 and 523C respectively. The TGA scan of the gel showed that organic 

burn-out was not complete until 630C (Fig. 16). It is recognized that the precursor 

solution is complex, consisting of methanol, n-propanol, iso-proproxy, n-propoxy, 

hydroxyl, acetate groups and metal cations (viz., Ti, Zr and Pb). The acetate species 

can be free, unidendate, bidendate or bridging ligands. The actual chemical 

reactions occurring to form intermediates during each chemical processing step or 

even the structure of the oligomeric species have not been fully resolved since the 
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Figure 16. TGA result of a PZT 53/47 gel at a heating rate of lOe min-1 
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focus of this dissertation is on the physical characterization of the final PZT films. 

During hydrolysis and condensation in the gel, the acetate groups are harder to be 

hydrolyzed compared to alkoxy groups. Thus, while the homogeneity and 

stoichiometry may be improved by the prevention of dissimilar chemical reaction 

kinetics of the various species, such remnant bridging acetates in the gel network 

require higher temperatures to decompose them. 

DTA scans based on a 5C min- I heating rate were obtained for PZT gels with 

various amount of Zr/Ti; and the perovskite crystallization temperatures (measured 

in conjunction with XRD data) are shown in Table 10. The PT gel was the easiest 

to decompose and to crystallize. The crystallization temperature tends to increase 

with Zr content in these gels and high Zr-containing gels are the most difficult to 

crystallize. The increase in crystallization temperature with Zr content is not too 

surprising since Zr02 is refractory and in compositions containing high amounts of 

Zr, higher temperatures are needed to complete the chemical reaction to finally form 

perovskite PZT. 

4.1.2 XRD Analysis 

To investigate phase development of the gels during heat treatment, XRD 

patterns were obtained for PZT 53/47 gels. The diffraction patterns were taken after 

heat treatment for 30 mins. at temperatures of 300, 400, 450, 550 and 650C at a 

heating rate of lOC min-I. The results are shown in Fig. 17. In considering these 
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Table 10 - DTA peaks in gels of various PZT compositions (5C min- l heating rate) 

Composition DTA Peaks (C) 
, "":,,, ,., ,. ,- - ',. ,'. ~ "" .. ',' ". ,'; 

PT or PZT 0/100 380 

PZT 20/80 397 

PZT 35/65 407 

PZT 53/47 431 

PZT 65/35 436 

PZT 80/20 426 

PZT 94/6 428 

PZ or PZT 100/0 434 

-' ,~ 



Figure 17. 
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results, it should be noted that the major X-ray diffraction peaks for perovskite PZT 

(JCPDS File 33-784 (1983» occur at 28 = 22° and 31° for CuKa radiation; while 

those for pyrochlore occur at 28 = 28° and 34°. Single phase perovskites were found 

at temperatures > 650C. The following phase development was observed as a 

function of increasing heat treatment temperature: 

amorphous -+pyrochlore -+pyrochlore + perovski te -+perovskite. 

PhO-based ceramics often suffer from PhO loss when fired at elevated 

temperatures. A classical method of overcoming this problem is to incorporate 

excess PhO into the system. However PhO volatility loss may not be significant from 

sol-gel derived systems due to the relatively low firing temperatures involved. Note 

that the amount of excess PhO needed to obtain full stoichiometric PZT would vary 

over the wide range of PZT stoichiometry since the vapor pressure of PhO increases 

in the following order: PZ > PZT > PT (see Fig. 11). Excess PhO concentrations 

of 5, 10 and 20 mole % (resulting in "superstoichiometric" PZT) were incorporated 

into gels. In the gels containing excess PhO, an extra crystalline PhO phase is 

detected at temperatures as low as 350C. It was also found that the PhO peak 

became stronger with increasing excess PhO contents in the starting precursors. The 

excess PhO introduced into the gels thus manifest itself as an extraneous PhO phase 

and is not totally incorporated into the perovskite PZT lattices. Higher firing 

temperatures (> 750C) eliminate such extraneous PhO by volatilization. 
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One noteworthy feature of the present results on the stoichiometric PZT 

53/47 gels is the absence of secondary phases such as Pb, PbO or Zr02' Gels 

containing excess PbO exhibited a PbO phase upon firing, indicating that the 

stoichiometric amounts of Pb,Zr and Ti are optimal during the formation of the 

precursor polymeric species and excess PbO species tend to be phase separated from 

the main network. Such secondary phases have frequently been reported by other 

sol-gel researchers in stoichiometric gels containing no excess PbO; and their absence 

in the present work indicates that the synthesis route employed here leads to highly 

homogeneous material. The formation of Zr02 or PbO phases would effectively 

result in the final phase assemblages being dependent on solid state reaction and on 

diffusion, thereby requiring either higher firing temperatures or longer processing 

times to obtain the desired perovskite phase. 

An interesting variation was also performed where instead of incorporating 

excess PbO, PbO deficiency was induced intentionally to investigate its effects on the 

crystallization behavior. The following compositions were studied PbX<Zr0.53Ti0.4~03 

where x = 004,0.5,0.6 and 0.7. At low PbO contents, the conversion of amorphous 

to pyrochlore was harder and required higher temperatures for crystallization. The 

temperature where perovskite first formed in gels with x < 0.5 was higher than the 

corresponding temperature in stoichiometric PZT. This observation reflects the need 

for sufficient PbO to form the perovskite phase. Additionally, perovskite and 

pyrochlore phases co-existed even at temperatures as high as 700C. No single phase 
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pyrochlore was detected even for the lowest PbO concentration of x = 0.4. In 

contrast, single-phase pyrochlore exists in stoichiometric PZT gel heated below 450C. 

It seems that the gel network of the PbO-deficient PZT composition separates into 

2 components upon firing: a full stoichiometric perovskite PZT and a stable PbO

poor pyrochlore phase whose exact composition is dependent on the amount of PbO 

present in the initial gel composition. In spite of PbO deficiency, the perovskite 

phase is still formed since it is the thermodynamically stable phase at higher firing 

temperatures (> 600C). However, the perovskite phase can only accommodate to a 

certain extent the amount of PbO deficiency before the PbO-deficient pyrochlore 

phase becomes more stable. Fig. 18 shows the XRD scans of various PZT 53/47 gels 

with different amounts of PbO deficiency fired to 650C. For x ~ 0.7, the XRD scan 

is essentially still representative of a single perovskite structure. At x = 0.6, the 

XRD peak of the pyrochlore phase can be resolved from the main perovskite peak 

and at x = 0.4 the pyrochlore peak is quite distinct and strong compared to the main 

perovskite peak. Note that the XRD peaks of the pyrochlore and perovskite phases 

became more separated as the PbO content becomes smaller, while the locations of 

the perovskite XRD peaks remain constant. This trend indicates an increase in the 

lattice parameter of the pyrochlore structure with decreasing PbO content. The 

various levels of PbO deficiency resulted in different degrees of structural 

development of pyrochlore lattices. It can be concluded at this point that there is not 

a single pyrochlore structure, but rather a wide range of pyrochlores. 
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4.1.3 FfIR 

To help elucidate the presence of organic groups in the fired gels, Diffuse 

Reflectance Fourier Transform Infra-Red (DRIFT) spectra of the fired gels were 

obtained. PZT 53/47 gels were fired at 350, 450, 550 and 650C for 30 mins. The 

resulting spectra are shown in Fig. 19. 

The spectra show that remnant organic groups are still present in the gels 

fired at 550C. The large band at 3000 em-I, attributable to C-H bonds, disappears 

in gels fired to 450C. However, the symmetric and asymmetric COO stretching 

vibration bands at 1415 and 1527 em-I, respectively, are still present in gels fired to 

550C. Note the OH bands located near 3500 cm- I become larger in gels fired to 

higher temperatures, indicative of organic decomposition which releases H20. 

The band that appears at around 600 em -lor lower after high temperature 

annealing is attributed to metal-oxygen bonds specifically the stretching vibration of 

the [Ti061 octahedral [242]. This band becomes sharper and stronger at higher 

temperatures, especially after 550C, reflecting the higher degree of crystallinity 

resulting from crystallization of the amorphous phase within the fired PZT gels even 

though XRD data indicated that crystalline oxides were formed at low firing 

temperatures. For gels fired at temperatures < 450C, a slight absorbance band at 

around 870 cm- I attributed to pyrochlore PbTi30 7 can be observed. This band, 

however, is absent in the FfIR spectra of gels fired at higher temperatures (> 550C), 

denoting the absence of pyrochlore which is consistent with XRD observations. 
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Figure 19. Diffuse Reflectance Fourier Transform Infra-red (DFTIR) spectra of 
PZT 53/47 gels fired to indicated temperatures for 30 min. at tOe 
min -1 heating rate 
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4.2 Thin Films 

The major objective of this study was to optimize the FE properties of PZT 

films by controlling the chemistries, processing conditions and microstructures. 

Many physico-chemical experimental variables were investigated - such as heating 

rates, excess PbO added, substrate interactions and epitaxial effects. To pinpoint 

concisely the conditions for "complete" optimization of the film properties is certainly 

daunting due to the large number of variables and properties involved and the 

interdependence of these variables. For example, a PZT film of certain thickness 

and chemistry was found to be optimized in terms of the highest dielectric constant 

achieved at a set of temperatures, soak times and heating rates. A thicker film (v . .ith 

excess PbO now incorporated) will not necessarily achieve optimum properties with 

this same set of experimental conditions. One optimization with respect to film 

property (e.g., dielectric constant) does not necessarily guarantee optimization with 

respect to other properties (e.g., fatigue resistance). 

Therefore in the present work, one particular experimental variation will be 

systematically explored while keeping other parameters constant. Electrical and 

optical properties, microstructures and phase assemblages obtained from electrical 

and optical measurements, XRD data and optical micrographs will be the basis in 

evaluating the FE properties for each set of films. Then all the results will be 

analyzed in toto to establish an optimum set of experimental conditions to yield 
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excellent FE PZT films. Unless noted otherwise, the films have the PZT 53/47 

composition. 

4.2.1 Electrical Properties 

Platinum films sputtered on oxidized Si wafers were used as the back 

electrodes of the PZT films in the present study due to its chemically inactive 

character, and its role as a barrier layer between the PZT film and the underlying 

Si substrate. Other potential metals are less suitable in one respect or another. For 

example, the melting point of AI (-660C) is too low; and Au shows poor adherence 

to Si02. Additionally Au reacts eutectically with Si at high temperatures (-650C), 

forming grossly heterogeneous regions. Pd, Ag and Ti arc also reactive with Si. 

Another beneficial effect of the Pt film is the achievement of relatively thick 

crack-free sol-gel PZT films. If the films are deposited on plain Si wafers, cracks 

within the films occurred upon firing in the furnace even if the PZT films are 

relatively thin, about 150oA. Further minor cracks, developed resulting in 

heterogeneous-looking films upon annealing at higher temperature, viz. 700C. PZT 

films as thick as 1 J.LITI can, however, be obtained on platinized wafers. The cracks 

can be attributed to the large mismatch in the coefficients of thermal expansion (see 

Table 11) between the PZT films and the underlying substrate which is essentially 

Si02. Si wafers tend to contain native oxide layers on the surfaces which are very 

difficult to remove (except possibly by etching under high vacuum conditions). 
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Table 11 - Coefficient of thermal expansion (CTE) of films 

Materials erE (xl0-7K- 1) 
", ",. d·'.,' . ,', : ... r,'.{ ," ~'. , 

Si 50 

Si02 5 

Pt 91 

PZT 25 
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Drying stress can be ruled out as being the cause of cracking since if such stresses 

are responsible for cracking, then there should be no substrate dependency on film 

cracking during firing. PZT films are also reactive with Si wafers especially at 

elevated temperatures and it was found that PbO tended to diffuse into the 

unpassivated Si wafers forming complex lead silicate species (see Section 2.5.4). The 

thermal expansion mismatch between the PZT and Pt films is substantially smaller, 

and hence sol-gel PZT films on platinized Si wafers tend to be more resistant 

towards cracking during firing. 

All the dielectric data (€r and dissipation factor) were measured at 1 kHz and 

1 V rms oscillation amplitude with no applied D.C. bias unless indicated otherwise. 

The effects of frequency and signal amplitude on dielectric properties are expected 

to be more dramatic in films with higher perovskite contents. 

The dielectric constant of a PZT 53/47 film fired using RTA at 700C for 30s 

as a function of frequency is displayed in Fig. 20 where a signal amplitude of 1 V rms 

is used. Note the monotonically decreasing values of dielectric constant at higher 

frequencies, changing from 1350 at 500 Hz to 900 at 100 kHz. The data was 

extrapolated from 3 kHz to 20 kHz, as within this frequency range the HP 4192A 

impedance analyzer was unable to record any data due to resonance arising from 

domain wall motion. It is expected that due to the large ac voltage used (viz. 1 V 

rms), the domain walls are excited. In fact, fairly strong audible sounds were heard 



171 

1600 

-c 
1200 m -en 

c 
0 
0 800 u .;:: -u 
.Q2 
0 

400 

~OO 1000 10000 100000 
Frequency ( Hz ) 

Figure 20. Dielectric constant (1 V signal amplitude) versus measuring frequency 
in a PZT 53/47 film fired RTA to 700C for 30 min 



172 

from the capacitor under test upon measuring at this frequency range, attesting to the 

piezoelectric resonance. Benguigui has reported that the characteristic frequencies 

of the 90° domain walls lies in the 103_105 HZ range for BaTi03 [243] which is 

within the range of resonance frequency encountered in the PZT films studied here. 

Domain walls, particularly 90° walls, contribute significantly to the overall dielectric 

constant. The dielectric constant decreases with frequency because at higher 

frequencies, a higher proportion of domain walls is not able to respond to the signal 

frequencies. Note that the dielectric constant at high frequencies or low signal 

amplitudes is still high (-1000) despite the lower contribution from the domain 

walls. The enhanced values of dielectric constant at this region can be attributed to 

the dipolar mechanisms within the PZT films. It has been discussed previously that 

dipoles exist within the perovskite lattices due to displacements of the Zr /Ti atoms. 

Such dipoles are responsible for additional polarization resulting in higher €r's. Also, 

there is still a number of domain walls responding at the high frequency range of 

measurement (100 kHz). They can contribute the overall dielectric constant even at 

high frequencies. 

This resonance phenomenon is also reflected in the series of hysteresis loops 

obtained as a function of frequency on a PZT film fired at SC min -1 to 600C. There 

is no change in the loops for frequencies below 1 kHz; the loops at 60 Hz and 600 

Hz are virtually identical. However at 4 kHz, the hysteresis loop becomes larger, 

with much higher values of coercive field and remanent polarization (twice the values 
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observed at lower frequencies) due to domain wall resonance. At still higher 

frequencies (e.g., at 60 kHz) the loop becomes very slim - almost a straight line, 

indicating that only very few domains are switching and contributing to the loop. 

Another artifact at high frequencies is the RC time constant of the FE PZT 

capacitors. Above a characteristic frequency defined by 1/RC, the PZT capacitors 

are unable to respond to the full amplitude of the electric field applied and hence 

the number of. domains able to respond to the field is substantially reduced. 

The effect of the signal type used for switching can be considerable. Table 

12 shows the values of remanent polarization and coercive field of a PZT film heated 

at 650C as a function of wave forms applied at 60 Hz with a lOY amplitude. The 

hysteresis loops arising from sinusoidal or triangular waves are almost identical in 

shape; however, if square waves are used to switch the capacitors, the resulting loop 

is quite distorted and discontinuous. Most of the data points on the square-wave 

derived loop were concentrated at the ends of the loop where switching took place. 

The intermediate curve between these endpoints was not as weII defined as found 

in normal hysteresis loops. The effect can be explained by the high rise rate of the 

applied field at the steps in square waves resulting in switching occurring near the 

steps; while with sinusoidal or triangular wave forms, the rise was more gradual 

throughout the signals. The square waves produced a loop with the highest values 

of P rand Ee while sine waves gave the lowest values of P r' In all the later hysteresis 

loops in the present studies, sine waves were utilized during switching, 
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Table 12 - Effect of waveforms on the hysteresis loops of a PZT 53/47 Film 
heated to 650C for 30 min. 

Waveform (60 Hz) PR (IJ,C/cm2) Ee (kV/cm) 
-, , c' ,- '~, , ,'--, . ,-,- . , " 

Sine 8.2 57.2 

Triangle 9.7 47.7 

Square 12.8 73.9 
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Signal amplitude can affect the dielectric properties of FE PZT films. 

Fig. 21a and b shows the dielectric constant, dissipation factor and dielectric loss of 

a PZT 53/47 film fired by RTA at 725C for 30 min. 

At a low signal amplitude (e.g., 5 m V), there is no dispersion in the values of 

dielectric constant or dissipation factor, i.e., these values are fairly independent with 

signal frequency. In contrast, when a higher signal amplitude is used (e.g., IV), not 

only are the values of dielectric constant (and dissipation factor) higher than at low 

signal amplitudes, but also these properties display marked dispersions with signal 

frequency, i.e., the dielectric constants and dissipation factors decrease monotonically 

at higher signal frequencies. 

Such observations are due to the presence of domains within the ferroelectric 

perovskite film. Domains require a finite amount of field (near the coercive field 

value) to move. At low signal amplitudes (hence low fields), these domains are 

relatively immobile and do not contribute to the overall dielectric constant. 

However, dipoles still exist within this ferroelectric film; and the dielectric constant, 

while lower than if a higher signal amplitude is used, is still high ( -1000 in the case 

of a PZT film RTA to 725C as seen in Fig. 21a). When domain walls move under 

the influence of a high enough field, dissipation of energy occurs, resulting in 

elevated values of dielectric loss and dissipation factor. 

There is a characteristic frequency or a range of frequencies above which the 

domains are not able to respond. Such a frequency range is dependent on the grain 
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Figure 21. a) Dielectric constant and b) dissipation factor versus frequency in a 
PZT 53/47 film fired RTA to 725C for 30 min. at 1 V and 5 mV signal 
amplitudes 
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size of the ferroelectric crystallites, domain wall mobility and applied field. All 

domains are expected to be responsive at low frequencies (e.g., < 1 kHz). At higher 

frequencies, an increasing number of domains becomes unresponsive to the applied 

signals - thus leading to lower values of dielectric constant and dissipation factor. In 

the case where a small signal amplitude is used, little or no domain motion takes 

place and hence the values of dielectric constant (and dissipation) are fairly 

independent of signal frequency. Based on the domain wall contribution to dielectric 

properties, it is expected that at some high frequency, the values of the small-signal 

and large-signal dielectric constant will converge. In fact, in the example cited for 

a PZT film RTA to 725C (Fig. 21a), these dielectric constants do extrapolate to the 

same value at around 300 kHz. 

Dielectric relaxation in ferroelectrics has been reviewed by the author et al. 

[244]. The relaxation frequency depends on the microstructure, particularly the grain 

size, of bulk PZT ceramics. For examples, dielectric dispersion has been studied in 

pure and Mn-doped PZT ceramics by other researchers [245, 246]. It was reported 

that the addition of 0.3 wt % Mn02 decreased the grain size of the PZT ceramics, 

and it was observed that the relaxation frequency was higher by an order of 

magnitude in the Mn-doped PZT ceramics than in the undoped sample [245, 246]. 

Mn atoms tend to segregate along the grain boundaries and lower their mobility; 

hence Mn acts as a grain growth inhibitor and results in a smaller PZT grain size. 
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A smaller grain size usually leads to smaller domain widths and hence higher 

relaxation frequencies. 

The effect of signal amplitude on the dielectric properties of PZT films is 

exemplified by the data in Fig. 22 which shows the incremental changes in both 

dielectric constant and dissipation factor measured at 1 kHz with increasing signal 

amplitude. At higher signal voltages, corresponding to larger applied ac fields, more 

domains are excited. This leads to higher values of dielectric constant and 

concomitantly higher dissipation factors. The increment in dielectric properties as 

a function of ever higher ac fields cannot be sustained indefinitely since the number 

of domains is finite. When the capacitances and dissipation factors are plotted 

linearly rather than logarithmically as a function of signal amplitude, these values 

reached plateaus at above IV. This implies that at signal amplitudes above IV, the 

capacitance (hence dielectric constant) and tan delta reach their saturation values. 

If a higher frequency is used, e.g., 100 kHz, the increases in dielectric constant 

and dissipation factor were less dramatic than when a 1 kHz signal was used. The 

dielectric constant was essentially constant with signal amplitude, while the 

dissipation factor exhibited only a very small increase at high signal amplitudes. 

These observations can once again be attributed to the inability of domains to 

respond at high frequencies as discussed previously. The dependence of the FE film 

dielectric properties on signal amplitude is more apparent at lower frequencies ( < 1 

kHz), since a higher proportion of the domains within the films is contributing to the 
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overall film properties. It was discussed previously in Section 2.1 that ferroelectrics 

switch at values of the applied field near the coercive field. However, due to slow 

relaxation of the domains, the ferroelectrics can also switch (involving domain motion 

on a large time scale) at any applied field given sufficient time. It is envisaged that 

when the signal amplitude is within the range of the coercive field of the film (viz., 

22 kV fcm for this particular film or 1.1 V over the 0.5 J.LIl1 thick film), domains will 

be quickly excited. Thus the low or high signal amplitude effect on dielectric 

properties should be discussed relative to the coercive field value measured at the 

same ac frequency of any particular FE film. 

Aside from their dependence on signal amplitude or ac field, the dielectric 

properties of FE films can also vary as a function of dc bias. The results for 

capacitance and dissipation factor measured at 1 kHz are shown in Fig. 23 for a film 

fired at 700C. The applied voltage was swept from -lOV to 10V at 1 V increments. 

At high negative voltages, most of the domains are poled in the direction of the field 

and hence were relatively immobile. As a result, most of the domain walls cannot 

contribute to polarizability and hence low values of dielectric constant and dissipation 

factor result. At lower applied voltages, fewer of the domains are pinned, thus 

enhancing the dielectric constant and dissipation factor since more domains are now 

involved. Note that the maximum values of capacitance and dissipation factor were 

achieved at a positive voltage, namely + 1 V, since the initial voltages applied were 

at high negative values, which effectively poled the PZT film. During the voltage 
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sweep to positive voltages, the polarization will eventually switch direction to the 

positive applied field. This voltage corresponds to switching. It is well known that 

during switching in FE's, there is an anomalous increase of dielectric constant due 

to increased polarizability arising from domain motions. 

The basic shapes of the C-V plots are retained when either the frequency is 

increased to 100 kHz or the signal amplitude is reduced to 5 m V. When a 100 kHz 

signal was employed, however, the measured capacitances were lower than at 1 kHz 

for any applied voltage. The smallest dissipation factor measured at high voltages 

(positive or negative) and at 1 V rms was about the same (-0.06) regardless of the 

measuring frequency. However, if the signal amplitude was reduced to 5 m V but at 

1 kHz signal frequency, the dissipation factor also reduced to extremely small values. 

In fact, some of the measured dissipation factors are very close to zero. The reason 

why the dissipation values are so low is that at high applied voltages, all the domain 

walls are pinned by the applied field; and at low signal amplitude, these walls are not 

able to respond. In contrast, if a larger signal amplitude is used, especially near 

coercive field values, the domains can be mobile and hence contribute to higher 

values of dissipation factor and dielectric constant (Fig. 23). 

An interesting relationship is revealed if the capacitance is plotted as a 

function of dissipation factor. This is done in Figs. 24 and 25 for cases where the 

signal amplitude and dc bias were varied, respectively. In both cases, the capacitance 

is a linear function of dissipation factor. When the signal amplitude was varied, the 
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straight line intercepted the y-axis at some finite value of dielectric constant. When 

the dc bias was varied, on the other hand, the line passes through the origin. The 

intercept at the y-axis in Fig. 24 represents the bulk contribution the overall value of 

dielectric constant; and excess values of the dielectric constant above this bulk value 

represent the contribution from domains. This plot enables one to separate the 

contributions of bulk polarizability and domain wall motions to the dielectric 

constant. The almost-linear relationship between dielectric constant and dissipation 

factor is expected, since domain wall motions contribute to both physical properties. 

In the case where the signal amplitude is varied, the domain structure is still free 

(Le., not clamped or poled in any particular direction), with the domain walls 

responding appropriately to the applied ac signal. With applied dc bias, the domain 

structure is poled by the field. At high applied dc biases, the domains are essentially 

pinned down, thus negating any substantial domain wall contribution to the value of 

dissipation factor. Additionally, the applied dc field also lowers the bulk dielectric 

constant, since the domains are now poled along the applied field direction, thereby 

decreasing the overall polarizability. €r is the highest and lowest when the applied 

field is, respectively, perpendicular and parallel to the polarization. 

Switching studies are typically performed by applying bipolar pulses with lOV 

amplitude and 60 Hz to the FE PZT capacitors. The pulse type, frequency, 
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amplitude and the series resistor considerably affect the polarization reversal process. 

Bipolar pulses - where the amplitude was varied from + lOV to -lOV and vice-versa -

rather than unipolar (where the amplitude was varied between 0 and + lOY) or 

discrete pulses were used to ensure switching at each voltage step whereby the 

resulting current transients can be recorded. 

There is a frequency range above which the applied square waves become 

distorted. At low frequencies (e.g., 6 Hz), the capacitor will discharge at a rate faster 

than the driving frequency, resulting in triangle-like pulses rather than square. 

Intermediate frequencies (between 6 and 600 Hz) provided sharp, square wave 

signals. At slightly higher frequencies (>600 Hz), low pass filter effects become 

important; i.e., the rise time of the FE capacitor characterized by the RC** product 

is now comparable to the signal pulse width and thus distorts the signal waveform. 

For a 600 Hz signal frequency, the humps at both the rising and falling portions of 

the signals are clearly seen. At even higher frequencies (e.g., 10 kHz), low pass filter 

effects became very important and significantly distorted the signal. The signal 

frequency not only affects domain walls, which cannot respond to high frequencies, 

but also imposes limitations on physical measurements due to the low-pass filter 

effect. Thus domain relaxation affects the ability of the FE capacitors to respond to 

the applied signals. 

**The capacitance measured in the devices measured is typically about 35 nF. 
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Three types of switching waveforms were studied, namely sinewave, 

squarewave and triangular pulses. It was observed that sinewave and triangular 

pulses did not result in any observable switching currents attributable to the slow rise 

time of voltage (and hence field) pulses. Such slow rates caused slow polarization 

reversals with large switching times much longer than the signal period. Only the 

square waves can result in switching in the ferroelectric capacitors where the ts and 

switching currents can be readily observed. 

The voltages on the resistor and the ferroelectric capacitor during switching 

are displayed in Fig. 26. Note the shoulder on the current transient of the 

ferroelectric capacitor arising from the switching current during polarization reversal. 

During switching, there was a slight plateau of the transient voltage on the capacitor 

instead of an exponentially rising waveform. This plateau corresponds to the center 

of the current shoulder on the FE capacitor. The current transient shoulder 

represents the maximum domain switching rate. During this switching there is also 

a large transient change in resistance due to domain realignment. This time

dependent resistance adds an additional component to the capacitor voltage leading 

to the plateau observed here. At the completion of switching, the voltage on the 

ferroelectric capacitor reached its maximum value, viz., the pulse amplitUde (10 V). 

The switching time measured here was fairly large -about 90 /-IS. The switching time, 

ts' is affected by the amplitude of the switching field; and ts decreases exponentially 

with higher fields [e.g., 1,5]. 
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Figure 26. Transient voltages after a 60 Hz, 10 V square pulse on the 3.3 n series 
resistor and on the PZT film fired to 700C for 30 min. at a heating 
rate of 5C min- 1 
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Typical switching times in thin films reported by other researchers are tens of 

nanoseconds. The large values of switching time measured here are due to the very 

large areas of the Pt electrodes (-106 J.LIIl2), while the electrode areas employed by 

other researchers are only thousands of In? Larsen et al. reported an increase of 

switching time with electrode area [247]. In fact, the extrapolated ts for PZT films 

having 106 J.LITl2 area is projected to be in the J1S range, agreeing well with the values 

of ts observed in the current films. They also showed that ts was instrumentally 

limited, and the true switching time may be lower than 1.8 ns, their experimental 

resolution. Choice of electrodes can also affect ts; for example, it has been reported 

that a conducting LaSrCo04 electrode resulted in improved and shorter switching 

times [248]. The explanation for such improved behavior, was not elaborated. 

We have seen earlier that 

(11) 

Due to the large electrode areas employed In these studies, the total charges 

switched (-10-7 - lO-Cc) were also large. Since there is a current density limit on 

the entire device, the switching times must be necessarily long so that the current 

densities will not be too large. With a large electrode area, the probability of 

domain nucleation is enhanced at the interface. Hence the preferred switching 

mechanism in large area FE capacitors is domain nucleation. The domain nucleation 

is slower than domain growth which slows down the switching time drastically in 

larger area capacitors. Additionally, due to the large RC products in these large area 
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FE capacitors, the discharge time will be larger as well. It is expected that with 

smaller electrode areas, the switching time will decrease significantly. Another 

contributing factor to the large switching times is the long rise time of the square 

waves which was measured at 200 ns. This could set a lower limit on ts as ;::200 ns 

even in the cases of optimized large fields and small electrode areas. 

The current transient across a paraelectric capacitor fabricated from a PZT 

film heated to 550C at 5C min- 1 (which was found to be a non-ferroelectric, 

pyrochlore film from XRD and €r data) is shown in Fig. 27. Note the sharp 

exponential drop after voltage application, decaying to zero after about 20 J.IS. A 

similar current wave form is expected for the non-switching response in a 

ferroelectric capacitor, namely when the direction of the applied field is parallel to 

the direction of the existing polarization. 

The amplitude of the switching pulses also affected the switching 

characteristics. With small amplitudes, the effective applied field is lower, thus 

decreasing the current transients but prolonging the switching times (see Fig. 28). 

At low enough fields, no switching occurs; and the current transients consist 

predominantly of discharge currents with extremely long decay times. The 

exponential decrease of ts with applied switching field has been well observed, not 

only in thin films but also in bulk ferroelectrics [1] where the applied field affects the 

velocity of the moving domain walls. 
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Figure 27. Current transients after a 60 Hz, 10 V square pulse of a paraelectric 
PZT film fired to 550C for 30 min. at a heating rate of 30 min 



Figure 28. 

-=.0 ... 
ro 
'-' ..... 
c: 
~ ... 
:J 
o 

20r-----------------------. 

40 

V1 > V2 > V3 

80 
Time (us) 

120 160 

192 

Effect of 60 Hz square wave amplitude on the switching currents of a 
PZT 53/47 film fired to 700C for 30 min. at a heating rate of 5C min- l 
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The value of the series resistor acts as a voltage divider when compared to the 

resistance of the ferroelectric capacitor. A high value will cause most of the voltage 

drop to occur across the resistor; while a smaller series resistance ensures that the 

voltage will be applied predominantly across the ferroelectric capacitor. Fig. 29 

shows the effect on the switching transients when different resistors were used, 

namely 1000, 100, 10 and 3.3 n Note that larger resistors resulted in longer 

switching times since the effective fields on the FE capacitors are lower; hence to 

obtain the shortest ts' the smallest resistor (3.3 n) was used for all switching 

experiments. The effect of large series resistance is analogous to the effect of small 

signal amplitudes discussed previously, since both result in low effective fields across 

the ferroelectric film which may fall below the value of Ee necessary for switching. 

Aging of the PZT films was studied by applying a 5 V probe for 10 sand 

measuring the capacitance as a function of elapsed time after terminating the pulse. 

The measurements were performed automatically using customized computer 

software. 

There is a difference in the aging behavior of paraelectric and ferroelectric 

capacitors due to the presence of domains in the ferroelectric films. Figs. 30 and 31 

show respectively the measurements on a paraelectric PZT film heated at 55 DC 

(which was found to be non-perovsldte by XRD) and a ferroelectric PZT film with 

2.5% excess PbO heated to 700C). In the paraelectric device, the dielectric constants 

are essentially independent of time after termination of the voltage pulse. The 
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Figure 29. Effect of series resistor on the switching currents after a 60 Hz, 10 V 
square pulse of a PZT 53/47 film fired to 700C for 30 min. at a 
heating rate of 5C min- l 
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Figure 31. Aging of dielectric constant and dissipation factor with time after a 5 V 
pulse of a PZT 53/47 film with 2.5 mole % excess PbO fired to 700C 
for 30 min. at a heating rate of 5C min- 1 
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decrease in €r at short times (less than O.4s) was due to dielectric discharge due to 

charge accumulation during polarization of the device when 5V was applied. In the 

ferroelectric capacitor, in contrast, the €r's (and dissipation factors) are time

dependent after removing the applied voltage, as indicated in Fig. 40. Changes 

during the initial period (less than O.4s) can safely be neglected as due to dielectric 

discharge (as also found for a paraelectric device). 

Note that in Fig. 31 the €r and dissipation factor decreased linearly with log 

time. This is highly suggestive of a relaxation mechanism (or mechanisms) within the 

film. Such logarithmic behaviors of dielectric properties after poling were also 

reported in bulk PLZT ceramics [249]. This phenomenon has often been attributed 

to domain relaxation after pulsing due to the gradual reorientation of various domain 

walls into a more stable domain structure when the field is removed. The dissipation 

factor decreased at a faster rate (8.60%/decade) than the dielectric constant 

(4.02%/decade) implying a more substantial contribution of domains to the 

dissipation factor than to the dielectric constant. Such a discrepancy between the 

aging rates of the dissipation factor and dielectric constant has also been observed 

in bulk ceramics [249]. The higher aging rate of dissipation factor than that of €r is 

not unexpected since the high values of dielectric constant in FE's arise from the 

presence of both dipoles and domains while the motion of domain walls is 

predominantly responsible for dissipation factors (or dielectric losses). Thus domain 

relaxation (or reconfiguration) will affect dissipation factor more than €r' For the 
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same ferroelectric PZT film, aging was monitored as a function of signal amplitude 

at a fIXed measuring frequency, namely 1 kHz. Fig. 32 shows the retention measured 

at 1 kHz with various oscillation amplitudes, namely 5,50, 500, 1000 and 1100 mY. 

As expected, the capacitances increased with higher signal amplitudes since more 

domains are excited (as discussed previously). Note that irrespective of the signal 

amplitude used, aging occurred at a constant capacitance decay rate as indicated by 

the constant slope with log time. 

Aging of the film was also monitored as a function of measuring signal 

frequency. Table 13 shows the aging rate as a function of frequency based on a IV 

signal amplitude. It can be seen that there is a dependence of aging on frequency; 

the aging rate was higher at low frequencies than at higher frequencies in terms of 

both farads and percentile decay per decade. During pulse application, all the 

domains are poled in field direction. When the field size is removed, these domains 

start relaxing to stabler configurations. However, not all the domains are reorienting 

at the same frequency. The lower aging rates at high frequencies are due to the fact 

that at these frequencies, most of the domain walls are not able to respond to the 

signals; the majority of these walls relax at a range of frequencies lower than 50 kHz. 

The pulse amplitude was also varied, ranging from 1, 1.3, 2.5, 5, 7.S and lOV. 

The value at 1.3V was chosen because it represented the coercive voltage of the 

particular PZT film studied, namely one fired to 700C, as observed from the 
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Figure 32. Aging of dielectric constant with time after a 5 V pulse at various 
signal amplitudes in a PZT 53/47 film with 2.5 mole % excess PbO 
fired to 700C for 30 min. at a heating rate of 5C min- l 
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Table 13 - Frequency dependence of the aging rates in a PZT 53/47 film 
(2.5 mole % excess PbO) fired to 700C for 30 min. 

I Frequency I Aging Rate 

(kHz) xlO- 10F /Decade %/Decade 
, ' .. ' ,L" ., .. : . -~.: '.;, 

0.5 8.89 3.14 

1.0 11.48 3.90 

5.0 7.78 3.24 

10.0 8.52 3.47 

50.0 5.19 2.29 

100.0 4.44 1.96 

I 
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hysteresis loop. The resulting aging rates are plotted in Fig. 33 as a function of pulse 

amplitude. The aging rate increases with pulse amplitude up to about 5V, above 

which the aging rate remains constant. This implies that the maximal degree of 

domain realignment takes place upon application of the pulse at 5V (which is -4Ee). 

The degree of domain polarization depends on the actual field applied. With higher 

applied fields, more of the domains are polarized in the field direction; and upon 

termination of the field, these domains began to relax to stabler configurations. The 

more domains that relax, the faster is the aging rate. At pulse amplitudes lower than 

5V, only some of the domains are poled in the field direction; and this results in 

slower aging rates. Note that a field of several times of Ee is needed to orient 

completely all the domains in the field direction as indicted by the present aging 

results. Recall that Ee is the field needed to depole the ferroelectric (Le., set the 

polarization to zero). The observation made here (viz., the increase of aging rate 

with pulse amplitude) is in contrast with the results of another study [250] where it 

was found, surprisingly, that higher poling fields resulted in lower aging rates. No 

explanation was provided by these authors. 

If the capacitance is plotted out as a function of dissipation factor at various 

aging times, a curve is obtained is identical to the one discussed in Fig. 24. As aging 

progresses, domains relax to more stable configurations in the absence of any 

external field which in turn lowers the values of dielectric constant and dissipation 

factor. 
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The primary motion responsible for the non-linear dielectric phenomenon in 

the FE PZT films investigated in the present study is the motion of domains. The 

motion (or immobility) of such domains under the influence of applied electric fields 

results in the multifaceted FE properties observed. Even in the absence of external 

stimuli (e.g., electric field), domain relaxation towards more stable configurations 

results in the occurrence of aging. In the example of dielectric constant, €ro it has 

two components normally 

€r = €o + €o(A,t) 

where €o = intrinsic bulk or small signal value 

€o = domain contribution dependent on the ac field, A, and time, t. 

(12) 

The nonlinearily in the FE aspect of €r arises from the €o contribution which is 

dependent on past history (namely polarization state or domain structure), ac field 

and time (important especially during aging or the domain reorientation process). 

It is expected that the aging in €r saturates eventually to €o. 

4.2.1.1 Effect of Annealing Temperature 

The thicknesses of the films after firing between 500-750C are shown in 

Fig. 34. For rate-heated films (viz. 5C min-~ fired above 550C, the thickness 

remained fairly constant at about 3400A (compared to prefired films which were 

about 8000A thick), indicating that densification has stopped at this temperature. 

RTA films exhibited slight further densification after 550C, as indicated by a gradual 



-<( -Cl) 
Cl) 
Q) 
C: 

:::t:. 
.2 
.c: ._ 

5000 

4000 

• • D D D • 3000 • ~ . • 
200

~00 500 600 700 800 
Temperature (C) 

• RTA o 5 C/min 

204 

Figure 34. Thicknesses of RTA and rate-heated PZT 53/47 films after firing at 
indicated temperatures for 30 min 
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shrinkage at higher temperatures. The fact that densification stopped at a lower 

temperature in rate-heated films than in RTA films is not surprising, since the rate

heated films spent more time at elevated temperatures. The dielectric constant, 

dissipation factor and dielectric loss of the PZT 53/47 films were measured at 1 kHz 

as a function of firing temperatures. The values are displayed in Fig. 35a-c. The 

general trend is that the dielectric constant increases with increasing firing 

temperatures above 550C, but tends to saturate at higher temperatures (> 650C). 

The dielectric constant changes dramatically from 100 in a film fired at 550C to 

about 600 in a film fired at 600C. The dielectric constant then saturates at about 

1300 in films fired above 650C. The high values of dielectric constant in films fired 

at higher temperatures can be correlated with higher amounts of perovskite. Films 

annealed under RTA conditions had consistently higher dielectric constants than 

similar films fired at a rate of 5C min- l due to higher perovskite contents. 

The dissipation factor increases significantly at temperatures between 500 and 

600C, and then remains essentially constant at about 0.10 for films fired at higher 

temperatures. RTA films displayed slightly higher dissipation factor (-0.12) than 

rate-heated films. The dielectric losses of both sets of films are similar at low 

temperatures (below 600C); but at higher temperatures, RTA films exhibit higher 

dielectric losses than rate-heated films. The higher values of dielectric loss in RTA 

films can be attributed to the ir higher dielectric constants since dielectric loss is the 

product of €r and dissipation factor. A series of hysteresis loops was obtained for 
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both sets of films. Only straight lines are observed for films annealed below 600C 

(for rate-heated films). Films fired above 600C are ferroelectric since hysteresis 

loops can only be obtained from ferroelectrics. The hysteresis loop in a film fired 

at 600C looked somewhat flattened and less developed than those of films fired at 

higher temperatures. This was attributed to the lower perovskite content in the film 

fired at 600C. The integrated area of a hysteresis loop represents the energy loss per 

cycle during switching; and these areas are noticeably larger for films annealed at 

higher temperatures. This observation provides evidence for the presence of higher 

FE perovskite contents, since a larger amount of FE phase will contribute to higher 

losses during switching. The areas of the loop also agree well with the values of 

dielectric loss, i.e., both increase in films fired at higher temperatures. 

The remanent polarization and coercive field obtained from the hysteresis 

loops are plotted as a function of firing temperature in Figs. 36a and b respectively. 

The coercive fields and remanent polarizations in both sets of films tend to decrease 

and increase respectively with firing temperature. The increase in remanent 

polarization is much larger than the decrease in coercive field. These observations 

are due to higher amounts of perovskite content in films treated at higher 

temperatures. The increase in remanent polarization is more dramatic than the 

small decrease in coercive field, indicating that perovskite (vs., pyrochlore) and 

microstructural considerations, namely grain size, affect polarization more than 

coercive field. Note that the RTA films show a tendency toward lower coercive 
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fields and higher remanent polarizations than the corresponding values in rate-heated 

films, due not only to the higher perovskite contents in the former films, but also to 

lower degrees of PbO loss since the RTA films experiences shorter processing times 

at elevated temperatures. For the PZT films heated at 550e, only the RTA treated 

one gave a small hysteresis loop (Pr = 0.6 JJ£/cm2 and Ee = 25.8 kV /cm). This low 

value of P r reflects the low proportion of ferroelectric perovskite phase compared to 

non-ferroelectric phases. The rate-heated 550e film was not ferroelectric; and hence 

no loop was observed. 

The microstructures of the films RTA and rate-heated to 500e-750e were 

studied. The degree of crystallization (Le., volume fraction crystallized) of the films 

increased with increasing firing temperature. Films fired at 500e are basically 

featureless except for isolated small perovskite grains (-0.1 JLIIl). Upon heating to 

550e, these grains grew both in number and size for the rate-heated films. In the 

RTA film fired at 550C, the perovskite grains appeared relatively larger (-0.2 JLI11), 

even though they were fewer in number. The nucleation temperature for pyrochlore 

was apparently bypassed during RTA. At 600C, the perovskite grains in both films 

have grown larger and started to impinge on each other. The perovskite grain size 

of the film RTA at 600C (0.5 J.illl) was smaller than that of the rate-heated film (1 

JLI11). At 650C, the microstructure of the rate-heated film appeared dense. In 

contrast, the perovskite grains of the RTA films were larger (1 JLIIl), but still 

embedded within some matrix. The degree of interconnection (or impingement) 
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among the grains increased in the RTA film at 700C (compared with films RTA at 

650C), while the grains in the rate-heated film are larger than those in films rate

heated to 650C, but a dark phase in the background matrix appeared. The dark 

phase is pyrochlore. The microstructures of both films fired above 725C appeared 

similar, consisting of interconnected large grains embedded within a darker looking 

phase. One interesting observation was the denser microstructure of the RTA film 

treated at 750C compared to that of the rate-heated film which contained a higher 

proportion of the dark intergrain phase. RTA films fired to higher temperatures 

( > 700C) tend to exhibit denser microstructures than at lower temperatures. 

SEM of these films confirmed the observations from optical micrographs. 

However, the higher magnification of the SEM enabled "rosette" grains to be 

observed, particularly in films fired above 700C. Each circular rosette (see Fig. 37 

for the SEM of a film fired at 5C min- l to 750C) consists of numerous crystallites 

radially elongated from a center - these grains are actually single-crystalline 

perovskite. The background matrix or intergrain phase appears darker in the SEM 

micrographs, indicating less secondary electrons emitted compared to the rosettes 

and hence a lower proportion of bulkier atoms (probably Pb) in the intergrain phase. 

It is not totally smooth or amorphous since some extremely small grain sized features 

(less than 0.05 J1.I11) can be detected within this phase under high magnification (see 

Fig. 37). 
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Chemical analysis via EDS (Energy Dispersive Spectroscopy) was performed 

on the grains and the background matrix of a film heated by RTA at 750C. The 

results are shown in Figs. 38a and b. The peaks were attributed to Si (from the 

passive substrate), Pt (from the bottom electrode), Pd (from the Au-Pd conductive 

coatings necessary for SEM sample preparations), Pb and Ti (from the PZT films). 

The Zr peak is overshadowed by the strong Pt peak and could not be resolved. The 

grains (or rosettes) displayed a stronger Pb peak than the background material. The 

ratio of the Pb/Ti intensity is 6.4 and 2.7 in the rosettes and intergrain phase 

respectively, demonstrating that the rosettes contain higher amounts of Pb than the 

surrounding material. The pyrochlore phase (e.g., PbTi30 7) is known to be PbO

poor. However, XRD data indicated no presence of pyrochlore. Thus the intergrain 

phase may consist of a minute surface layer of pyrochlore which is not XRD 

detectable, or a PbO-deficient perovskite phase which explains the small grain size 

observed compared to the PbO-rich rosettes. 

The XRD scans taken from the films rate-heated and RTA are shown in 

Fig. 39 and Fig. 40 respectively; and the phases detected are tabulated in Table 14 

as functions of temperature and processing. Films both RTA and rate-heated at 

500C contain small amounts of pyrochlore as depicted by the weak and broad peaks 

centered near 28 = 29.5° and 34.0° which are characteristic of the pyrochlore phase. 

It is tempting to attribute the isolated large grains observed under optical microscopy 

to this pyrochlore phase; but these grains were determined to be perovskite due to 
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Intergrain Phase Rosette 

SEM micrograph of the rosettes and intergrain phase in a PZT 53/4 7 
film fired to 750C for 30 min. at a heating rate of 5C min -I 
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XRD patterns of PZT 53/47 films on Pt fired RTA to the indicated 
temperatures for 30 min 
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their birefringence manifested as Maltese crosses under polarizing light. The amount 

of perovskite, however, is so small that it is not detected by XRD. For a 5C min- l 

rate-heated film, single-phase pyrochlore exists until600C; in RTA films, in contrast, 

perovskite forms at a lower temperature (550C). Additionally, single-phase 

perovskite is found in RTA films treated at 700C; whereas rate-heated films require 

725C to convert fully the pyrochlore into perovskite. At elevated temperatures 

Table 14 - Phases found in PZT films RTA and rate-heated at 5C min- l 

Temperature (C) RTA Rate-heated 
for 30 Mins. 

" <,n, ~ 
c '~",.' '.',' ,~ ~, ,"<'" - . " '," 

500 Pyrochlore + amorphous Pyrochlore + amorphous 

550 Pyrochlore + perovskite Pyrochlore 

600 Pyrochlore + perovskite Pyrochlore + perovskite 
(stronger) 

650 Pyrochlore + perovskite Pyrochlore + perovskite 

700 Perovskite Pyrochlore + perovskite 

725 Perovskite Perovskite 

750 Perovskite Perovskite 
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( > 600C), the ratios of the XRD peak height of perovskite to that of pyrochlore are 

consistently much higher in RTA films compared to rate-treated films, suggesting that 

pyrochlore crystallization was bypassed to a significant extent, and that the formation 

of perovskite was favored in the RTA films. 

The PZT films display a fairly strong (100) orientation, as denoted by the 

strong (200) reflection at 26=20.0° compared to other peaks (such as the (110) peak 

at 26=31.5° which is the strongest peak for randomly oriented polycrystalline PZT 

ceramics).··· Interestingly, the perovskite phase seems to crystallize initially with 

(100) orientation since this peak is first detected before any other subsequent PZT 

peaks. Such (100) preferred orientation of the PZT films is attributed to an epitaxial 

effect arising from the strongly (200) oriented Pt films and suggests that the 

perovskite crystallization of the PZT films is substrate-nucleated. 

It can be seen that the crystallization behaviors, namely 

amorphous-+pyrochlore, amorphous-+perovskite and/or pyrochlore-+perovskite in the 

PZT films can be complex and dependent on the specific processing conditions used. 

For example, RTA condition tends to bypass the critical temperature window for 

pyrochlore formation and hence RTA films exhibit higher perovskite contents than 

if the films were rate-heated to the same temperatures. 

Pyrochlore phase is favored, i.e., the amorphous-+pyrochlore transformation 

is predominant at low processing temperatures, viz. < 500e, while perovskite phase 

***See JCPDS File #34-385. 
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is stable at elevated temperatures (> 700C). There may also be compositional 

fluctuations (namely in PbO content) in the amorphous stoichiometric films which 

give rise to relatively PbO-poor and PbO-rich regions. In films fired at low 

temperatures (e.g., < 50GC), the pyrochlore phase, which tends to be PbO-poor, 

crystallizes within these PbO-poor regions. 

Perovskite grains (or rosettes) are favorably formed in regions which are 

relatively PbO-rich. The crystallization of the perovskite phase resulted in PbO-poor 

surrounding regions which favor the pyrochlore phase. At elevated temperatures 

(e.g., > 600C), mass diffusion of PbO into these pyrochlore grains convert them into 

the perovskite phase. However, the PbO deficiency resulting from insufficient PbO 

diffusion and/or PbO loss due to diffusion into substrates or volatility gives rise to 

the small grain size of the intergrain phase. 

It would seem that adding excess PbO should decrease the proportion of PbO

poor regions which are present in the nominally stoichiometric films. The effect of 

excess PbO is discussed in Section 4.2.1.4. 

Summarizing the observations so far, it can be seen that the pyrochlore phase 

exists in RTA and rate-heated films below 550C. These films have low values of 

dielectric constant (-100) and do not exhibit any hysteresis loops, Le., they are not 

ferroelectric. SEM micrographs indicate that the incipient perovskite grains in PZT 

films are about 0.1 J.LITl in diameter, are few in number, and are isolated from one 

another. Perovskite appeared in abundance in films RTA at 550C; and its presence 
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was confirmed by the hysteresis loop obtained. In both RTA and rate-heated films 

between 600C and 700C, the perovskite phase dominated at the expense of the 

pyrochlore grains, as evidenced by the stronger perovskite XRD peaks compared to 

those of pyrochlore. The dielectric constant increased dramatically up to about 1000; 

and hysteresis loops were observed when the perovskite phase is present in large 

quantities in the films fired to high temperatures (> 600C). The dielectric losses 

also increased in this range, indicating the presence of domains within the perovskite 

grains which contributed substantially to the overall dielectric losses. The presence 

of higher amounts of perovskite relative to pyrochlore in RTA films compared with 

rate-heated films resulted in higher values of dielectric constant ( €r) and remanent 

polarizations (P r)' but lower values of coercive field (Ec)' Above 700C, grain growth 

occurred and the perovskite grains started to impinge on one another, resulting in 

a percolated structure across the films. The increase of dielectric constants and 

remanent polarizations was not as dramatic in the temperature range of 700 - 750C 

where single phase perovskite was observed than at lower temperature ranges. The 

dissipation factors decreased at higher temperatures. Thus the major microstructural 

development occurring in this temperature range (700-750C) is attributed to the 

conversion of the pyrochlore phase into perovskite and subsequent growth of 

perovskite grains. In single-phase perovskite PZT films, larger grain size leads to 

higher €r and P f' but lower Ec' 
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Current vs. voltage characteristics were obtained for a PZT film RTA to 650C 

for 30 mins. A known voltage was applied to a Pt-PZT-Pt capacitor under test, and 

the current across the ferroelectric capacitor was measured as a function of delay 

time, i.e., current was only measured after a certain time has passed after application 

of voltage in order to determine the time-dependent effect. The field chosen was 20 

kV fcm, which was less than the coercive field, viz., 30 kV fcm; hence the relaxation 

time was expected to be fairly long. The results are plotted in Fig. 41, which shows 

that there was a strong time-dependence of the measured current. The current 

decreased dramatically after 1s delay and then decayed slowly with time. Over the 

limited range in time covered by the data, the decay is approximately logarithmatic 

with time. This is suggestive of a relaxation of conduction within the film. Note the 

aging effect observed in the values of dielectric constant discussed previously. Both 

of these phenomena can be attributed to domain relaxation or reorientation as a 

result of the applied field. 

Sufficient time is necessary to obtain a steady-state equilibrium current to 

eliminate the contribution of domain wall reorientation from the PZT film leakage 

characteristics. Decay of the current with time in bulk ferroelectrics (single crystals 

and ceramics) upon electric field application has also been reported [236] arising 

from domain reorientations. Furthermore, the time-dependent currents can arise 

from trapping and detrapping of carriers, particularly at the grain boundaries or the 
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Pt-PZT interfaces. When domains reorient either from an applied field or relaxation 

(aging), the change in the direction of polarization results in current flow. Such 

decay is slow at low fields (lower than the coercive field) due to slow reorientation 

of the polarization direction parallel to the field direction, becoming substantially 

faster near the coercive field and fastest at the highest fields. It has been shown that 

the switching time is exponentially dependent on the reciprocal of field [e.g., 3]. A 

faster switching time results in faster decay of the observed currents. Decay of 

current with time has been observed in PZT films in the present study (see Fig. 41). 

Thus different delay times are needed for different fields in order to allow sufficient 

domain relaxation and to obtain reproducible and true leakage characteristics over 

a large voltage range. However, to simplify measurements, the longest delay time 

should be used over the voltage range rather than a myriad of delay times. 

An added complication in understanding the conduction mechanism (or 

mechanisms) across ferroelectric films is the electrical history, namely the state of the 

domain structure (e.g., whether the spontaneous polarization is parallel or 

antiparallel to the applied field). It was found that the leakage currents are about 

an order of magnitude lower if the capacitor is poled initially in the measuring field 

direction than if the capacitor is depoled or poled in the opposite of measuring the 

field direction since most of the domains are pointing in the field direction and not 

many domains will reorient during subsequent field application. Additionally, the 
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initial polarization state affects the Shottky barrier heights at the PZT-Pt interfaces, 

which can determine the resulting leakage currents. 

4.2.1.2 Effect of Heating Rate 

The effect of the heating rate on the dielectric properties of PZT films was 

also investigated. Studies on bulk Sr-doped PZT 54/46 [251] ceramics have indicated 

that an intermediate firing rate (of 4C min-~ was optimal in yielding the highest 

dielectric (€r= 1200) and piezoelectric (d33=370 pC/N) constants. Heating rates 

slower than the optimal one resulted in significant lead loss and grain growth (-11 

J.LITl); while a faster rate limited the time for sintering. Thus it appeared likely that 

there also exists an optimum heating rate for PZT films. 

The values of dielectric constant, dissipation factor and dielectric loss of the 

films fired at various rates are shown in Figs. 42a and b. There is a dependence of 

dielectric constant on heating rate (Fig. 42a), with €r values ranging from 500 to 

1100. The dielectric constant initially decreased with heating rate up to about lOe 

min-I. Faster heating rates (> lOC min- ~ resulted in higher dielectric constants. The 

dissipation factor varied only slightly with heating rate, while the dielectric loss 

showed a pronounced minimum for heating rates of about lOC min-I. 

The coercive field (Fig. 43) increased with increasing heating rate until about 

lOe min-I, above which Ec then decreased. The remanent polarization (Fig. 43) 

followed the same trend as dielectric constant, namely P r decreased with increasing 
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heating rate until 10C min-I, above which it increased. The changes in Pr were~ 

however, modest. The dependence of €f' P rand Ec with heating rate can be 

attributed to perovskite content, i.e., the lowest amount of perovskite is found in the 

film fired at 10e min-I. The relatively low values of Pr regardless of heating rate, 

as shown in Fig. 43, is due to the strong (100) orientation of the films (which in turn 

arises from the (200) oriented Pt films), and so the direction of polarization is along 

the substrate surface. The highest value of Ec is found in the film with minimal 

perovskite content (or maximum pyrochlore content) since the majority of the field 

is applied across the paraelectric pyrochlore phase rather than on the FE perovskite 

phase. The lower the proportion of the FE phase the more field needs to be applied 

to switch the film. The paraelectric pyrochlore phase also exhibits lower dielectric 

loss than perovskite. Hence, films with high amounts of pyrochlore exhibit low 

values of dielectric loss. 

SEM micrographs were taken of the films heated at 1, 2.5, 5, 10, 20 and 23C 

min-I. All these films exhibited the same density of rosettes, namely, about 0.S5 

areal density. At low heating rates (1 and 2.5C min.-~, the microstructures consisted 

of large rosettes (-5-SJ..Ll11) with a large distribution in grain size. The average grain 

size decreased in films rate-heated in the order 1, 2.5, 5 and 10C min.-I, with the film 

rate-heated at 10C min. -1 or higher showing the smallest rosettes (-3 J..Ll11). The 

degree of interconnection also increased with heating rate. The film with the lowest 
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heating rate at IC min.- I would be expected to have a larger grain size since it 

experienced more time at elevated temperatures, thus favoring grain growth. 

XRD scans from these films fired to 700C showed a minor amount of 

pyrochlore in all the films. Note that the RTA film at 700C is pyrochlore-free. The 

ratio of the intensity of the (110) perovskite peak to that of the (222) pyrochlore 

peak is plotted in Fig. 44. It shows that there is a dependence in the amount of 

pyrochlore with heating rate; the largest amount ofpyrochlore (relative to perovskite) 

is found in films rate-heated at 5C min-I, while very slow or very fast heating rates 

reduced the amount of pyrochlore relative to that of perovskite. The higher amounts 

of perovskite in films fired very slowly or quickly explain the higher values of €r and 

P f' but lower values of Ee in these films (see Figs. 42a and 43). 

The films heated at the slower rates experienced longer times at lower 

temperatures which favor the formation of pyrochlore, but there is also more time 

at elevated temperatures to convert pyrochlore into perovskite. At the same time, 

the prolonged processing times can lead to PbO losses and enhance the formation 

of PbO-poor pyrochlores. For films treated at faster heating rates, less time was 

experienced during heating up over the temperature range where optimal pyrochlore 

nucleation and growth take place. Thus films should be fired fast (> lOC min -lor 

even RTA) or very slowly «5C min-~ to optimize the amount of perovskite content 

in the PZT films fired to 700C. The different amounts of pyrochlore relative to 
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perovskite as a result of different heating rates explains the trends observed for €I"' 

PI"' and Ec' 

An interesting aspect of the pyrochlore phase present in the films fired at 

700C was the location of the main pyrochlore peak in the XRD scans as a function 

of heating rate. The (222) lattice parameters are plotted out in Fig. 45 as a function 

of the heating rate. A maximum value of the (222) pyrochlore lattice parameter is 

seen for films fired at 5C min-I, with lower values found for slower or faster rates. 

It has been shown in Section 2.4.3 that there are a wide range of pyrochlore types. 

It is postulated that the PbO-poor pyrochlore and oxygen-deficient pyrochlore phases 

are present in films treated at slow and fast heating rates respectively; the longer 

time spent in the furnace for films heated slowly allowed ample opportunities for 

PbO loss, while the pyrochlores in fast-heated films may be oxygen poor. The shift 

in the film pyrochlore lattice parameter (for heating rates < lOe min- ~ agrees well 

with the expectation that the lattice parameters become smaller with more PbO loss 

since PbO deficiency causes the collapse of the pyrochlores into smaller lattices. 

The heating rate used in treating PZT films can thus affect the phase 

assembly, which in turn influences significantly the dielectric and FE properties. 

Very fast and very slow heating rates result in PZT films with higher amounts of 

perovskite, leading to relatively high vaues of €r and PI"' but lower values of Ec' The 

different heating rates result in different effective processing times, and affect the 
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nucleation and growth of the pyrochlore and/or perovskite phases. The nature of the 

pyrochlore phase also depends on the processing conditions used, and a wide range 

of pyrochlore lattice parameters was observed depending on the heating rate used. 

4.2.1.3 Effect of Soaking Time 

The values of €f' dissipation factor and dielectric loss are displayed in Figs. 

46a and b for films rate-heated at 5C min- l to 700C for 15, 30, 60 and 120 mins. It 

can be seen that there is an increase in €r for soak times up to about 30 mins. This 

increase in dielectric constant can be attributed to a higher perovskite content due 

to more pyrochlore transformation into perovskite and perovskite grain growth. For 

soak times greater than 30 mins., the dielectric constant decreases with time. Note 

that the film fired to 700C for 30 mins exhibit €r of 1800 (see Fig. 46a) in contrast 

to the value of only 1300 in a similar film fired under the same conditions. The 

discrepance lies in the (100) preferred orientation of the former film, while the latter 

film is preferred oriented in the (110) direction. The €r of the former film is 

expected to be higher than in the latter since the polarization (or c-) axis lies mostly 

along the substrate surface; €r is the highest perpendicular to this polarization 

direction, which corresponds to the direction of the measuring field. The values of 

dielectric loss followed the same trend with the film fired at the longest time having 

the lowest tan o. 
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The decrease in €r at lung times can be attributed to PbO loss from the films, 

reflecting PbO volatility and diffusion into the Pt substrate. The increase in grain 

size is with soak time apparent in optical micrographs of the films (Figs. 47a-d). The 

grain size ranges from 2 J.LIIl in a film treated for 15 min. to 5 J.LIIl in a film fired for 

120 min. The amount of the dark intergrain phase increases with soak time, again 

indicating higher PbO loss from the films. 

Hysteresis loops obtained for films as a function of soak time indicated that 

the loops were almost similar in shapes in all the films. A film treated for as little 

as 15 min. at 700C exhibits the hysteresis loop characteristic of a FE material. P r 

and €c are plotted in Fig. 48. P r decreased with soak time and remained nearly 

constant after 60 min. The values of Ec are nearly constant with soak time, 

averaging about 28 kV fcm. XRD of these films showed that the films were all 

single-phase perovskite except those fired for less than 60 min., which contained 

minute amounts of pyrochlore. The change in P r is likely due to PbO loss - i.e., with 

prolonged soak times there is greater PbO loss, which results in lower values of P r 

as well as lower €r's. Note that there is no continued decrease of these properties 

with prolonged soak times due to grain growth; larger grains result in higher values 

of €r and P r' There is competition between increasing grain size and PbO loss on 

film properties. With prolonged soak times, the grains tend to be larger (which 

enhances the properties); however, the exacerbated PbO loss with larger soak time 

decreases such properties. At relatively short soak times where the grains are fairly 



235 
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b) 

Figure 47. Effect of soaking time for a) 15 min., b) 30 min., c) 60 min., and 
d) 120 min. at 700C on the microstructure of PZT 53/4 7 films fired at 
a heating rate of SC min- 1 (bar = 10 J..Ull) 
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small, PbD diffusion loss (a .ftime) predominates, leading to poor properties. At 

longer time, grain growth (a time) effect becomes dominant. 

The soak time affects the phase assembly and the PbD content of the films. 

Annealing time of 30 min. at 700C are needed to convert the pyrochlore phase into 

single-phase perovskite, while prolonged soaking leads to significant PbD loss, 

increasing the inter-rosette phase and leading to lower values of €r and P r' The 

grain growth of the perovskite phase mitigates the deleterious effect of PbD loss. 

4.2.1.4 Effect of Excess PbO 

The thicknesses of films (3 coatings) containing excess PbD after firing at 

700C are displayed in Fig. 49. The thickness of these films increases with increasing 

excess PbD content which is attributable to the higher oxide content in the 1.0 M 

precursor solutions with increasing PbD content, viz., Pbl+xZrO.53Ti0.4P3+x' 

The dielectric properties of PZT films synthesized with varying excess PbD 

contents and fired to 700C, are shown in Figs. 50a and b. €r initially decreases at 

low levels of excess PbD, goes through a minimum value of about 1300 in a film with 

7.5 mole % excess PbD, increases to a maximum value of about 2000 in a film with 

15.0 mole % excess PbD, and finally decreases again in films with higher levels of 

excess PbD. The values of dielectric loss followed basically the same trend; however, 

the dissipation factors were fairly constant. 
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The maximum €r of about 2000 (measured at 1 kHz) was obtained in a PZT 

film with 15 mole % excess PbO. In this particular film, the dielectric loss and 

dissipation factor were also the highest. At higher levels of PbO doping (20-30 mole 

% excess PbO), the values of €r (as well as dielectric loss and dissipation factor) 

declined dramatically. The precipitous decline in the dielectric properties can be 

attributed to the presence of a high amount of paraelectric PbO phase within the 

film which significantly degrades the overall FE properties. This extraneous PbO 

phase is probably segregated along the grain boundaries as an amorphous phase (i.e., 

not detectable by XRD). However, EDS results did indicate that the grain 

boundaries were Pb-rich. Additionally, the presence of excess PbO raises the activity 

and hence the driving force for PbO to diffuse into the Pt substrates, forming 

interfacial layers which degrade the film properties. 

Fig. SOb shows that the dissipation factor values increase slightly with PbO 

content before finally decreasing after 15 mole % excess PbO. The increase of 

dielectric loss with excess PbO has previously been observed in bulk ceramics and is 

probably due to a grain size effect where domain mobility is higher in larger grains 

leading to higher loss [e.g., 252]. The decrease in dielectric losses of the films with 

15 mole % excess PbO or more can be attributed to a dilution of the overall 

ferroelectricity from the increasing amounts of paraelectric PbO relative to 

perovskite. 
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Hysteresis loops were obtained for all the films containing excess PbO (for the 

given heat treatment). In general, Pr increases and Be decreases with the amount of 

excess PbO (Fig. 51). The maximum €r (17 J£-/cm2) was found in a film containing 

12.5 mole % excess PbO. The film with the highest amount of PbO exhibited the 

lowest polarization (-8 J£/cm2). Be of the films decreases with increasing excess 

PbO out to 20 mole % excess PbO, but then increases with 30 mole % excess PbO 

(to a value similar to that of films with no excess PbO). 

These results indicate that doping PZT films in the range of 7.5 - 15 mole % 

excess PbO dramatically improve film properties (€r and Ps)' One may speculate this 

range represents the PbO loss from films heated at 700C. 

Optical micrographs of the excess PbO films are shown in Figs. 52a and b for 

15 and 30 mole % respectively. Dense microstructures are observed with the notable 

absence of percolating "rosettes" and intergrain phases which were seen in PZT films 

with no excess PbO (e.g., as in Fig. 37). Excess PbO reduces the tendency to form 

PbO-poor regions which led to the intergrain phase. As shown in Fig. 53, grain size 

also increases steadily with PbO content since it enhances grain boundary mobility 

and thus grain growth. For example, PZT films doped with 2.5 and 20.0 mole % 

excess PbO exhibited grain sizes of -1 J.LITl and 4 J.Lm respectively. The increase in 

grain size with amount of excess PbO has also been demonstrated in bulk PZT 

ceramics where PbO serves both as sintering aid and grain growth promoter. The 

rosettes in the stoichiometric PZT film (Le., excess PbO) are -0.8 J.LITl and initially 
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a) 

b) 

Figure 52. Optical micrographs of PZT 53/47 films with a) 15 mole % excess 
PbO and b) 30 mole % excess PbO fired to 700C for 30 min. at a 
heating rate of 5C min- 1 (bar = 10 J.£111) --
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there is a steady increase in the grain size with excess PbO; however, it remains 

constant at 5 JL111 after 20 mole % excess PbO. At low levels of PbO doping, (e.g., 

2.5-5.0 mole %) the grain size distribution is narrow and most of the grains have the 

same size; increasing the amount of excess PbO results in a nonuniform 

microstructure with some grains being twice the size of others, as can be seen in the 

micrographs. At 30 mole % excess PbO, the microstructure underwent a drastic 

change (Fig. 52). The larger perovskite grains can be observed, but interspersed 

between these grains are smaller clusters of percolated darker grains which resulted 

in a grossly heterogeneous microstructure. These smaller grains were found to be 

very Pb rich by EDS. The Pt substrate also showed these clusters of grains (as in the 

film), evident of massive diffusion of PbO into the Pt. XRD results indicated that 

all the films with excess PbO below 30 mole % fired to 700C were single-phase 

perovskite with the notable absence of the pyrochlore phase. In contrast, a 

stoichiometric PZT film having no excess PbO, still exhibited pyrochlore phase (-20 

vol. %) under similar firing conditions. 

Since the incorporation of excess PbO, namely at 15 mole %, significantly 

improved the microstructures and properties of films fired at 700C, films with varying 

amounts of excess PbO were also fired at 650C and 750C for 30 min. (heating rate 

of 5C min- ~ in order to study the impact of excess PbO at various temperatures. 

XRD scans indicated that films with excess PbO up to 20 mole % fired at and 

above 650C exhibited single-phase perovskite. In fact, PZT films with 15 mole% 
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excess PbO were single-phase perovskite when heated as low as 600C. In contrast 

(see Section 4.2.1.1), PZT films with no excess PbO have to be fired above 725C to 

eliminate the pyrochlore phase (see Table 14). No secondary phases, such as Pb 

pyrochlore or PbO, were detected in films with 2.5 - 20 mole % excess PbO fired at 

650C - 750 C. In powders, derived from gels containing excess PbO, an extra PbO 

phase was observed on firing between 650C and 750C; while in powders with no 

excess PbO, only single phase perovskite was observed on firing above 500C. Such 

observations reflect the diffusion of PbO from the PZT films into the substrates at 

elevated temperatures (> 500C). The presence of excess PbO above that for the 

required PZT stoichiometry provides an additional driving force for PbO diffusion 

into Pt. In contrast to films, powder containing excess PbO have no Pb-sink and 

hence an extraneous PbO phase is formed. 

The values of €f' dielectric loss, P rand Ec of films fired at 650-750C are 

shown in Figs. 54a-d respectively as a function of firing temperature and excess PbO 

content. In genral, excess PbO increased €r and dielectric loss, whereas the 

dissipation factors remained fairly constant. It is observed that films with high €r's 

also display large dielectric losses since dielectric loss = dissipation factor * €r' 

Fig. 54a shows that the values of €r of films with excess PbO heated at 750C are 

about the same, viz. - 2500. This indicates that any excess PbO remaining in the 

films is eliminated on firing to 750C. However, lower firing temperatures (e.g., 

650C) are not sufficient to eliminate the extraneous PbO and thus there is a strong 
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dependence of excess PbD on the film properties. Regardless of the amount of 

excess PbD values of €r are much higher than in films with no excess PbD (€r 

-1200). Thus adding excess PbD improves films treated at higher temperatures, 

where PbD loss poses a serious problem. However, the more PbD is added, the 

higher is the accompanying dielectric loss (Fig. 54b) due to larger grain sizes which 

promote higher domain wall mobilities and hence dielectric losses. Similarly, adding 

excess PbD increased P r as shown in Fig. 54c. The highest value of P r achieved was 

27.4 J.i.C/cm2, obtained by firing a film with 12.5 mole % excess PbD at 650C for 30 

mms. Prof undoped films remained fairly constant with firing temperature. 

However films with excess PbD tended to display lower values of P r with increasing 

firing temperature due to exacerbated Pb diffusion. Ee tended to be lower when the 

films were fired at higher temperatures (Fig. 70d), but stabilized above 700C. In 

general, excess PbD raised the values of Eo probably due to the higher fields needed 

to switch the perovskite grains when the paraelectric PbD phase is present at the 

grain boundaries. The dependencies of Ee on excess PbD are mitigated in films fired 

to elevated temperatures (e.g., 750C) where the PbD is volatilized off. The lowest 

value of Ee (20.3 kV /cm) was achieved in films with no excess PbD fired at 700C for 

30 min. 

Dptical micrographs of films heated at 650C and 750C with 2.5, 7.5, 12.5, 18, 

20 and 30 mole% excess PbD were also studied. The microstructures in the films 

fired to 650C are generally not as distinct or well-developed as those in films heated 
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to higher temperatures. The grain size was small, about 2 - 3 Jll1l on average. 

Micrographs of films fired at 750C show that the microstructure consisted of well

developed large grains (4-7 Jll1l). With increasing amount of excess PbO 

incorporated, the grain size was larger. Thus the firing temperature and amount of 

excess PbO affected significantly the microstructure, particularly the grain size. The 

notable absence of rosettes and intergrain phase in the films with excess PbO fired 

to 650C and 750C was also noted. 

The switching time of the PZT films was investigated as a function of excess 

PbO and firing temperature, namely 650C, 700C and 750C for 30 mins. The results 

are shown in Fig. 55. The switching times varied between 70 and 160 J1S, depending 

on the firing temperature and excess PbO content. In general, a higher heating 

temperature resulted in a shorter (faster) switching time. This is due to the higher 

domain wall mobility in larger grains found in films fired to higher temperatures. 

Films fired at 750C exhibited a switching time of about 100 J1S and this was fairly 

independent of the excess PbO incorporated. The shortest switching time of 70 J1S 

was exhibited by the PZT film with 7.5 mole % excess PbO heated at 700C. 

However, trend between ts and P r was noted: the higher the value of P r' the longer 

ts is. This is expected, since higher polarization implies higher charges which take 

longer to switch. This relationship is illustrated in Fig. 56 for the ts and P r values of 

several PZT films with various amounts of excess PbO fired at 700C and shows a 

correlation between ts and Prof almost one to one. The relationship between 



252 

-- 200 en 
::::s -Q) 150 
E 
~ 100 0> 
c: 
.c 50 () ....... 
';: 
en 0

0 10 20 30 
Mole % Excess PbO 

-- 650C -e- 700C -.- 750C 

Figure 55. The effect of excess PbO and firing temperature for 30 min. on the 
switching times after 10 V, 60 Hz square pulses in PZT 53/47 films 
rate-heated at 5C min- 1 



253 

160 20 -- (\J 
Cl) E ::s 120 15 - (.) 
Q) --u E ::s 
j:: -80 10 ...: 
0) m 
C 

0 .c a.. (.) ..., 40 5 E ·;: 
en Q) 

a: 

00 10 20 30° 
Mole % Excess PbO 

Figure 56. The effect of excess PbO on the switching time after 10 V, 60 Hz 
square pulses and remanent polarization of PZT 53 / 4 7 films fired to 
700C for 30 min. at a heating rate of 5C min- 1 



254 

polarization and ts has an important impact on ferroelectric memory, i.e., the 

polarization of the FE material cannot be too elevated; otherwise 1s will be too long. 

On the other hand, polarization should be considerable ( say > 5 µC/ cm2) to allow for 

ease of differentiation between switching and non-switching charges. 

The aging rates of the PZT films with excess PbO fired at 700C are illustrated 

in Fig. 57, where the aging rate in % capacitance loss per decade is plotted as a 

function of excess PbO content. The figure shows that the aging rate increases with 

excess PbO content, reaches a maximum value ( -8.0% /decade) in a film with 12.5 

mole % excess PbO, then decreases dramatically in films with higher PbO contents. 

Aging becomes slower with substantial amounts of excess PbO ( ~15 mole % ) due to 

the possible presence of secondary paraelectric phases; these phases do not exhibit 

any aging since they are paraelectric and thus no domains are present. The aging 

rate increases initially with PbO content because small amounts of excess PbO 

( < 12.5 mole % ) optimize the perovskite content and increase the grain size. There 

is some correlation between €rand aging rate (see Fig. 58). Films with higher €/s 

tend to age at a higher rate. This might be anticipated since in these films, domain 

walls contribute significantly to the value of €r and aging is related to the relaxation 

of these domain walls. The grain size of the films (which increases monotonically 

with excess PbO) and the phase assemblage, viz. perovskite vs. paraelectric phases, 

play important roles in affecting the aging behavior. Larger grains (up to 5 µm), with 
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enhanced domain wall mobility, allow the domains to relax (and hence age) faster. 

However, in films with large grain size (5 J.LlTI) and also containing a substantial 

amount of paraelectric PbO phase, aging slows down. 

It can be seen that the_ preparation of PZT films by sol-gel methods is not 

trivial. Oxidation of organic species occurs upon firing, which can lead to localized 

reducing conditions within the films and result in the reduction of PbO to metallic 

Pb. The Pb can then react with the Pt substrates (which effectively act as Pb-sinks) 

and produce PbO-deficient films. PbO can also be lost due to volatility at the 

air/film interface. PbO volatility is exacerbated in films compared to bulk ceramics 

due to their intrinsically high surface area. The incorporation of excess PbO 

therefore aids PZT film processing by compensating for these losses. 

The optimum amount of excess PbO required to achieve all or some 

properties is dependent on the processing conditions, namely temperature and soak 

time, and thickness of the films. PZT films fired to higher temperatures and longer 

soaking times are expected to experience higher PbO loss. For example, it was found 

that the optimal amount of excess PbO required to obtain the highest €r shifted to 

higher amounts as the films are fired to higher temperaures, i.e., the highest €r'S 

were obtained in films with 7.5 mole % and 20 mole % excess PbO fired to 650C 

and 750C respectively. The films in these two cases were -0.6 J.LITl thick. In thinner 

films, the PbO volatility loss is exacerbated since the surface area/film volume is 

higher. Additionally, the migration of PbO into the Pt substrate results in an 
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interfacial Pb-poor region which may form a substantial portion of thinner films. 

Hence, it is expected that thinner films would require higher amounts of excess PbO 

to optimize the dielectric properties. In addition, the excess PbO acts as a grain 

growth promoter and as a sintering aid. The large grain sizes, and the subsequent 

enhanced mobility of the domain walls, are responsible for the superior dielectric 

properties of the films observed here - namely that films with larger grain sizes 

tended to display higher values of €r and P r but lower values of Ec and ts' On the 

other hand, due to the enhanced domain wall mobility, the resulting increase in both 

polarization and domain mobility lead to adverse effects such as faster aging rates. 

While excess PbO does affect the grain size of the fired films, too much excess 

PbO can lead to significant segregation at the grain boundaries and the concomitant 

adverse effects on dielectric properties. The critical parameter to tailor the optimal 

amount of excess PbO lies in sufficient PbO to avoid the formation of Pb-poor 

substoichiometric regions (which favors pyrochlore) to compensate for any eventual 

PbO vol ability loss and also as a grain growth promoter which is later lost in 

subsequent processing steps to ensure that no extraneous PbO is present. The 

presence of the paraelectric PbO phase has been shown to be disadvantageous in 

terms of diluting the overall FE properties of the films and also serves as an 

enhanced driving force towards PbO diffusion into the Pt substrates. 

The incorporation of excess PbO is better suited for wet chemically derived 

PZT films than for sputtered films. The higher level of chemical homogeneity in the 
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former case results in an uniform distribution of Pb within the pre-fired networks. 

Notwithstanding the problems of stoichiometric fidelity from target to films, the 

homogeneity of sputtered films is not as high as in wet-chemical derived films. For 

example, in sputtered films containing excess PbD, microvoids (attributed to PbD 

volatilization) were found when the films were post-deposition annealed [253]. 

Sputtered films are usually deposited on heated substrates which enhances the 

surface mobility of annealing species such as Pb to form perovskite phase. The 

excess Pb atoms tend to segregate along the grain boundaries prior to post-deposition 

annealing. Since grain boundary diffusion is much faster than bulk diffusion, the 

stoichiometry problem and PbD loss can be exacerbated. Hence any beneficial 

effects of excess PbD incorporation into the bulk grains are lost. 

4.2.1.5 Reproducibility Test 

The properties obtained from two sets of films prepared at different times but 

with similar chemistries and processing conditions, namely PZT 53/47 films with no 

excess PbD fired to 700C at 5C min- l (see Section 3.2.6.5) are displayed in Table 15. 

h can be observed that the two sets of dielectric properties and film thicknesses are 

very similar. Even different pads at different spatial locations on the same wafer for 

Sample 1 and Sample 2 displayed almost identical values of €r of -1350 ± 50 as 

indicated in Table 16, indicating the uniformity of the film properties across the 



260 

wafer. These results attest to the high degree of reproducibility (particularly run-to-

run) of such films produced from the stable precursors. 

4.2.1.6 Effect of Film Thickness 

The effect of grain size on the nature of ferro electricity has been discussed 

(Section 2.1). It is conceivable that film thickness can play an important role in 

determining the FE properties of the PZT films because film thickness can affect 

grain size. A crucial issue, at least for microelectric applications from a 

Table 15 - Film properties measured at 1 V rms of similar PZT 53/47 films 
prepared separately, fired to 700C for 30 min. 

Sample 1 Sample 2 
,~, .h'_" "" .. ", , "" 

Thickness (A) 4700 4700 

Dielectric Constant 1371 1317 

Tan Delta 0.11 0.12 

Remanent Polarization 9 8 
(JJC/cm2) 

Coercive Field (kV /cm) 20 23 

., ~,' 
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Table 16 - Dielectric constant for different pads of PZT 53/47 films fired to 700C 
for 30 min. 

Sample 1 Sample 2 
,. .<.--",,.-~'-"~ ~'':'' . .. ~ .. 

1287 1326 

1324 1355 

1339 1379 

1381 1413 
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miniaturization context, is the critical threshold thickness (or rather thinness) of the 

PZT film where ferro electricity is no longer stable. This critical limit is important 

in applications where ferroelectricity is required (e.g., in FE memory) or 

paraelectricity is important (e.g. DRAM applications). 

The thickness of PZT 53/47 films with 15 mole % excess PbO after firing to 

700e is shown in Fig. 59 as a function of the number of coatings. There is a direct 

linear relationship, as expected, between the number of coatings and the film 

thickness. For this particular chemistry and processing conditions (see Section 

3.2.6.6), the thickness of the film was -1700A per application. The fact that the 

thicknesses of the second and successive coatings are smaller than those of the first 

coating implies that the coatings are somewhat porous after heating to sooe. 

Successive layers tend to fill in the pores of the underlying coatings. 

Electrical characterization could only be performed on films with thicknesses 

of 5000 - 10000A; capacitors on thinner films tended to short due to pinholes and/or 

pores as discussed earlier; and thicker films (> 1p.m) were cracked. However, 

electrical characterization can still be performed on thin films (e.g., 1100A) when 

microlithography was used to define fine-feature size top electrodes (130 J..LIll x 

130 J..LIll). 

The dielectric properties of these films are shown in Figs. 60a and b, namely 

fe'S, dissipation factors and dielectric losses, measured at 1 kHz and 1 V rms. €r 

decreased with increasing thickness, from -2100 for a soooA film to about 1400 for 
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a 1 p.m film. The dielectric loss, on the other hand, initially decreased with 

increasing thickness, passed through a minimum at -7000A, and then increased and 

became constant between 8000A and 1 J.£lll. The dielectric behavior can be 

attributed to the effective ac field across the films during measurement. An 

oscillation level of 1 V rms was used to measure the capacitance and dissipation 

factor; and the different film thicknesses of 5155, 6875, 8227 and 9807A 

corresponded to ac fields of 19.4, 14.6, 12.2 and 10.2 kV fcm respectively. Thus the 

smaller €r values observed in thicker films can be attributed to lower applied ac 

fields which excite fewer domains. The increase in both dissipation factor and 

dielectric loss in films thicker than 7000A cannot be explained by such lower ac fields 

(it is expected that lower ac fields result in lower values of dielectric loss and 

dissipation factor), but rather by the increasing number of interfacial layers between 

coatings in these thicker films. The presence of interfacial layers contribute to lower 

degrees of film homogeneity with deleterious effects on dielectric losses. 

Additionally, with increasing numbers of interfacial layers, less of the field is applied 

on the FE grains, resulting in small-signal dielectric properties which are worse than 

large-signal properties. 

The dependence of dielectric properties of bulk FE's on the ac field has been 

well documented [e.g., 254, 255]: both €r and dissipation factor tend to increase 

linearly with ac field amplitude, but saturate at higher applied fields. The values of 

€r and dissipation factor of 5155 and 9807A PZT films are shown in Figs. 61a and 
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b respectively as a function of linear ac field. The values of €r and dissipation factor 

were constant at very low values of ac field, and then increased almost linearly with 

field. The ac voltage was varied from 0.005 V to 1.1 V; and hence in thicker films, 

only a limited range of ac field was explored. In thinner films, the increase in €r with 

applied ac field (Le., the slope of the linear portion) was larger than the 

corresponding increase observed in thicker films. This is due to the higher number 

of interfacial layers between coatings in thicker films and its deleterious effect on 

film homogeneity - e.g., the voltage drop across the film concentrates in these 

paraelectric layers. 

The increase in €r with field cannot be sustained indefinitely since there is a 

limiting field where all the possible domain walls are contributing to the overall €r' 

In thin films (see Fig. 61a), €r started to saturate at an ac field of -20 kV /cm. Such 

a saturation of dielectric constant at high ac fields (20-30 kV /cm) has previously 

been reported in bulk PZT 52/48 ceramics [255]. The dependence of the dielectric 

properties of FE materials on ac field has been discussed in Section 4.2.1. At high 

ac fields, there is a larger proportion of domain walls being excited, thus increasing 

the overall €r' There is, however, a physical limit to the increase in €r which is 

expected to saturate when the values of €r are the same as the ac fields. Note that 

in paraelectric materials, since no domains are present, the dielectric properties are 

fairly independent of ac field. This is shown in Fig. 62 for a paraelectric "PZT' 

pyrochlore film rate-heated to 550C. 
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Hysteresis loops of crystallized all-perovskite films were obtained; and the 

measured values of P rand Ee as a function of thickness are plotted in Figs. 63. P r 

increased very slightly with thickness while Ee varied little, if at all, with thickness. 

These FE properties are due to the larger grain size observed in thicker films. It was 

discussed previously in Section 4.2.1.4 that larger grains result in higher Pr and lower 

Ee values due to enhanced domain wall mobility. Dey et al. [256] and Scott et al. 

[257] reported that in sol-gel derived and sputtered films respectively, Ee decreased 

in thicker films, a behavior which was related to a larger grain size in the thicker 

films. However, Dey et al. [256] claimed that P r was constant with film thickness. 

In an interesting experiment where lateral switching was studied on epitaxial 

(Ba,Sr)Ti03 films on MgO [258], Pr was decreased in thicker films; this observation 

was due to the tendency to form more a-oriented domains in thinner films. Since the 

polarization direction was along the film surface and the direction of lateral 

measurement is along the same direction, such preferred orientation of the 

polarization resulted in higher values of laterally switched charge. 

Switching times were also investigated based on 10 V square pulses as a 

function of film thickness. The results are plotted in Fig. 64. The switching time was 

long (- 160 p,s) in thin films (- 5000A), but decreased dramatically down to 100 p,s 

and remained constant in films thicker than 5500A. In spite of the lower amplitudes 

of pulse fields in thicker films (hence one would expect longer switching times -see 

section 4.2.1), thicker films in the present study exhibited faster switching. This 
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Figure 64, Effect of film thickness on the switching time after 10 V, 60 Hz square 
pulses of PZT 53/47 films with 15 mole % excess PbO fired to 700C 
for 30 min. at a heating rate of 5C min 
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observation can again be correlated with grain size (larger in thicker films) which 

facilitates switching due to higher domain wall mobility. 

The aging rate of these films is shown in Fig. 65. As shown there, the aging 

rate decreased monotonically with increasing film thickness, from 4%jdecade in a 

5155A film down to 1.2%jdecade in a 9807A film. This can be attributed to the 

lower effective field amplitude in thicker films. For example, the pulse field 

amplitudes were 97 and 51 kV jcm in 5155 and 9807A films, respectively, when an 

applied pulse of 5V was applied. It has already been demonstrated that high pulse 

amplitudes can lead to higher values of aging rate (or faster aging) - see Fig. 33 -

since the larger pulse amplitudes excite more domains and lead to more domain 

relaxation. 

The microstructures of these films, as observed by optical microscopy, are 

shown in Figs. 66a-c for films having 1, 2 and 9 coatings respectively. Pinholes can 

be detected in thinner films (see, e.g., Fig. 66a which shows a 1800A film) where the 

Pt substrate can be observed. This may contribute to the shorting of the devices on 

thinner films. In thicker films, especially ~1,um, cracks were observed. When cracks 

are present, there is a high probability that a top electrode (especially when it has 

a large area) will overlap these cracks and lead to a direct electrical path between 

top and bottom contacts. In fact, all the 0.6 mm radius capacitors were found to be 

shorted out in films > 1,um. One solution to overcome this cracking problem is to 

utilize small area electrodes, defined microlithographically, to ensure that there are 
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Optical micrographs of PZT 53/47 films with 15 mole %excess PbO 
fired to 700C for 30 min. at a heating rate of 5C min -I having thickness 
of a) 1700A, b) 3300A, and c) 1.5 JLII1 (bar = 10 JLill) --
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some areas where the top electrodes will not overlap the cracks. Specifically, the 

dimension of the top electrode should be much smaller than the average crack 

spacing in these films. The cracks are due to a mismatch in the coefficients of 

thermal expansion of the PZT films and Pt substrates (see Table 12) resulting in 

higher tensile stresses in the thicker PZT films. While the Pt film is relatively thin 

(-3000A compared to the Si wafer (1 mm», the Pt is very ductile and does not 

crack. Optical microscopy revealed that cracks originated in the PZT films and not 

on the underlying Pt - no cracks were observed in the Pt substrate when the PZT 

film had been etched off. 

From these micrographs, it was observed that the grain size increased with 

film thickness, even though all the films were fired under the same conditions, 

namely 700C for 30 min. There exists a relationship between grain size of the 

crystallized films and thickness, as indicated in Fig. 67. Not only is the grain size 

dependent on firing temperature (Sec. 4.2.1.1), but also on the film thickness. The 

dependence of grain size on film thickness was also observed in films containing 

excess PbO (see Section 4.2.1.5). This interesting observation is because in thicker 

films, there are less physical constraints (and hence more opportunities) for grain 

growth and grain growth proceding further in thicker films, not only in the 

perpendicular but also in the lateral direction to the substrate surface, leading to a 

larger grain size. 
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XRD scans of these films demonstrated that they were all single-phase 

perovskite when fired at 700e for 30 min. even when the film was thin as 1800A. It 

has been reported that in thinner «2s00A) sol-gel derived lead titanate films, the 

pyrochlore phase tends to be persistent [2S9] and when the films were very thin, only 

single-phase pyrochlore was found. These films were, however, only fired at sooe, 

which is substantially lower than the 700C employed here. The present films with 

excess PbO contained perovskite and pyrochlore at SOOe. This is an improvement 

over stoichiometric PZT films with no excess PbO, which are single-phase pyrochlore 

when fired to sooe. The present films, without excess PbO, fired to 700C are also 

not single-phase perovskites but consist of both perovskite and pyrochlore phases. 

It is seen that film thickness plays an important role in determining the 

microstructure, particularly the grain size, and hence affects the film properties. As 

noted above, thicker films exhibit larger grain sizes upon firing, which enhances P r' 

decreases Ec and facilitates switching. In thicker films prepared with the present 

deposition method, there are interfacial layers between successive coatings which can 

lead to inferior dielectric properties, namely lower values of €r' and increased 

dielectric loss. One approach to obtain thicker coatings (e.g., 1 J.LIl1), with superior 

dielectric and FE properties, involves using concentrated precursor solutions, which 

require fewer numbers of coating cycles for a given thickness. There is a limit to the 

concentration of the precursor solutions that can be used since more concentrated 

solutions give thicker films and thicker films tend to crack. It was found that films 
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spincoated from solutions with concentrations of ~.O M, yielding > 3500A, cracked, 

films after firing to 500e. Thus, based on the chemistries and processing conditions 

utilized so far, the maximum thickness per coating of crack~free PZT films after 

firing is about 3500A, which is more than adequate for most microelectronic 

applications. 

4.2.1.7 Effect of Post-Metallization Annealing 

In conventional microelectronic processing of MOS devices, annealing is often 

performed after post-metallization to enhance the adhesion of the top AI electrodes 

to the silicon dioxide/silicon layer. Such annealing is conducted under forming gas 

(H2/N2 mixtures, typically in a 97%/3% ratio) at elevated temperature (-300-500C). 

The reducing hydrogen binds to the dangling bonds on the Si or Si02 surfaces, 

reducing the interface state density and improving the adhesion of the aluminum top 

electrodes to the underlying film. 

Top Pt electrodes were deposited on a set of PZT films with 15 mole % 

excess PbO, which had been fired to 650C, to form numerous FE capacitors. Post

metallization annealing was performed on the PZT capacitors in the present study 

to improve the adhesion of Pt onto the PZT films, and also to render both the top 

and bottom Pt-film interfaces more similar in terms of thermal histories. Note that 

the bottom Pt substrate - PZT interface does not have a similar thermal history 

compared to the top Pt - PZT interface since the bottom interface has undergone a 
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firing treatment during crystallization of the PZT film. If no post-metallization 

annealing involving comparable heat treatments is performed, then these two 

interfaces are expected to be quite different in their characteristics. For example, if 

the polarity of the applied field is reversed on these capacitors, the resulting current 

characteristics are not symmetrical and can be quite different due to different Shottky 

barriers at the two interfaces. 

The effects of post-metallization firing for 5 min. on the dielectric properties 

of these PZT capacitors are shown in Figs. 68a and b. €r exhibited a slight initial 

decrease with post-metallization annealing temperature before dropping dramatically 

to - 100 after firing above 650C. This observation can be attributed to PbO 

diffusion into the Pt substrate and top electrode during the subsequent annealing. 

The deleterious results of PbO-poor stoichiometry on dielectric properties, especially 

€f' were discussed previously. The dissipation factor increased with increasing 

annealing temperature, while the dielectric loss was fairly constant with annealing 

temperature until 650C. At about 650C (650C was the temperature treatment of the 

PZT film and also of the bottom Pt-PZT interface), both €r and dielectric loss 

started to precipitously decline. 

Hysteresis loops were monitored throughout the post-metallization treatment; 

and the values of Pr and Ec are shown in Fig. 69. The hysteresis loops after 

intermediate post-metallization annealing temperatures above > 300C were more 

symmetrical than if no such annealing were performed. 
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Symmetrical loops in this context refer to the similar magnitudes of + Ee and -

Ee (i.e., no appreciable shift of the loop along the coercive field axis). The origin of 

the asymmetry in the unannealed Pt-PZT probably arises from a Shottky barrier at 

the interface. Post-metallization annealing aids by rendering the Pt-PZT interface 

more ohmic in characteristic through interfacial interdiffusion. P r initially decreased, 

somewhat, with increasing firing temperature, increased slightly between 400 and 

600C, and then decreased dramatically when fired above 600 C. Ee increased with 

annealing temperature, but then decreased slightly above an annealing temperature 

of 600C. Exacerbation of PbO diffusion into the Pt top electrodes and Pt substrates 

is probably responsible for the changes in PR and Ee with higher annealing 

temperature. These observations can also be attributed to increased clamping of the 

Pt top electrodes on the PZT films when fired at higher temperatures due to better 

interfacial adhesion: a smaller number of the domains were free; and this 

contributed to lower values of switched charge (hence lower values of polarization) 

and a higher coercive field needed to realign the clamped domains during 

polarization reversal. 

Post-metallization lowers the switching times (see Fig. 70) and aging rates 

(Fig. 71). The effect on aging rate is dramatic at post-metallization annealing 

temperatures below 300e. The dramatic improvement in aging rates upon post

metallization firing (10 x better when fired at 300 C than if not fired after top Pt 
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Figure 70. Effect of post-metallization annealing temperature on the switching 
times after 10 V, 60 Hz square pulses of PZT 53/47 films with 15 mole 
% excess PbO fired to 650C for 30 min. at a heating rate of 5C min- l 
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Figure 71. Effect of post-metallization annealing temperature for 5 min. on the 
aging rates after 5 V pulses of PZT 53/47 films with 15 mole % PbO 
fired to 650C for 30 min. at a heating rate of 5C min- l 
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electrode deposition) can be attributed to better Pt-PZT interfacial characteristics. 

The domains were more clamped to the top Pt electrodes, which restricted their 

gradual reorientation after voltage pulsing and thus resulted in lower aging rates. 

XRD scans of these films showed that they still remained single phase 

perovskite at all post-metallization annealing temperatures. Even when fired to 750 

C, no other phase was detected aside from perovskite, even though €r plummeted to 

100 (see Fig. 68a). Based on such low values of €f' one would expect the presence 

of pyrochlore or other non-FE phases. This discrepancy probably originates from 

massive interdiffusion of PZT-Pt at the interfaces. To explore this possibility, optical 

micrographs of the PZT film and top Pt electrode were studied after firing at 750C. 

Microstructural differences between the PZT and the Pt pads exist. In the portion 

of the PZT film where the top Pt electrodes were deposited, PZT grains are readily 

observable, albeit with minute enclosed secondary grains (probably Pt electrode 

remnants). In films fired at lower post-metallization temperatures, PZT grains 

cannot be observed as they are covered with the top Pt electrodes. These 

observations indicate massive interdiffusion of Pt-PZT leading to a highly diminished 

surface coverage of the top electrode resulting in dismal values of €r and P r. Such 

top electrode Pt-PZT interdiffusion could be overcome by using thicker Pt coatings. 

It can be summarized that post-metallization annealing, in general, results in 

lower values of €f' P r and aging rates, but higher values of dissipation factor and Ee. 

Such observations can be attributed to continuing PbO loss from the films upon 
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further annealing, since the PbD can now diffuse into both the bottom and top Pt 

electrodes. Post-metallization annealing, however, does render the resulting PZT 

capacitors more electrically symmetrical, as evident by the symmetrical hysteresis 

loops and dramatic improvements in aging rates (O.4%/decade) were observed with 

post-metallization annealing temperatures of 800C. 

4.2.2 Optical Properties 

The optical properties investigated in the PZT films include refractive index, 

UV transmission, optical attenuation and second harmonic generation (SHG) - these 

properties were dependent on the substrates, processing conditions and composition 

(especially the Zr /Ti ratio). 

4.2.2.1 Effect of Firing Temperature 

The refractive indices, n, of PZT 53/47 and PLT 28 films on Corning 7059 

glass are shown in Fig. 72 as a function of firing temperature. The PZT 53/47 films 

on Corning 7059 remained XRD-amorphous when fired to 600C, but contained traces 

of pyrochlore when fired above 600C. Similar films on fused SiD2 exhibited single

phase perovskite only when fired at above 750C. These results are in dramatic 

contrast to results on Pt where the PZT films are single-phase perovksite when fired 

above 600C. For PZT 53/47 films, n reached a maximum (2.36) when fired to 450C 
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due to film densification, but decreased at higher firing temperatures because of PbO 

loss from the films. Pb cations increase the electronic polarizability contribution to 

n, and therefore loss of PbO results in a lowering of n. 

In contrast to the behavior of PZT 53/47 films, the PLT 28 films showed a 

linear increase in n with firing temperature, from a value of 2.07 in a film fired at 

400C to a value of 2.36 in a similar film fired to 650C. Such an increase can be 

attributed to crystallization of the films (amorphous to perovskite and pyrochlore at 

450C, and pyrochlore to perovskite at 500C) and densification of the perovskite films 

above 500e. Similar behavior was observed in other non-Zr-containing PZT films, 

for which n usually increased with firing temperature. In contrast, films containing 

Zr such as PZT, PLZ or PLZT tend to display maxima in n (usually at 400-450C) 

before decreasing at higher firing temperatures (> 450C), likely reflecting PbO loss. 

The incorporation of La into PT and PZT to form PLT and PLZT usually resulted 

in lower values of n due to the lower densities of the resulting films since La is less 

bulky than Pb. 

4.2.2.2 Effect of Composition 

XRD results indicate that the phase assemblages depend on composition, 

processing, and substrate. PT films on Corning 7059 glass did not convert into single

phase perovskite until fired at or above 600e. The presence of Zr in PZT, PLZ or 
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PLZT inhibited the crystallization process (perovskite formation). In films fired to 

500C, none of the Zr-containing films exhibited any trace of perovskite, unlike PT 

and PLT. However, the incorporation of La (in the absence of Zr) aided in forming 

perovskite (see Table 17). In PLT with La contents of 15 mole % and above, single

phase perovskite can be achieved at temperatures as low as 500C. 

The presence of La also dramatically increased the overall transparency of the 

PLT films compared to PT films, which were opaque when fired above 600e. PT 

films become opaque when crystallized since the refractive index anisotropy [260] of 

the crystallites along different crystal axes is large (&1 = -0.011), leading to 

significant scattering. Additionally, the concomitant large anisotropy in lattice 

parameter (cia ratio = 1.063) leads to microcracks within the films upon cooling, 

further enhancing scattering. The addition of La lowers the cia ratio as well as the 

anistropy in refractive index, and results in less cracking and scattering. While the 

index difference between pyrochlore and amorphous or perovskite phases was large, 

none of the pyrochlore-containing films were opaque or translucent since the amount 

of pyrochlore in most of the films was miniscule (see Table 17). 

While crack-free films (-2500A) of PT and PLT can be obtained routinely 

on Corning 7059 glass, Zr-containing films tended to crack, especially when fired 

above 500e. In contrast with films on Corning 7059 glass or fused Si02, crack-free 

films of any PZT composition up to 1 J1.IIl thick can be routinely obtained on 
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platinized Si wafers by multiple coating. The reason for the cracking behavior lies 

in the thermal expansion coefficients of the PZT films and the mismatch with those 

Table 17 - Phases present in various PZT films on Corning 7059 glass fired at 
500C for 30 min. 

Composition Phases Present 
~~ , ". ~. ',' r ~ .' " ,! .' .. -., ' ... ' ".- ",_, u·k 

PT Perovskite + pyrochlore (minor) 
PZT 20/80 Amorphous 
PZT 35/65 Amorphous 
PZT 53/47 Amorphous 
PZT 65/35 Amorphous + pyrochlore (minor) 
PZT 80/20 Amorphous + pyrochlore (minor) 
PZT 94/6 Amorphous + pyrochlore (minor) 
PZ Amorphous + pyrochlore (minor) 
PLT7 Perovskite + pyrochlore (minor) 
PLT 15 Perovskite 
PLT28 Perovskite 
PLT35 Perovskite 
PLZT 9/65/35 Amorphous + pyrochlore (minor) 
PLZ 15 Amorphous + pyrochlore (minor) 
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of the substrates. Shirane et al. [261] reported that the thermal expansion coefficient 

increases with Zr content; and in PT-rich compositions, the coefficients can be 

negative - i.e. the materials expand upon cooling. Thus upon cooling, PT-rich and 

PZ-rich PZT films tend to be under compression and tension respectively. It is well

known that films under tensile stresses are vulnerable to cracking. The film cracking 

can be mitigated by the use of substrates with high values of thermal expansion 

coefficient (e.g., Pt) which then result in films under compressive stresses upon 

cooling. It was observed that the degree of cracking of the PZT films worsened in 

the following order of substrates: Si02 > Corning 7059 > soda lime glass > Pt on 

Si02/Si. Note that the tensile stresses arising from thermal expansion mismatch 

become progressively smaller in that order of substrates. In fact, the stress becomes 

compressive when Pt is used. While the thermal expansion of PZT films can be 

tailored by varying the composition, the choice of compositions available and 

properties desired is rather limited depending on the specific substrate used. 

Adding excess PbO (10 mole %) aided in the formation of perovskite in films 

deposited on Pt (see Table 18). Stoichiometric PZT 53/47 films needed to be fired 

to 725C to eliminate the pyrochlore phase (Section 4.2.1.1), while single-phase 

perovskite films can readily be achieved at lower temperatures such as 600C when 

10 mole % excess PbO is incorporated (Section 4.2.1.4). In contrast with crystalline 

Pt, amorphous substrates such as Corning 7059 glass proved to retard crystallization 

significantly. Only trace amounts of pyrochlore can be observed in PZT 53/47 films 
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Table 18 - Phases found in PZT films at different firing temperatures and on 
various substrates 

Temperature PZT 53/47 Films on Pt PZT 53/47 Films PZT 53/47 Films 
10 mole % (10 mole % 
excess PhO on Pt excess PhD) on 

Corning 7059 
-', .. .-'-, , ", . ~ . ~- ," 

450 Amorphous Amorphous Amorphous 
500 Amorphous + Amorphous + Amorphous 

pyrochlore pyrochlore 
550 Pyrochlore Perovskite + Amorphous 

pyrochlore 
600 Pyrochlore + Perovskite Amorphous 

perovskite 
650 Perovskite, + Perovskite Amorphous + 

pyrochlore pyrochlore 

700 Perovskite + Perovskite Amorphous + 
pyrochlore pyrochlore 

725 Perovskite Perovskite Amorphous + 
pyrochlore 
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which have been fired to 650C. The perovskite phase was not detected even in films 

fired to 725C. Above 750C, the Corning 7059 substrates tend to flow and become 

severely distorted. For similar PZT 53/47 films deposited on platinized Si and fused 

Si02 plates, single-phase perovskite films were achieved at 600C and 850C 

respectively. 

The refractive indices of various PZT films fired to 450C are shown in Fig. 73 

as a function of Zr /Ti ratio. The indices showed a monotonic decrease from 2.33 

in a PT film down to 2.10 in a PZ film. Except for the PT film (which consisted of 

biphasic perovskite and pyrochlore), the rest of the PZT films in Fig. 73 were 

essentially amorphous. The indices of these amorphous films were lower than those 

of their bulk ceramic counterparts (2.67 and 2.42 for ceramic PT and PZ respectively 

[262]), but were comparable with those obtained by other researchers [263]. The 

trend of decreasing n with increasing Zr content in PZT films has also been reported 

by others, and likely reflects a decrease in density with increasing Zr content and 

additionally Ti02 has a higher n than that of Zr02' 

Fig. 74 shows the UV -VIS transmission spectra of the Corning 7059 substrate, 

a PbO-infiltrated Corning 7059 substrate obtained by firing a sol-gel derived PbO 

film to 600C and diffusing the entire film into the substrate, and PLZ 28 and PLT 

28 films fired to 500e. Note that PLT 28 exhibited the highest UV cutoff at about 

3200A, while the cutoffs for PLZ 28 and PbO-infiltrated 7059 glass occur at shorter 

).'s, namely 2800 and 2700A respectively. 
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Figure 74. UV-Vis transmission spectra of a) Corning 7059, b) PbO-diffused 
substrate, c) PLZ 28, and d) PLT 28 films fired to 500C for 30 min. at 
a heating rate of 5C min- 1 
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The PZT 53/47 and PLT 28 films fired at temperatures <500e exhibited 

absorption edges in the range of 3100-3200A. The UV cutoff of PZT 53/47 films 

shifted to shorter wavelengths ( < 2900A) at higher firing temperatures (Fig. 75). The 

absorption edge of bulk pyrochlore PbTi30 7 [264] and as-sputtered PZT films [265] 

has been reported to be in the range 3800-4500A. Bulk PZT ceramics exhibit an 

absorption edge at 3400A [260]. Since the films in the present study exhibited 

absorption edges lower than those observed in bulk ceramics, these films are 

expected to have a high degree of purity and homogeneity. The presence of 

impurities, common in processing bulk ceramics, usually increases the absorption 

edge to longer wavelengths (or lower energies). The decrease in the absorption edge 

of the PZT 53/47 films with firing temperature (Fig. 75) can be attributed to the 

formation of an interfacial layer resulting from PbO diffusion into the substrate. 

The effect of film thickness on the refractive index and absorption edge of 

PZT 53/47 films is shown in Figs. 76a and b respectively. The refractive index 

increased and the absorption edge decreased in }. with decreasing thickness below 

2000A, but tended to saturate in thicker films. 

The dependence of the optical properties of PZT films on film thickness 

(particularly in thinner films) can be attributed, once again in large measure, to 

interfacial reactions between the films and the substrate. PZT film-substrate 

interaction has been documented for ITO [143] and even Pt. It is postulated that 

PbO from PZT films diffuses into the substrates during firing, especially at higher 
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processing temperatures. In thinner films, the interfacial layers are relatively thick 

compared to the PZT films; and hence the optical properties of such interfacial 

layers predominate. 

The partial pressure of PbO over PZT films increases in the following order: 

PZ > PZT > PT (see Fig. 11). This trend indicates that the PbO diffusion is worse 

in materials with higher Zr contents. Such an expectation is validated by the results 

in Fig. 77, which shows the transmission spectra of Corning 7059 substrates where the 

top PT, PZT 80/20 and PZT 53/47 films (fired to 500C) have been acid-etched 

away. The spectra shown in Fig. 77 have been normalized to that of a Corning 7059 

substrate. Interestingly, the transmission of a substrate initially coated with PT was 

flat in the range of wavelength investigated, while that of substrates initially coated 

with PZT 53/47 and 80/20 films (but later etched away) indicated fairly strong 

absorbance at 2600-2700A. The absorption peak in the PZT 80/20 film is at a lower 

).. (closer to that of PbO-diffused glass) than that found in the PZT 53/47 film. This 

absorption can be attributed to PbO within the substrate (see Fig. 74). Thus PbO 

diffusion was negligible with the PT film, but became significant with Zr-containing 

films. The absorption edge of the PbO-diffused Corning 7059 substrate was 

measured as 2650A. The absorption edge of thin PZT films fired to 500C shifted 

lower with decreasing thickness, approaching the absorption edge of the PbO-diffused 

glass (Fig. 76b). Corning 7059 is an aluminoborosilicate glass, and there may be 
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diffusion not only of PbD into the glass, but also diffusion of B or AI into the PZT 

films. 

In Zr-containing films, these interfacial layers led to a downward shift in the 

A. of the absorption edge and lower values of n resulting from migration of PbD from 

the films. The resulting PbD-poor films were difficult to crystallize, especially into the 

desired FE perovskite phase. While PZT films with excess PbD deposited on Pt 

exhibit better crystallization behavior, adding excess PbD to the PZT films on 

Corning 7059 may exacerbate the PbD diffusion problem. In contrast to the PbD 

film on Corning 7059 glass fired to 600C, which diffused completely into the 

substrate, a similarly treated PbD film still remained on fused SiD2, demonstrating 

less PbD diffusion into SiD2. In fact, a PT film on SiD2 was single-phase perovskite 

when fired at 550C, lower than the temperature (600C) needed to obtain single 

phase perovskite PT film on Corning 7059 glass, indicating that PbD diffusion is 

mitigated when the PT is deposited on SiD2. It has been noted previously that PbD 

depletion retards perovskite crystallization. 

It is seen that the presence of Zr in the films is deleterious to the overall film 

properties. Zr not only exacerbates PbD diffusion from the films into the substrates 

but also retards crystallization and increases cracking. For thin film applications, the 

choice of PLZT composition should in many cases be limited to the PLT series which 

offer films with enhanced transparency compared to PT. In cases where crystalline 

Zr-containing PLZT films are required (e.g., to achieve the large electro optic 
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coefficients not available in non-Zr-containing compositions), suitable barrier layers 

toward PbO diffusion or intermediate epitaxial films such as PLT should be 

employed. RT A can also be performed under controlled processing conditions where 

the kinetics of crystallization are much faster than the kinetics of PbO diffusion into 

the substrates. However, amorphous Zr-containing films can be used as passive 

waveguides since the absence of either grain or domain boundaries should result in 

low losses. 

4.2.2.3 Optical Attenuation 

Loss measurements of the PZT waveguides on Corning 7059 glass are shown 

in Table 19. In the case of a PZT 53/47 film fired to 650C which was amorphous, 

the loss was only 1.1 dB/em. In amorphous PZT films, the losses are expected to be 

fairly low due to the absence of domains and grain boundaries (the discontinuities 

in index at domain and grain boundaries in polycrystalline films can lead to 

significant scattering). The losses should then increase upon crystallization to 

perovskite. This expectation is confirmed by the 1.4 - 8.0 dB/cm losses exhibited by 

the perovskite PLT films. Interestingly, the crystallized PLT 28 film [1.4 dB/cm] 

exhibited a loss comparable to that of an amorphous PZT 53/47 film [1.1 dB/cm], 

but significantly lower loss than that of a PLT 15 film (both of the PLT films were 

single-phase perovskite). Note that the loss of the PLT 15 film (8.0 dB/cm) is 

comparable to the loss of a similar crystallized sputtered film (6.0 dB/cm) [189]. It 
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Table 19 - Loss of sol-gel PZT waveguides measured at 6328A 

Film Composition Loss (dB/em) 
, . -,i' H.i '.,-' '0'-

PZT 53/47, fired at 650e 1.1 
PLT 15, fired at 550e 8.0 
PLT 28, fired at 500e 1.4 
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was discussed earlier that La incorporation aids in enhancing transparency and 

reducing the lattice anisotropy. Hence it is expected (and verified) that a crystalline 

PLT 28 film, which is pseudocubic, exhibits lower loss (1.4 dB/cm) than a tetragonal 

PLT 15 film (8.0 dB/cm). In fact, the loss of the PLT 28 film is lower than any 

reported value for similar crystalline films [e.g., 5-15 dB/cm], even for films which 

were epitaxially grown on single-crystal substrates. The small grain size of the 

crystalline films inherent in sol-gel processing at low temperatures contributes to the 

low loss. In sputtered films, higher processing temperatures, either during deposition 

or post-deposition annealing, normally result in larger grain sizes. Additionally, the 

degree of homogeneity (and/or densification) of sputtered films is lower than that 

of wet chemically derived films. 

Losses of about 1 dB/cm in PZT and PLT films qualifies these materials as 

viable candidates for planar waveguide applications. Losses reported for typical 

waveguiding materials, made by conventional techniques, are in the range of 0.2 - 2 

dB/cm. For example, Lee [266] reported that reactively sputtered Ta20S and Nb20 S 

have losses of 0.9 - 2 dB/cm; K+ and Ag+ ion exchanged waveguides exhibit losses 

of 0.1 - 1 dB/cm; polymer waveguides, such as PMMA and photoresists, have losses 

of 0.2 - 7 dB/em, and proton exchanged LiNb03 and LiTa03 have losses of 0.5 - 1 

dB/em. Losses in solution derived waveguides are comparable in magnitude. Ulrich 

and Weber [267] reported a loss value of 0.5 dB/em for PbO-Si02 sol-gel films, while 

data for Si02-Ti02 films lie in the range of 0.3 - 1 dB/em [268,269]. Furthermore, 
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the PZT films obtained in the present study exhibit far higher values of n (>2.1) 

compared to those of Ta20S or Si02-Ti02 (typically <2.0). 

The low values of loss achieved in these PZT and PLT films attest to the ir 

high level of chemical homogeneity, despite the inherent complexity of the film 

chemistry and also the complete densification of these films prior to crystallization. 

Films which crystallize prior to full densification or during organic decomposition 

tend to entrap pores and carbonaceous residues. These results are extremely 

encouraging and indicate that optimization of processing and chemistry may lead to 

a further reduction in loss. Dense, amorphous PZT films can be obtained at fairly 

low processing temperatures (400-4S0C). Also, the refractive indices of films from 

the PZT and PLT systems are much higher than most waveguide films made by wet 

chemical techniques. Pinhole-free thin films (e.g. < 2000A) can be readily prepared 

by multiple coating from either dilute precursor solutions or using a faster 

spincoating speed. Because of their high refractive indices, single mode waveguides 

can be fabricated from films that are only lOooA thick, thus enhancing the design 

capabilities of optical engineers by providing them with an easily fabricated, high 

index, low loss material. 

4.2.2.4 SHG Properties 

It is necessary to relate the SHG activity of the film to the phase (or phases) 

existing within the film. The phases observed by XRD in films deposited on fused 
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Si02 were highly dependent on their specific composition. Table 20 summarizes the 

phase assemblages observed in of various films fired at 500C for 30 min. As seen 

there, the PT films consisted of amorphous, pyrochlore and perovskite phases. 

Incorporation of La was found to facilitate the formation of the desired perovskite 

FE phase. At a level of 15 mole % La, pyrochlore was no longer observed. 

Incorporation of Zr to give PZT (65/35) and PLZT (9/65/35) hindered 

crystallization. Films of these compositions were amorphous after firing at these 

temperatures. As expected, SHG was only detected from films containing perovskite. 

The centrosymmetric, cubic pyrochlore phase is not NW-active, nor is the 

amorphous phase. 

Firing the films at higher temperatures - viz., 650 and 750C for 30 mins. -

resulted in single-phase perovskite and significant SHG for films not containing Zr, 

as shown in Table 21. PZT 65/35 and PLZT 9/65/35 were still amorphous even 

when heated to 650C. The observed SHG was strongly angular-dependent, as shown 

in Fig. 78, which is a representative plot of SHG from a PT film fired at 650C 

(single-phase perovskite). Such an angular dependence is expected, as rotation of the 

film effectively determines the path length as well as the reflectivity from the film 

surface and the film-substrate interface. The strong, sharp peaks observed at 900 and 

2700 correspond to the Nd-Y AG beam traversing the entire film length parallel to 

the substrate surface, thus maximizing the effective interaction length. 
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Table 20 - Phases found in various PT-containing films (4000A) on fused Si02 
fired at 500C for 30 min. 

Composition Phases Found 
, - ·d ·c ,. ~. . , - .' -," .~~ :... .. 

PT Pyrochlore + Perovskite + Amorphous 

PLT 7/100 Pyrochlore + Perovskite + Amorphous 

PLT 15/100 Pyrochlore + Amorphous 

PZT 65/35 Amorphous 

PLZT 9/65/35 Amorphous 
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Table 21 - Maximum SHG signal (mV) measured at 5300A based on 1.06 Jill1 
laser A excitation from various films (4000A) on fused Si02 treated at 
indicated temperatures 

Composition 650C 750C 
, 'r-.-.,.,,_., ,--- ,'''. '0' '. 

PT 100 265 

PLT 7/100 25 122 

PLT 15/100 15 120 

PZT 65/35 0 20 

PLZT 9/65/35 0 20 
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Figure 78. The dependence of SHG signal detected at 5300A after excitation by 
YAG laser (1.06 Jl.l11) on the rotation angle of a PT film on Si02 fired 
to 750C for 30 min. at a heating rate of 5C min- 1 
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As seen from Table 21, the maximum SHG intensity increases with increasing 

heat treatment temperature and is higher for PT than for any of the La- and Zr

doped materials. Incorporation of Zr into these films results in decreased SHG 

intensities, since not only is the perovskite formation hindered but also the crystal 

lattice anisotropy is lowered compared to PT. 

The effect of heat treatment temperature on SHG from PLT 7/100 films is 

shown in Table 22. After firing at 750C, strong SHG signals were observed. The 

increase in SHG activity with firing temperature is due not only to further film 

densification but also to an increase in grain size at elevated temperatures. With 

larger grain size, the tetragonality of the PLT films tends to be higher. It was 

observed that PLT films fired to higher temperatures exhibit not only larger grains, 

but also enhanced tetragonality splitting. Note that small grain size FE's (PT or 

BaTi03) tend to exhibit cubic structure. 

SHG from PT films was dependent on the choice of substrate. For example, 

the signal from a film deposited on an ITO-coated borosilicate glass heated at 750C 

for 30 min. was 50% higher than to that from a similar film deposited on Si02. This 

is attributable to a significantly larger grain size (and hence enhanced tetragonality) 

in the former case. The dependence of the SHG intensity on the average grain size 

is well documented [4] as due to the coherence length within the materials needed 

for optional SHG interaction. In phase-matchable materials (such as PT), the SHG 
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Table 22 - Effect of heat treatment temperature on SHG measured at 5300A 
after excitation by Nd-YAG laser (1.06 J.LI11) from PLT 7/100 films 
(4000A) 

Firing Temp. (C) Maximum SHG signal Phases 
for 30 min. (mV) 
.. .. , .. c 

500 13 Pyrochlore + perovskite 

650 21 Perovskite 

700 38 Perovskite 

750 122 Perovskite 
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intensity tends to increase with increasing grain size before saturating to a constant 

value above 6 fJJ.Tl [4]. 

Orientation effects are exemplified by the observation that the SHG signal in 

transmission (beam perpendicular to substrate) of a PT film with (100) preferred 

orientation, which was heated at 750C for 30 mins., was 50% of that of a random 

polycrystalline film treated at the same temperature. This was anticipated since in 

the oriented film, the direction of polarization lies mostly along the substrate surface 

which is parallel to the E field of the laser beam (see Fig. 79), thus lowering the 

polarizability and decreasing the SHG signal. The effect of such orientation on the 

dielectric properties has also been discussed previously; the major difference in the 

dielectric constant behavior is that €r is higher in the case for a-axis oriented film 

while the SHG activity is lower in the same film. For PT (4 mm point group) the 

components of the induced polarization where the d 1So d33 and d31 non-linear 

coefficients are non-zero are [270]: 

p x = 2d1sEzEx 

P y = 2d1sEzEy 

Pz = d31E/ + d31E/ + d33E/ (13) 

The following situations occur in the case of a perfectly (001) oriented PT when (a) 

the beam is perpendicular to the film surface and (b) the beam traverses the film 

surface [see Fig. 79]. 
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Figure 79. Schematic of SHG activity resulting from the YAG beam interaction 
with the (001) oriented PT film on Si02 
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- assuming E = E E = 0 x Y' z (14) 

- assuming E = E E = 0 x Z' y 

- assuming E = E E = 0 x Z' y (15) 

Thus in (a) Pz (measurement direction) is 2d31Ex2 and in (b) Py (measurement 

direction) is zero. While the PT film in this study is strongly (001) oriented, the 

degree of preferred orientation is not perfect, Le., there are still some crystallites 

aligned along (100), (111) or (110) directions which can contribute to SHG. Thus 

in Case b), some SHG signal is expected from these non-(OOl) oriented crystallites. 

SHG activity was observed to be higher in Case a), namely with the beam 

perpendicular to the film surface. 

In conclusion, strong SHG signals can be obtained from sol-gel derived, 

polycrystalline FE films. Several factors influence the degree of SHG, including 

composition, phase assemblage, microstructure and orientation. The presence of Zr 

dramatically reduces the ease of crystallization of PZT, while La incorporation gives 

perovskite at lower temperatures. Increasing the La content lowers the cia 

tetrogonality ratio of the perovskite and decreases the SHG signals. The grain size 

of the films and its effect on coherence length plays an important role in determining 

the relative strength of the SHG signal, analogous to behavior observed for powders. 

The orientation of the film affects the SHG signal, as the signal is maximized when 



316 

the electric field of the incident beam IS perpendicular to the polarization 

direction. 

4.3 Model of the Pt-PZT-Pt Capacitor 

PZT thin films on Pt have been successfully prepared and electrically 

characterized in this study. Pt-PZT-Pt capacitors are then fabricated by depositing 

top Pt electrodes on the PZT thin films. It is recognized that the capacitors are not 

simple metal-insulator-metal devices with ohmic contacts, but rather back-to-back 

Schottky barriers. These Schottky barriers are themselves fairly complicated due to 

the presence of surface states at the interfaces, polycrystallinity of the PZT film 

which can affect significantly surface states at the Pt-PZT interfaces and domain 

structures affecting the states of polarization in the PZT film. Additionally, the 

depletion width may be larger or comparable to the film thickness resulting in wholly 

depleted film across the electrodes. Adsorbed oxygen at the surfaces of titanate 

ceramics has often been attributed to give rise to acceptor states at the surfaces. The 

presence of such acceptor states and polarization states at the interfaces can lead to 

band bending which subsequently affects the type of contact formed, viz., ohmic or 

rectifying. Rectifying contacts result in uneven field and potential distributions in the 

PZT films which affect the final device characteristics. 

The work function of Pt metal, q>pt is 5.5 e V. The typical band gap, Eg and 

electron affinity, XpZT for a PZT film are about 3.5 eV and 1.75 eV respectively. 
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For a p-type PZT film (the conductivity in PZT ceramics [6] has been determined 

to be p-type), the Fermi level, Eft lies closer to the valence band, Ev than to the 

conduction band, EC' as indicated in Fig. 80. Since the work function of Pt is higher 

than that of PZT, the contact should be ohmic. I-V leakage characteristics of these 

capacitors have indicated that the contact is not ohmic (or linear); the current 

depends logarithmatically on the applied voltage. The only case where the contacts 

can be rectifying is in the presence of surface states (arising perhaps from absorbed 

oxygen at the PZT surface and/or termination of the PZT crystalline lattice at the 

metal contacts). These surface states with a density of Do and a neutral energy level 

at Eo result in band bending near the contacts and barrier heights of ¢b at the 

interfaces (as indicated in Fig. 80). It is further assumed that these barrier heights 

are similar at both interfaces, Le., the capacitor should behave electrically 

symmetrically independent of applied voltage polarity. 

4.3.1 At Equilibrium 

At equilibrium (no applied bias), it is assumed that the depletion region width, 

w, is larger than the thickness, t, of the PZT film, Le., the film is totally depleted. 

This assumption was made due to the exponential increase of current with voltage 

as measured in the actual Pt-PZT-Pt capacitors. For a conventional back-to-back 

Schottky barrier capacitor consisting of two depletion regions and a neutral region, 

the current is expected to saturate very quickly at low voltages and hence fairly 
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Figure 80. Energy band diagram of Pt, PZT and the Pt-PZT-Pt capacitor 
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independent of applied bias. Poisson's equation will be used to calculate the field 

and potential distribution in the totally depleted film, i.e., 

where ¢ = potential 

E = electric field 

p = charge density 

-d2 <p = dE 
dx2 dx 

€PZT = dielectric constant of PZT 

p (x) 

EpZT 
(16) 

The solutions to the Poisson's equation are shown in Fig. 81. Note that t and 

acceptor concentration, Na, are fixed depending on the film. By applying Gauss Law 

at the Pt-PZT interface, the maximum field Eo is: 

qNat 
E =--

o 2EpZT 
(17) 

The built-in potential, C/>i, at the center of the film is obtained by the negative of the 

area under the field: 

(18) 

The density of electrons, ns' at the center of the film (with the highest barrier 

height of ¢b + C/>i) is: 
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Figure 81. The solutions to the Poisson's equation of the wholly depleted PZT 
film, showing the change distribution ( p), electric field (E), potential 
( cp) and energy band diagram at equilibrium 
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(19) 

where Ne is the effective density of state at the conduction band. Currents are 

proportional to the electron density and at equilibrium with no external bias, 

(20) 

where J1 and I n are the thermally induced current densities at Interfaces I and II 

respectively, while K is a proportionality constant. Since J1 = I n, there is no net 

current flow, as expected. 

There exists a built-in field within the film (see Fig. 81) whose magnitude 

depends on the distance inside the film. The field is zero at the film center and is 

of different signs at the contacts. Maximum fields are found at the interfaces. The 

presence of this field can affect significantly the FE properties of the film. For 

example, assuming Na = lOI8/cm3, film thickness, t = 0.5 J.LITl and EpZT = 1000, it 

is calculated that Eo = 45.2 kV /cm according to Equation 13. The magnitude of this 

field is comparable to the Ee values (-20-60 kV /cm) measured in PZT films of this 

study. The Ee for similar bulk ceramics is around 1 kV /cm. Thus the higher values 

of Ee found in FE films can probably be attributed to this built-in field which needs 

to be overcome to switch the domains. Since Eo is linearly dependent on Na, a high 

purity PZT film with low value of Na is expected to yield low value of Ee' Note, too, 

that if the acceptor concentration, Na, is not unifrom throughout the film (resulting 
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perhaps from Pb non-stoichiometries) the uneven field distribution can lead to 

asymmetric values of Eo frequently encountered in FE films. 

Additionally, the presence of such built-in field can smear out the FE 

properties of relaxors film (e.g., PMN) which are much more sensitive to electric 

fields than are normal FE films (e.g., PZT). As a result of this built-in field, the 

dielectric constant is much lower in relaxor thin films ( -1000) than found in similar 

relaxor bulk ceramics (-10,000). 

Due to the presence of the built-in field within the film, there is a natural 

tendency for the domains to be aligned along the field direction. Thus, in the case 

of a thin perfect single-crystal FE film, the domain structures are expected to be non

uniform or non-mono domain manifesting perhaps in a 1800 domain wall boundary 

at the film center where the field is zero. Even after poling, the domains are 

expected to relax under the influence of such built-in field. The optical attenuation 

in FE waveguides may then be limited by domain boundaries even in cases of 

optimal film homogeneity and purity. Additionally, the relaxation of the domains 

under the influence of the built-in field can affect considerably the phenomenon of 

aging. Based on the present model of the totally depleted PZT capacitor, it is 

possible to tailor the chemical profiles of the film to achieve a linear change of Na 

across the film. The concentration gradient then results in a constant Eo within the 

film which can mitigate significantly the deleterious effects of aging namely when the 

directions of the built-in field and polarization are the same. 
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4.3.2 Current-Voltage Characteristics 

Upon application of external voltage, Va (or field of Va/t), the charge remains 

essentially constant since Na and t are fixed. However the field is now shifted by 

Va/t as indicated in Fig. 82. The distance, y (denoting zero field or maximum. 

potential) is given by: 

y = ..!.[t- Va] 
2 Eo (21) 

(where Va<Eot) 

The new built-in voltage ¢j'(Va) as a function of applied bias, Va' is now: 

$i (Va) 
Eot [1 Va] 

4 - Va "2- 4Eot 
(22) 

From Fig. 81: 

q,i C 

Eot 
(at Va=O) 

4 
(23) 

(24) 

The current consists predominantly of net electron flow across the depleted 

film even though the film was initially assumed to be p-type. Note, however, that by 

the depletion approximation, no majority free carriers are present throughout the 

wholly depleted films. The current results from injection of electrons at the 
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Figure 82. The solutions to the Poisson's equation of the wholly depleted PZT 
film showing the electric field (E), potential ( ¢) and energy band 
diagram at an applied bias V a < E0 t 
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interfaces. The effective barrier heights seen at interface I and II are ¢b + l/Ji' (Va) 

(25) 

and 

(26 ) 

Current flows at both interfaces due to the applied voltage, Va' are then: 

(27) 

-q['h+~rv" (.!+~)] /kT 
J = KN e 2 4Eot 
II c 

(28) 

The net current due to electron flow is: 

Consider now when the applied bias, Va> Eot. The solutions to the Poisson's 

equation are shown in Fig. 83. The effective barrier heights at interfaces I and II are 

¢tJ and ¢b + Va respectively. Hence the current flow is then, 
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J T = Jr-Jrr 

_q (ch+IjIJl [ (q v .. _q v: l/kT (_q v .. _q v: ) IkT] 
= KJII e kT e 2 4Eot -e 2 4Eot 

c 

-q <ljIv+IjIJl -q~ [ qV 1 
= KJII e kT 0 e 4EotkT 2 sinh __ 1I 

c 2kT 

(29) 

J T = Jr-Jrr 

= KJII e -~I1 kT - KN e -q(ljIb+v.l I kT 
c c 

( 30) 

Since V A>Eot (or 4¢j), the term in the bracket -1. 

J. = KJII e -Q$I1 leT 
T c 

( 31) 

Current is limited strictly by Interface I and for constant 4>t, (assume independent of 

applied voltage), the current is then constant with increasing voltage above Eot A 

general plot of the I-V behavior of the back-to-back Schottky barrier according to the 

model proposed is shown in Fig. 84a and agrees quite well with observed I-V 

characteristics (Fig. 84b). Also shown in Fig. 84a is the I-V characteristics of a 

conventional partially depleted Pt-PZT-Pt capacitor which is dominated by the 

reverse bias current (Eq. 31) of a Schottky barrier and is fairly independent of 
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Figure 83. The solutions to the Poisson's equation of a wholly depleted film 
showing the electric field (E), potential ( ¢) and the energy band 
diagram at an applied bias V a > E0 t 
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applied bias. By considering the dependency of t in Eq. 29, it is predicted that in 

thinner films, the current and saturation voltage should increase and decrease 

respectively with decreasing thickness. Since the saturation current is determined by 

the current at Interface I (Eq. 31), the ma~nitude of the saturation current is 

expected to be independent of film thickness, assuming other parameters are constant 

namely Na and €PZT' 

Consider when the barrier heights are different at both interfaces, i.e., ¢h I o;I:¢b2 

as shown in Fig. 85. Such situation usually arises when the top and bottom 

electrodes are of different metals (hence different work functions) or undergo 

different firing condition. The difference between these barrier heights is: ¢hr¢h2 

= a¢. With an applied bias of + Va' the effective barrier heights seen by Interface 

I and Interface II are 4>j1(Va) + ¢h2 and 4>j1(Va) + ¢hI - a¢ + Va' The total current 

is then: 

(32) 

Due to the built-in voltage, A¢, there is no current flow until Va> a¢. 

With a negative applied voltage of -Va' the effective barrier heights seen at 

Interfaces I and II are 4>j'(Va) + ¢hI and 4>j'(Va) + ¢h2 + A¢ + Va = 4>j'(Va) + ¢bI 

+ Va respectively. The total current is: 
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Figure 85. Energy band diagram of the asymmetric Pt-PZT-Pt capacitor with 
different barrier heights at positive and negative applied biases 
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(33) 

Note that JT<-Va) ¢ JT< + Va) unless Il¢ = 0 (identical barrier heights). Thus 

depending on the difference between the barrier heights at both interfaces, the 

current can be higher or lower by eq .6¢jkT when the polarity is reversed. 

Thus, in a Pt-PZT-Pt capacitor with dissimilar barrier heights (e.g., in 

capacitors which have not been post-metallization annealed), the currents are 

expected to be polarity dependent. The I-V characteristics of Pt-PZT-Pt capacitors 

where the PZT film was fired to 700C for 30 min. with and without post-

metallization annealing being performed are shown in Figs. 86a and b respectively. 

Note that the magnitude of the leakage currents is indeed dependent on the polarity 

of the applied voltages in the unannealed capacitor, but are symmetrical upon post-

metallization annealed at 700C. The post-metallization procedure not only renders 

the barrier heights identical at both interfaces, but also lowers the barrier height 

value which results in an increase of leakage current upon annealing (compare the 

magnitude of the currents in Figs. 86a and b). 

The close agreements of the model predictions and actual device behaviours 

are quite remarkable, exerting strong credence to the validity of the model. This 
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The I-V characteristics with positive and negative voltages in Pt-PZT
Pt capacitors which a) have not been, and b) have been post
metallization annealed at 700C. The PZT film was fired at 700C for 
30 min. 
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model successfully explains the FE behaviours of thin films especially when compared 

to bulk ceramics. The presence of the the built-in field (arising from total depletion 

of the film) gives rise to elevated value of Ee' affects the aging behaviour and smears 

out dramatically the values of €r in relaxor FE films. It is possible to tailor the 

chemical profile across the FE film to affect FE properties and behaviours such as 

agmg. 
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5. CONCLUSIONS 

The superior material properties (viz., €f' aging and attenuation loss) of the 

PZT films prepared in this study relative to those of other reported films is indicative 

of high degrees of both homogeneity and stoichiometry in this case. While sol-gel 

chemistry plays an important role in determining the homogeneity and stoichiometry 

of the films, the particular choice of substrates and post-deposition processing 

conditions are equally cmcial in obtaining the final excellent film properties and their 

effects on development, phase assembly, microstructure and substrate-film 

interaction. 

The phase assemblage (whether amorphous, pyrochlore or perovskite phases) 

determines to a large extent the film properties, especially its ferroelectricity nature. 

FE properties are optimized when there is a higher concentration of FE perovskite 

phase compared to the non-perovskite phases, notably pyrochlore. A larger 

concentration of perovskite results in not only enhanced values of dielectric constant, 

remanent polarization and dielectric loss, but also lower values of coercive field. 

Ideally, the PZT film should be single-phase, namely perovskite. In some 

cases, fully dense amorphous PZT films are desired, e.g., in optical applictions where 

scattering losses from grain and domain boundaries need to be minimized. The 

achievement of amorphous and single-phase perovskite PZT films were readily 

obtained by careful control of precursor chemistries, processing conditions and the 

choice of substrates. 
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Firing temperature, soaking time and heating rate have all been shown to 

affect the phase assemblage of the PZT films; there exists finite temperature and 

time transformation window to obtain single-phase perovskite PZT films. Higher 

firing temperatures and longer soaking time favor the formation of perovskite phase 

by allowing more of the amorphous -lo perovskite and pyrochlore -lo perovskite 

transformations. PZT films need to be fired at or above 725C for 30 min. or longer 

than 60 min. at 700C to achieve all-perovskite films. Films fired at low temperatures 

($.SOOe) tend to be amorphous when deposited on glass substrates and contain 

pyrochlore when deposited on Pt. Very slow heating rates (-IC min- ~ or fast 

heating rates (e.g., RTA) result in films with high perovskite contents since in slow

heated films there is more time for perovskite conversion; while in fast-heated films, 

the temperature window for pyrochlore nucleation can be bypassed. 

Upon firing, the PZT films undergo the following transformation: amorphous 

-lo pyrochlore -lo perovskite + pyrochlore -lo perovskite. In nominally stoichiometric 

films (Le., no excess PbO), the microstructures consist of large perovskite rosettes 

(J.LIIl's) and a fine grain intergrain phase « lOOOA). The intergrain phase is relatively 

PbO-poor compared to the perovskite rosette grains. Such a biphasic microstructure 

could indicate that phase separation occurs in the gel network upon firing into PbO

rich and PbO-poor microregions (however this is yet to be confirmed by TEM) which 

respectively crystallize later into perovskite and pyrochlore grains at elevated 

temperatures. The PZT fims containing such microstructures exhibit satisfactory FE 
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properties, e.g., a film heated to 750C exhibited €r of 1200. It is expected (and later 

verified) that an uniform microstructure containing only perovskite grains offers 

better FE properties. The enhancement in €r properties (and also microstructures) 

was achieved principally through controlled incorporation of excess PbO. The 

incorporation of excess PbO in the precursor solution eliminates the formation of 

such biphasic rosette-and-intergrain microstructures by reducing the tendency to form 

. PbO-rich and PbO-poor micro regions and thus results in dense single-phase 

perovskite PZT films. In fact, the excess PbO aids in obtaining not only large grain 

size PZT films (which enhances the FE properties), but also promotes the 

crystallization of the perovskite phase. Larger grains result in higher domain wall 

mobilities which increase €r' P r and aging rate, but lower Ee and switching time. For 

example, stoichiometric PZT 53/47 film on Pt needs to be fired above 725C to 

obtain single-phase perovskite film, whereas a PZT 53/47 film with 15 mole % excess 

PbO on Pt is single-phase perovskite at temperatures as low as 600C. Furthermore 

PZT films, regardless of the amount of excess PbO, exhibit €r of about 3000 when 

fired to 750C. The leakage currents are low, too, typically around 3xlo-BA/ cm2 at 

an applied field of 100 kV /cm. The high value of €r and low leakage currents 

certainly make these PZT films extremely attractive for the next generation of 

DRAM devices. 

The performances of the PZT films incorporated with excess PbO were 

further improved with post-metallization annealing. Not only did post-metallization 
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annealing temperatures (viz., > 300C) lower dramatically the aging rate by an order 

of magnitude, but such procedure also renders the Pt-PZT-Pt symmetric in terms of 

interfacial characteristics. It was found that after post-metallization annealling, the 

I-V characteristics of the Pt-PZT-Pt capacitors were identical and not polarity 

dependent as found in the capacitors which had not been post-metallization 

annealed. 

Results from bulk gels indicated that the excess PbO manifested itself as an 

extraneous PbO phase upon firing, but no such PbO phase was detected by XRD in 

thin films. It should be noted that the excess PbO incorporation does not result in 

any superstoichiometric PZT films (where the excess Pb atoms are incorporated 

directly into the perovskite lattices), but rather that the excess PbO is removed upon 

firing at higher temperatures by volatilization or diffusion into the underlying 

substrates. 

Substrates (whether Pt or Corning 7059 glass) play an important role in 

determining the crystallization behavior of the films. Crystallization is 

heterogeneously nucleated at the substrate interface as indicated by the (100) 

oriented PZT films obtained on (200) oriented Pt substrates. The crystallizaton of 

both pyrochlore and perovskite phases are enhanced on crystalline substrates (viz. Pt) 

and hindered on amorphous substrates (such as Corning 7059 glass). However, the 

difficulty in crystallizing the PZT fims in glass substrates is not necessarily a 

disadvantage as indicated by the low loss amorphous PZT waveguides. For optical 
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applications, it was found that amorphous PZT films offer the lowest attenuation 

(-1 dB/cm) compared to crystalline PZT films, while among crystalline PZT films, 

the lowest attenuation of, -1.4 dB/cm (notably lower than even sputtered epitaxial 

films) was achieved by compositional control (viz., in a PLT 28 film) with a relatively 

small grain size and small lattice anistropy, to reduce scattering losses. These low 

loss waveguides coupled with their high refractive indices (> 2.0) and low processing 

temperatures, typically - 500e, integrated optics applications. These substrates also 

serve as sinks for PbD in addition to volatility loss during firing. The degree of PbD 

loss is also expected to be higher in thin films due to their intrinsic high surface 

area/volume ratios which are conducive to PbD volatility loss. PbD loss increases 

with the following order of substrates: Corning 7059> SiD2 > Pt. Loss of PbD results 

in a reduced tendency to crystallize, particularly of the perovskite phase, as 

exemplified in the firing temperatures required (650C, 500C and 450C) to obtain 

single-phase perovskite PT films on Corning 7059, SiD2 and Pt respectively. 

The domain wall motion in the FE perovskite phase leads to the non

linearities observed in the PZT films. The dependence of dielectric properties (e.g., 

€r or dielectric loss) on signal amplitudes and frequency is due to increased domain 

excitation with higher signal amplitudes and the inability of domains to respond at 

higher frequencies. Hence the values of €r and dissipation factor tend to be larger 

with higher signal amplitudes. The relaxation of domains and domain walls into 

thermodynamically stabler configurations results in the phenomenon of aging. 
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Domain realignment to applied fields also plays an important role in determining the 

time-dependent leakage currents. Since domains constitute a higher proportion to 

loss than to the dielectric constant, the aging rate of the dissipation factor (or 

dielectric loss) is higher than that of €r' The contribution of domains to the overall 

dielectric constant can be separated out from the intrinsic volume value by plotting 

€r vs. dissipation factor (or dielectric loss) and extrapolating the value at zero loss. 

A successful model of the Pt-PZT-Pt model has also been proposed which is 

based on totally depleted back-to-back Schottky barriers. The agreements of the 

model predictions and actual device characteristics (particularly the J-V leakage 

currents) are extremely close. The validity of this model exerts far-reaching impacts 

towards understanding PZT (or any general FE) films. There exists a fairly large 

built-in field (about 50 kV fcrn) within the film. Such built-in field can explain the 

elevated values of Ee compared to those of corresponding bulk ceramics, the 

asymmetry of hysteresis loops found in some FE films (due to uneven field 

distribution) and the ubiquitous dismal values of €r in relaxor films ( about 1000 -

2000) compared to the values from bulk ceramics ( up to 25 000). Aging behaviours 

of the films can be influenced by the fields. The deleterious effects of aging ( viz. the 

monotomic decrease of €r with time) due to gradual domain reorientation) can 

perhaps be mitigated by tailoring the Na profile across the film to achieve a constant 

field along the polarization direction. 
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The synthesis of wet chemically derived PZT films based on a tailored PbD 

stoichiometry has resulted in films with superior electrical and optical properties 

compared to films prepared using other wet chemical methods or physical deposited 

techniques. The beneficial effect of excess PbO is better manifested in wet 

chemically derived PZT films than in sputtered films due to the better homogeneity 

(and distribution) in the former films. Additionally, the excess PbD tends to 

segregate along the grain boundaries in the latter films during deposition. The 

outstanding electrical and optical properties of the PZT films obtained in this present 

study (termed AML films) are summarized in Table 23. Note that the film 

properties are even superior compared to those of bulk ceramics and thus illustrate 

the promising scientific and attractive commercial aspects of this study. 
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Table 23 - Electrical and optical properties of AML films and other PZT films 

Dielec- Leakage Absorp- Attenu- Aging Rate 
tric Currents tion ation (%/decade) 
Constant A/cm2 Edge Loss 

@ 100 (A) (dB/cm) 
kV/cm 

'."' ," ., ' , . " 

AML 3000 lx10-9 2900 1.1-1.4 0-0.3 
films 

Typical 1200 4x10-5 3400 5-20 
sol-gel 
films 

Sputtered 800 1xlO-7 3500 5-15 
films 

Bulk 1200 --- 3400 --- 1.0-5.0 
ceramICS 



342 

6. FUTURE DIRECTIONS 

While the electrical and optical properties of the wet chemically derived PZT 

thin films have been optimized to a high degree, there are opportunities to 

investigate further the device aspects for thin film applications, particularly the nature 

of the electrode-PZT interfaces. A model of the Pt-PZT-Pt capacitor has been 

developed and has shown close agreements with observed device characteristics. 

Further proofs of the existence of the totally depleted capacitor rather than partially 

depleted one need to be gathered. Leakage current measurements of devices with 

different metal electrodes and thicknesses of the PZT films ( the model predicts that 

the saturation current to be independent of film thickness) can yield more evidence 

for the validity of the model. 

The preparation of various metal-PZT capacitors using metals such as AI, Pt 

or Ag could provide insights into the Schottky barriers. If surface states at the PZT

electrode interfaces are dominant in pinning down the Fermi level, then the leakage 

characteristics are expected to be somewhat independent of the choice of metal 

electrodes. The measurement of leakage currents in films with varying thickness 

(e.g., ranging from sooA to SOOOA) can also provide insights if the conduction 

mechanism(s) is dominated by the Shottky barriers at the PZT-electrode or intergrain 

boundaries. 

The nature of the conductivity mechanism (e.g., bulk or interface controlled) 

across FE films, particularly PZT, has so far not been satisfactorily explored or 
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explained. Hall measurements have been reported on bulk PZT samples where p-

type conductivity was confirmed. Due to the small volume of thin films, the Hall 

effect in PZT films needs to be creatively investigated. Coupled with resistivity 

measurements, the conduction carrier and mechanism (or mechanisms) in PZT films 

can be ascertained. 

The nature of the PZT-electrode interfaces can be further explored by 

utilizing oxide electrodes, such as ITO, Ru02 and epitaxial high T c superconducting 

films of YBa2Cu307. While the leakage currents have been reported by others to 

be much higher with Ru02 or YBa2Cu307' better fatigue characteristics are expected 

due to lower degrees of electrochemical reactions at the interfaces. Additionally, 

excessive leakage currents can be decreased by judicious processing conditions or 

incorporation of highly insulating layers such as Si02 or Ta205. 

The understanding of devices incorporating PZT films can be further 

enhanced by modelling the time-dependent effects frequently observed in the 

dielectric properties. Tne presence of the built-in field within the film as postulated 

by the present model lead to a distribution of relaxation times associated with 

domain relaxations. It is expected that domains will playa crucial role in defining 

such effects which impact significantly on long term device reliability and integrity. 

Fatigue behavior is one of the most important ferroelectric parameters to 

consider as far as ferroelectric memory applications are concerned. The effects of 

processing conditions and composition (vis-a-vis tetragonal vs rhombohedral 
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structures) on fatigue resistance need to be seriously explored and quantified. It is 

expected that the nature of the PZT-electrode interface and the presence of dopants 

play important roles in defining fatigue-resistance. The proposed model of the totally 

depleted back-to-back Schottky barrier can be further developed to take into account 

the effect or cause of fatigue. The insights gained can certainly lead to possible 

solutions to overcome or mitigate the effects of fatigue in FE films. 

It would be extremely insightful to obtain the compositional profile, 

particularly the uniformity of Pb in the films before and after firing. While numerous 

researchers have reported a Pb-rich surface at the PZT-air interface, it is believed 

that these results are experimental artifacts arising from the techniques chosen (e.g., 

Auger due to time-dependent effects or different sputtering yields for various 

elements). While the diffusion of Pb into Corning 7059 has been confirmed using 

UV -Vis spectroscopy on etched substrates, similar Pb diffusion into Pt substrates 

after firing is expected, leading to PbO-poor region near the PZT-Pt interface. 

Careful measurements of such Pb profiles (involving Auger or SIMS) can be obtained 

and aid in precise tailoring of the chemistries employed during the film deposition 

stage. 

TEM needs to be performed on the wet chemically derived PZT films, 

especially those fired near the crystallizaton temperature (Le., 350-450C) where 

pyrochlore and/ or perovskite phases form. The development of the gel 

microstructure as a function of processing conditions from an amorphous network 
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into crystal~ine phases, namely possible phase separation into PbO-rich and PbO-poor 

regions, can offer serious impacts into the understanding of the crystallization 

behavior of PZT films. 

The incorporation of dopants, both acceptors and donors, has been intensively 

and extensively performed in bulk PZT ceramics, leading to a wide gamut of possible 

properties. While La dopants have been explored in the present PZT films to form 

PLT, PLZ and PLZT films, there still exists a wide scope to investigate systematically 

other dopants to improve the versatility in tailoring the film properties. Notable 

dopants would include Nb and Ta which are reported to result in better fatigue

resistant PZT ceramics. The exploration of paraelectric PLZT compositions with 

non-polar and low leakage characteristics can exert serious impact on DRAM 

application. 

Other properties of the wet chemically derived PZT films can be characterized 

in addition to the extensive electrical and optical characterizations performed up to 

now. It is expected that these films would offer excellent piezoelectric, pyroelectric 

and electro-optic properties. These films offer potential in thin film transducers, 

thermal detector, thermal imaging, active waveguides, optical switches, phase 

retarders, etc. Once these properties are obtained, the goal of full material 

characterization of these PZT thin films is essentially fulfilled, but not necessarily 

ended. 
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