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ABSTRACT 

Ferroelectric materials have been studied extensively over the past decade or so as 

potential candidates for memory applications, since they possess a unique set of 

properties, including fast polarization switching and non-volatility. The two major 

candidate materials being studied for integration into ferroelectric random access 

memories (FeRAMs) are lead zirconate titanate (PZT) and strontium bismuth tantalate 

(SrBi2Ta209 or SBT). Overall, PZT has probably been the most extensively studied of 

the two materials, however SBT has received a lot of attention over the past few years 

due to its fatigue resistance, large remanent polarization (Pr), and low coercive field (Ec) 

on standard metal electrodes. 

The purpose of this project was to study the factors that influence the development 

of ferroelectric properties of sol-gel derived SBT thin fihns, including composition, heat 

treatment, phase development, and microstructure. The results show that SBT crystallite 

size is the single most important factor in determining the ferroelectric properties of SBT 

compositions with Sr contents ranging from stoichiometric to 20% deficient. SBT 

volume fraction also plays an important role. Therefore, composition, heat treatment, 

etc., are only important in that they help establish the SBT crystallite size and SBT area 

fraction of a particular film. Two strategies for improving the polarization of SBT at 

lower temperatures, which include the use of highly Sr deficient fihns, and Bi203 coatings 

as a flux, were also studied. 
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1. INTRODUCTION 

Since the turn of the 20"* century, ceramic materials have developed into much 

more than the "low tech" clays and porcelains used to make coffee cups, china, bricks, 

tiles, vases and other decorations. As a group, ceramics are identified as materials whose 

structures contain metallic and non-metallic elements, which often are predominately 

bonded in an ionic fashion. This manner of bonding gives ceramic materials a unique 

combination of properties that are now being applied in a wide variety of "high tech" 

applications, including aerospace, communications, and electronics. Ceramics have very 

high strength-to-weight ratios, stiffoess, and hardness, compared to metals, which make 

them ideal for certain structural and wear applications. They generally have excellent 

thermal insulating properties, due to their low thermal conductivities. Some ceramic 

materials have found uses in optics as lenses, lens coatings, and filters. Historically, in 

the electronics industry, ceramics have been used as capacitors, substrates, and insulators. 

However, many ceramics possess other interesting electrical properties, including 

pyroelectricity, ferroelectricity, piezoelectricity, superconductivity, and electro-optic 

properties. Recently, new commercial products are being developed that take advantage 

of these properties. These products not only employ bulk ceramics, but also thin films. 

There are several advantages of fabricating electronic ceramic materials in thin 

fihn form. First, the proper engineering of thin films for replacement of buUty 

components leads to reductions in size and weight Second, electrical properties are often 

enhanced in thin films as a result of favorable microstractures and grain orientation. 
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Finally, thin films can be fiilly integrated into complex electronic devices. Figure 1.1 

shows a schematic of possible applications for electro-ceramic thin films with various 

classes of properties. 

IR Detectors 
IR Imaging Arrays 

^ Pyroelectricity ̂  

Non-Volatile 
Memories 

^Ferroelectricity^ 

^igh Permittivit^ 

i 

Electro-Ceramic 
Thin Films 

f 

SAW Devices 
Microactuators 

^Piezoelectricity^ 

Zero-loss Circuits 

^ Electro-optic ^ 

Light Modulators 
Frequency Doubters 

Figure 1.1: A schematic of possible applications of electronic ceramic materials with 
various classes of electrical properties (adapted firom ')• 

Over the years, extensive research has been performed in all of the categories shown in 

Figure 1.1 in order to identify new materials, to understand the mechanisms that are 

responsible for the electrical properties, and to optimize known material properties. 

Many exciting discoveries have resulted, which have the potential of improving everyday 

life. The primary focus of the present research is on the ferroelectric properties of 

ceramic thin films. 
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Ferroelectricity is defined as the mutual alignment of internal, permanent dipoles 

(spontaneous polarization) within a crystal by an applied external electric field. However, 

a ferroelectric material only exhibits spontaneous polarization below its Curie 

Temperature (Tc), that temperature at which it transforms firom a high temperature 

paraelectric structure to a lower temperature ferroelectric structure. Electronically, 

ferroelectric crystals possess regions with uniform polarization, where all of the electric 

dipoles are aligned in the same direction. These regions are called ferroelectric domains. 

A ferroelectric crystal often contains many domains, even if it is a single crystal. 

Neighboring domains can have their polarization vectors in either antiparallel directions, 

at right angles, or at other angles to one another. The boundaries that separate such 

domain orientations are known as 180° or 90° domain walls, respectively. The 

interactions between the domains and an external electric field results in hysteretic 

polarization vs. electric field (P-E) behavior.^- 3 Figure 1.2 shows a schematic of the P-E 

hysteresis loop for a typical ferroelectric material. 
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Psat 

+Pr 

-Pr 

Applied Field OcV/cm) 

Figure 1.2: Schematic of a ferroelectric (P-E) hysteresis loop. 

Prior to exposure to a strong electric field, the domains within a ferroelectric 

crystal are random; therefore, the crystal has a net polarization of zero (point A). The 

application of a small electric field (smaller than necessary to reorient domains) permits a 

linear, reversible change in polarization, similar to normal dielectric behavior (segment 

AB). However, if a strong enough external electric field is applied to the crystal, domains 

begin to switch so that they align with the electric field. Domain switching in 

ferroelectric materials can be thought of as a nucleation and growth process. As the 

electric field is applied, the nucleation of electrom'c regions that are aligned with the field 

occurs heterogeneously at crystal faces and defects. Through domain-wall movement, 

these regions grow quickly with increasing field. As a result, the polarization of the 

material increases rapidly along BC in a non-linear fashion. At high field strengths, the 
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polarization increases more slowly with increasing field since a smaller fraction of 

random domains are left to align with the electric field. Polarization saturation (Psat) 

occurs when all of the domains are aligned with the electric field (point C). Linear 

extrapolation from the Psat value to the polarization axis (E=0) gives the value of the 

spontaneous polarization (Ps) of the material. The spontaneous polarization is a measure 

of the dipole moment per unit volume in the material, or, if the surfaces of the material 

are perpendicular to the polarization, the charge per unit area developed on the surfaces.^' 

4 

As the external electric field is reduced in strength, the polarization of the material 

does not return to zero, since some of the domains remain aligned in the direction of the 

original electric field. Therefore, when the field strength is reduced to zero (point D) the 

material exhibits a remanent polarization (Pr). The remanent polarization cannot be 

completely removed from the material until an external field in the opposite direction 

reaches a certain value (point E), called the coercive field (Ec). Further increasing the 

field in the opposite direction will cause a complete alignment of the domains in the new 

direction. The P-E cycle can be completed by reversing the field direction once again.2.3 

In recent years, ferroelectric films have received considerable attention because of 

their unique ability to retain the two stable, reversible polarization (±Pr) states with no 

applied field. This ability^ makes them attractive candidates for use in non-volatile 

memories, which are devices that have the capability of permanently storing binary 

information without the need of an external power supply, such as ferroelectric random 

access memories (FeRAMs). FeRAMs are a new type of memory technology that has the 
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potential to replace current memory technologies, such as dynamic random access 

memories (DRAMs), Flash non-volatile memories (FLASH), and electrically erasable 

programmable read-only memories (EEPROMs). For some applications, FeRAM 

technologies offer non-volatility, lower power consumption, higher endurance on writing 

cycles, and higher writing speed, which is something no single conventional technology 

can match. Typical write speeds for FeRAMs are comparable to volatile DRAM 

technology and two and four orders of magnitude faster than non-volatile FLASH and 

EEPROM technologies, respectively. FeRAMs can also be operated at less than S volts, 

while FLASH and EEPROMs are normally operated at 12 volts. FeRAM technologies 

permit read/write cycling on the order of lO'^-lO'^ cycles, while FLASH and EEPROM 

can only endure 10'^-10^ cycles. These attractive properties also make FeRAMs suitable 

for a wide variety of applications, including contact-less smart cards and other embedded, 

non-battery, backup devices, electronic ID applications, RF tags, and high speed 

telecommunications applications. Recentiy, Matsushita estimated that the market value 

of ferroelectric memories will reach $690 million by 2005. By the year 2010, the market 

is expected to rise to approximately $20 billion.^ 

A candidate material for ferroelectric non-volatile memories must exhibit several 

key electrical properties. High polarization and low coercive field values are desired. A 

"square" hysteresis loop, characterized by a small difference between the remanent 

polarization (Pr) and saturation polarization (Psat)> is ideal. The material must also be 

capable of handling a high number of polarization reversals without loss of polarization 

(fatigue resistance), and have good retention (maintaining a minimum polarization value 
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over time) and low imprint (the preference of one polarization state over the other) 

characteristics. Imprinting occurs when a thin film is left in a given polarization state for 

an extended period of time and is characterized by the shifting of the hysteresis loop 

along the electric field axis. Imprinting can lead to device failure if the shift is large 

enough to make the differentiation between the two polarization states difficult by 

reducing one of the remanent polarization values below an acceptable threshold value. 

A survey of materials reveals that a fair number of ceramics exhibit 

ferroelectricity. However, two families of ceramics have received the most attention; the 

perovskite family, which includes barium strontium titanate (BST) and lead zirconate 

titanate (PZT), among others, and the layered perovskite family, which includes bismuth 

titanate (BiT), lead bismuth niobate (PBN), and strontium bismuth tantalate (SET), 

among others. ® 

Until recently, PZT was probably the most studied material for non-volatile 

memory applications, since it possesses a high polarization (Ps of 40-50 ^iC/cm^), which 

can be tailored by altering the Ti/Zr ratio, and a fairly low crystallization temperature to 

form the ferroelectric perovskite phase (600-700 °C). However, research has revealed 

several processing concerns with PZT that may limit its use for commercial FeRAMs. 

First, many (but not all) PZT films processed on Pt (or other noble metal) electrodes 

rapidly fatigue when cycled beyond 10^ cycles. This is attributed to the build-up of a 

space charge at the fUm/electrode interface by the pairing of oxygen vacancies and other 

point defects with Pb defects (vacancies and trivalent Pb) to form defect dipoles.^ 

Imprinting is also a problem for PZT films deposited on metal electrodes due to mcreased 
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near-interfacial charge trapping (mainly oxygen vacancies).^ Fatigue and imprinting can 

be significantly reduced by using metal-oxide electrodes (IrOi, RUO2), due to their ability 

to consume oxygen vacancies by altering their nonstoichiometry.^ However, processing 

is more difficult and the leakage current of the fihn often increases with the use of metal-

oxide electrodes. The use of Pb is also a concern since its high volatility may present 

contamination and health issues during fabrication. Consequently, attention has recently 

shifted to the layered perovskites, and, in particular, SBT. 

SBT is an attractive material for non-volatile memories because it possesses good 

fatigue resistance, retention, and leakage cunent properties- even with noble metal 

electrodes. SBT also exhibits bulk-like electrical properties even when deposited as a 

very thin film (<100 nm), which is important for high density, low voltage devices. 

However, some challenges must be overcome before SBT can be employed in electronic 

devices. Its polarization (Ps of 10-20 |iC/cm^) is much lower than that of PZT, and higher 

polarization values will likely be necessary when capacitors are scaled down to the 

submicron dimensions needed for high-density memories. SBT also has a low Curie 

temperature (~310 °C), which would limit the operational temperature range of FeRAMs, 

since ferroelectric properties rapidly decrease as the operating temperature approaches the 

Curie temperature. Typically, a Curie temperature well above the maximum operating 

temperature (175" for some automotive applications) is required to guarantee a stable 

polarization value. 
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In many cases, component designs can compensate for these shortcomings. 

However, SBT has another more significant limitation that may affect its commercial 

utiliQr, especially in high densi^ applications. Past research has shown that, in order to 

achieve good electrical characteristics needed for memory applications, SBT films must 

be processed at very high temperatures (800-850 °C). This temperature range is well 

above the acceptable range for complementary metal-oxide-semiconductor (CMOS) 

device processing, to which the SBT films may be coupled in fabricating a memory 

devices. As a result, there has been a recent shift in research to try to find methods of 

reducing the processing temperature of SBT. 

The purpose of this research was to examine the effect of phase development and 

microstructure on the ferroelectric properties of SBT films. To do this, wet-chemical 

techniques were used to develop a novel acetate-alkoxide solution route to fabricate the 

SBT powders and fihns. As deposited, the powders and films were amorphous, but 

crystallized into an intermediate fluorite structured phase, which in turn transformed into 

SBT with heat treatment. Various compositions and annealing schedules were selected to 

extract the variables that influence the phase development, microstructure and 

ferroelectric properties of SBT, especially 2Pr. Since many different compositions were 

studied, a labeling scheme based on the molar concentration of Sr, Bi, and Ta cations was 

utilized. Each composition label contains 3 numbers separated by slashes. The first 

number is the number of moles of Sr per one mole of SBT; any number less than 1 

represents a Sr-deficient composition. The second number is the number of moles of Bi 

per mole of SBT, so any number greater than 2 depicts a Bi rich composition. The third 
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number is the number of moles of Ta per mole of SBT. Therefore, a composition with a 

stoichiometric amount of Sr and 10% excess bismuth is labeled 1/2.2/2 (Sr/Bi/Ta), and a 

composition with 20% Sr-deficiency and 10% excess bismuth is labeled 0.8/2.2/2. 

In order to normalize the ferroelectric data for different heat treatments and 

compositions, an approach was developed by which the area fraction of non-ferroelectric 

phase, including porosity, fluorite, and pyrochlore, was subtracted from total cross-

sectional area of the top electrode, thereby providing an estimate of the 2Pr of a fully 

converted, 100% dense film, with a specific SBT microstructure. From these results, it 

was found that the composition and heat treatment determine the magnitude of 

normalized 2Pr by helping establish the crystallite size of the SBT phase. Films with Sr-

deficient compositions have larger SBT crystallite sizes than films with stoichiometric Sr 

contents, which lead to larger normalized 2Pr values. The composition with the highest 

2Pr values was about 20% Sr deficient with approximately 10% excess Bi. It appears that 

a lower nucleation density, which decreases with Sr-deficiency, may be responsible for 

the formation of the larger crystallite sizes. A critical crystallite size between 15-20 nm 

was required before ferroelectric behavior could be measured for any composition or heat 

treatment. The area firaction of the ferroelectric phase was also found to be important in 

that it can have a significant impact on the magnitude of the 2Pr. 

Utilizing these results, strategies for improving the ferroelectric properties of SBT 

at lower temperatures are discussed. These strategies include the use of highly Sr-

deficient compositions in order to decrease further the nucleation density, and the 

addition of BizOs coatings to act as a flux. The results obtained on the highly Sr-deficient 



24 

films suggest that at 700 °C, 30% and 40% Sr-deficient films have larger crystallite sizes 

than films with lower Sr-deficiency. However, the larger crystallite sizes did not result in 

enhanced 2Pr values. It is believed that crystal defects or microstructural inhomogeneities 

are responsible for the reduced 2Pr values. 

BiiOs coating was found to enhance dramatically the fluorite-to-SBT 

transformation in all Sr-deficient compositions studied. However, the improvement in 

conversion rate and 2Pr is not simply the result of a change in composition. Comparison 

of the normalized 2Pr values in 20% Sr-deficient films (with 10% excess Hi) with and 

without BiiOs coating and with homogeneous 20% Sr-deficient films with various Bi 

contents (stoichiometric to 25% excess), shows that the chemically inhomogeneous BiiOa 

coated fibns have an enhanced normalized 2Pr values compared with a compositionally 

equivalent homogenous film. However, the normalized 2Pr of the uncoated fihn is the 

same as that of the coated fihn, suggesting that the improvement in the normalized 2Pr in 

20% Sr deficient fihns is linked importantly to the SBT area fraction. Full conversion in 

30%-40% Sr-deficient films was also possible after only 1 hr. at 700 °C, compared to 16 

hr without the coating. However, unlike the 20% Sr-deficient films, the normalized 2Pr 

of BiiOs coated 30-40% Sr-deficient films was a factor of 2 larger than that of uncoated 

films, which suggests that the coating is reducing the number of structural defects or 

microstructural inhomogeneities, as well as promoting full conversion. However, the 

normalized 2Pr values are still smaller than those of the 20% Sr-deficient films. 
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2. LITERATURE REVIEW 

2.0 Focus of Chapter 

Layered perovskites possess a wide range of useM properties, including 

ferroeiectricity, piezoelectricity, superconductivity, and electro-opticity. As a result, they 

have become the subject of intense interest for a variety of applications. Recently, much 

attention has been focused on strontium bismuth tantalate (SBT), because it possesses a 

useful set of ferroelectric properties. These properties include almost fatigue-free 

hysteresis behavior to lO'^ cycles with standard metal electrodes, reasonable remanent 

polarization (10-15 ^C/cm ), controllable imprinting behavior, and minimal degradation 

in electrical properties over the temperature range of 25-125 "C. Unfortunately, research 

has also shown that SBT must usually be fired to 800-850 ®C to exhibit the 

aforementioned electrical behavior. This makes the integration of SBT into standard 

CMOS devices for memory applications difficult, since the upper limit for thermal 

exposure of CMOS is 600 "C or less. 

The first part of this literature review discusses the general crystal structure of 

layered perovskites and how their atomic arrangement leads to ferroelectric behavior. 

The next section sunmiarizes wet-chemical processing from a scientific perspective, 

followed by brief discussion of the physics behind film formation via spin coating. The 

third section reviews the SBT literature with a focus on the effects of composition, 

synthesis route, heat treatment, and other processing variables on the crystallization and 

phase development of SBT films. The fourth section surveys electrical properties of SBT 
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films and efforts on integrating SBT into memory device applications. The final section 

discusses techniques that have been successful in other research areas in lowering the 

crystalHzation temperature of ceramic materials, and may prove useful for SBT. 

2.1 Layered Perovskites 

Layered perovskites belong to a group of compounds discovered and described by 

Aurivillius with the chemical formula Ani-iBi2Bni03mH-3.^ These compounds have a 

structure consisting of alternating perovskite-like layers of the composition {(Am-iBmOsm. 

i)^*} and rock salt structured {(BiaOa)^^}® layers, as shown in Figure 2.1.'O- • ^ 

0/2 

h — • — H  

A® B# 00 

Figure 2.1: Schematic of half of a m=2 layered perovskite unit cell.t^ 
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The B atoms, which can include Ti"*^, Nb®^, Ta®^, Mo^, W^, and Fe^^, are higher valence 

atoms that are octahedrally coordinated with oxygen. Neighboring octahedra are 

connected with each other by their comers.The A atoms are a combination of 

cations, such as Sr^\ Ca^^ Pb^^ Bi^^, and Ba^"^, which are 12-fold coordinated with 

oxygen and are located in the space between the BOe octahedrons.i^' subscript 

integer m corresponds to the number of sheets of BOe comer sharing octahedra which 

comprise each perovskite-like layer.Therefore, with m sheets of BOe octahedra 

between two neighboring (Bi202)^^ layers, there are (m-1) perovskite-like units within a 

given layer.'' 14,16 Tjiis arrangement leads to an overall face-centered orthorhombic 

crystal structure, or, to a good approximation, a body-centered tetragonal crystal 

structure. 

Research into the synthesis and properties of layered perovskites has led to the 

formulation of several empirical rules regarding their crystal chemistry.'^ First, the Bi^^ 

atoms in the (Bi202)^^ layers cannot be easily replaced with other atoms, except Pb^^ and 

La^^, since the pyramidal coordination required by the structure is unattractive to cations 

with low electronic polarizability.'^ However, substitution of Pb^^ is limited, since full 

substitution for Bi would produce an electrically neutral Pb202 layer. A neutral layer 

would make the structure unstable, because of a reduction in the attractive forces between 

layers.'^ In contrast, bismuth atoms within the perovskite layer A sites can be easily 

replaced by a varieQr of univalent, divalent, and trivalent cations. The size requirements 

for the ions are not stringent and are similar to those for the Q^ical perovskite structure. 

Therefore, ions as small as Na^ and as large as Ba^^ can substitute for Bi^*^. The upper 
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limit is established by the mismatch between the (Bi202)^"^ and the perovskite layers, 

while the lower limit is detennined by the stability of the perovskite layer with a given 

cation.'^ Research has shown that intermediate sized cations, like Sr^^ and La^^ are 

preferred. On the other hand, the octahedral site (B site) in the layered perovskites is 

more inflexible than those found in perovskites, since the site will only accept ions in a 

limited size range. Large ions cannot be tolerated due to excessive lattice strain.'^ 

The formation of BOe octahedrons with atoms such as Ti, Ta, and Nb, in the 

perovskite-like layers allows spontaneous polarization to take place in the plane of these 

layers.)'^ This polarization is very anisotropic, being much larger along the a-axis than 

along the c-axis because of the presence of the layers. The large spontaneous 

polarization observed along the a-axis is a result of a significant underbonding of the 

atoms in the perovskite layer's A site and, to a lesser extent, to underbonding of Bi^^ in 

the BiiOi^^ layers.'8 This causes a displacement of Bi atoms in the A sites, with respect 

to the BOe octahedron, and results in the formation of a net polarization.'^ BUTiaOii 

illustrates the extent of the anisotropy which is possible in layered-perovskites, with a-

axis and c-axis polarization values of 50 jaC/cm^and 4 ^C/cm^ respectively.'' 

2.2 Strontium Bismuth Tantalate 

Strontium bismuth tantalate (SrBi2Ta209) is described by a modified version of 

the idealized Fmmm parent structure (a=5.5306 A, b=5.5344 A, c=24.9839 A) and the 

A2tam space group at room temperature.'^ For stoichiometric SrBi2Ta209, there is one 

complete perovskite block formed by Ta-0 octahedra, sandwiched between two Bi202^^ 
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layers. The B cations, Ta^^, are octahedrally coordinated by six oxygen ions. The A 

cations, Sr^^, are surrounded by twelve oxygen ions and are located in the spaces between 

the Ta-0 octahedra. For nonstoichiometric SBT, Bi can occupy the A site as well. The 

crystal structure of SBT is shown in Figure 2.1. A sununary of some of the important 

electrical properties for bulk SBT can be found in Table 2.1. 

Table 2.1: Electrical Properties of Bulk SBT 

Property Value Reference 
Dielectric constant 180 13,20 
d3i 23pC/N 20,21 
Curie Temperature 310-335 °C 13,21 
Theoretical Ps(a-axis) 14.4 uC/cm^ 18 

As recently as the early 1990's, the Ps of SBT was believed to be approximately 6 

jiC/cm^ As a result, it was often overlooked as a candidate material for electronic 

applications. However, crystal structure refinement work by Rae et ai determined that 

the saturation polarization of SBT was much larger than previously thought (14.4 

^C/cm~). This finding coupled with pioneering thin fihn work by Paz de Araujo et alJ 

brought SBT to the forefront of ferroelectric thin fihn research. 

In the past 4-5 years, SBT thin films have been fabricated by a wide variety of 

techniques. These techniques include solution deposition (sol-gel)^' pulsed laser 

ablation2''-30, metallorganic chemical vapor deposition (MOCVD)^'' 3^, flash MOCVD^^-

3^, liquid source misted chemical deposition (LSMCD)^^, radio-frequency magnetron 

sputtering37-49^ ion-beam sputtering^®' and electron cyclotron resonance (ECR) 
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sputtering^^. However, a review of the literature clearly shows that solution deposition 

techniques are the most frequently employed method of depositing SBT. The next 

section discusses solution deposition and thin film fabrication techniques. 

2.3 Solution Deposition Techniques 

Solution deposition techniques have been used in electronics research to 

synthesize a wide variety of thin film materials. Solution deposition methods are 

advantageous because they allow for atomic level control of composition, even for 

materials with highly complex chemistries; they are fast and inexpensive and can be used 

to quickly evaluate a wide range of compositions; and they offer the possibility of using 

precursor materials which facilitate processing at temperatures lower than those used in 

conventional approaches. Solution deposition is also compatible with many 

semiconductor fabrication technologies.^ A flow diagram of the solution deposition 

process is shown in Figure 2.2. 
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Chemical Reactions 
By-Products 
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Gelation 
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Densilication 
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Starting Materials (chemical structure, reactivity) 

Solution Precursor (homogeneity, size, ligands) 

Deposited Fihn (type, organic content, morphology) 

Crystalline Film (microstructure, orientation, density, grain size) 

Figure 2.2: Flow diagram for solution deposition (after 22). 

Tattle et ai 22 have proposed breaking solution deposition methods into three 

distinct categories: sol-gel routes that use aikoxyalcohol as the reactant and solvent, 

"hybrid" sol-gel routes that use a chelating agent to modify the molecular structure of the 

starting reagents, and metal-organic routes that use large carboxylate compounds as the 

starting reagents. The following will be a brief description of the three solution 

deposition categories. More detailed discussions on each of the routes can be found in 

the literature.22» 53-58 
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Alkoxides, which consist of cations bonded to alkyl groups through oxygens, 

M(OR)n, are common precursors for wet-chemical processing because they possess many 

attractive characteristics. These include high purity, ease of transformation into oxides, 

solution homogeneity, and the ability to form complexes when mixed into 

multicomponent systems.^"^- However, the use of alkoxides is complicated since they 

have a tendency to hydrolyze rapidly and easily, especially when the cation is an 

electropositive metal and the ligands are small. The hydrolysis rate can be reduced by 

either increasing the coordination number of the cation or by reducing the functionality^ of 

the precursor through the use of chemical modifiers.^^ These include alkoxyalcohols, 

alkanolamines, and chelating agents, such as acetic acid and acetylacetone. 

The alkoxyalcohol process mvolves the reaction of alkoxide compounds in 

solution with an alkoxyalcohol, such as 2-methoxyethanol, to modify the structure of the 

alkoxide precursors. Alkoxyalcohols are more reactive than classic alcohols, thereby 

allowing for direct conversion of oxoalkoxides into non-oxoalkoxides.^^ The advantages 

of this process are reproducible chemistry and stable, aging-resistant solutions.^^ There 

are three key reactions that take place in this process. The first reaction is the alkoxy 

exchange between the alkoxides and alkoxyalcohol. This exchange occurs under 

refluxing conditions and leads to the conversion of the smaller chained alkoxide 

precursors, such as methoxides, ethoxides, and propoxides, to an alkoxyalkoxide, such as 

the methoxyethoxide {M''(0CH2CH20CH3)„}. 

M(OR)„ + nCHsOCHzCHzOH -> M(0CH30CH2CH2)„ + nROH (2.1) 
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The exchange is advantageous because the alkoxyaikoxide ligands tend to act as bridging 

ligands instead of terminal ligands. Bridging results in the formation of large oligomers 

of the metal alkoxides, which cause screening of the metal cations and reduction of their 

sensitivity to hydrolysis by water.'* 

The other two important reactions are hydrolysis and condensation, which lead to 

the formation of the desired metal-oxygen-metal bonds. 

Hydrolysis: M(OR)„+H2O-> M(OR)„.,(OH) + ROH (2.2) 

Condensation: 2M(0R)n.i(0H) -> M20(0R)2n-2 +H2O (2.3) 

M(OR)„ +M(OR)„.i(OH) ^ M20(0R)2„-2 +H2O (2.4) 

Manipulation of the reaction parameters in each step, by altering refluxing temperature, 

refluxing time, hydrolysis rate, etc., allows for the tailoring of the properties of the final 

product, thereby making this process very flexible.22 

The next type of solution deposition process is the "hybrid" synthesis route. Like 

the aikoxyalcohol process, this process often starts with alkoxide precursors. However, 

instead of undergoing an alkoxy exchange with the solvent, a chelating agent is added to 

the solution, which structurally modifies the alkoxide monomer. In order for a molecule 

to function as a chelating agent, it must be able to satisfy at least two conditions. First, 

the molecule must be able to bond with a metal by donating a pair of electrons, i.e., it acts 

like a Lewis base. Second, the functional groups should be located such that the 

formation of a ring with the metal atom is sterically possible.'^* ^ Common chelating 
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agents include acetic acid (CH3COOH) and 2,4-pentanedione (CH3COCOH2COCH3). A 

typical chelation reaction is as follows; 

M(OR)m + n(R'OH) -> M(OR)m.n(OR')„ + mROH (2.5) 

By modifying the short chain alkoxides with longer ligands, chelation has an effect 

similar to the alkoxyalkoxy exchange discussed previously, i.e. the solution becomes 

more resistant to hydrolysis and condensation reactions due to improved cation screening. 

The advantages of "hybrid" processes are that the chemistry is simple, compared to 

alkoxyalcohol processes, and refluxing and distillation techniques are usually not 

necessary. However, the chemistry is less predictable due to the large number of side 

reactions that can take place, so stnct control over the final product can be difficult. 

Finally, aging can occur due to ongoing reactions within the solution that lead to 

continued oligomerization and precipitation.^ 

The third deposition method is metal-organic deposition (MOD). The MOD 

process involves the dissolution of large, non-reactive, water insensitive soap-like 

compounds, in the desired stoichiometric proportions, in an appropriate organic 

solvent.^' Ideal compounds for MOD should have the following ten properties: 1. 

High purity and well defined structures, 2. Easy synthesis and purification, 3. Complete 

decomposition without evaporating or melting, 4. High metal content, 5. High solubility 

in common organic solvents, 6. Stability under ambient conditions, 7. Compatibility with 

the other compounds in the solution, 8. Proper decomposition temperature range, 9. No or 

low production of toxic by-products when thermally decomposed, and 10. Cost 
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effectiveness.^^ Unfortunately, it is often not possible to maximize ail of these properties 

for a given system, and compromises must be made. Some common MOD precursors, 

suitable for ferroelectric materials, include long chain carboxylates, such as 

ethylhexanoate, neodecanoate, and p-diketonate compounds.22. 56 Xylenes and toluene 

are often used as the primary solvent. 

MOD processes are dramatically different than either the alkoxyalcohol or 

"hybrid" processes, since, instead of relying on chemical reactions to form the desired 

product, the MOD precursors are simply dissolved in xylenes, alcohol, etc. with the 

desired stoichiometry and no chemical reactions take place. Oligomerization of the 

precursors is not a problem due to the water-insensitivity of tlie precursors and the non

interaction between the precursors and the solvent. However, the large size of the 

precursor molecules can lead to cracking upon drying when used for thin-fihn fabrication. 

Also, since minimal reactivity of the precursors makes them chemically untailorable, 

control over the microstructure is limited to alterations in the deposition method and heat 

treatment conditions.^^ 

2.3.1 Film Deposition 

After the precursor solution is synthesized, thin films are often manufactured by 

dip-coating or spin-coating. For dip-coating, an wafer stack is vertically dipped into a 

solution, then withdrawn at an appropriate rate (often several mm/sec).^' The final film 

thickness is a result of competition among viscous drag on the solution, caused by the 

moving substrate, gravity, surface tension, and the inertial force of the boundary layer 
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liquid.^^ In spin-coating, the solution is dripped onto a substrate from a 0.2-0.5 (un 

filtered syringe. In order to guarantee uniform coverage, the entire wafer surface is 

flooded with the solution prior to spinning. Spinning rates usually range between 1500 

and 3000 RPM, with a total spinning time between 20 and 60 sec. The final fihn 

thickness is a flmction of spinning rate, spinning time, and solution viscosity and can be 

estimated from fluid dynamics, assuming a Newtonian fluid and ignoring interface slip 

between the liquid and the rotating substrate, using the Navier-Stokes equation.^^ 

hs = (C/2o)ps)(3Tipi/t) (2.6) 

Here hj is the final thickness of the pyrolized fihn, ps and pi are the densities of the solid 

and liquid within the solution, o is the angular velocity, t] is the viscosity of the solution, 

t is the spinning time, and C is the concentration of the solution (g solid/g solution). 

The fmal structure of films fabricated by either dip-coating or spin-coating 

depends on the competition between compaction processes, such as evaporation and 

capillary pressure, and processes that tend to stiffen the structure and prevent collapse, 

like condensation reactions and aggregation.^^ For spin coating, the rapid rotation of the 

substrate creates a strong, forced convection in the vapor above the substrate, which 

enhances evaporation. As a result, the structure of the film is strongly influenced by 

capillarity.®^ 

2.4. Solution Synthesis of Strontium Bismutii Tantalate 

SBT has been synthesized by a wide variety of sol-gel and metal-organic routes. 

However, a majority^ of the research has been focused on MOD methods, in particular the 
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Symetrix MOD method, whose solution contains the metal-ethylhexanoates of the cations 

dissolved in xylenes.̂  ̂ interestingly enough, a thorough review of the literature reveals 

that there is no dominant solution deposition route, in terms of properties, for SBT. 

Table 2.2 compares the electrical properties of SBT fihns processed by several 

research groups. 



Table 2,2: Electrical Properties of Solution Deposited SBT Films 

Composition 
(Sr/Bi/Ta) 

Type Anneal 
Temp, (°C) 

Thickness 
(nm) 

Er tan5 Pr 
(uC/cm^) 

Ec 
(kV/cm) 

Fatigue 
(cycles) 

Ref. 

1/2/2 Hybrid Sol-gel 750 
700 
650 

500 380 0.03 7-8 
7.5 
5.1 

45 3% at 410" 23 

1/2/2 Hybrid sol-gel 800 120 
280 

5.4 
7.3 

None < MO" 64 

1/2/2 
1/2.2/2 

MOD 
Hybrid Sol-gel 

800 280 6-8 None <2-10" 
10%at510'° 
16%at310" 

65 

1/2.2/2 Hybrid sol-gel 800 280 347 0,049 10.0 38 None < MO" 66 

1/2.2/2 MOD 800 200 5 55 None < MO" 13 

1/2,4/2 Hybrid sol-gel 650 
700 
750 
800 

75 
230 
240 
250 

0 
4 

7.5 
10 

0 
60 
48 
40 

67 

er= relative dielectric constant, tan5= dielectric loss tangent, = remanent polarization, Ec= coercive field, 
alkoxy sol-gel = alkoxyalcohol based sol-gel solutions, hybrid sol-gel= other sol-gel solutions, MOD= metal-organic 
deposition 

U> 
00 



Table 2.2- Continued 

Composition Type Anneal Thickness Ef Tan8 Pr Ec Fatigue Ref. 
(Sr/Bi/Ta) Temp. (°C) (nm) (nC/cm^) (kV/cm) (cycles) 

1/2/2 MOD 700 180-200 2.4 25%<M0'' 68 
0.9/2/2 4.3 35%<M0' 
0.8/2.2 6.3 60%<110' 
0.7/2.2 6.0 
0.6/2.2 3.8 50%<M0' 

0.8/2.4/2 Alkoxy Sol-gel 600 200 8.5 30 69 
(S torr O2 anneal) 

0,8/2.2/2 MOD 700 200 7.9 None<MO^ 70 

0.7/2.2/2 MOD A 800 300 140 0.04 2,0 73 61 
MODE 400 180 0.03 4.5 60 None<MO' 

Alkoxy Sol-gel 390 78 0.05 1.6 110 
(c-axis) 

Alkoxy Sol-gel 390 100 0.06 2.8 108 
(random) 

0.7/2.3/2 Alkoxy sol-gel 700 180 3.5 55 None < MO" 71 
800 7.0 50 None< 1*10" 

0.7/2.3/2 Alkoxy Sol-gel 650 200 0 72 
700 5.0 
750 5.5 
800 6.0 

er= relative dielectric constant, tan8= dielectric loss tangent, P, = remanent polarization, Ec= coercive field, 
alkoxy sol-gel = alkoxyalcohol based sol-gel solutions, hybrid sol-gel= other sol-gel solutions, MOD= metal-organic 
deposition 
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Table 2.2 clearly shows that a wide range of electrical behavior has been measured for 

MOD and sol-gel derived SBT films, which have been processed under a variety of 

conditions. Despite the lack of obvious trends between synthesis route and electrical 

properties, results firom the literature provide insights into the effects of processing 

conditions, overall film composition, electrodes, and testing conditions on the phase 

development and electrical properties, e.g. remanent polarization and fatigue, of SBT 

films. Before presenting these insights, it is useful to review what is known about phase 

development in SBT. 

2.4.1 SBT Crystallization Pathway (Time and Temperature Effects) 

In order to be able to predict how processing conditions affect a film, it is 

important to understand the crystallization behavior of the layered perovskite SBT phase. 

A great deal of research effort has gone into examining the effect of temperature and, to 

some extent, time on the crystallization of solution-deposited SBT films. Figure 2.3 

summarizes the general crystallization path for SBT. The data shown in the figure were 

gathered by M.A. Rodriguez et on hybrid sol-gel derived 1/2/2 (moles Sr/Bi/Ta per 

mole of SBT) composition fihns using high-temperature grazing-incidence x-ray 

diffraction (HTGDCRD). 
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Figure 2.3: Summary of HTGEXRD data detailing the phase development of SBT films as 
a function of temperature.'^ 

Films fired for ~5 min. at 500 "C and 550 "C are mostly amorphous. The fiuorite 

phase begins to form at 600 "C, as shown by the presence of the fiuorite (111) and (200) 

diffraction peaks at 29° and 31.5°, respectively, and continues to develop at 650 °C. The 

layered perovskite phase begins to form at 700 °C; and by 750 "C the fihn is fiilly 

crystallized SBT. A similar study performed by Lu et using conventional fiimace 

annealing (with a one hour hold at temperature) agrees with these results quite well. 

Amanuma et al^ also found only the fiuorite phase formed in MOD films fired for 10 

min. at 600 °C and 650 °C. By 700 °C, the XRD pattern showed very sharp layered 

perovskite SBT dif&action peaks. Desu et alJ^ also found that the crystallinity of MOD 

fihns increased with annealing temperature over the 550>750 °C temperature range (3 hr. 

hold at temperature). Crystallization began at 550 °C and was complete by 700 °C. 
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Hybrid sol-gel films developed by Boyle et al.̂  were phase-pure layered-perovskite after 

30 minutes at 750 °C and 800 °C in an oxygen atmosphere. Phase-pure SBT was also 

achieved at 700 °C, but longer annealing times (> 3 hours) were needed. In almost all 

cases, the primary crystal orientation was random, with the (115) and (200) planes having 

the most intense dif&action peaks. However, Hayashi et al.^^ found the (001) orientation 

increased with an increase in processing temperature. 

The previous studies only definitively show that a fiuorite structured compound 

forms before the layered perovskite SBT phase crystallizes. However, it is unclear from 

the data whether the fiuorite phase transforms into the layered perovskite phase, or 

whether the SBT phase nucleates firom an amorphous region of the film and is thus a 

competing phase. A detailed time at temperature (700 °C) study recently performed by 

Rodriguez et alP on a 1/2/2 composition hybrid fihn has helped determine that the 

fiuorite phase does indeed transform into the SBT phase. Figure 2.4 summarizes the 

results of their study. 
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Figure 2.4: Summary of HTGIXRD data detailing the phase development of SBT films at 
700 ®C as a function of time at temperature.'^ 

Almost immediately (< 6 min) after heating the film to 700 °C, the amorphous film 

crystallizes into the fluorite phase. Over the course of the first 30 minutes at temperature, 

the fluorite phase slowly converts to the layered perovskite phase. This conclusion is 

based on the observation that the intensities of the (111) and (200) fluorite dif&action 

peaks decrease with increasing firing time, while the diffiraction intensities of (115) and 

(020/200) peaks of the SBT phase increase. After 30 minutes, the transformation is 

complete and the primary differences in subsequent patterns are an increase in peak 

intensity and reduction in the peak full-width-at-half-max (FWHM), which is most likely 

due to increased grain size. 
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Tanaka et recently performed a detailed study on the effects of time and 

temperature on the phase development of rapid thermally annealed 1/2.4/2 composition 

MOD films. Figure 2.5 summarizes the results from theur study. 
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Figure 2.5: Effect of time and temperature on the phase development of 1/2.4/2 films 
(after 

Films fired at or below 680 "C for up to 30 minutes yielded only amorphous and fluorite 

phase. Between 735*805 °C, the fihns crystallized into the layered perovskite phase after 

at least 30 seconds at temperature. However, the firing temperature had to be raised to 

885 before SBT crystallization would take place in 10 seconds. Increased temperature 

to 915 "C was unsuccessful in decreasing the crystallization time further. In all cases, the 

fluorite phase formed prior to the formation of SBT, even at very elevated temperatures. 



These data strongly support Rodriguez et alJ ,̂ who suggest that the reaction pathway for 

SBT is amorphous=>fluorite^layered perovskite. 

2.4.1.1 Fluorite Phase Formatioii 

The previous phase development studies, which include data for fikns fired under 

conventional and RTA conditions, strongly suggest that the SBT phase forms by 

transformation of the fluorite phase. In fact, most researchers believe that the fluorite 

phase is a metastable, intermediate phase of SBT. Evidence for the metastable nature of 

fluorite includes the facts that bulk samples of fluorite have not been successfully 

fabricated, and that the SBT-to-fluorite transformation at lower temperatures has not been 

observed. However, fluorite appears to be stable in thin films over a fairly wide 

temperature range. TEM work by Osaka et has shown that even upon SBT 

formation in thin films, large micrograin regions of fluorite remain unchanged (no 

apparent grain growth, etc.) at temperatures as high as 700 °C. More research needs to be 

done to determine the primary mecham'sms behind fluorite formation. However, there 

have been several studies examining the structural links between the fluorite and the 

layered perovskite phases, which provide insight into why forming the fluorite phase may 

be useful for promoting the formation of the complex layered perovskite phase. 

One possible benefit of forming the fluorite structure prior to the SBT phase is 

that the fluorite crystal structure, assuming a random mixing of cations within the 

structure, contains enough sites to satisfy the cation stoichiometry necessary for the 

layered perovskite phase.'^^ Therefore, the fluorite structure may help maintain the 
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necessary cation ratios needed to form the layered perovskite phase by preventing phase 

separation at the higher processing temperatures. However, Ta typically prefers an 

octahedral coordination, compared to the 8-fold coordination required by the fluorite 

structure. The literature has speculated that the formation of a metastable intermediate 

structure would be consistent with Ta in such an undesirable coordination state. This 

could possibly explain why the crystallite size of the fluorite phase tends to be 

microcrystalline (as determined by the broad XRD peaks), since the stresses caused by the 

Ta 8-fold coordination may inhibit large grain formation. The microcrystalline nature of 

the fluorite phase could also be the result of a high nucleation density of fluorite from the 

amorphous film and stable 3-grain boundaries. However, as discussed in the next 

paragraph, experimental results suggest that the Ta coordination in fluorite is 6-fold, 

instead of 8-fold; therefore, the microcrystalline nature of the fluorite phase is most likely 

not due to stresses caused by an undesirable Ta coordination state. Epitaxial stresses may 

play a role in hindering fluorite grain growth, but this is unsubstantiated and doubtful. 

Recent experimental results have indicated that the Ta coordination in the fluorite 

phase is actually 6-fold. Using near x-ray absorption fine structure (NEXAFS) spectra, 

which is sensitive to the local electronic structure, Hartmann et determined that 

the density of states of the tantalum sites in the fluorite phase and layered perovskite 

phases are basically identical. This suggests that Ta valence values and the orbital 

configurations are quite similar in the two phases. X-ray photoelectron spectroscopy 

(XPS) supports the NEXAFS results by indicating that the chemical environment of the 

Ta ions is also similar in the two structures, while the chemical environments of the Sr 
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and Bi ions are quite different Extended x-ray absorption fine structure (EXAFS) 

spectra, which reveal information about local atomic arrangement, indicate that the 

oxygen atomic environment of the Ta is also very similar in the two phases. Therefore, 

since the ideal fluorite structure requires that Ta be 8-fold coordinated and the layered 

perovskite requires 6-fold coordination, the fluorite structure is actually be defective, e.g. 

two of the oxygen ions are missing in each ceil. The prospect of forming a fluorite 

structure with 6-fold coordinated Ta ions is supported by Zhou^^, who found that 

materials of the BiiOs-TaaOs class do form defective fluorite structures with the tantalum 

being octahedrally coordinated. A comparison of EXAFS data fitted to fluorite and 

layered perovskite structures also showed that the Ta-0 bond lengths were the same 

(0.19S nm) in the two phases. The authors speculate that the structural similarities 

between the two phases may suggest that a low temperature direct conversion from 

amorphous to SBT probably does not exist. However, this assertion may be premature, 

since the mecham'sms behind SBT formation are not thoroughly understood. 

2.4.1.2 Pyrochlore Phase Fonnation 

Rodriguez et have also observed the formation of a nonstoichiometric 

pyrochlore phase with the structure Sro.2(Sro.5Bio.7)Ta206.75 in Bi deficient SBT fihns. 

Unlike, the PZT analog, the pyrochlore phase of SBT is often formed when fihns are fired 

to elevated temperatures (750+ °C), due to the loss of bismuth into the bottom electrode 

stack.^'^ The pyrochlore phase is a useful diagnostic tool for monitoring the formation of 

SBT, since its presence implies that the composition of the film has deviated fix>m the 
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stoichiometric catioa ratios. To obtain more detailed phase development information on 

the pyrochlore phase, Rodriguez et alJ^ recently used high-temperature grazing-incidence 

x-ray diffraction to examine the effect of temperature on the phase development of 

1/0.8/2 composition fihns. Figtire 2.6 summarizes the results of their study. 

iiuCnsiinu 

[amorphoual ^ 

Two-Theta (degrees) 

Figure 2.6: Phase development of the pyrochlore phase of SBT as a function of 
temperature.'^ 

The data show that the films remained amorphous until 700 °C where a crystalline phase 

begins to form. The pattern at 700 "C could either be fluorite or pyrochlore, since the 

crucial (111) peak of pyrochlore is not present to help with the identification. However, 

at 750 ®C and above, the film is clearly pyrochlore. The formation of pyrochlore at 750 

"C has been independently confirmed by Osaka et aP~ using TEM and electron 

dif&action. High temperature experiments suggest that the pyrochlore phase is stable 

since it shows no tendency to transform into any other phase. Fabrication of pyrochlore 

in bulk powder form helps strengthen the argument that it is unlikely a metastable phase. 
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Therefore, unlike the PZT system where the pyrochlore phase is an intermediate phase 

between the amorphous and perovskite phases, the pyrochlore phase in the SBT system 

does not appear to convert into the ferroelectric layered perovskite phase. One reason for 

this is that there is probably not enough Bi in the pyrochlore phase to support the 

formation of the layered perovskite structure. 

2.4.2 MOD vs. Sol-gel- Morphology and Orientation 

Results from the literature suggest that different solution deposition routes can 

produce fihns with different microstructures. The long chain carboxylate precursors used 

in MOD tend to produce thin films with a fine-grained microstructure. Also, the high 

carbon concentrations in MOD films often produce porosity in the final film.^^ Hayashi 

et alM^ found that MOD films showed a random orientation, while films fabricated 

from alkoxyalcohol based sol-gel solutions (alkoxy sol-gel) showed a preferred (001) 

orientation if the Bi-alkoxide was added to a solution of Ta-Sr double alkoxide. When all 

three alkoxides were mixed simultaneously, the orientation was random. This suggests 

that crystal orientation may be influenced by the coordination state of the metal-organic 

species in the coating solutions. The formation of the Ta-Sr double alkoxide in solution, 

prior to coating, seems to promote c-axis orientation, whereas a Bi-Sr double alkoxide 

does not. The remanent polarization and coercive field increase with a decrease in c-axis 

orientation.'^^ Klee et found that 10 % excess Bi hybrid sol-gel films have a higher 

density then their MOD counterparts, and have very smooth surfaces. 
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Koiwa et al.̂  ̂ determined that the choice of Sr source for alkoxy sol-gel derived 

films, either Sr-isopropoxide or Sr-methoxypropoxide, had a significant effect on crystal 

orientation. Fihns synthesized with Sr-isopropoxide showed stronger (001) x-ray 

difBraction peaks, with the c-axis of the film oriented normal to the substrate, compared to 

Sr-methoxypropoxide films which had stronger (115), (110), and (215) peaks. However, 

siirface morphology and grain size were found to be the same in both cases. 

Overall, hybrid sol-gel and alkoxy sol-gel methods appear to produce films with 

similar densities and grain sizes. Alkoxy sol-gel methods may to be more flexible in 

terms of controlling the final film orientation, since the choice of precursors and the 

precursor mixing order appear to have a strong influence on film orientation. However, 

the addition of acetylacetone to alkoxy sol-gel solutions appears to promote c-axis 

orientated SBT films, which is undesirable due to the very low polarizability of SBT 

along that axis.^^ Most films derived from hybrid sol-gel solutions, like MOD films, 

have random orientations. The electrical properties of randomly orientated SBT films fall 

in-between the c-axis and a-axis extremes, and are sufficient for many applications. 

The primary advantage of the sol-gel methods over MOD methods is the potential 

for reduced porosity, due to a reduction in the organic content of the films, and possibly 

larger grain size after similar processing. However, more detailed and systematic 

experiments must be performed on both techniques to establish how the solution route 

influences the final microstructure and electrical properties. 
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2.4.3 Annealing Atmosphere 

2.4J.l Low p02 Atmosphere 

The majority of experimental SBT films have been heat treated in a pure oxygen 

atmosphere. However, Ito et found that low pOi annealing of SBT films may reduce 

the temperature at which SBT is formed. Films annealed at 600 °C under a 5-50 torr 

oxygen atmosphere showed distinct (115) SBT peaks, while fihns aimealed at 760 torr 

showed only broad, non-crystalline peaks. The grains grown at 5 torr were globular in 

shape with an average size of 100-150 nm. Rod-like grains were observed at 50 torr. 

Pressures below 1 torr resulted in porous microstructures, which were attributed to 

metallic Bi evaporation during the annealing process. The maximum remanent 

polarization (Pr) was found at 5 torr (8.5 (iC/cm^). The authors speculate that the loss of 

Bi during the low pressure anneal promotes the migration of atoms and crystallization of 

SBT. Another possible explanation is that reductions in residual carbon allow the SBT 

grains to grow more easily, since carbon tends to accumulate at the grain boundaries and 

hinder growth. This conclusion has been supported by research performed in the high 

temperature copper-oxide superconductors where the use of carbonate and acetate based 

precursors has required the development of decarburization techniques.^^ 

Ogata et aî  recently published results showing that by performing rapid thermal 

(RTA) post-pyrolysis and final anneals in vacuum (2 torr), excellent electrical properties 

can be achieved at 650 °C (a total of 2 hours at temperature). The films were dense and 

had higher Pr values and lower Ec values than films processed with a 760 torr O2 post-

pyrolysis anneal. However, the difference in properties produced by the two processes 



may be more a function of the difference in post-pyrolysis annealing time (5 minutes for 

the 760 Torr vs. 60 minutes for the 2 torr) than differences in pOi. A comparison, using 

equivalent times and temperatures would be needed to prove or disprove the advantages 

of the low pOi first anneal. 

2.4.3.2 Hydrogen Atmosphere Effects 

In fabricating memory devices, the devices are often placed in a hydrogen-

containing environment (forming gas) to neutralize the trapped charge at the gate of the 

Si02/Si interface of MOS transistors.®^ Research by several groups has shown that 

the electrical properties of SBT, such as the remanent polarization, coercive field, and 

film resistance, are significantly affected by hydrogen-contaim'ng atmospheres. Zafar et 

al.^^ found that in a SBT/Pt/TiOi/SiOa/Si film stack, the SBT layer is the most hydrogen 

sensitive. Stress measurements made on fihns cycled &om room temperature to 450 °C 

at 6 "C/mia in N2 and forming gas (5% H2) showed that fihns fired in forming gas had an 

irreversible change in mechanical stress with annealing temperature. The stress increased 

with temperature; but unlike films fired in N2, the stress remained constant, instead of 

decreasing, as the temperature was reduced. The film stress could only be partially 

alleviated by annealing the films in O2, which suggests that the hydrogen reacts 

chemically with the SBT. Characterization with XRD, EDS, Auger, SEM, and TEM, 

confirm that the hydrogen gas reduces the bismuth oxide m the fihn to bismuth metal, 

thereby creating an oxygen deficient SBT film. Since the ferroelectric properties of SBT 

are caused by ionic polarization (Bi-0 bonds being the most important), it should be 
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expected that a change in fihn structure would alter the polarization of the film. The 

reason for only a partial recovery of electrical properties with an O2 atmeal is that the 

diffusion of the Bi metal to the surface of the film leaves some regions of the film Bi 

deficient, which inhibits complete recrystallization of the SBT phase. 

Han et al.̂  ̂ performed a detailed study of the importance of top electrodes on 

hydrogen-induced degradation in SBT and PZT. Comparing fihns with Pt, Au, Ag, Ni, 

Cu and IniOs top electrodes, they found that Pt electrodes performed the worst, especially 

with increased testing temperatures, while fihns with IniOs electrodes were almost 

unaffected by Hi. Analysis of the data showed that the degree of degradation in the 

electrical properties was directly linked to the catalytic activity of the top electrode to 

dissociate molecular hydrogen into atomic hydrogen. The degradation occurs because the 

atomic hydrogen diffuses into the SBT film and reacts with the oxide to form water, 

thereby reducing the Bi^^ to Bi^ and making the film oxygen deficient. The recovery of 

the electrical properties by an oxygen anneal appears to be a function of the ability of a 

given electrode material to act as a catalyst for dissociating molecular oxygen to atomic 

oxygen. These results are supported by Kanehara et alP, who found that SBT deposited 

on hOi electrodes was ahnost unaffected by anneals performed in atmospheres with as 

much as 50% H2. Katori et al.^^ determined that RUO2 electrodes also make SBT films 

very resistant to forming gas degradation. However, the use of oxide electrodes 

eliminates the primary reason for using SBT, instead of PZT, which is fatigue-fi:ee 

behavior on metal electrodes. 
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2.4.4 Sr/Bi/Ta Stoichiometiy 

The overall composition of an SBT film can have a dramatic effect on the final 

microstructure and electrical properties. In the following sections, the effect of bismuth 

and strontium content on phase development and film morphology is discussed. 

2.4.4.1 Bismuth Content 

Bismuth has one of the lowest melting points of any metal (~225 ®C); and is 

volatile at high temperatures. ICP analysis by Noguchi et showed that the Bi 

composition of a SBT film fired above 700 ®C is less than that of the original solution 

and that Bi loss increases with increased annealing temperature. The authors speculate 

that the Bi loss is due either to diffusion of Bi into the bottom electrode stack, or to 

evaporation of Bi from the top surface of the fihn. Auger spectroscopy'3, recoil 

spectroscopy", and SIMS experiments confirm that Bi is lost primarily by diffusion of 

Bi into the Pt bottom electrode at temperatures as low as 650 °C. Research has also 

shown that there is a strong interaction between Bi, Pt, and Ti (conmionly used as an 

adhesion layer between Pt and Si), which can affect the structure and composition of the 

SBT fihn near the bottom electrode. XPS analysis, performed by Gutleben et 

verified that Bi-deficient films have a strong tendency to form secondary phases. 

Quantitative analysis performed by Osaka et has also revealed that the fluorite 

regions of films have a lower Bi content than SBT regions. This suggests that additions 

of excess Bi may help aid in the crystallization of the layered perovskite phase.^^ 
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Cunently, it is common practice to compensate for the loss of Bi by adding 

between 10-50% excess Bi. Beach et determined that a minimum of 10% excess Bi 

was required to produce phase-pure sol-gel derived SBT films at 800 "C. Boyle et al.̂  

showed that 25% excess Bi in hybrid sol-gel films lead to phase-pure SBT with large 

grains. However, Joshi et al.^^ found that excess quantities of bismuth greater than 35% 

lead to a decrease in grain size. Chen et ai'^ and Gutleben et al.^ observed that fihns 

with 50% or more excess bismuth crystallized bismuth oxide as a second phase at the 

SBT grain boundaries. Film orientation and grain size were also found to depend on Bi 

content. The largest grain sizes appeared in SBT films with 30-50% excess bismuth. The 

grain size decreases with excess bismuth above 50%. A Bi excess of 30-50% also 

maximized the degree of a-b film orientation. 

Klee et al.̂  ̂determined that MOD fihns with 10 % excess bismuth have higher 

densities than stoichiometric films. This may be due to excess Bi serving as a sintering 

aid to densify the films. Atsuki et observed that the grain morphology of SBT films 

with a bismuth excess between 0 and 30% was rod-like and that the grain size was larger, 

compared to the stoichiometric Bi composition. Ono et ^ found that Bi can become 

reduced during processing and that the metallic Bi will diffuse firom the inner part of the 

fihn to the surface. Deposition of the metallic Bi in cavities between the large SBT grains 

and microcrystalline regions can drastically affect electrical properties. 
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2.4.4.2 Strontium Content 

Strontiuiii content has also been found to have an important effect on the final 

electrical properties of SBT. In bulk samples, Torii et al.recently found that Sr-

deficient SBT compositions have higher Ps values than stoichiometric compositions 

because of an increase in Curie Temperature (Tc) with Sr deficiency (from -310 °C for 

stoichiometric Sr SBT to ~500 ®C for 50% Sr deficient). This is supported by Takemura 

et al. '0', who also found that the Tc of SBT increases with increasing Sr deficiency in thin 

films. Singh et have analyzed the relationship between Curie temperature and 

spontaneous polarization for undoped layered perovskite materials and found that the two 

properties are related in a simple linear fashion. Layered perovskite materials with higher 

Curie temperatures have larger spontaneous polarizations. 

The literature has speculated that Bi substitution onto Sr sites is possible in Sr-

deficient fihns. Comparison of Pauling's ionic radii of Sr^^ and Bi^^ which are 1.13 A 

and 0.95 A, respectively, suggests, based on size, that the substitution should be possible. 

Recent Rietveld refinements, by Cheon et on nonstoichiometric SBT compositions, 

predict that at least 20% of the Sr sites can be filled with Bi ions. However, since the 

largest Bi excess analyzed was 20% in a 30% Sr-deficient fihn, the extent to which even 

more Bi could substitute for Sr was not determined. In any case, it would be expected 

that, the differences in ionic valency would require some sort of charge compensation or 

change in local atomic configuration before substitution could take place. 

Theoretical calculations by Miuia et aî ,̂ using a molecular orbital method, 

suggest that such a charge compensation can take place. Their model predicts that the Sr 
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ions in the layered perovskite layers maintain their +2 ionized state, but the valency of Bi, 

when substituted for Sr, changes from the elemental +3 valency to +2.09. Therefore, it 

appears that the valency of Bi can be changed enough to replace Sr in the A site. The 

charge compensation, required for the change of Bi ion valency most likely comes from 

the formation of cation vacancies or holes. Miura et ai believe that the enhanced 

intrinsic polarization seen in Sr-deficient films is a result of differences in Sr-0 and Bi-0 

bonding. Sr ions appear to have a more ionic interaction with O ions, while Bi ions have 

a more covalent interaction. Therefore, the Bi ions would favor displacement more than 

Sr ions, which results in the higher polarizability measured in Sr deficient films. It 

should be mentioned that a review of the literature indicates that Bi^"^ does not commonly 

occur in nature, therefore this process may not be the preferred method by which Bi 

substitution occurs. 

Bi substitution could also be facilitated by the formation of Sr vacancies in the 

SBT structure, which would provide the charge compensation required for the higher 

valence Bi^^ ions to substitute on the Sr^^ site. Recent structure refinements by 

Shimakawa et ai who assumed that charge compensation occurs through Sr vacancy 

formation, suggests that the enhanced polarization caused by Bi substitution is due to an 

enhanced distortion of the TaOfi octahedra caused by the substitution of the smaller Bi^^ 

ion for the larger Sr^*^. The difference in ionic radii increases the compressive stress 

between the perovskite layers and (BiiOi)^^ layers and distorts the TaOe octahedra, 

resulting in an increase in spontaneous polarization. Theoretically, both the formation of 

Sr vacancies or the change of the valence of the Bi ions from +3 to +2 seem possible, but 
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more experimental research needs to be done to confirm whether one mechanism 

dominates or whether Bi substitution occurs through a combination of the two 

mechanisms. 

Regardless of how Sr deficiency leads to a slight increase in the intrinsic 

polarizability in SBT, by far the most important influence of Sr deficiency on the 

remanent polarization (Pr) is its impact on phase and microstructural development. 

Hayashi et alM found that a Sr/Ta ratio (the ratio of the moles of Sr to Ta) of 0.4 led to 

higher crystallinity. However, BiiPt formed when the Sr/Ta ratio was reduced to 0.35. 

This was attributed to an increase in the mobility of Bi brought about by the presence of 

Sr vacancies in the nonstoichiometric film. Atsuki et observed that the dif&action 

intensity of the (115) plane increased and the peak FWHM decreased with a decrease in 

Sr content. Also, the (110) peaks of the films shift from a low angle to a high angle with 

a decrease in Sr content, which may be due to the substitution of Bi into the Sr sites to 

form (SrxBii.x)Bi2Ta209. Reductions in Sr/Ta ratio to 0.30 result in the increased (001) 

dif&action peak intensities.^^ 

The most comprehensive study on the effects of composition on microstructure 

has been performed by Noguchi et aV^, who studied the effect of Sr deficiency on 

stoichiometric Ta and Bi films, Bi excess in stoichiometric Ta and Sr films, and Bi excess 

on 20% Sr deficient films. Sr deficiency is believed to prevent Bi loss by allowing Bi to 

substitute into Sr sites. Fihns with excess Bi which were fired at 700 °C showed BizPt 

peaks in their XRD patterns. However, BiiPt was not found in films fired at 800 °C. All 

the Sr-deficient films, with stoichiometric Ta and Bi, showed the formation of a 



secondary phase identified as BiTa04. Hase et also found that the intensity of 

dif&action peaks for an unidentified phase (also believed to be BiTa04) increased with Sr 

deficiency. Recent research suggests the phase identified by Noguchi et ai and Hase et 

al. as BiTa04 is actually pyrochlore.'®® The formation of the secondary phase is thought 

to reduce the Pr of fihns with compositions greater than 30% Sr deficient Noguchi et ai 

found that films with 20% Sr deficiency and 10% Bi showed a local maximum in Pr at 

700 °C and 800 "C. This local maximum may be explained by the fact that their 20% Sr-

deflcient fikns have a larger grain size and lower void volumes than stoichiometric Sr 

fihns, which lead to a larger Pr. Films with more than 20% Sr-deficiency showed reduced 

Pr values, due to the increased formation of a second phase and by preferred c-axis 

orientation of the SBT grains.®*- These results suggest that SBT grain size, second 

phase fraction, and orientation are very important in determining the final Pr. 

2.4.5 Cation Doping 

Research by many groups, including Subbarao'®^* Isupov'®, and Smolenskii et 

ai have shown that the electrical properties of a given family of layered perovskite 

compounds (meaning compounds with the same value of m) can be significantly altered 

by changing the cations in either the perovskite A site or the perovskite B site. Figure 2.7 

shows a schematic of half of the SBT unit cell. The Sr and Ta ions reside on the A and B 

sites in undoped SBT, respectively. 
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Figure 2.7: Schematic of half of the SBT unit ceil. Strontium is located in the "A" site 
and tantalum is located in the "B" site. 

The Goldschmidt equation can be used to predict which cation combinations may 

produce a stable layered perovskite compound.'^'^ The Goldschmidt equation uses the 

ionic radii of the cations and anions in the material to calculate a geometric tolerance 

factor (/) for the cation combination. 

(2.7) 
-a^RB + Ro) 

RA, RB, and Ro are the values for the ionic radii of the A site cation, the B site cation, and 

oxygen, respectively. For regular perovskites, such as PZT, acceptable values for the 

tolerance factor range between 0.77 and 0.99. However, the tolerance factor for m=2 
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layered perovskites has been found to be 0.87 to 0.99, which may be due to strain 

limitations placed on the perovskite layers by bonds connecting them with the 

layers. It should be mentioned that the Goldschmidt equation is only an approximation, 

and ion size is most likely not the only controlling factor in stability. There are many 

cation combinations that satisfy the Goldschmidt equation, but do not form stable layered 

perovskite compounds, such as ThBiiTiiOg (t=0.82). Therefore, as Subbarao'®"' has 

suggested, other factors, such as electronic configuration and cation polarizability, may 

influence stability, as well. Table 2.3 shows the effect of different cations on the 

measured Curie temperature and electrical properties for a variety of m=2 layered 

perovskite materials. The purpose of Table 2.3 is to show how the spontaneous 

polarization of a given family of layered perovskites can vary greatly with the presence of 

different cations on either the A or B sites. 

Table 2.3: Effect of Cation Replacement on the Electrical Properties 
of m=2 Layered Perovskites. 

Compound Br (at RT) Ps 
(nC/cm^) 

Tcurie 
(V 

d33 
(pC/N) 

t References 

SrBi2Ta209 180 (100 kHz) 14.4 310 23 0.86 18,110 
PbBi2Ta209 180 (100 kHz) 425 5 0.85 10,110 
BaBi2Ta209 400 (100 kHz) 100 0.93 10, no 
Sro.9Bao. i Bi2Ta209 8 200 111 
SrBi2Nb209 190 (100 kHz) 425 10 0.86 10,110 
PbBi2Nb209 170 (100 kHz) 525 15 0.85 10,110 
Bi3TiNb09 100 (500 kHz) 26.9 940 0.87 110,112 
&r= relative dielectric constant, ?s- spontaneous polarization, Tcune* Curie Temperature 
d33= piezoelectric strain coefScient, tolerance factor 
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The spontaneous polarization increases linearly with an increase in Tc. In general, the 

dielectric constant increases as the testing temperature approaches the Curie temperature. 

However, the dsj does not seem to follow any obvious trend. Table 2.4 shows the effect 

of composition of the electrical properties of several layered perovskite films. 

Table 2.4: Electrical Properties Layered Perovskite Fihns. 

Compound Er (at RT) 2Pr 
(uC/cm^) 

Ref 

SrBiiTa^Og 325 12 113 
SrBi2Tai .sNbo.sOg 250 16 113 
SrBi2Tao.8Nb1.2O9 
(c-axis) 

314 11 114 

SrBi2Nb209 (random) 
SrBi2Nb209 (c-axis) 

10 
3.4 

115 

Bi4Ti30i2 (c-axis) 132 8-11 116,117 
Bi4Ti30i2 (random) 20 116 
PbBi2Nb209 (random) 
PbBi2Nb209 (c-axis) 

7.2 
0 

118 

0.7SrBi2Ta209-
0.3Bi3Ti(TavNbi.v)09 

200 27.8 119 

8r= relative dielectric constant, 2Ps= remanent polarization 

Table 2.4 shows that the polarization of layered perovskite films can be significantly 

affected by changes in composition (like bulk materials) and by film orientation. This is 

not unexpected due to the anisotropy in the polarization of layered perovskites along 

different crystal axes. However, knowledge of the possible polarizations are useful fi:om 

the applications standpoint since specific orientations may provide better properties for 

certain applications. At this time there have been only a few papers that examine the 
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effect of cation doping in sol-gel derived SBT films. The following sections discuss 

these studies. 

2.4.5.1 SBT Perovskite Site 

Hayashi et and Melnick et found that by doping SBT films with Nb 

(Ta/Nb = 3) a higher Pr can be attained than with undoped SBT. This increase is 

probably related to the increase in Curie temperature from 310 °C to 420 "C with the Nb 

addition. The doped material was also free of fatigue after lO'^ cycles. However, the 

doping increased 2Ec by 30%. Nb doped films were also found to relax more charge that 

undoped fihns, especially at lower applied voltages. Therefore, the percentage of actual 

charge available for sensing in a memory device, compared to the original measured 2Pr, 

is less in Nb-doped fihns than in undoped films. However, the larger polarization 

developed in Nb-doped films provides more initial charge to lose before the overall 

polarization reaches a level where the read-out circuitry can no longer accurately read-out 

the polarization state. 

2.4.5.2 Layered Perovsidte Solid Solutions 

As mentioned above, the flexibility^ of the layered perovskite structure allows for 

tailoring properties through doping. Joshi et recently found that the ferroelectric 

properties of SBT films can also be tailored by forming solid solutions of different 

layered perovskites. Using MOD deposition techniques, they fabricated and 

characterized (l-x)SrBi2Ta209-xBi3Ti(TayNbt.y)09 thin films. A summary of their results 

is shown in Table 2.5. 
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Table 2.5: Effect of BisTiTaOg (x) content on the electrical properties and 
grain size of (l-x)SrBi2Ta209-xBi3Ti(TayNbi.y)09 thin films fired at 750 ®C Ihr. 

Composition 
(X) 

Grain Size 
(nm) 

Br 2Pr 
(nC/cm^) 

Ec 
(kV/cm) 

0 165 330 17.2 23 
0.1 225 11.4 45 
0.2 220 20.4 54 
0.3 240 200 27.8 68 
0.4 190 25.4 80 
0.5 200 180 20.2 86 

8r= relative die ectric constant, 2Pr= Pr* + IPr'l, Ec= coercive field 

The results support the idea that a rule of mixtures relationship can be applied to layered 

perovskite doping. The decrease in dielectric constant and increase in polarization with 

increasing Bi3TiTa09 content is expected, due to the much lower dielectric constant and 

higher Ps of Bi3TITa09, compared to SBT (see Table 2.3). However, unlike the dielectric 

constant, which appears to display a linear dependence with Bi3TiTa09 content, the Pr 

reaches a maximum at x=0.3. The maximum is most likely due to the decrease in grain 

size when x>0.3. The most important finding from this work was that films with x= 0.3, 

fired at 650 ®C exhibited excellent ferroelectric properties (2Pr= 12.4 )iC/cm^ and Ec= 

80kV/cm), good fatigue after 10'° cycles (<5% decay in Pr) and retention (5% loss of 

retained charge after 10^ seconds). These results suggest that fiiture work into layered 

perovskite solid solutions may be valuable. 
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2.4.6 Electrode Effects 

The primary appeal of SBT is that excellent fatigue behavior can be achieved by 

using evaporated metal electrodes, unlike PZT which often (but not always) fatigues due 

to the formation of a space-charge at the fihn/electrode interface. Amanuma et alM 

found that the top electrode material affects the hysteresis behavior of SBT. The Pr 

measured with a Pt top electrode is much larger than that with a Au top electrode. This is 

attributed to a different metal-ferroelectric interface structure. However, both top 

electrode materials show excellent fatigue resistance. Research into the effect of 

capacitor size has shown that capacitor sizes ranging from 0.7 x 0.7 ^un^ to 100 x 100 

fim^ have no effect on the measured Ppwith ±5 V pulses.'22 

Secondary ion mass spectroscopy by Amanuma et aî  has revealed that there is a 

reaction between the Bi and Pt, which depletes the Bi concentration at the interface of the 

Pt bottom electrode and structurally modifies the electrode. SEM analysis has shown that 

after depositing and annealmg of the SBT layers, the typical columnar structure of the 

bottom electrode is lost, and a large spherical grain structure appears. This structure can 

lead to the formation of pores within the film. 

For platinized bottom electrode stacks, an adhesion layer must be placed between 

the SiOi and Pt layers m order to promote good adhesion of the Pt to the wafer. The 

traditional adhesion layer materials are Ti and TiOx. However, there is a mounting body 

of evidence suggesting that, due to Ti difiusion, new adhesion layer materials are needed. 

Schindler et al. '23 recently performed a diffusion study of Ti in SBT wafer stacks. They 

found for fihns annealed in oxygen that the Ti will diffuse into the Pt layer. However, 



diffiisioa is greatly reduced by oxidation of the Ti by O2 diffusing in from the surface. 

Electrical tests on SBT films show that the incorporation of Ti into the Pt (and possibly 

into the SBT) significantly reduces the 2Pr of the films. Films fired in oxygen with a Ti 

adhesion layer had half the 2Pr (10 ^C/cm^), compared to fihns with fully oxidized TiOz 

adhesion layers (20 iiC/cm^). The severity of the Hi and Ti diffusion problem was 

discussed by Lu et alJ^, who found that the rapid diffusion of the Ti and Bi atoms can 

lead to the formation of bismuth titanate within the Pt electrode. Other ways of reducing 

the diffusion of the two species include pre-oxidation of the adhesion layer, increasing the 

Pt thickness, and using other electrode and adhesion layer materials, such as SiON.'^'* 

2.4.7 Post-metallizatioii Anneal 

Research has shown that a post metallization anneal must be performed, after the 

Pt top electrode is deposited, if one wants to maximize electrical properties and reduce 

capacitor shorting. Post metallization annealing at 400-650 has been reported to 

increase the Pr by 50% and reduce the shorting rate to around 5% for a twenty capacitor 

film.®^' Noguchi et have proposed a mecham'sm to explain why post metallization 

annealing is necessary. Upon deposition, the Pt top layer is composed of fine columnar 

grains. These grains can extend through the SBT film due to hollows formed by a rough 

film surface or by pores. This can short out an electrode if the hollow goes completely 

through the film. By post annealing the Pt, it recrystallizes into large grains lying across 

the hollows and pores. Hartner et found that post-metallization temperatures 
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greater than 600 °C were required to obtain hysteresis loops for their SBT films. 

Temperatures greater than 700 were necessary to achieve low leakage currents. 

Recent work by Watanabe et a/.'26 showed that RTA processing may provide a 

way of bypassing the need for a post-metallization anneal. By rapid thermal annealing 

the films between coatings, in oxygen, followed by a final anneal at 750-800 °C in 

oxygen, good hysteresis behavior of the films could be obtained without a second anneal. 

This process allows for the use of different top electrode materials, such as Pd, Ru, RuOi, 

andlr. 

2.5 Electronic Properties 

2.5.1 Thermal Imprinting 

Thermal imprinting is due to processes that build up the internal field by trapping 

charges at the electrode/film interface. These charges can screen the spontaneous 

p o l a r i z a t i o n  i n t e r n a l l y  a n d  m a k e  o n e  p o l a r i z a t i o n  s t a t e  p r e f e r r e d  o v e r  a n o t h e r . T h i s  

causes an asymmetry in the hysteresis loop and could complicate the integration of 

ferroelectrics into commercial memory applications. The sign of the ferroelectric 

polanzation determines the direction of the voltage shift of the loop. The voltage shift 

can lead to device failure in two distinct ways. First, failure may occur because the 

driving voltage may not be able to switch the material, due to an increase in coercive 

field. Second, a shift may reduce the remanent polarization to a point where the sensing 

amplifier cannot differentiate between the two polarization states. 
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A1 Shareef et al. '^9 have shown that a stoichiometric SBT capacitor poled in the -

Pr state has a hysteresis curve that is shifted towards positive voltages, which is similar to 

PZT. This shift is due to the trapping of thermally generated charge carriers at defect 

sites near the film/electrode interface. The trapped charge stabilizes the domains in a 

particular orientation. In magnitude, SBT has been found to shift approximately 0.7 V 

when heated to 123 "C for 2 hours under a saturating bias voltage. This is about 40% of 

the coercive voltage. However, when tested unbiased, the shift was only 0.43 volts, 

which is about 25% of the coercive voltage. It may be possible to improve the imprinting 

behavior of SBT by altering composition, since the imprint behavior of PZT has been 

found to change dramatically with Ti composition. 

Recently, Grossman et a/.'28 examined the thermal imprint behavior of SBT in 

more detail. Their work showed that the time dependence of the voltage shift of the 

hysteresis loop is linear on a logarithmic time scale. The slope of the line is a function of 

the magm'tude of the applied bias, where a larger bias increases the slope. However, the 

decrease in the value of Pteiaxed (the polarization value of the state opposite of the applied 

DC bias) is a nonlinear increasing function with logarithmic time. Films heated to ISO 

°C and 200 °C with a 2 V DC bias failed (i.e. the value of Preiaxed is zero and the sensing 

amplifier was unable to distinguish between the two polarization states) after 1000 and 

20000 seconds, respectively. Extrapolation of data for films heated below 125 °C 

suggests that under zero bias, the expected lifetime of a SBT memory cell should be over 

ten years. 
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Niobium doping has been found to improve the imprint behavior of SBT. SBT 

fibns with 28 atm% Nb possessed similar offset voltage vs. logarithmic time behavior to 

undoped SBT films. However, the Preiaxed vs. logarithmic time behavior is much better in 

the doped fihns. This is partially due to the fact that the Pn-iaxed values of the doped films 

are twice that of the undoped films; therefore it takes a longer time to reduce Preiaxed to a 

point where it is unmeasurable.'^s 

2.5.2 Remanent Polarization (Temperature Effects) 

An understandmg of the effect of testing temperature on the remanent polarization 

of SBT is important to understand, since different applications require different 

specifications. Amanuma et al.^, Taylor et and Noguchi et '32 found that 

the remanent polarization decreases with increasing testing temperature from 25-150 ®C. 

The decrease is most likely due to SBT nearing its Curie temperature (310-335 °C), 

where the spontaneous polarization goes to zero.'^o SBT films that were 20% deficient in 

Sr performed much better than stoichiometric films at elevated temperatures (20% loss in 

Pr vs. 50% loss in Pr at 150 ®C, compared to room temperature). The large decrease in Pr 

for stoichiometric fibns is believed to be due to an increase in fast relaxation, caused by a 

decrease in coercive field, with increasing temperature. However, the fatigue behavior 

and retention characteristics were not degraded by the temperature increase or by changes 

in the Sr composition. 

Higher temperature studies by Taylor et found that the fatigue behavior can 

be dramatically affected by increasing the testing temperature to 175 "C. A fatigue-free 
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film (less than 10% reduction in Pr after lO'^ cycles) at 25-125 ®C can be made to fatigue 

quite rapidly after 10 cycles at 175 °C. Relaxation of polarization also increased with 

an increase in voltage and temperature. 

2.5.3 Fatigue 

Dimos et have found that the excellent fatigue behavior of SBT films is 

linked to the weak pinning of domain boundaries by trapped charge carriers. This 

suggests the lack of fatigue in SBT can be described as a competition between domain 

wall pinning and unpinning by the trapped charge, where unpinning can occur at least as 

fast as pinning. This is supported by Wang et who determined with low fi-equency 

internal fiiction measurements that the interaction between oxygen vacancies and domain 

walls in SBT is much weaker than in PZT, which explains why domain wall pinning is 

weaker in SBT. Complex impedance studies by Chen et aL also suggest that SBT can 

rapidly recover from charge traps, so that no space charges are formed during the 

polarization reversal process. Warren et al^ proposed that another possible contributing 

factor to the fatigue-free nature of SBT is that the smaller overall polarization of SBT, 

compared to PZT for example, leads to a smaller electrostatic contribution to the trap 

depth for charges at the film/electrode boundary, which results in weaker pinning and 

higher unpinning rates. 

In their pioneering paper, which brought SBT to the forefront of ferroelectrics 

research, Paz de Araujo et al."^ proposed that SBT may be able to compensate structurally 

for the space charge developed at the electrode-film interface by regulating the position of 
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the (charged) bismuth oxide layers during crystallization. However, there has been no 

direct verification of this phenomenon. 

Other properties of SBT which may help inhibit fatigue include the absence of 

unstable ions, such as PbV and Ti'*^ which easily change oxidation states. The absence 

of these unstable ions helps minimize the formation of defect dipoles, which can form a 

space-charge at the film/electrode interface and reduce the Pr.^ Also, the sandwich 

structure of SBT causes the most prevalent domain configuration to be the 180" domain. 

The deformation associated with the switching of the 180° domain is less than that of the 

90° domain, which suggests that the 180° domain is less likely to be pinned upon 

repeated switches. 

In general, the fatigue of SBT is very minimal when low voltages (~3V) are used. 

However, higher voltages can induce fatigue. Noguchi et tested SBT films with 5 V 

lOOkHz bipolar pulses and found good fatigue resistance to 10^ cycles. However, tests at 

10 V showed significant fatigue after 10^ cycles, with the higher Pr films dropping off 

more rapidly. Jones et al. have found that fatigue can be induced in SBT films (in less 

than lO" cycles) by the application of electric fields which are much larger than those 

needed to saturate the remanent polarization. 

2.6 Applications 

SBT has become a strong candidate for non-volatile memory applications. 

Ferroelectric random access memories (FeRAMs) have the potential of offering lower 

writing voltages, faster writing speeds, and better endurance than electrically erasable 
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programmable read only memories (EEPROMs) and flash EEPROMs.'37 Fenoeiectric 

memories have the potential for high density capability as well. Several excellent reviews 

on design requirements, architecture, and non-volatile memory technology can be found 

in the literature. ̂ '38-142 

Several groups have integrated SBT capacitors into non-volatile memories. 

Amanuma et al. integrated an MOD-derived SBT film into a mega-bit non-volatile 

memory. Their work showed that the hysteresis and breakdown behavior of SBT is 

dramatically degraded after contact etching. The exact reason for the reduction was not 

determined, but degradation due to a reaction between the SBT and the inter-level 

dielectric (ILD), which was sputtered SiOi in this case, and degradation due to reactive 

ion etching were ruled out. However, the degraded properties recovered when the device 

was annealed above 500 °C, which suggests that the degradation may have been due to 

forming gas. The final metallized device had a 2Pr of lS^C/cm^ retained its polarization 

state for 10^ seconds after the write-pulse, and showed no fatigue or imprint after lO" 

cycles. Additional work by Amanuma et found that the 2Pr degraded with a 

decrease in capacitor size at S V, which may be an obstacle to low voltage memory 

operation. However, it was found that the application of a high voltage pulse can 

improve the low voltage polarization switching by depinning domains that were pinned 

during fatigue and by eliminating the mtemal field in the fibn. As a result, stable 2V 

operation was possible. Jones et have successfiiUy integrated MOD derived 

SBT into a conventional CMOS process to fabricate Ik-bit functional memories. 

Recently, several semiconductor companies, including Matshushita and Hyundai, have 
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announced the commercial production of low voltage 64k-bit and 2S6k-bit FeRAMs 

utilizing SBT as the ferroelectric material. Mega-bit sized FeRAMs are expected in the 

next few years. 

Even though SBT is currently being used for non-volatile FeRAMs applications, 

FeRAMs may not necessarily represent the ideal configuration for non-volatile memories, 

Tokiunitsu et have fabricated working metal-ferroelectric-semiconductor field-

effect transistors (MFSFETs) by depositing SBT on silicon. Hirai et alM'' and 

Nagashima et have also fabricated MFSFETs, but used a CeOi buffer layer to 

prevent Si diffusion into the SBT layer. The MFSFET configuration has the advantage of 

allowing for non-destructive read-out and, unlike FeRAMs, it obeys the scaling rule, 

which makes circuit design and the transfer from laboratory to product easier. In a more 

recent and intriguing experiment, Yoon et al. successfully fabricated a working pulse 

frequency modulation (PFM) type neuron circuit using a SBT MFSFET, which 

demonstrated the adaptive learning function. This suggests that SBT may prove useful 

for high density synapse circuits for future large-scale neural networks. 

2.7 Methods of Reducing the Crystallization Temperature 

The literature reveals that there are a wide variety of methods that can be used to 

lower the crystallization temperature of materials. Three of the more successful methods 

are discussed: water, decarburization, and seeding layers. The section is concluded with a 

brief discussion of rapid thermal annealing and its application to SBT thin fihns. 
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2.7.1 Effects of Water on Crystallization 

Although there has not been any work performed on the effects of humidity^ on the 

crystallization of SBT, there is strong evidence that water affects the crystallization and 

densification behavior of many oxide materials, such as MgO"^, LiNbOs'^^ 

SrTiOsi^s. 156^ and Bi2Sr2CaCu20g^'57 Wagstaff et al. found that water promotes the 

crystallization of vitreous SiOi into crystobaiite at one atmosphere pressure. Although 

the exact mecham'sm wasn't determined, the authors concluded that the role of water was 

either to provide the proper oxygen stoichiometry for the crystalline phase or to weaken 

the glass structure by breaking Si-O-Si bonds and forming hydroxyl groups. McCallum 

et found, using solid-phase epitaxial crystallization techniques, that the growth 

velocities of SrTiOs crystals annealed at 300-400 "C in a N2 + 2.8% H2O atmosphere was 

a factor of 10 higher than those annealed in a dry N2 atmosphere. This type of growth 

enhancement has also been observed during the crystallization of fused silica into quartz 

by Fratello et Simpson et have performed the most extensive study on the 

effect of water on the crystallization behavior in the SrTiOj system from 265-430 °C. 

Using time resolved reflectivity and Rutherford backscattering they determined that water 

dissociates into hydrogen and oxygen at the surface of the material and that the hydrogen 

may enhance the crystallization rate. Jacobs et found that in the layered perovskite 

Bi2Sr2CaCu208.s, exposure to water decreases the crystallization temperature of fibers 

from 450 '*C to 90 in air. Although not thoroughly studied, the authors feel that the 

enhanced crystallization was due to the same mechanism Simpson et al. determined 
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for SrTiOa. Consequently, it would be expected that water may play a similar role in the 

SBT system, due to its similarities with the BiiSriCaCujOg^ system. 

Kato'^^ has published the only study that examined the effect of water vapor on 

the crystallization of SBT fihns. The study suggests that a pyrolysis step to 250 °C in 

water vapor/oxygen leads to better ferroelectric properties after a 650 °C RTA 

crystallization anneal, compared to a fihns pyrolized in air. However, a more detailed 

study is needed to quantify the benefits of the water vapor pyrolysis, since the hysteresis 

loops for the water vapor fihns appear to be fairly lossy, which would inflate the 

measured 2Pr values. 

2.7.2 Effects of Carbon Contamination 

Carbon contamination can occur by several mechanisms. First, the initial 

precursor materials can be sources of carbon. Carbonate compounds and organic 

substances such as metal-organic compounds, complexing agents, and solvents can all be 

sources of carbon as they are thermally decomposed.'^^ Since CO2 is denser than air, it 

remains near the surface of the material and can quickly reach its equilibrium value, for a 

given annealing temperature, and inhibit further decomposition.'^0. Also, carbon 

contamination can be introduced even in carbonate-fi%e precursors when calcined in the 

presence of COiCa common impurity^ in oxygen gas). 

Residual carbon can affect the crystallization of a material by accumulating at 

grain boundaries, where it can influence reaction rates and lead to undesired phases.'^' 

Matsushita et found that the presence of CO2 during the pyrolysis of Ca(0H)2 
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shifted DTA crystallization curves 24-50 ®C higher than in COi-free atmospheres under 

flowing gas conditions and led to carbonate formation. The literature shows that there are 

a wide variety of chemical and processing routes for removing residual carbon. Thermal 

treatment in a partial vacuum, where evolved gases are quickly removed, has been found 

to facilitate strongly the decarburization of solid state reacted materialsDeptula et al. 

found that the addition of a strong reducing agent, such as ascorbic acid, to the sol can 

successfully eliminate residual carbon firom sol-gel processed materials.^^ Hydrogen 

peroxide is also an effective additive for breaking down residual organics. 

2.7.3 Seeding Layers 

A third technique that can be used to lower the crystallization temperature of thin 

film materials is the use of a seeding layer. A seeding layer is typically a material with 

similar structure and lattice parameters to the desired crystal phase, which enhances the 

nucleation of the desired phase within an amorphous top layer. Work by Suzuki and 

Lee'65,166 on pzx and PLZT have shown that seeding layers can promote crystallization 

at temperatures as much as 150 "C below that of non-seeded fihns. Such a dramatic 

reduction is possible due to the fact that the rate-limiting step for perovskite formation in 

PZT and PLZT is nucleation.The seeding layer introduces a large number of 

heterogeneous nucleation sites that permit the formation and growth of critical nuclei at 

lower temperatures. Chen et al. have also shown that the crystallization of bismuth-

based layered perovskites can also be nucleated at lower temperatures by depositing a 

seeding layer of PbBiiNbiOg. 
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The problem with using PbBiiNbiOg as a seeding layer for SBT is that 

PbBi2Nb209 and almost all other m=2 layered perovskites, which have the best lattice 

parameter match for SBT, have higher crystallization temperatures than SBT. Therefore, 

the reduction in processing temperature needed for the integration of SBT into devices is 

not realized, since the device would need to be heated to high temperatures to crystallize 

the seeding layer. Bi4Ti30i2 (BiT) has the lowest crystallization temperature of all 

layered perovskites (~500-550 °C), but a c-axis lattice mismatch of approximately 25% 

makes it appears unlikely that BiT would be a useful seeding layer. 

However, Hu et al. recently deposited 1/2.4/2 SBT onto platinized wafers with 

a BiT buffer layer, and found that MOD fihns rapid thermally annealed to 600 °C showed 

higher crystallinity and larger SBT grain size than fihns processed without a BiT buffer 

layer. The films processed with the BiT buffer layer also exhibited larger 2Pr and lower 

2Ec values than fihns without the buffer layer after similar processing schedules.'^® This 

suggests that a BiT seeding layer may prove beneficial for reducing the crystallization 

temperature of SBT, and therefore warrants additional study. 

2.7.4 Rapid Thermal Annealing 

Rapid thermal annealing (RTA) has received much attention due to the possibility 

of reducing the thermal budget of SBT fihns. This is accomplished by rapidly heating the 

SBT film at heating rates approaching 250 "C/sec to temperature of 600-800 °C. hi 

general, crystallization processes can occur much faster under RTA conditions and fiiUy 

crystallized ceramic films can often be produced after only 30-60 sec at temperature. The 
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results of Tanaka et aP  ̂shown in Fig. 2.5, in section 2.4.1, show that the crystallization 

of SBT to the layered perovskite phase can take place as quickly as 10 sec at high 

temperatures (900 ®C), and can take 30 min. or more at lower temperatures (600-700 °C). 

RTA takes advantage of the fact that the absorption spectrum of Si matches well 

with the emission spectrum of quartz halogen lamps. Therefore, the surface of a Si wafer 

can be heated rapidly and precisely to any desired temperature by altering the output 

power of the lamp.'^^ However, there is a possible problem when applying RTA 

processing to SBT coated Si wafers that has not been addressed by the SBT conmiunity. 

A typical SBT film stack contains much more that just Si. A metallic bottom electrode 

(usually Pt), several adhesion layers, and the SBT layers are all on top of the Si wafer, and 

they all have different absorption and emission spectra than Si. Therefore, accurately 

determining the temperature of the SBT film during an RTA run is not trivial. Direct 

measurement of the surface temperature is very difficult. The use of a thermocouple 

touching the SBT surface is not an accurate method since the thermocouple is not only 

measuring the temperature of the surface, but is also being heated by the IR radiation. 

Shielding the thermocouple firom the IR by placing it on the backside of the wafer relies 

on conduction to equilibrate the difference in temperatures between the top and bottom 

surfaces. After a long anneal, the back side may reach an equilibrium temperature; 

however, the equilibrium temperature is probably not the same temperature as the SBT 

fihn. The reason for this is that Pt is an excellent IR reflector. Therefore, depending on 

the absorption characteristics of SBT, it is quite possible that the SBT film could be much 

hotter than the set temperature or the temperature measured by a thermocouple on the 
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backside. Indirect methods of measuring temperature, such as optical pyrometry, are also 

most likely not accurate methods, since the emission spectrum firom the SBT film cannot 

be separated from that of the Pt or other layers of the wafer stack. 

An analog to RTA processing, which would possibly help verify the RTA results, 

would be to compare RTA films with films that were processed at the same temperatures, 

but were inserted directly into a preheated tube furnace. Precise knowledge of the heating 

rate is difficult with this method, but it permits precise knowledge of the final film 

temperature. Most likely a benefit of the rapid thermal processing would be detected 

&om such a study, and would verify that RTA processing has fundamental advantages 

over conventional furnace annealing of SBT films. 

This is not to suggest that RTA processing is not a potentially useful method for 

fabricating SBT films, but rather to indicate that fiirther work needs to be done to verify 

that the processing temperatures quoted m the literature are accurate. At least there needs 

to be more thorough discussions of RTA setups and disclosure of techmques used to 

verify sample temperatures. This is especially important since RTA processing appears 

to permit the fabrication of SBT films with excellent ferroelectric properties at 

temperatures 50-100 °C below that possible with conventional furnace anneals. 

However, with the difiBculty in measuring film temperature during RTA, it is possible 

that the error in estimating the processing temperature is on the order of50-100 °C. 
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3. EXPERIMENTAL METHODS 

3.0 Focus of Chapter 

In this chapter, the experimental and characterization methods used for this work 

are discussed. The primary focus is to provide experimental details on all of the 

equipment and analysis techniques used, as well as provide pertinent background 

information on and discussion of the techniques, when necessary. 

3.1 X-ray Diffraction (XRD) 

A majority of the x-ray diffraction measurements were taken using a powder 

diffractometer located in the Department of Chemistry and Biochemistry at Arizona State 

University. A small portion of the x-ray diffraction measurements were taken on a 

Scintag XDS 2000 powder diffractometer located at the Arizona Materials Laboratory. 

Both machines use Cu Ka radiation. Powder samples were prepared by placing the 

powder in a machined plastic holder, which then slides into the sample holder of the 

diffractometer. Thin film samples were either directly placed in the sample holder or 

attached to a glass slide with double sided tape or vacuum grease prior to placement in 

the sample holder. Initial scans confirmed that the diffraction intensities of the thin films 

were high enough to eliminate the need for using a thin fikn fixture; therefore, the 

standard powder diffiaction configuration was used for all pattern acquisitions. The 

typical scan rate was 2°/niin. over a 20 range of 10-70®. 

As mentioned in Chapter 2, even though SET was first synthesized in the 1940's, 

it has only recently been studied in detail. As a result, there are limited data on phase 
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development in the literature. For example, there are no JCPDS standard dii&action 

patterns for any of the SBT phases (fluorite, layered perovskite, or pyrochlore). Only 

theoretically calculated patterns over a small 2-theta range are available. As a result, it 

was necessary to develop XRD standards so that the phase development of the SBT fihns 

could be studied. 

3.1.1 Layered Perovsidte SBT XRD Standard 

The XRD standard for the layered perovskite SBT phase (1/2/2) was fabricated 

using standard ceramic processing techniques. BiiOs (99.99%), TaiOs (99.995%), and 

SrO (99.9%) were hand mixed, in the proper stoichiometric amounts, with a mortar and 

pestle. The mixed oxide powder was calcined to 700 °C for 5 hours in air. The powder 

was then remixed, pressed into a '>4" pellet, and fired, enclosed in an alumina dish, at 

1100 °C for 6 hours in air. Assuming that the weight loss during the firing stage was due 

to Bi loss, the final composition of the powder was estimated to be 1/1.99/2. Figure 3.1 

shows the XRD pattern for the SBT powder. 
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Figure 3.1: XRD pattern of the layered perovskite standard: 1/2/2 (Sr/Bi/Ta). 

The locations and relative intensities of all the major SBT dif&action peaks (all 

the indexed peaks) match well with experimental and theoretical patterns published in the 

literature.'''23 

3.1.2 Pyrochlore XRD Standard 

The standard for the pyrochlore phase was fabricated by precipitating and filtering 

a sol-gel solution with a composition of 1/0.8/2. This composition was selected because 

it corresponds to the estimated pyrochlore stoichiometry determined by Rodriguez et al'' 

The precipitated powder was dried in a 80 "C oven for 30 minutes, followed by another 

drying step at ISO^C oven for 30 minutes to remove all water and alcohol. The powder 

was then ground into a fine powder and calcined at 400 "C in oxygen to bum off the 
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organics. A final heat treatment of 2 hours at 775 °C in oxygen crystallized the 

pyrochlore phase. Figure 3.2 shows the XRD pattem for the pyrochlore phase. 
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Figure 3.2: XRD pattem standard for the pyrochlore SBT phase (1/0.8/2). The powder 
was fired for 2 hours at 775 ®C in oxygen. 

The indexed diffraction peaks match very well with experimental and theoretical 

patterns.' ^ It is unclear whether the non-indexed peaks are due to the pyrochlore phase 

or secondary phases. However, the peaks do not match with phases of strontium 

tantalate, strontium oxide, tantalum oxide, strontium bismuth oxide, bismuth tantalate, or 

bismuth oxide cataloged in the 1989 JCPDS Inorganic Phases Search Index. Therefore, it 

is likely that some of the non-indexed peaks are minor diffraction peaks for the 

pyrochlore phase. 
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3.U Fluorite XRD Standard 

As mentioned in the literature review, the fluorite phase is believed to be a 

metastable, intermediate phase in SBT system. Figure 3.3 shows the XRD pattern 

standard for fluorite acquired from a precipitated sol-gel powder having a 1/2.2/2 

composition, fired for 1 hour at 630 °C in oxygen. 
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Figure 3.3: XRD pattern standard for the SBT fluorite phase. The 1/2.2/2 composition 
powder was fired for 1 hour at 630 ®C in oxygen. 

The locations and relative intensities of the diffraction peaks shown in Figure 3.3 

correspond precisely with the experimental pattems published in the literature."* ^ 

3.1.4 DilTerentiation Between Phases 

The similari^ in the locations of many of the diffraction peaks of the layered 

perovskite, fluorite, and pyrochlore phases can make distingm'shing between them 

challenging. For all three phases, the most intense diffraction peaks overlap, making 
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phase identificatioii from those peaks difficult. Fluorite can be more easily identified by 

the (200), (220), and (311) peaks, located at 33°, 47.6°, and 56.6° 2-theta, respectively. 

They are close to, but do not overlap with, several SBT peaks. The diagnostic peaks for 

pyrochlore are the (111), (400), and (440) peaks at 14.7°, 34° and 48.9° 2-theta. 

However, only the (111) peak is completely isolated from the SBT and fluorite diffraction 

peaks, so it is the best indicator of pyrochlore formation. The layered perovskite phase of 

SBT has a large number of diffraction peaks; therefore, after high temperature anneals, 

identification can be easily made with any set of diffraction peaks, such as the (006), 

(111), (113) peaks. However, at lower temperatures, when fluorite is present, many of 

the minor SBT diffraction peaks are not resolved, the fluorite (111) and SBT (115) are 

convoluted, and the best peaks to use for SBT identification are the (220), (2010), and 

(315) diffraction peaks. The (020/200) peak can also be used to help identify the 

crystallization of SBT at low temperatures. 

3.1.S Estimation of SBT Crystallite Size in Films 

The crystallite size in films was estimated by measuring the flill-width-at-half-

maximum (FWHM) of SBT or fluorite x-ray diffraction peaks and inserting the result 

into the Scherrer equation: 

(3.1) 
BcosO 

where X is the wavelength of the x-ray source, B is the FWHM of the diffraction peak, 0 

is the Bragg angle of the diffraction peak (in radians), and t is the crystallite size.'^^ 
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When possible, the most intense peak was used for calculating the crystallite size. For 

films with only the fluorite phase, the (111) diffraction peak was used to calculate the 

crystallite size. For fihns fired below 750 °C, pyrochlore is not present, so the (115) and 

(220) were used to calculate the crystallite size of the SBT phase. SBT fihns fired at and 

above 750 "C generally show evidence of pyrochlore formation, in which case the (222) 

diffraction peak of pyrochlore inflates the FWHM of the SBT (115) and decreases the 

calculated crystallite size. As a result, the (220) diffraction peak of SBT was primarily 

used since it is the most intense, non-convoluted diffraction peak. 

The Warren equation was used to subtract out the effects of machine broadening. 

(3.2) 

where is the measured FWHM of the diffraction peak of the film, Bs is the measured 

FWHM of the corresponding diffraction peak of the standard, and B is the line 

broadening component due to particle size effects. Research has shown that the effect of 

peak broadening due to particle size is almost negligible when the crystallite size is 

greater than 1000 A. Therefore, the broadening caused by the diffractometer can be 

measured by using a standard with a large particle size. For this work, the FWHM of the 

(111) or (220) diffraction peak of a silicon powder standard, which was run under 

identical conditions as the films, was used to correct the fluorite and SBT patterns for 

instrument broadening. 
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3.2 Field-Emission Scanning Electron Microscopy (FESEM) and 
Energy Dispersive Spectroscopy (EDS) 

FESEM work was performed on a Hitachi S-4500 Field-emission Scanning 

Electron Microscope typically operating at an accelerating voltage of 15 kV. Sample 

preparation consisted of attaching the films to an aluminum mount with carbon adhesive 

tabs. The samples were analyzed uncoated. Due to the very fine microstructure of the 

films, attempts at coating with fine layers of platinum and carbon only obscured the 

microstructure. 

The Hitachi S-4500 FESEM, operating at 30 kV, a Noran energy dispersive 

spectrometer, and Voyager 2.1 software were used to acquire and quantitatively analyze 

the compositions of the SBT films. Film composition was determined semi-

quantitatively using the Ka (14.16 keV) emission of strontium, the Ma (2.42 keV) or La 

(10.84 keV) for bismuth, and La (8.15 keV) for tantalum. ZAF correction was used to 

correct tor variations in x-ray yield caused by differences between the backscattering 

coefficient of the sample and the software standards, x-ray absorption by the sample, and 

fluorescence. Silicon, platinum, and titanium were included as substrate elements, but 

were removed from the final calculation of the fihn composition. 

3.3 Measurement of Film Thickness 

Film thickness was determined by using a Dektak II profilometer to measure the 

height of a step etched into each film. The step was formed by placing a thin line of 

rubber cement on the film, to act as an etch block, and applying a solution containing EIF, 
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HNO3, and water to expose the bottom electrode. The exact ratios of the components are 

proprietary Motorola information. The etching rate of the solution is about 2000-3000 

A/min. It should be noted that the etching solution does slowly etch Pt as well, so care 

was be taken to not leave the etching solution on the fihn too long. The rubber cement is 

then removed by either physical removal or by dissolving in mineral spirits. 

3.4 Image Analysis 

3.4.1 Estimation of Film Density 

Film density was estimated using Scion Image version Beta 3b for Windows 95 

and *.tif versions of FESEM images. In thin films, where the film typically does not 

exceed a few grains in thickness, the area fraction of pores calculated from a micrograph 

is a good estimate of the volume fi^ction of pores in the film if the porosity is assumed to 

be randomly distributed. The procedure for estimating the volume fraction of pores is as 

follows; FESEM images taken at lOkX or 50kX were imported into Scion Image as 256 

scale gray images. The images were optically flattened with the built-in background 

subtraction routine that corrects for variable lighting in the images (or edge effect and 

minor charging anomalies in the SEM images). The brightness and contrast values of the 

images were adjusted to make the pores as black as possible, while making the film 

grains as light as possible. The Threshold and Density Slice functions were then used to 

determine the total number of pixels of the image taken up by the pores. The ratio of the 

number of porosity pixels to the total number of pixels in the image determined the area 
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firaction of the image containing pores. Subtracting the ratio from 1 gives the estimated 

relative density of the fihns. 

The two image analysis routines were used since they determine the number of 

porosity pixels by different means. The Threshold routine works by breaking the image 

up into objects based on gray level into a binary image, by making objects darker than the 

threshold value appear as black regions, while the rest of the image is white. By 

manually altering the threshold scale to darker and darker values, portions of the image 

are continuously removed until only the pore pixels remain. The Density Slice routine 

also works on differences in gray level; however; the objects of interest (the pores) are 

highlighted in red. The porosity pixels are selected by manually adjusting the gray scale 

until all the pores are red. The image is then converted into a binary image. During the 

conversion, the regions that were highlighted red are converted to black, and all other 

regions are converted to white. 

The advantage of using both routines is that, when averaged, they can help to 

compensate for human error in the measurements that may result from a tendency to over 

or under fill the pores (density slice) and to over and under estimate the number of 

remaining pixels as porosity pixels (threshold). Several measurements were made with 

the two routines, and the results were averaged to give the best estimate of the fihn 

density. Figure 3.4 provides visual examples of how the threshold and density slice 

routines were used to determine porosity fraction in SBT thin fihns. 
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Figure 3.4: Example of the image analysis routines used to determine the porosity of the 
SBT films A) The original SEM Image, B) Density Slice Routine, and C) Threshold 
Routine Analysis. 

Comparison of the film density values calculated fi'om images B and C in Figure 3.4 

shows that the two routines yield similar, but not exactly the same result. Image B 

predicts a film density of 91%, compared to 90% from image C. Typically, the two 

methods agree within 2-4%. The closeness of the two values is primarily the flmction of 

the range of gray scale values found in the image. The larger the number of gray scale 

values, the closer the two routines agree. It should be noted that there is no trend in terms 

of one of the routines always predicting a higher or lower density. 



92 

3.4.2 Determination of SBT Area Fraction 

In theory, the area (or volume) fraction of SBT in each film could be determined 

the same way as the porosity fraction. However, due to the similarity in gray scales 

between fluorite and SBT regions, digital gray scale analysis could not be performed 

accurately. Therefore, more traditional quantitative metallographical techniques were 

employed. x^e following is the procedure used to determine the SBT area fraction of 

each fihn. A grid containing 225 points was placed over a microstructural image of a 

given SBT fihn. The grid spacing or image magnification was selected such that the grid 

spacing was on the order of the SBT feature size in the image. For each point that fell on 

the SBT phase a value of one was assigned. Those grid points that fell on a boundary 

between the SBT phase and another phase, such as fluorite, porosity, etc., were given the 

value of one-half. All other points received a value of zero. The SBT point total (PSBTI) 

was calculated for the grid placement and the procedure was repeated again for a new grid 

placement. A total of 2-4 grid placements were used for each image. The SBT area (or 

volume) fraction was determined by dividing the overall SBT point total 

(PsBTi+PsBT2+...) by the total number of grid points (225 multiplied by the number of 

grid placements). 

3.4.3 Estimation of SBT Grain Size 

The mean linear intercept grain size of the SBT films was determined using a 8 x 

8 grid of lines. Each line was approximately 10 cm long; therefore the entire grid length 

was -160 cm. The total number of grain boundary intersections crossed by the lines were 
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counted, and the result divided by the total line length, minus the portion of the total line 

length associated with porosity and fluorite, to provide an average number of SBT grains 

per unit (cm) of test line. Inverting this result and multiplying by the image scale length 

gives the mean linear intercept grain size of the SBT phase. 

3.5 Transmission Electron Microscopy (TEM) and Selected Area 
Electron Diffraction 

Transmission electron microscopy (TEM) and selected area electron diffraction 

(SAED) were performed using a Hitachi H-8100 transmission electron microscope 

operating at 200 kV. The sample plane was parallel to the plane of the film and substrate. 

Sample preparation involved mechanically and chemically thinning the silicon substrate, 

followed by Ar ion milling to produce a thin enough region for suitable electron 

transmission. 

3.6 Fabrication of SBT Powders From Sol-gel Solutions 

Sol-gel derived SBT powders were made by slowly adding the alkoxide-acetate 

SBT precursor solution (to be discussed in Chapter 4) to a deionized water/ammonium 

hydroxide solution. The ideal pH of the precipitation bath was >10. The resulting colloid 

solution was suction filtered to remove the liquid component The powder cake was then 

rinsed with DI water and ethanol and placed in a 100 "C oven to dry. 
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3.7 DiiTerential Thermal Analysis (DTA) 

A DuPont 1600 DTA fixture and Thermal Analyst 2100 system was used to 

perform thermal analysis experiments on precipitated sol-gel powders. Prior to each 

DTA run, the precipitated powder was fired in a conventional tube fiimace for 30 min. at 

400 °C to decompose most of the residual organics. DTA measurements were performed 

by placing approximately 25 mg of the prefired powder into an alumina crucible and 

heating at 25 °C/min from room temperature to 900 ®C in an O2 atmosphere. Alumina 

powder was used as a standard. 

3.8 Ferroelectric Testing 

3.8.1 Sawyer-Tower Circuit Theory 

One of the most important ferroelectric properties of a material is its polarization. 

Polarization is defined as the dipole moment per unit volume of the material that results 

from the mutual alignment of dipoles with an externally applied field or a change in 

temperature. For a parallel plate capacitor, the polarization is equal to the surface charge 

per unit area developed on the electrodes. Therefore, if the charge on the electrodes can 

be measured, then the polarization of a material can be determined. It should be noted 

that under normal conditions the polarization of a material is usually compensated for by 

external charges. Consequently, polarization can only be detected when it is changed, by 

either temperature or electric field. One of the most conmion ways of measuring the 

electric field effect on the polarization of a material is to use a Sawyer-Tower circuit. A 

schematic of the Sawyer-Tower circuit is shown in Figure 3.5. 
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Figure 3.5: Schematic of a Sawyer-Tower circuit (after '*). 

The Sawyer-Tower circuit relies on a capacitive voltage divider to determine the amount 

of charge developed on the electrodes of the ferroelectric fihn. As the AC voltage signal 

is applied (typically a sine or triangle waveform), the charge released from the surface of 

the electrodes, during any half-cycle, is defined by the following equation: 

Q„UaseU=A*^P (3.3) 

where A is the electrode area and AP is the change in polarization. The change in 

polarization leads to the formation of an instantaneous current per unit area at each 

electrode: 
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The sensing capacitor integrates the instantaneous current such that the voltage drop 

across it at any point in time is: 

inst  ̂

^setisfs 

(3.5) 

Therefore, if the capacitance of the sensing capacitor and the electrode area of the film are 

known, the change in polarization at any point in time can be easily calculated.'* 

3.8.2 Sources of Error in the Sawyer-Tower Circuit 

The simplicity of the Sawyer-Tower circuit makes it very easy to employ. 

However, there are several possible sources of error that need to be understood and 

minimized if the data are to have meaning outside one's own laboratory. The first 

possible source of error is due to the Sawyer-Tower design itself. As a capacitance 

voltage divider circuit, the portion of the applied voltage which falls across the film is 

given by: 

As a result, a portion of the applied voltage falls across the sensing capacitor, therefore 

reducing the signal applied across the film. The amoimt of signal reduction can be 

significantly reduced by making sure that the capacitance of the sensing capacitor is much 

larger than that of the film. However, the magnitude of the voltage drop across the 

sensing capacitor during a measurement is inversely proportional to the capacitance of the 

sensing capacitor (Vinsb see Eqn. 3.5); therefore, the capacitance of the sensing capacitor 

smae applied (3.6) 
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needs to be small enough to pennit easy measurement with an oscilloscope, while at the 

same time reducing the applied signal as little as possible. The second possible source of 

enor is the development of a parasitic capacitance at the ground of the circuit. This has 

the same effect as the sensing capacitor (reduction of the applied voltage across the film). 

High quality electrical connections and good grounding can help minimize this error. The 

third source of error is the accuracy and precision of the capacitance value of the sensing 

capacitor. Since this value is used to calculate the polarization of the film, any error in 

the capacitance value directly effects the calculated polarization. This error can be 

minimized by pretesting the capacitor to pinpoint the actual capacitance value under 

conditions similar to those in the Sawyer-Tower circuit. 

3.8 J AML Sawyer-Tower Testing System 

For this work a Sawyer-Tower Testing system (also referred to as the AML 

Sawyer-Tower system) was designed and built to allow for maximum versatility. A value 

of 1 was picked for the sensing capacitor. This value is about 100 times larger than 

that of a given film capacitor, thereby resulting in a very small reduction in the voltage 

drop across the sample. A capacitance meter was used to pinpoint the actual capacitance 

of the capacitor to three significant digits: 1.063 ^F. Polyethylene was selected as the 

capacitor material because it has a thermally stable capacitance that is frequency 

independent from DC to at least 1 MHz. 

The AC signal was provided by a HP 33120A function generator. The signal 

waveform was a bipolar triangle wave, which is a more realistic waveform than a sine-
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wave in terms of commercial applications. Ten kilohertz was selected as the standard 

testing fi%quency since it provided protection against other electrical effects, such as 

leakage current, that can artificially inflate polarization values by providing additional 

charge to the electrodes. The maximum testing frequency of a Sawyer-Tower circuit is 

determined by the RC time constant of the circuit. The reciprocal of the RC product 

provides the measure of the maximum possible frequency at which the circuit can operate 

without attenuation. For this system, the maximum testing frequency is estimated to be 

approximately 25 kHz. The frequency limit could be increased by reducing the area of 

the top electrode, which would also allow for reduction in the sensing capacitance and 

leads to an overall reduction in the RC product of the circuit. 

There has been some research to show that the coercive field and remanent 

polarization of SBT are frequency dependent. Experimental data have revealed that the 

logarithm of the coercive field and remanent polarization of SBT vary linearly with the 

logarithm of the applied frequency over the a range from 40 kHz to 75 MHz. The slope 

of the coercive field and remanent polarization vs. frequency relationships are both 

positive and are of the magnitude respectively.Recent experimental 

data for SBT films tested at 10 Hz to 1 MHz, have verified that the low frequency 

dependence of the coercive field remains xjie slight increase of the Pr with 

frequency arises from the lack of depolarization mecham'sms in SBT. The increase in Ec 

with frequency is believed to be due to the presence of depletion effects (the formation of 

a space-charge at the electrode/ferroelectric interface caused by differing work functions 

or a high concentration of surface states).!^^ 
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The experimental fi%quency dependence of the coercive field correlates quite well 

with theoretical calculations by Ishibashi et who assumed that the switching 

process can be modeled as a system of heterogeneously nucleated domains at defect sites 

and surfaces. The Ishibashi model predicts the frequency dependence of the coercive 

field to be f Within experimental error, this is exactly what is measured at low 

frequencies, and very close to higher frequency measurements. The most likely reason 

for the difference between theory and experiment at higher frequencies is that the 

Ishibashi model assumes that the Pr of SBT is frequency independent, which is not 

completely correct. 

A consequence of the frequency dependence is that the Ec and Pr measured at 10 

kHz will be slightly larger than those measured at lower frequencies, such as 50-60 Hz. 

However, this doesn't present a significant problem, since the values at 10 kHz should 

actually provide a more practical measure of the Ec, Pr, and Ps for a SBT film tested under 

conditions appropriate for commercial application. This is especially true for high 

density applications, like FeRAMs, since the devices will operate at frequencies 

approaching 100-300 MHz.'^'^ 

The ferroelectric hysteresis loops of the fibns were acquired and displayed on a 

Tektronix TDS320 digital oscilloscope. The scope was set to trigger with the AC signal 

and to acquire data only when the signal was applied. Digital averaging (256 

acquisitions/point) was used to reduce background noise and improve the signal-to-noise 

ratio. A typical final hysteresis loop was the average of over 250,000 individual 

acquisitions. A Tektronix 502A differential amplifier was also integrated into the system 
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to provide low noise amplification for small signals when necessary. The raw data from 

the hysteresis loops was downloaded from the scope to a PC running Windows 95 using 

Wavestar 1.2.3 software. Data analysis, including the determination of the 2Pr and 2Ec, 

of the loops, was performed with an analysis program written by the author with 

QuickBASIC 4.5 (see Appendix for a printed copy of the program). 

3.8.3.1 AML Sawyer-Tower System A/D Error 

Due to the care in designing the testing system, the primary source of error in the 

AML Sawyer-Tower based ferroelectric testing system comes from an unexpected source, 

analog-to-digital conversion. The Tektronix TDS320 is a standard digital oscilloscope 

with an 8-bit analog-to-digital converter. Therefore, the certainty with which the voltage 

of any given point displayed on the scope can be known is: 

Ar = ±(lO*^^) (3.7) 

where AV is the uncertainty, scale is the volts per division scale selected on the scope 

(e.g. 2 mV/div) and the number 10 represents the number of divisions full scale. Even 

though A/D error is the dominant source of error in a hysteresis measurement, the 

magnitude of the error is typically small (about 1-3%) for fibns that show good 

ferroelectric behavior; however, the error becomes larger as the capacitance vs. voltage 

behavior becomes more like a dielectric (linear). 
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3.8 J.2 Anatysis of Errors in Electrical Properties 

For the electrical results presented in this work, the error values quoted are the 

weighted sum of the uncertainties. These include the A/D conversion error and the error 

in the measurement of the cross-sectional area of the top electrodes and the fikn 

thickness. The A/D error was determined by multiplying the result of Eqn. 3.7, for a 

given scale setting, by two, since the uncertainQr in the values of +Pr and -Pr, or +Ec and -

Ec, are both AV (when adding or subtracting two numbers that have uncertainties, the 

errors are additive). Optical microscopy was used to allow for a more accurate 

measurement of the dimensions of the top electrodes. The circular, shadow-mask-

deposited Pt top electrodes could be displayed on a monitor, with the aid of a CCD 

camera, and the diameters measured with a ruler. The top electrodes typically measured 

between 13-18 cm in diameter on the monitor (1 cm on the monitor equals ~40 |im on the 

fihn), which corresponds to an electrode size of 210"^-4'10'^ cm^. The uncertainty in the 

electrode diameters was estimated to be about 0.3 cm on the monitor, which results in an 

additional 2-3% uncertainty in the calculated 2Pr. The error in thickness was estimated 

by taking the standard deviation of several thickness measurements taken at different 

locations along film. A typical thickness uncertainty was ~S0-200 A, which adds an 

additional 2-5% uncertain^ to the 2Ec calculations. The total error in the 2Pr or 2Ec 

values calculated for each electrode is simply the simi of all the contributing sources of 

error. 

The final average values of the 2Pr and 2Ec for each film, and the uncertain^ of 

those averages, were determined by using a weighted average technique. In this 
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technique the mean values and uncertainties of the 2Pr and 2Ec for each individual 

electrode are combined to estimate the overall 2Pr and 2Ec of the fihn (or similarly 

processed fihns). The equations used to calculate the weighted average and the variance 

of the average are as follows: 

(3.8) 

IT-' ==r-!-^ (3.9) 
' Sd/o-,") 

where Xi are the individual measurements and ai are the uncertainties in the individual 

measurements. The best way of interpreting the meam'ng of x is as the most probable 

value of the mean of the 2Pr and 2Ec of the film, or films, processed under a specific set 

of conditions. <T - ̂  is simply the variance in the value of x. 

3.8.3.3 Comparison of the AML Sawyer-Tower System to a Standardized System 

As discussed previously, a Sawyer-Tower testing system can be susceptible to 

some significant errors if care is not taken in the initial design stage. Although attempts 

were made to minimize the sources of error, a final series of tests was performed to verify 

that the system was working properly. The tests consisted of comparing the hysteresis 

data measured with the Sawyer-Tower circuit with those made on a Radiant Technologies 

RT66A tester. The RT66A is a commercial ferroelectric testing system based on a virtual 

ground circuit design; therefore, it determines the charge stored by the sample in a 

different manner than the Sawyer-Tower circuit, histead of using a capacitor to integrate 
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the charge leaving the electrodes of the sample, as in the Sawyer>Tower circuit, the 

RT66A determines the amount of stored charge by integrating the amount of current 

required to maintain one terminal of the sample at zero potential (a virtual ground). The 

primary advantage of this design is that the external sense capacitor and the possibility of 

a parasitic capacitance at the ground are eliminated. The accuracy of this system is 

determined by the precision of the capacitor used as the feedback element on the current 

integrator and quality of the current amplifier and mtegrator stages. 

To compare the two systems, several fihns were tested under a peak-to-peak 

voltage of 10 volts. The tests were performed at 120 Hz, which is the maximum signal 

frequency possible on the available RT66A system. Table 3.1 compares the results of the 

tests. 

Table 3.1: Comparison of the AML Sawyer-Tower System to the RT66A 

Film 
Voltage 

(V) 
Sawyer-Tower 
2Pr(uC/cm^) 

Sawyer-Tower 
2Ec (kV/cm) 

RT66A 
2Pr (nC/cm^) 

RT66A 
2Ec (nC/cm^) 

Film#l 10 9.4+0.2 114±3 9.7±0.4 118±5 
Film #2 10 9.1+0.2 218±4 9.3±0.8 225±5 
Film« 10 4.5±0.2 176±3 5.4±0.5 160±5 

Although the study is not exhaustive, it still demonstrates how close the remanent 

polarization and coercive field values can be for the two systems, when identical test 

conditions are used. The Sawyer-Tower values are always smaller than the RT66A 

values, which suggests that the Sawyer-Tower result is a more conservative measure of 

the ferroelectric properties of a film. As a result, it was concluded that the ferroelectric 
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properties oa an unknown sample could be confidently measured using the Sawyer-Tower 

system. 
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4. SBT PRECURSOR SOLUTION SYNTHESIS 
AND FILM FABRICATION 

4.0 Focus of Chapter 

This chapter details the fabrication of SBT thin fihns via a newly developed 

alkoxide-acetate solution route. The first part of the chapter focuses on the choice of 

strontium and tantalum sources used for the solution, and details the search for candidate 

bismuth-containing compounds that dissolve in solvents suitable for sol-gel processing. 

The second part of the chapter discusses the final solution synthesis route and film 

fabrication techniques. 

4.1 Sol-gel Synthesis 

As discussed in previous sections, solution deposition techniques are attractive for 

fabricating thin films since they allow for atomic level control of composition for even 

highly complex materials; they are a fast, inexpensive method for evaluating a wide range 

of compositions; and a reduction in processing temperature is possible through the use of 

proper precursor materials, such as double and triple alkoxides. It is for these reasons that 

a novel sol-gel route for making SBT thin films was developed. 

4.1.1 Tantalum and Strontium Sources 

The ultimate goal in synthesizing an SBT precursor solution was to make the 

solution as simple and hazard-firee as possible. Therefore, efforts were focused on finding 

precursor compounds that dissolve readily and are stable in simple, traditional solvents, 

such as methanol, ethanol, or isopropanol. Alkoxides were the logical choice for the 
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precursors, since they are often soluble in their parent alcohol. Also, there has been 

extensive research into the synthesis of alkoxides and the methods of synthesizing 

tantalum and strontium alkoxides are well established. 

Initially, there was an effort to synthesize alkoxides in-house. Strontium metal 

readily reacts with alcohol (the reaction rate decreases with increasing alcohol complexity 

due to steric effects); therefore, strontium alkoxides are easily made. Unlike the highly 

electropositive alkali and alkaline metals, tantalum metal will not react directly with 

alcohol when placed in a flask and refluxed. Therefore, intermediate sets of reactions are 

necessary to synthesize Ta alkoxides. Work by Bradley et found that Ta alkoxides 

can be synthesized by adding TaCls to a flask of ammom'ated alcohol. The ammom'a is 

important because metal halides of +4 and +5 valence metals will, at most, only partially 

react when placed in pure alcohol. The reason for this is that the HCl formed during the 

reaction can react with the alcohol to form H2O and RCl or HCl and H2O, and R, where R 

is the alcohol radical. The H2O can then hydrolyze any alkoxide that is produced. The 

primary role of the ammonia is to consume the chloride ion before it can react with the 

alcohol to produce water. The underlying mechanism is that the basic ammonia strips the 

hydrogen from the -OH group of the alcohol, forming an anunonium (NHt^ molecule 

and an alkoxide anion (RO*). The RO', which is highly reactive, replaces one of the 

chlorine atoms on the TaCls, forming TaCUOR and HCl. The chlorine is removed from 

the solution by reaction of the HCl with the ammonium molecule, which forms an 

insoluble salt and precipitates out of the solution. The removal of the chlorine permits 

unhindered formation of the alkoxide.''^^ 
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The primary problem with such a series of intermediate reactions is that there is a 

precipitated by-product (NH4CI) in the solution that must be removed. Removal is 

possible through vacuum distillation processes, but this requires proper equipment and 

time. In addition, although in theory the addition of the ammonia drives the formation of 

the alkoxide to completion, it is possible that steric effects may prevent complete 

reaction. Since the focus of this work was to develop a route to synthesize a precursor 

solution, not to synthesize alkoxides, and the cost of purchasing 99.99% pure tantalum 

alkoxides is quite close to the cost of the precursor materials needed to make the 

alkoxides, it was decided that the tantalum alkoxide would be purchased conunercially. 

Tantalum ethoxide was ultimately picked as the tantalum source since initial 

experiments dealing with solubility, drying speed, viscosity, wetting characteristics with 

platinum, and cost suggested that ethanol would be the best choice as the base solvent. 

Methanol was not selected, since it dried too quickly, which led to poor fihn quality. The 

rapid evaporation also appeared to thermally shock platinized wafers occasionally. 

Isopropanol based solutions proved to be too viscous, which led to poor film quality. 

Strontium ethoxide was selected as the Sr source. However, it was found to be 

insoluble in ethanol. The solubility of strontium ethoxide was enhanced by refluxing the 

tantalimi ethoxide and strontium ethoxide together, thereby forming a double ethoxide 

with a 2:1 Ta/Sr ratio, which stabilized the Sr species. The double ethoxide formation 

reaction is as follows: 

Sr(OC2H4)2+2Ta(OC2H4)5 Sr{Ta(OC2H4)6}2 (4.1) 
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It is the Sr-Ta double ethoxide that acts as the source of strontium and tantalum for the 

SBT. 

4.1.2 Bismuth Source 

The limiting factor in the successful synthesis of a SBT precursor solution was the 

incorporation of the bismuth source. Typically, bismuth compounds that would be useful 

for sol-gel processing are insoluble in simple alcohols. As a result, a solubility study was 

performed to identify a solvent that would dissolve common bismuth compounds: Bi-

acetate, Bi-subcarbonate, Bi-hydroxide, Bi-2-ethylhexanoate, and Bi-nitrate. Bi-oxide 

was not included since it is only soluble in strong acids. The five selected compounds 

were picked because the species bonded with the Bi cation either bum-off during heat 

treatment or not leave behind impurity ions in the films, such as halides. The solvents 

picked for the study were chosen using the following criteria: First, each solvent had to 

present a relatively low health hazard; therefore, alkoxyalcohols were excluded from the 

study. Second, a candidate solvent must form a miscible liquid with ethanol, which is the 

carrier solvent for the Ta-Sr double ethoxide. It is because of this last requirement that 

Bi-alkoxides were deemed as non-viable sources of Bi, since they are insoluble in simple 

alcohols. 

To help find a solvent that could dissolve the Bi-source and still be miscible in 

ethanol, solvent solubility parameters were used as a guide. When two species, such as 

liquids, are mixed together, the miscibility is determined by the sign of the Gibbs fi%e 

energy change (AGm) when the two species are mixed. Since the addition of a second 
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species will cause an increase in the entropy of the system (ASm), the sign and magnitude 

of the enthalpy of mixing (AHm) will determine the sign of AGm. A negative AGm 

predicts that the two species will mix spontaneously, while a positive AGm predicts an 

immiscibility between the two species. 

J. H. Hildebrand'80 proposed that AHm can be defined by the following 

equation:'®' 

iff. = (4.2) 

where V is the volume of the mixture, AEj is the energy of vaporization of species /, V, is 

the molar volume of the species and (|»i is the volume firaction of / in the mixture. The 

ratio of the energy of vaporization and molar volume is known as the cohesive energy 

density of a species, which is the amount of energy per unit volume needed to completely 

vaporize the species. The solubility parameter (S) of a species is defined as the square-

root of the cohesive energy density, and is a measure of the strength of the van der Waals 

forces holding the molecules of the material together. 

s, (4.3) 

A measure of the intermolecular attractive forces is useful for determining 

solubili^, since the same intermolecular force that must be overcome to vaporize a liquid 

must also be overcome to dissolve it. Therefore, one would expect that the solubiliQr of 

two liquids, or a solid and liquid, would only be favorable if the interactive forces 

between the two different molecules were similar. A species with a high solubility^ 
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parameter requires more energy for dispersal than is gained by mixing it with a species 

with a low solubility^ parameter, so the two species are immiscible. However, two species 

with similar solubility parameters should be miscible, since the magnitude of the enthalpy 

of mixing is small, which most likely makes AGm negative. In other words, the smaller 

the difference between the solubility parameter of the two species, the more likely the two 

will be miscible. 

For this study, a group of common solvents with solubility parameters in the range 

of approximately 26±10 (MPa)"^ were selected. The mean of 26 (MPa)"^ corresponds to 

the solubility parameter of ethanol, which is the base solvent for the double ethoxide 

solution; therefore, a good portion of the solvents should be soluble in ethanol.'^' The 

decision to choose a range of solubility parameters around 26 (MPa)'^ was to allow the 

study to probe into higher or lower solubility parameter regimes to see if the Bi 

compounds would possibly favor solvents with higher or lower solubility parameters. 2-

Methoxyethanol, which is a common, yet hazardous solvent used by many groups for 

SBT solution synthesis, for example, has a solubility parameter of 21.5 (MPa)'^. 

The solubility study was performed by placing 0.1 gram of the bismuth compound 

into a glass vial with approximately S ml of solvent. The bismuth compound and solvent 

mixture were allowed to sit for 1 hour (each vial was shaken every 10 minutes) then 

visually analyzed for precipitates. It should be noted that the vials were inspected several 

months later and the results were the same as those after I hour. Table 4.1 shows the 

results of the solubility study. 



Table 4.1: Bismuth compound solubility study'*'-
(S = soluble, 1= insoluble) 

Solvent 
Solubility 
Parameter 
(MPa)"^ 

Bi-acetate Bi-subcarbonate Bi-2-ethylhexanoate Bi-hydroxide Bi-nitrate 

Acetic Anhydride 21.1 I I I I I 
Acetic Acid 20.7 I I I I 
1,3 Propandiol 33.0 I I I I I 
Ethylene glycol 29.9 I I I I 
Tetrahydroiuran (THF) 18.6 I I I I I 
Diethylene glycol 24.8 I I I 
JefTamine D-230 
(polyoxypropyleneamine) I I I I I 

Glycerol 33.8 I I I I I 
Toluene 18.2 I 1 I I I 
n-Butyl Acetate 17.4 I I I I 
n-Hexane 14.9 I I I I I 
Heptane 15.1 I I I I I 
Water 47.9 I I I I I 
Pyridine 21.9 I I I I I 
2-Ethylhexanoic acid 22.6 I S I I 
Ethyl acetate 18.6 I I I I 
Dioxane 20.5 I I I I I 
Formamide 39.3 I I I I I 
Ethanol 26.0 1 1 I I I 
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The solubility^ tests showed, as expected, that there is a limited number of 

relatively benign solvents that dissolve the five bismuth compounds. A comparison of 

the successful solvents with those that have similar solubility parameters and could not 

dissolve the compounds suggests that there are other important properties of the solvents, 

not fully taken into account in the initial selection process, that strongly influence the 

solubility of the bismuth compound. These properties may include the dielectric 

constant, the polar nature of the solvents, including the extent of hydrogen bonding, and 

the structure of the solvent. However, the purpose of using the solubility parameters was 

not to understand the dissolution behavior of bismuth compounds, but to provide a 

framework for selecting solvents which should be miscible with the double ethoxide 

solution. In that light, the study was a success, since it did lead to the discovery of 

several candidate compound/solvent combinations. 

Of the 18 solvents tested, Bi-nitrate was found to be soluble in ethylene glycol, 

diethylene glycol, and acetic acid. Unfortunately, because of its hygroscopic nature, Bi-

nitrate contains enough water to inunediately hydrolyze and condense out the Ta-ethoxide 

during the SBT precursor synthesis procedure. This destroys the chemical homogeneiQr 

of the precursor solution. Attempts to drive off the adsorbed water ia order to reduce the 

water content of the salt failed, because the Bi-nitrate became insoluble when made 

anhydrous. Also, it was found that ethylene and diethylene glycol poorly wet platinum, 

which lead to poor film quali^. Bi-subcarbonate and Bi-hydroxide were completely 

insoluble in all the solvents tested. Bi-acetate was found to be soluble in diethylene 
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glycol and 2-ethylhexanoic acid. Bi-2-ethylhexanoate was only soluble in 2-

ethylhexanoic acid. 

Further studies showed that Ta-ethoxide and Ta-Sr double ethoxide do not 

hydrolyze and condense when added to a Bl-acetate/2-ethylhexanoic acid or Bi-2-

ethylhexanoate/2-ethylhexanoic acid solutions. Also, the alkoxide solutions and the 2-

ethylhexanoic acid solutions were completely miscible in one another (as expected from 

their similar solubility parameters). As a result of these experiments, Bi-acetate and Bi-2-

ethylhexanaote were picked as the bismuth sources and 2-ethylhexanoic acid was picked 

as their solvent for the precursor solutions. 

Initial film fabrication experiments were performed using Bi-2-ethylhexanoate as 

the bismuth source, due to the ease with which it could be added (it is a liquid at room 

temperature) to the Ta-Sr double ethoxide solutions. However, even though SBT thin 

fibns could be fabricated with this compound, there was concem about the effect of 

impurities added to the system by using the Bi-2-ethyihexanoate. Bi-2-ethylhexanoate, 

which is typically produced by the reaction of BiCb and Na-alkoxide, often contains 

small quantities of the reaction by-product, NaCl. Salt contamination can compromise 

the electrical properties of fihns because of its high mobility. Commercial sources of Bi-

2-ethylhexanoate also contain mineral spirits or xylenes to reduce the viscosity, which 

may also lead to higher residual carbon levels in the films and reduce film quality by 

altering the wetting properties of the solution. Removal of these contaminants can be 

facilitated by using vacuum distillation processes, but since high purity Bl-acetate is 
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inexpensive and readily available, a synthesis route based on bismuth acetate was 

developed. 

4.2 SBT Precursor Solution Synthesis Procedure 

Figure 4.1 shows a schematic of the bismuth acetate based synthesis route. 

Add Sr Metal 
Reflux 

5(yC 
Rapid Mbcmg 

Ta'^thoxkle h ethanol 

2Ta:Sr double ethoxide fotmation Bi-acetate in 2-ethylhexanoic acid 

SBT Precursor Solution 

Figure 4,1: Flow chart of SBT solution synthesis procedure. 

The Ta-Sr double ethoxide is made by placing Sr metal (99%) in a 50 ml flask containing 

Ta-ethoxide (99.99%) in dry ethanol. The flask is then placed on a water cooled 

refluxing column and the solution brought to a boil (~80*'C) in a hot oil bath. During this 

process, the solution is stirred with a magnetic stirrer to aid with mixing. The solution is 

left to reflux overnight, under an inert argon atmosphere, to guarantee fiill reaction of the 

strontium metal and the formation of the Ta-Sr double ethoxide. After the double 

ethoxide solution has been synthesized, the bismuth acetate/2-ethylhexanoic acid solution 

is prepared by placing Bi-acetate in 2-ethylhexanoic acid in a separate 50 ml flask. 
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Although Bi-acetate will dissolve in 2-ethylhexanoic acid at room temperature, typically 

the solution is heated to 50°C in an oil bath to speed up the dissolution process. After the 

acetate solution turns clear (after about 3-5 minutes at 50''C or 10-15 minutes at 25°C), it 

is removed from the oil bath and allowed to cool, while stirring, for 10-15 minutes. The 

two solutions are then mixed by adding the Bi-acetate solution to the double ethoxide 

solution. No evidence was found that the mixing order was important, but by always 

mixing the solutions the same way, a processing variable could be eliminated. The final 

molarity of the precursor solution was approximately 0.07 moles SBT/liter. The resulting 

two-solvent solution was stirred for approximately 15 minutes to allow for 

homogenization. Although no systematic aging studies have been carried out at this time, 

it has been observed that this precursor SBT solution remains clear and precipitate-free 

for up to several days at room temperature. It is expected that storing the solution in a 

refrigerator would improve the shelf-life even further. 

The 2:1 ratio of Ta to Sr found in the Ta-Sr double ethoxide provides a convenient 

method of maintaining the proper stoichiometry for compositions with stoichiometric Sr 

contents. Sr-deficient compositions can also be easily made by reducing the amount of Sr 

metal added to the solution, since the double ethoxide is not required for Ta-ethoxide 

solubility. Bi content can altered by simply varying the amount of Bi-acetate added to the 

2-ethylhexanoic acid. Examples of typical solution synthesis recipes for making 1.) 

stoichiometric Sr , 10% excess Bi (1/2.2/2) and 2.) 20% Sr deficient, 10% excess Bi 

(0.8/2.2/2) SBT precursor solutions can be found in Table 4.2. 



116 

Table 4.2: Examples of batch calculations for 1/2.2/2 and 0.8/2.2/2 precursor solutions 

Acetate Route 
M = .07 1/2.2/2 (Sr/Bi/Ta) 0.8/2.2/2 (Sr/Bi/Ta) 

Solution #1 Quantitv Quantitv 

Ethanol 16 ml 16 ml 
Sr metal 0.15 g 0.12 g 
Ta-ethoxide 0.90 ml 0.90 ml 

Solution #2 

Bi-acetate 1.50 g 1.50 fi 
2-ethylhexanoic acid 8 ml 8 ml 

4.3 Thin Film Fabrication 

The film fabrication begins with removing the precursor solution fi'om the flask 

using a syringe. The solution is then fihered through a 0,2 ^un PTFE syringe filter onto a 

sih'con wafer containing Pt/TiOx/SiOi/Si (100) electrode stacks. The Pt acts as the 

bottom electrode for the finished films. Pt has been found to be an ideal electrode 

material because it is inert, oxidation resistant, and it has a high work function. The TiOx 

and SiOi layers act as intermediate adhesion layers that allow for firm bonding of the Pt 

to the Si (100) substrate, which is the primary support structure for the fihn. The (100) 

orientation of the silicon wafer, instead of (111), prevents the overlap of silicon 

dif&action peaks with the important diagnostic dif&action peaks of SBT at ~30° 2-theta. 

Solution deposition is carried out by continuously filtering the SBT solution onto 

the Pt surface, until the entire Pt surface is flooded with the solution. The wafer is then 

spun at 2200-2500 RPM for 30 seconds with a Headway spincoater, which throws off 

most of the precursor solution, except for a thin coating. After each coating, the wafer is 
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placed on a hot plate preheated to 250 "C, for approximately five minutes, to evaporate 

any remaining ethanol and 2-ethylhexanoic acid, and to partially decompose the organic 

components. The coating process is repeated (4-6 times) to reach the targeted green 

thickness of 0.3-0.5 ^m. Dektak measurements of films fired to 500° C show that the 

thickness of the first SBT coating (the one in contact with the Pt) is about 50 nm. Each 

additional coatings contributes about 75 nm to the total thickness of the final film. 

The resulting films are amorphous and require a flimace heat treatment to 

crystallize into the layered perovskite structure. This firing is performed in a tube furnace 

under flowing oxygen. A typical heat treatment schedule is as follows: 2 hr 450 "C, 15 

min @ 450 °C, 3 hr -» 800 "C, 1 hr @ 800 °C, 4 hr room temperature. The purpose of 

the hold at 450 °C is to provide additional time for bumout of residual carbon, prior to 

crystallizing the fihn. Post-firing thicknesses typically range fi:om 150-450 nm, 

depending on the composition, final hold temperature, and the number of coatings. 

Capacitors are fabricated on the crystallized fihns using shadow masking to sputter Pt 

electrodes with cross-sectional areas of ~2E-3 cm^ onto the films. A post-metallization 

anneal of 1 hr. at 375 ®C in O2 was performed prior to electrical testing. 
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5. PHASE DEVELOPMENT IN SBT POWDERS 

5.0 Focus of Chapter 

In this chapter, the effects of composition on the crystallization temperatures of 

the fluorite and layered perovskite phases in bulk SBT powders are investigated to 

provide a basis for understanding the phase development in SBT films. 

5.1 Effect of Composition on the Phase Development of SBT Powders 

To provide insight into the effect of composition on the phase development of 

SBT, several acetate-alkoxide SBT solutions, with different compositions, were 

precipitated and analyzed with differential thermal analysis and x-ray diffraction. The 

compositions picked for the study were 1/2/2, 1/2.2/2, 1/2.4/2, 0.9/2.1/2, 0.8/2/2, 

0.8/2.2/2,0.8/2.4/2,0.7/2.3/2, and 0.6/2.4/2. The compositions were selected to provide a 

thorough sampling of different compositions containing various amounts of Bi and Sr 

with the sum Sr + Bi = 3, and also to study compositions where the simi of the Sr and Bi 

contents is greater than and less than 3. 

Figure 5.1 shows an example of a typical DTA pattern for an SBT powder. 
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Figure 5.1: DTA curve of a 1/2/2 SBT powder acquired by precipitating an alkoxide-
acetate sol-gel solution. The heating rate was 25 °C/min in oxygen. 

All of the DTA patterns contain two primary exothermic peaks, as shown in 

Figure 5.1. The first peak is located between 640-680 °C and the second peak between 

800-840 °C. XRD analysis of the DTA powders confirmed that the lower temperature 

exotherm is due to the crystallization of the amorphous powder into the fluorite phase. 

The higher temperature exotherm is caused by the transformation of the powder from the 

fluorite phase into the layered perovskite SBT phase. Analysis of the DTA patterns for 

all of the compositions showed that the location of the fluorite crystallization peak 

maximum and the SBT transformation peak maximum are compositionally dependent. 

Table 5.1 summarizes the crystallization and transformation data for all of the 

powders. 
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Table 5.1: Effect of SBT Powder Compositioii on the Location of the Fluorite 
Crystallization and SBT Transformation Exotherms. 

Composition Fluorite Exotherm SBT Exotherm 
(Sr/Bi/Ta) Temperature (°C) Temperature ("C) 

0.6/2.4/2 648 840 
0.7/2.3/2 657 819 
0.8/2.2/2 667 814 
0.9/2.1/2 667 799 
1/2/2 684 799 
0.8/2/2 670 822 
0.8/2.4/2 647 822 
1/2.2/2 671 806 
1/2.4/2 647 797 

The data in Table 5.1 suggest that for compositions with (Sr + Bi) = 3, as the powder 

becomes more Sr-deficient, the fluorite crystallization temperature shifts to lower 

temperatures. However, the SBT transformation temperature shifts towards higher 

temperatures with decreasing Sr content. The amount of Bi also has a significant effect 

on the crystallization/transformation temperature. The glass-transition temperature (Tg) 

of the powders was estimated from the DTA patterns and was found to range between 

510-540 "C. 

The data from Table 5.1 is plotted in Figure 5.2 in order to show the effect of Sr 

and Bi composition on the crystallization/transformation temperatures of fluorite and 

SBT more clearly. In the figure, the crystallization/transformation temperature of each 

phase is plotted versus the ratio of the Sr content and sum of the Sr and Bi content for all 

of the compositions shown in Table 5.1. The fiUed-in points are for the compositions 
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where (Sr + Bi) = 3. The straight lines on the plot are the linear least-squares best fit for 

each data set. 

u 0 w 
2 

1 

I 
e _o 
•s 

a 1/1 e 

900 

850 

800 

750 

700 

^ 650 

^ 600 
^ 0.15 0.20 0.25 

Sr/(SH-Bi) 

0.30 

Q SBT 
0 Fluorite 

•_ o. 
• 

— 0 0 

0.35 

Figure 5.2; Effect of Sr and Bi content on the crystallization and transformation of 
fluorite and SBT in precipitated sol-gel powders. The filled in points are compositions 
where (Sr + Bi) = 3. 

Figure 5.2 indicates that as the Sr/(Sr + Bi) ratio becomes smaller, the fluorite 

crystallization temperature decreases. A possible explanation for this trend can be found 

by examining the effect of Sr and Bi content on the fluorite structure. Structural analysis 

by Zhou79 has shown that the fluorite phase is the stable at room temperature for bismuth 

tantalates having a Bi;Ta ratio between 9:1 and 1:1. This indicates that the larger 

amounts of Bi found in 0.6/2.4/2 and other such compositions should easily be 

incorporated into the fluorite structure. A review of the literature also shows that there 
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are a wide variety of Sr containing compounds that form fluorite-like structures as well, 

including SrO-BiiOa and YiOs-TazOs-SrO.^®'*' 

As the Bi:Sr ratio in the amorphous film decreases, the fluorite structure must 

continually compensate for the difference in ionic radii and valence of Bi^^ and Sr^^ The 

increase in lattice strain (Sr is larger than Bi), and the formation of charge compensating 

defects, such as oxygen vacancies, increases with increasing Sr content. All of these 

processes require free energy. As a result, the driving force crystallization is reduced 

such that crystallization is delayed until more thermal energy is added to the system. 

The temperature of the fluorite-to-SBT conversion shifts to higher temperatures in 

powders with smaller Sr/(Sr + Bi) ratios, implying that it is more difficult to transform 

from fluorite to SBT in Sr-deficient powders. As before, a possible explanation for this 

trend can be found by examining the crystal structure of SBT. As the overall Sr content 

decreases, more Bi is required to substitute into the Sr sites of the layered perovskite 

structure, in order for the layered perovskite structure to remain stable, bi Chapter 2, it 

was shown that in order for Bi to substitute for Sr, either the valence of the Bi needs to be 

changed from +3 to +2 or charged defects, such as Sr vacancies, need to be formed in 

order to maintain charge neutraliQr. Both of these processes require free energy. 

Therefore, the driving force for the fluorite-to-SBT transformation is reduced and the 

transformation is delayed to until a higher temperature as Sr-deficiency increases. 

It should be noted that a survey of the literature reveals that compounds which 

contain Bi^*** are not common. Therefore, charge compensation through the formation of 

Sr vacancies may be the more favorable process. A major implication of the increase in 
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charged defects within the crystal structure is a possible increase in domain pinning, 

which would negatively affect the ferroelectric properties. 

Another possible explanation for the decrease in the fluorite-to-SBT 

transformation temperature, with increasing Sr content, is the effect of composition on the 

structure of the fluorite phase. Zhou^^ found that as the Ba:Ta ratio approached 1 ;1, the 

fluorite structure of the BiiOs-TaiOs system became more Aurivillius-like, with partial 

sheets of Ta-0 octahedra being separated with Bi-oxide layers. Choi et found that 

as the Sr content increased in the YiOs-TaiOs-SrO system, the fluorite structure became 

more perovskite-like. This suggests that as the overall SBT composition approaches the 

stoichiometric composition (1/2/2), the fluorite phase formed during heat treatment may 

have an overall structure that more closely resembles the layered perovskite structure. If 

this is so, then as the fluorite structure becomes more like the layered perovskite structure 

the energy barrier inhibiting the transformation may decrease in magnitude. 

It is interesting to note that over the broad range of compositions in this study the 

AT of the amorphous-to-fluorite crystallization temperature was ~35 ®C and the AT of the 

fluorite-to-SBT transformation temperatures was ~40 "C. Therefore, composition can 

have a significant effect on the crystallization and transformation temperatures of fluorite 

and SBT when heated at 25 "C/min. 

XRD analysis of all of the DTA samples confirms that SBT formation is possible 

over a surprisingly wide range of composition. In particular, the amount of bismuth that 

can substitute for Sr appears to be at least 40%, since the 0.6/2.4/2 powder crystallized 
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primarily into SBT. However, the crystallinity of the 0.6/2.4/2 powder appears to be less 

than that of the 0.8/2.2/2 and 1/2/2 powders, since many of the minor SBT dif&action 

peaks are missing or are broader than the same peaks in 0.8/2.2/2 and 1/2/2 powders 

(each sample consisted of approximately the same amount of powder). This result is not 

unexpected, since the crystallization temperature of a 0.6/2.4/2 composition powder is 

more than 25 ®C higher than that of the 0.8/2.2/2 or 1/2/2 compositions. Therefore, the 

0.6/2.4/2 powder was at or above the SBT transformation temperature for a shorter 

amount of time than the other compositions during the DTA run. Figure 5.3 shows the 

XRD patterns for 1/2/2,0.8/2.2/2 and 0.6/2.4/2 powders. 
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Figure 5.3: Phase development of precipitated SBT powder with 0.6/2.4/2,0.8/2.2/2, and 
1/2/2 composition after a 25 °C/min to 900 ®C DTA run. 
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Besides showing reduced SBT crystailinity, there appears to be a slight shift in 

several of the peak locations, including the (220), (020/200), and (315) peaks to higher 2-

theta values, as the composition becomes more Sr deficient, indicating that some of the d-

spacings in the SBT crystal lattice are decreasing as the concentration of Bi ions and/or 

vacancies on the perovskite A site increases. A decrease in the a and c lattice parameters 

of SBT with increasing Sr deficiency has been reported by Torii et al,in SBT powders 

fabricated from mixed oxides. In their study, the c lattice parameter measured 2.506 nm 

for a stoichiometric Sr powder and decreased linearly to 2.5025 nm when 40% Sr 

deficient, which is a decrease of 0.0035 nm. The a lattice parameter changed firom 0.552 

nm for the stoichiometric Sr powder to 0.5505 nm when 40% deficient, which is a 

decrease of 0.0015 nm. For the data presented in Figure 5.3, the a lattice parameter 

(calculated using die (020/200) diffraction peak) decreases by 0.004 nm as the 

composition changes from stoichiometric Sr to 40% Sr deficient. The c lattice parameter 

could not be calculated, since none of the SBT (001) diffraction peaks were fiilly 

developed in the Sr-deficient powders. Possible reasons for the difference in the 

magnitude of the shift in the a lattice parameter of the powders in Figure 5.3 and the 

those in the Torii study include; the powders in Figure 5.3 were not phase pure and 

processed to guarantee full conversion, while the powders in the Torii study were phase 

pure SBT; the overall composition of the fihns in Figure 5.3 and the Torri study are not 

the same (all of the Sr-deficient powders in the Torii study were compositions where (Sr 

+ Bi) < 3); the conditions used to acquire the XRD patterns of the powders in Figure 5.3 
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were not optimized for lattice parameter measurement However, the results still confirm 

that at least the a lattice parameter of SBT is affected by Sr and Bi composition. 

Qualitative analysis of the XRD patterns shows that in all five powders, 

pyrochlore has crystallized during the DTA run. DTA analysis of powder with the same 

composition as the pyrochlore phase (1/0.8/2) mdicates that the crystallization 

temperature for pyrochlore is approximately 745 °C. The DTA pattem for the 0.6/2.4/2 

composition powder has a small exotherm at approximately 750 ®C, which provides 

additional evidence that pyrochlore is crystallizing. The DTA patterns of the other (Bi + 

Sr) = 3 powders do not have a visible pyrochlore exotherm, but pyrochlore is readily 

identified in the XRD patterns (the diffraction peaks labeled with an X). XRD analysis of 

powders heated at 5 "C/mm to 900 ®C and isothermally treated for 3 hours at 900 ®C 

verifies that formation of pyrochlore is not due to the 25 ®C/min heating rate. 

Figures 5.4 and 5.5 show the XRD patterns for the 20% Sr-deficient powders with 

various Bi contents and stoichiometric Sr powders, also with various Bi contents. 
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Figure 5.4: Phase development of precipitated SBT powder with different 20% Sr 
deficiency and various Bi contents. 
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Figure 5.5: Phase development of precipitated SBT powder with stoichiometric Sr 
content and various Bi contents. 

The XRD pattems in Figures 5.4 and 5.5 indicate, like the (Sr + Bi) = 3 powders, that 

pyrochlore has crystallized in all of the powders. This suggests that somehow Bi is being 

lost during the precipitation process. One possibility is that during the washing and 

filtering step, Bi is lost to the rinse water. However, it is unclear how Bi would be 

preferentially lost, especially since most Bi compounds are insoluble in basic and/or 

aqueous solutions. More work, including elemental analysis of the rinse water, would 

need to be performed before a definitive explanation could be formulated. Nevertheless, 

the results still show convincingly that a significant amount of SBT can be formed firom a 

wide range of initial compositions. 
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5.2 Further Evidence of the Metastable Nature of the Fluorite Phase 

There has been a lot of discussion in the literature about whether fluorite is indeed 

a stable or metastable phase. Several researchers have suggested that it is a metastable 

phase based on the extremely small grain size and very slow growth rate observed in thin 

films. However, those observations by themselves do not prove or disprove whether 

fluorite is indeed a metastable phase, since the small grain size may be the result of 

copious nucleation, and the slow growth the result of stable grain boundaries. A more 

decisive piece of evidence would be the transformation of SBT from fluorite at low 

temperatures in a bulk sample as a function of time. The use of a bulk sample eliminates 

any potential substrate effects, which may influence the transformation. The 

transformation of fluorite to SBT at low temperatures, even after a very long time, would 

prove that the fluorite phase is only an intermediate. 

To this end, precipitated 1/2.2/2 powder was placed in an alumina boat and fired 

at 630 "C in oxygen for various periods of time. It is important to point out that 630 is 

well below the SBT transformation temperature of 1/2.2/2 composition powder, 

determined by the DTA experiments (806 °C), and even below the temperature 

corresponding to the maximum of the fluorite crystallization exotherm (671 "C). 

Therefore, fluorite should be the only phase present, even after very long anneals, if it is 

the stable phase. Figure 5.6 shows XRD patterns of the powder after 1,4,12,36, and 108 

hours. 
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Figure 5.6: Effect of time at temperature (630 °C) on the phase development of 
precipitated 1/2.2/2 SBT powder. 

Figure 5.6 clearly shows that the fluorite phase forms rapidly, even in bulk 

powder, since after 1 hour the powder has already crystallized into the fluorite phase. 

After 4 and 12 hrs. the powder is still fluorite, but the diffraction peaks are sharper. 

After 36 hrs. small diffraction peaks appear at 32.4°, 46.5°, and 55.7° 2-theta, which 

cannot be indexed to the fluorite standard. However, they do match with the (020/200), 

(220), and (315) di^ction peaks from the layered perovskite SBT phase. Also, the 

location of the most intense diffraction peak has shifted from 28.64° after 1 hr. to 28.73° 

after 36 hrs. Table 5.2 compares the location of the most intense diffraction peak, which 

is a convolution of the SBT (115) and fluorite (111) diffraction peaks, of the powder 

samples as a fimction of annealing time. 
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Table 5.2: Location of the maximum of the convoluted F(l 11)-S(115) dif&action peak in 
1/2.2/2 powder as a flmction of annealing time at 630°C. 

Annealing Time Peak Location 
(hrs.) (20) 

1 28.64 
4 28.65 
12 28.67 
36 28.73 
108 28.75 

The increase in the integrated intensities of the SBT dif&action peaks, the 

development of the SBT (2010) dif&action peak, and movement of the most intense 

difEraction peak from 28.64° to 28.75®, after 108 hrs., suggests that the amount of SBT 

phase present in the powder samples is increasing with time. Therefore, it would be 

expected that if a powder was fired for several hundred hours that it would eventually 

become phase-pure SBT. This result provides strong evidence that even at low 

temperatures SBT is the stable phase. Long annealing times are necessary for the 

fluorite-to-SBT transformation, since reduced mobility at lower temperatures inhibits the 

organization of the atoms into the complex layered perovskite structure. 

5.3 Summary of Chapter 

In this chapter, it was shown that the crystallization path of SBT typically involves 

three primary phases: amorphous, fluorite, and SBT. Pyrochlore can also be considered a 

primary phase in Bi-deficient compositions and regions when processed above 750 "C. 

The fluorite crystallization temperature increased with increasing Sr/(Sr + Bi) ratio for 
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powders heated at 25 °C/min. The crystallization temperature range was 650-685 °C. 

The increase in the crystallization temperature of fluorite with increasing Sr/(Sr + Bi) 

ratio is likely due to a reduction in the driving force for crystallization, since free energy 

is required to substitute Sr^^ for Bi^^ because of differences in valence and ionic radii. 

The fluorite-to-SBT transformation temperature is also composition dependent. 

However, the transformation temperature decreases with Sr/(Sr + Bi) ratio, which is the 

opposite trend of the fluorite crystallization temperature. The reason for this is that as Sr 

deficiency increases, more Bi cations must substitute for Sr on the layered perovskite A-

site. However, since Sr and Bi have different valences, some sort of charge compensation 

must take place in order to maintain the overall charge neutrality in the layered perovskite 

structure. The two ways that this can happen are by either the Bi cation changing its 

valence from +3 to +2, or by the formation of Sr vacancies. Both processes require free 

energy, which reduce the driving force for the transformation; therefore, the 

transformation temperature increases with Sr-deficiency (for a constant heating rate). 

XRD analysis confirmed that the SBT phase can be formed over a surprisingly 

wide range of compositions. These compositions included a variety of compositions 

where (Sr + Bi) = 3, (Sr + Bi) > 3, and (Sr + Bi) < 3. A decrease in the a lattice 

parameter of the SBT unit cell with increasing Sr-deficiency in (Sr + Bi)= 3 powders was 

detected. This verifies results published in the literature, which show that the a lattice 

parameter decreases with increasing Sr-deficiency for SBT powders with (Sr + Bi) < 3. 

The decrease in the a lattice parameter is due to the substitution of the smaller Bi cation 

substitutes for Sr and the introduction of Sr vacancies. 
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An investigation of the phase development of a 1/2.2/2 powder as a function of 

time at showed that the fluorite phase forms rapidly in SBT powders (< I hr). 

Even after being fired for 12 hours, the powder remained only fluorite. However, after 36 

hours, XRD analysis indicated evidence of SBT formation. The amount of SBT 

continued to increase with firing time beyond 36 hours. The formation of SBT at such a 

low temperature confirms that SBT is a more stable phase than the fluorite phase, and that 

alternately the fluorite phase is metastable. 

In the next chapter the insight gained &om the powder studies is applied towards 

understanding how phase development, composition, and other factors control the 

ferroelectric properties of sol-gel derived SBT thin fihns. 
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6. FACTORS CONTROLLING THE FERROELECTRIC 
PROPERTIES OF SBT THIN FILMS 

6.0 Focus of Chapter 

In this chapter the effects of composition and processing on the ferroelectric 

properties of SBT films fabricated via the alkoxide-acetate route are discussed. Since 

there have been several detailed studies on the effect of composition, the purpose of this 

work is not to repeat or duplicate old studies, but to utilize compositional and processing 

variations to help extract the factors which control the ferroelectric properties of SBT thin 

fihns. However, comparisons are made between this study and the literature to highlight 

similar results and to provide further support for general observations. The main focus of 

this chapter is to identify and analyze the different factors which have an influence on the 

ferroelectric properties of SBT films. These factors include composition, development of 

second phases, percent conversion (fluorite-to-SBT), and SBT grain and crystallite size. 

In Chapter 7, the results of this analysis are used to develop strategies for improving the 

2Pr of SBT fihns at lower temperatures. 

6.1 Effect of Composition on the Ferroelectric Properties of SBT 

In this section, the effect of composition on the phase development and 

microstructure are examined in order to determine their effect on the ferroelectric 

properties of SBT thin fihns. As part of this study, several different fihn compositions 

were employed, including 0.7/2.2/2,0.8/2/2,0.8/2.2/2,0.8/2.4/2,0.9/2.2/2,1/2/2,1/2.2/2, 

and 1/2.4/2. The compositions were selected based on the availability of published data 



135 

to provide a means for comparing and verifying observations. The fihns were fired for 

one hour in oxygen at either 750 °C or 830 "C. Such high processing temperatures were 

selected since the properties achieved under these conditions should be representative of 

the optimum properties for SBT films fabricated with the alkoxide-acetate sol-gel route. 

As a result, the effects of the different factors could be more easily extracted. 

6.1.1 Sr Composition 

The XRD patterns for SBT films with various Sr compositions fired for one hour 

at 750 ®C and 830 ®C are shown in Figure 6.1. The films each have 10% excess Bi and, 

with respect to the Sr content, are stoichiometric (1/2.2/2), 10% deficient (0.9/2.2/2), 20% 

deficient (0.8/2.2/2), or 30% deficient (0.7/2.2/2) in Sr. It should be noted that the XRD 

patterns of all of the SBT fihns deposited on platinized silicon contain an artifact at 20° 

2-theta. This artifact only appears in the patterns of SBT films processed on platinized 

silicon, and is believed to be caused by a normally low intensiQr Pt diffraction peak whose 

intensity is being enhanced by orientation effects. In all XRD patterns where the artifact 

is present, it is labeled as part of the substrate. 
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Figure 6.1: Effect of Sr deficiency on the phase development of 10 % excess bismuth 
SBT films fired at A) 750 'C and B) 830 'C for 1 hour in oxygen. Note the increase of 
pyrochlore formation with increased temperature and Sr deficiency. 
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The XRD patterns for the 750 "C samples indicate that the layered perovskite 

SBT phase is the major phase in all of the samples. All the Sr-deficient fihns contain 

pyrochlore (Sro.2(Sro.5Bio.7)Ta206.75) as a second phase, The pyrochlore phase is 

identified by the presence of dif&action peaks of the (111), (222), (400), and (622) planes 

at 14.5°, 29.4®, 34.1® and 58.1® 2-theta, respectively. The amount of pyrochlore also 

increases as the Sr content decreases and the annealing temperature increases. 

To provide an estimate of the relative amount of pyrochlore on each film, the 

ratios of the integrated intensities of the pyrochlore (111) and SBT (315) peaks were 

calculated for the fihns fired at 750 ®C and 830 °C. Since both diffraction peaks have 

ahnost identical integrated areas in powder samples, the ratio of the integrated area of 

both peaks should provide a useful means of comparing the amount of each phase present 

in a given film, as long as the fihn does not have a preferred orientation. Comparison of 

the XRD patterns of the fihns with the SBT and pyrochlore standards, shown in Chapter 

3, strongly suggests that the films are randomly orientated. Also, the beam conditions 

and the sample size and thickness were kept constant to ensure that the interaction 

volume of the x-rays was the same for each sample. Table 6.1 shows the pyrochlore-to-

SBT ratio for the fihns fired at 750 ®C and 830 ®C. 
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Table 6.1: Ratio of the integrated intensities of the pyrochlore (111) and SBT (315) for 
SBT films fired at 750 ®C and 830 "C 

Composition Pyrochlore/SBT 
(750 »C) 

Pyrochlore/ SBT 
(830 ®C) 

0.7/2.2/2 1.84 5.16 
0.8/2.2/2 0.98 l.ll 
0.9/2.2/2 0.75 0.85 
1/2.2/2 0 0 

The data in Table 6.1 clearly shows that the ratio of the integrated intensities of the 

pyrochlore (111) peak and SBT (315) peak increases with Sr deficiency. Since the 

integrated intensity of a diffi^ction peak can be used as a relative measure of the volume 

fraction of the phase, assuming the conditions stated previously are true, this indicates 

that the volume flection of pyrochlore is increasing, compared to the volimie fi^ction of 

SBT, with increasing Sr deficiency. In addition, the integrated intensity ratios for the 

fihns fired at 830 "C are greater than those fired at 750 ®C, even for the same 

compositions, which suggests that the volume fraction of pyrochlore in the 830 °C fihn is 

greater than the 750 "C films. 

The compositional dependence of the intensities of the pyrochlore peaks is 

consistent with XRD patterns published by Hase e/. and Atsuki et. aP''. Noguchi et. 

aP^ also found a similar trend, but identified their second phase as BiTa04. The 

locations of the second phase peaks shown in Figure 6.1 are not consistent with those 

reported on the JCPDS pattern for BiTa04 (16-906) and with XRD patterns of BiTa04 

samples fabricated in our laboratories. It should be noted that it is quite easy to mistake 

the two phases for one another if the XRD patterns are only collected at 2-theta values 
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greater than 20°. The best diagnostic peaks for differentiating between the two phases are 

located between 10-20® 2-theta. The presence of a dif&action peak at 11.90° corresponds 

to the (100) plane of the BiTa04 phase, while a dif&action peak at 14.70° corresponds to 

the (111) plane of pyrochlore. Neither phase has a diffraction peak located at both 2-theta 

values. Analysis of the present patterns shows that the dif&action peak is located at 

14.70°, thereby confirming that the second phase is pyrochlore, not BiTa04. 

It may seem odd that pyrochlore formation is so prevalent in Sr-deficient films, 

especially since the fibns included excess Bi. Pyrochlore is typically formed in Bi-

deficient films, as discussed in Chapter 2. The XRD patterns show that Bi2Pt and/or 

BizOs are present in the films as well. It is possible that the crystallization of BizOa or the 

loss of Bi to the Pt bottom electrode depletes Bi from the remaining fluorite regions of the 

fihn, and promotes their eventual conversion to pyrochlore. TEM analysis by others has 

indicated that the fluorite phase becomes more and more Bi deficient with increased 

annealing temperature, which supports the idea that the fluorite phase is losing Bi to the 

bottom electrode, evaporation, and the fluorite-to-SBT transformation process.^-

As shown in the previous paragraphs, Sr deficiency has a significant effect on the 

phase purity of SBT flhns. In particular, as the Sr content decreases and firing 

temperature increases, the amount of pyrochlore increases. Table 6.2 summarizes the 

ferroelectric data for the 750 °C and 830 °C fihns with various Sr contents. 
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Table 6.2: Ferroelectric data for SBT films with various Sr contents. 

Composition 2Pr(750°C) 

(nC/cm^) 
2Ec (750 °C) 

(kV/cm) 
2Pr(830 °C) 

(uC/cm^) 
2Ec(830 °C) 

(kV/cm) 
1/2.2/2 3.5±0.2 100±4 8.610.2 13614 

0.9/2.2/2 7.1±0.2 122±4 11.310.3 19116 

0.8/2.2/2 8.7±0.3 143±5 11.810.4 20117 

0.7/2.2/2 4.3±0.2 171±5 7.910.2 22014 

Figure 6.2 graphically compares the 2Pr values, under an applied field of approximately 

250 kV/cm, of the Sr-deficient films fired at 750 ®C and 830 °C. 
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Figure 6.2; Effect of Sr content on the 2Pr of 10% excess bismuth films fired for one 
hour at 750 ®C and 830 "C in oxygen. 

Despite the presence of secondary phases, Sr-deficient films have much higher values of 

2Pr than stoichiometric films fired at 750 ®C (8.710.3 ^C/cm^ at 20% Sr-deficient vs. 
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3.5±0.2 |AC/cm^ for stoichiometric films). At 830 ®C, the 2Pr values of the stoichiometric 

Sr composition films were closer in magnitude (~7S%), but still much smaller than those 

of the Sr-deficient fihns (11.8±0.4 ^C/cm^ at 20% Sr-deficient vs. 8.6±0.2 ^C/cm^ for 

stoichiometric fihns). In both the 750 °C and 830 "C fihn series, the maximum observed 

2Pr occurred at 20% deficient Sr, which is consistent with the literature.^®' '7 The large 

drop in 2Pr between the 0.8/2.2/2 and 0.7/2.2/2 fihns is at least partially linked to the 

much higher volume fraction of pyrochlore in the 0.7/2.2/2 fihns (Table 6.1), which 

promotes the development of a segregated microstructure (discrete regions of SBT and 

pyrochlore) and reduces the amount of SBT under a given electrode. Figure 6.3 compares 

the microstructures of the 1/.2/2, 0.9/2.2/2, 0.8/2.2/2 and 0.7/2.2/2 films fired at 830 °C. 

The light colored phase in the 0.7/2.2/2 micrograph is the SBT phase and the dark phase 

is pyrochlore. 
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Figure 6.3: Comparison of the microstructures of SBT films as a function of Sr content 
A) 1/2.2/2, B) 0.9/2.2/2, C) 0.8/2.2/2, and D) 0 J/2.2/2. 
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The micrographs show that the Sr-deficient fihns have larger SBT grain sizes than 

the stoichiometric Sr film. The 1/2.2/2 film has an average SBT grain size of 95 nm, 

compared to 125 nm and 130 nm for the 0.9/2.2/2 and 0.8/2.2/2 fihns. The 0.7/2.2/2 film 

has large spherulitic SBT regions that meastire 1-1.5 ^m in diameter. However, a closer 

inspection suggests that the spherulites are not one single grain but an agglomeration of 

smaller SBT grains that have an average size of ~100-125 nm. Comparison of the 750 "C 

microstructure shows the same trends, except the average grain sizes are smaller than 

those at 830 "C. Correlation of these results with the 2Pr values, suggests that grain size 

may play an important role in influencing the 2Pr. The polarization values of a variety of 

ferroelectric materials, including BaTiOa, PZT, and PbTiOs, have been found to be grain 

size dependent (it decreases with decreasing grain size). The decrease is believed to be 

linked to a decrease in domain wall mobility, domain structure variants, and domain size 

due to elastic constraints.'86. J87 

The increase in pyrochlore formation that comes with using Sr-deficient 

compositions may not influence significantly the 2Pr in compositions between 20% Sr 

deficient and stoichiometric. However, the presence of almost any amount of pyrochlore 

appears to have a negative effect on the 2Ec. Figure 6.4 shows the effect of Sr deficiency 

on the shape of the ferroelectric hysteresis loops (under an applied field of 250 kV/cm) 

for SBT films with 10% excess Bi fired at 830 "C. Figure 6.5 summarizes the 2Ec data 

for the Sr-deficient films fired at 750 ®C and 830 °C. 
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Figure 6.4: Effect of Sr content on the 2Ec of 10% excess bismuth films fired for one 
hour at 750 ®C and 830 ®C in oxygen. Note the fattening of the hysteresis loops with 
decreasing Sr content. 
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Figure 6.5: Effect of Sr content on the coercive field (2Ec) of SBT fihns with 10% excess 
bismuth fired at 750 ®C and 830 °C. 
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Figure 6.4 shows that the hysteresis loops become "fatter" as the coercive field 

(2Ec) of the films increases with Sr deficiency. The 2Ec values are the lowest when the 

film composition is 1/2.2/2 and increases with increasing Sr deficiency. Correlating the 

2Ec results shown in Figure 6.5, the XRD data shown in Figure 6.1, and Table 6.1 

indicates that the increase in the coercive field is most likely related to the increase in 

secondary phases, especially pyrochlore. The slight plateau in the 2Ec between 10% and 

20% Sr deficiency in Figure 6.S appear to be due a similar volume fraction of pyrochlore, 

as shown in Table 6.1. The increase in the 2Ec is believed to be caused by the secondary 

phases hindering or "piiming" domain wall motion under low electric fields, thereby 

increasing the necessary electric field required to switch the SBT domains. 

The phase purity results have significant implications for commercial applications 

since high 2Pr and low 2Ec are desired. So far, the two seem almost mutually exclusive. 

High 2Pr values can be attained with the use of Sr-deficient films, but those compositions 

have higher 2Ec values, due to their tendency to form more readily secondary phases. In 

this section, however, the Bi content has been kept constant at 10% excess. It therefore 

would seem prudent that if the Bi-deficient pyrochlore is forming in Sr-deficient films, 

the ferroelectric properties, especially the coercive field, may be improved by adding 

additional Bi. In the next section, the effect of Bi content on the phase development, 

microstructure, and ferroelectric properties of stoichiometric Sr and 20% Sr-deficient 

SBT are examined. 
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6.1.2 Effect of Bi Composition on Phase Development and Ferroelectric Properties 

Figure 6.6 shows the effect of Bi content on the phase development of 

stoichiometric Sr and 20% Sr-deficient films fired at 750 ®C. 
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Figure 6.6: Effect of Bt excess on phase development for A) stoichiometric Sr and B) 
20% Sr-deficient films fired at 750 "C for 1 hr in oxygen. 

The XRD patterns show that for stoichiometric Sr films, the variations in Bi content over 

the range of this study (stoichiometric to 20% excess) do not substantially effect the phase 

development as the films are mostly phase-pure SBT. However, the phase development 

of the 20% Sr-deficient fihns was strongly affected by Bi content. The 0.8/2/2 

composition shows strong evidence of pyrochlore formation. Also, unlike the other two 

compositions which have a random orientation, there appears to be an enhanced c-axis 

orientation, as suggested by the higher relative intensities of the (006) and (0010) 

diffraction peaks. The 0.8/2.2/2 film has also formed pyrochlore, but less than the 0.8/2/2 

j51m. The 0.8/2.4/2 composition appears to be mostly phase-pure SBT. 
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Figure 6.7 shows the effect of Bi content on the phase development for 

stoichiometric Sr and 20% Sr-deflcient films at 830 °C. 
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Figure 6.7: Effect of Bi excess on phase development for A) stoichiometric Sr and B) 
20% Sr-deficient fihns fired at 830 ®C for I hr in oxygen. 

The phase development of the fihns fired to 830 are similar to diat in films fired at 

750 °C. The 1/2/2, 1/2.2/2 ,and 1/2.4/2 fihns are predominately layered perovskite SBT. 

The Sr-deficient fihns show the same trends as with the fihns fired at 750 **€ fihns; 

however, there is an increase in pyrochlore content in the 0.8/2/2 and 0.8/2.2/2 films. The 

0.8/2/2 film also continues to exhibit an enhanced c-axis orientation. The 0.8/2.4/2 film 

is still phase-pure SBT. 

Table 6.3 summarizes the effect of Bi composition on the ferroelectric properties 

of stoichiometric Sr and 20% Sr-deficient films fired to 750 °C and 830 "C. 
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Table 6.3: Ferroelectric data for SBT films with various Bi contents 

Composition 2Pr(750»C) 
(uC/cm^) 

2Ec(750 "C) 
(kV/cm) 

2Pr(830 °C) 
(nC/cm^) 

2Ec (830 °C) 
(kV/cm) 

1/2.4/2 4.1±0.2 113±4 7.5±0.2 158±5 
1/2.2/2 3.5±0.2 100±4 8.610.2 136 ±4 
1/2/2 2.0±0.2 122±4 4.5±0.2 142±6 
0.8/2.4/2 6.5±0.2 115+5 9.5±0.3 131±5 
0.8/2.2/2 8.7±0.3 125±5 ll.8±0.4 201±7 
0.8/2/2 5.8±0.3 155±5 9.3±0.3 229±5 

One of the trends apparent in Table 6.3, which is similar to the result presented in section 

6.1.1, is that Sr-def!cient fihns have higher 2Pr values than their stoichiometric Sr 

counterparts at both temperatures. Also, the Bi content has an apparent effect on the 

magnitude of the coercive field for both Sr compositions. Figure 6.8 shows 2Pr vs. 

bismuth content for 0.8/x/2 and l/x/2 films fired at 750 "C and 830 "C. 
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Figure 6.8: The effect of Bt content on the remanent polarization (2Pr) of SBT films with 
stoichiometric Sr and 20% Sr deficiency. 
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The data shown in Figure 6.8 implies that, regardless of the Sr content, the 2Pr values 

reach a maximum when the fihns have approximately 10 % excess Bi, except for the 

stoichiometric films fired at 750 °C. However, the electrical properties vary widely for 

the different Sr compositions and heat treatments. 

Analysis of the microstructures of the stoichiometric Sr films suggests that 

differences in the size of the SBT grains may account for the observed differences in the 

measured values of 2Pr shown in Figure 6.8. For 1/2.2/2 fihns, the average grain size 

measured from the micrographs is approximately 95 nm, compared to 80 nm in 1/2.4/2 

films fired at 830 "C (see Figure 6.9). This correlates well with the observed drop in 2Pr 

from 8.6±0.3 |aC/cm^ to 7.5±0.3 (aC/cm^. This suggests that too much Bi somehow 

reduces the SBT grain size. This could be accomplished by either altering the nucleation 

density or by inhibiting grain growth. The lower 2Pr of the 1/2/2 fihn is likely the result 

of its even smaller SBT grain size of 75 nm. At 750 "C, the grain sizes for the three 

stoichiometric Sr compositions increase with Bi content and range between 60-70 nm, 

which explains the slight increase in 2Pr with Bi content (2.0±0.1 for 1/2/2, 3.5±0.2 for 

1/2.2/2, and 4.1±0.2 nC/crn^ for 1/2.4/2 films). Representative microstructures of 1/2.2/2 

and 1/2.4/2 films fired at 750 ®C are shown in Figure 6.10. 



B 

Figure 6.9: Representative microstructures of stoichiometric Sr films with A) 10% and B) 
20% excess Bi fired at 830 "C. 



B 

Figure 6.10: Representative microstructures of stoichiometric Sr films with A) 10% and 
B) 20% excess Hi fired at 750 "C. Note the similarity in grain size. 
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Bi content also affects the microstructure and SBT grain size of Sr-deficient films. 

However, unlike the films having the stoichiometric amount of Sr, where there is only an 

apparent change in average grain size, in Sr-deficient films the Bi content also affects 

whether the individual phases segregate into distinct regions. Figure 6.11 shows 

representative microstructures of 0.8/2.2/2 and 0.8/2/2 fihns fired at 830 "C. 
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Figure 6.11: Representative microstructures of 20% Sr-deficient films with A) 10% 
excess and B) stoichiometric Bi fired at 830 "C in oxygen. 

Unlike the uniform 0.8/2.2/2 film, the microstructure of the 0.8/2/2 film is segregated-

consisting of agglomerations of SBT grains separated by fine grains of pyrochlore (~40 

nm in size). Like the agglomerations found in 0.7/2.2/2 composition films in section 6.1, 

the macroscopic SBT agglomerations in the 0.8/2/2 film measures approximately 1-1.5 

^m across, but appear to be made up of smaller grains with an average grain size of 100-

150 nm. However, the SBT islands in the 0.8/2/2 composition are more plentiful than in 

the 0.7/2.2/2 composition. Since these films are the most Bi deficient, the formation of 

pyrochlore should be expected if some of the Bi occupies the Sr site. These results 

confirm that Bi substituted on Sr sites produces its equivalent of a Sr-deficient film and 
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pyrochlore. The 0.8/2.2/2 and 0.8/2.4/2 compositions lead to films having unsegregated 

microstructures with SBT grain sizes measuring 130 nm and 100 nm, respectively. 

It is believed that the presence of such a large volume fraction of non-ferroelectric 

pyrochlore phase in the 0.8/2/2 and 0.7/2.2/2 films is at least partially responsible for the 

drop-off in the 2Pr measured in fihns with those compositions. This is supported by the 

electrical results which show the 0.8/2/2 composition to have good 2Pr values at 830 "C, 

but not as good as the single phase 0.8/2.2/2 composition (9.3±0.3 vs. 11.8±0.4 |iC/cm^), 

even though they appear to have similar grain sizes. The 2Pr value of the 0.7/2.2/2 fihns 

is 7.9±0.2 ^C/cm^ 

In terms of the coercive field, the effect of the Bi content is dependent on the Sr 

content of the fihns, as shown in Figure 6.12. 
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Figure 6.12; The effect of Bi content on the coercive field (2Ec) of SBT films with 
stoichiometric Sr and 20% Sr deficiency. 
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For stoichiometric Sr fiUns, the coercive field reaches a minimum with 10% excess Bi. 

The reduction in the 2Ec as the Bi content is increased from the stoichiometric amount to 

10% excess is most likely due to improved microstructural development. However, when 

even larger amounts of excess Bi are added (20% excess), the coercive field increases. It 

is possible that the higher amount of excess Bi may form BiiOs, which hinder domain 

wall motion. Bi and Bi-oxides have been found to accumulate at the grain boundaries of 

1.3/4.2/2,0.7/2.3/2 and 0.9/2.3/2 films fired between 700-800 "€.92.93.98, iss 

It is not surprising that compositions that have (Sr + Bi) > 3 would form Bi rich 

regions, since there is more Bi than necessary to form the SBT phase. However, the fact 

that Bi and Bi-oxide species accumulate in (Sr + Bi) = 3 compositions suggests that 

growth interface of these compositions may be Bi rich. This possibility is discussed in 

more detail in section 6.3. 

The Sr-deficient fihns show a constant decrease in 2Ec with increased Bi content. 

There is a fairly significant decrease in 2Ec at 830 "C for the 0.8/2.4/2 composition, when 

compared to either the 0.8/2/2 or 0.8/2.2/2 compositions. The decrease in 2Ec is most 

likely due to the large reduction in the amount of pyrochlore with increasing Bi content. 

It is interesting to note that the compositions that have the lowest 2Ec values have the 

same (Sr + Bi) value of 3.2. However, it should be pointed out that even though the 

0.8/2.4/2 composition has the lowest 2Ec of the 20% Sr-deficient films, it appears to have 

a lower 2Pr than the 0.8/2.2/2 composition. For many applications, the 2Pr of a material 
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is typically more important than the 2Ec, as long as the 2Ec is low enough so that the 

driving voltage can easily switch the polarization state of the material. 

In the last two sections, the effect of composition on the phase development, 

microstructure, and ferroelectric properties was studied. It was found that Sr-deficient 

fihns have better 2Pr values than stoichiometric Sr films after equivalent heat treatments. 

It is believed that an increase in SBT grain size with Sr-deficiency is the reason for the 

increase. However, the 2Pr begins to decrease in films with large Sr-deficiencies (30%) 

and films without Bi excess because of the increased formation of pyrochlore. Films with 

larger quantities of pyrochlore develop a segregated microstructure consisting of 

agglomerations of SBT grains surrounded by regions of pyrochlore. The 2Ec of SBT 

films increases with Sr-deficiency, due to the increase in second phase formation 

(especially pyrochlore). The 2Ec can be improved in Sr-deficient films with the addition 

of excess Bi, which reduces the second phase formation. However, the addition of too 

much Bi reduces the grain size of the SBT and therefore reduces the 2Pr of the film. 

Comparison of all of the data suggests that the ideal SBT composition, i.e., one that has 

the best compromise in 2Pr and 2Ec, is approximately 0.8/2.2/2, at least over the heat 

treatment conditions investigated. 

bi the next section, the fluorite-to-SBT transformation is examined for 0.8/2.2/2 

and 1/2.2/2 compositions as a Action of time and temperature. The purpose is to 

compare the phase and microstructural development of the two compositions and to 

examine the onset of ferroelectric properties in SBT. 
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6.2 Effect of Percent Conversion (Fluorite-to-SBT) and the Onset of 
Ferroelectric Properties in SBT Thin Films 

In order to understand how the initial phase development and microstructure 

affect development of the ferroelectric properties of SBT, a detailed time-temperature 

study was performed on SBT fihns with 0.8/2.2/2 and 1/2.2/2 compositions. The films 

were fired in a conventional tube fiimace for 15 minutes, 1 hour, and 4 hours under 

flowing oxygen. The two different compositions were selected to allow for a direct 

comparison of microstructure/properQr relationships and to provide insight into why Sr-

deficient fibns have different microstructures and better 2Pr values than stoichiometric Sr 

fihns. The temperatures selected for this study included 600 °C, 630 ®C, 670 ®C, and 700 

"C. 

Figure 6.13 shows XRD patterns for 0.8/2.2/2 and 1/2.2/2 composition films fired 

for 15 min., I hr, and 4 hours at 600 °C in oxygen. 
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Figure 6.13: Phase development of A) 0.8/2.2/2 and B) 1/2.2/2 composition SBT films as 
a function of time at 600 X in oxygen. 
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Regardless of composition or hold time, the XRD patterns on fihns fired at 600 °C are 

consistent with the fluorite phase of SBT. Therefore, it appears that under typical firing 

conditions, SBT is not formed readily at this temperature even after fairly long anneals. 

There is evidence of a what appears to be a slight shift of the (111) diffraction peak to 

higher 2-theta values with increased annealing time, which is similar to the Rodriguez et 

ai 11 results discussed in Chapter 2 and the powder results in Chapter S. This indicates 

that it should be possible to crystallize an SBT film at 600 °C if long annealing times 

(lO's of hours) were used. 

In terms of SBT grain size, the extremely fine fluorite nucrostructure made 

accurate determination of die grain size difficult. However, using the (II1) diffraction 

peak of fluorite, the estimated crystallite size of the fluorite phase after all three anneals, 

determined using the Scherrer equation, was ~8 nm for both compositions. Sawyer-

Tower measurements revealed, as expected, that the fluorite films had linear C-V 

behavior, which is indicative of a dielectric, not a ferroelectric, material. 

Figure 6.14 shows XRD patterns for 0.8/2.2/2 and 1/2.2/2 films fired for IS min., 

I hr, and 4 hours at 630 ®C in oxygen. 



163 

+ SBT 
• Fluorite 

- Sr/Bi/Ta: 0.8/2.2/2 

* Substrate 

IS mm. 

10 15 20 25 30 35 40 45 SO 55 60 

20 

A 

+ SBT 
• Fluorite 

Sr/Bi/Ta 1/2.2/2 

§Bi,03? 

* Substrate 

10 15 20 25 30 35 40 45 SO 55 60 

20 

B 

Figure 6.14: Phase development of A) 0.8/2.2/2 and B) 1/2.2/2 composition SBT films as 
a function of time at 630 "C in oxygen. 
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The XRD results at 630 °C show evidence of the formation of the SBT phase, 

which is not unexpected since precipitated powder transformed into the layered 

perovskite SBT phase at 630 °C. Also, as expected, the fluorite-to-SBT transformation 

behavior was dififerent for the two compositions. Both fihns crystallized into and 

remained fluorite after 15 minutes at temperature. The 0.8/2.2/2 composition still 

remained mostly fluorite after one hour at 630 °C. However, the fluorite-to-SBT 

transformation has clearly occurred in the 1/2.2/2 Alms after one hour with the 

appearance of the (111), (113), (020), (0010), (220), (2010), and (315) dif&action peaks 

of SBT. Also, the primary dif&action peak, which is located at 28.64° 2-theta for pure 

fluorite, is located at 28.96° after 1 hour. This is the expected location of the (115) peak 

of SBT. After 4 hr, the XRD pattern for the 1/2.2/2 fihn shows that it has completely 

converted to SBT, while the 0.8/2.2/2 composition remains a mixture of SBT and fluorite. 

These results mirror the DTA results of the bulk powders, which show that the SBT 

transformation occurs more readily in the 1/2.2/2 composition powders than 0.8/2.2/2. 

A comparison of the powder results from Chapter 5 with the fllm results presented 

so far shows that there are many similarities between powder and fllm samples. The two-

step crystallization path (amorphous->fluorite->SBT) is found in both types of samples, 

thereby indicating that the formation of fluorite as an intermediate phase is intrinsic to the 

SBT system. The SBT transformation temperatures of the powders, at first, appear to be 

much higher than those found in fihns. However, a comparison of the 1/2.2/2 powder 

and the 1/2.2/2 fihns processed isothermally at 630 "C, verifies that the fluorite-to-SBT 
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transfonnation takes place in both the powder and film samples at 630 Therefore, 

heating rate is responsible for the differences in the SBT transformation temperatures 

seen in the powders studied using DTA and processed isothermally. However, it takes 

much longer for the fluorite-to-SBT transformation to take place in powder samples at 

630 A 1/2.2/2 fihn is fully converted in less than 4 hours, but the powder is still a 

mixture of fluorite and SBT after 108 hrs. The amorphous-to-fluorite crystallization rate 

appears to be similar, since both samples crystallized into fluorite in less than 1 hour at 

630 °C. This suggests that heterogeneities may be playing a role in altering the fluorite-

to-SBT transformation rate. 

The difference in transformation rate cannot be attributed to the addition of 

foreign particulates during processing, since the solutions used to make the precipitated 

powders were not filtered and the solutions used for the films were filtered (0.2 |im) 

during deposition. The presence of foreign particulates would be expected to enhance the 

transformation rate, since they could act as nucleation sites. Yet, the unfiltered powders 

require much longer times to transform. Another possible explanation is that since the 

SBT films are in direct contact with a substrate, mechanical stresses caused by lattice 

mismatch between the fluorite and Pt and the presence of a surface may alter the 

nucleation behavior of the fihns. Chemical reactions with the Pt and Ti are also possible. 

Consequently, since the film environment is so different than the isolated, stress-fiee 

powder, it may not be surprising that the transfonnation rates are different. 
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The XRD results shown in Figure 6.14 suggest, like the results of Rodriguez et 

discussed in Chapter 2, that the transformation of the fluorite phase to SBT is 

marked by an apparent shift of the primary dif&action peak to higher 2-theta values as 

SBT crystallization occurs. However, the shift is really an illusion caused by the 

simultaneous decrease of the fluorite (111) peak located at 28.64" and the increase of the 

SBT (115) peak located at 28.96°, which are convoluted when both phases are present. 

As the fluorite content of the film decreases with annealing time, the integrated area of 

the fluorite (111) peak decreases. As the SBT content increases with annealing time, the 

integrated area of the SBT (1 IS) dif&action peak increases. The simultaneous decrease of 

the fluorite content and increase of the SBT content makes it appear that the primary 

diffraction peak is shifting to higher 2-theta values. Detailed XRD analysis of the 28-30° 

2-theta region of the 1/2.2/2 and 0.8/2.2/2 films, shown in Figure 6. IS, provides evidence 

for this phenomenon. 
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Figure 6.15: Comparison of the fluorite (111) and SBT (115) diffraction peaks for A) 
0.8/2.2/2 and b) 1/2.2/2 composition films fired at 630 "C for 15 min, 1 hr, and 4 hrs. 
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Figure 6.15 shows that the shift is due to the increase in integrated area of the SBT (115) 

peak and a decrease in the fluorite (111) peak with annealing time for both compositions. 

This indicates that the SBT peak always grows at the expense of the fluorite peak. 

Figure 6.16 shows how the microstructure of the 0,8/2.2/2 films changes after 15 

min, I hour, and 4 hours at 630 °C. 
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C 

Figure 6.16; FESEM micrographs of 0.8/2.2/2 films fired for A) IS min, B) 1 hr and C) 4 
hr at 630 ®C in oxygen. 
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The images show that Sr-deficient fihns fonii a two-phase microstructure comprised of 

fine grained fluorite regions and larger SBT grains. As the annealing time increases, the 

size of the SBT grains increases firom 55 nm to 70 nm; however, when the number of 

SBT grains in each image is counted, the total number appears to stay relatively the same. 

One possible explanation for this phenomenon is that heterogeneous nucleation is playing 

a dominate role in the nucleation process. Heterogeneous nucleation would be expected 

to be the dominate mechanism by which the fluorite-to-SBT transformation would occur 

because of the high grain boundary density of the fiuorite. 

EDS analysis of the large SBT and fine grain fluorite microstructures suggests that 

the SBT grains have approximately a 5% higher bismuth concentration than the fine 

grained fluorite microstructure. Osaka et using Auger electron spectroscopy, have 

also determined that the large SBT grains have higher Bi contents than flne fluorite 

grains. These results support the assertion that Bi plays an important role in the fluorite-

to-SBT transformation in Sr-deficient films. 

Figure 6.17 shows the effect of annealing time on the microstructure of 1/2.2/2 

films fired at 630 °C. 
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Figure 6.17: FESEM micrographs of 1/2.2/2 films fired for A) 15 min, B) 1 hr and C) 4 
hr at 630 ®C in oxygen. 

The images indicate that the 1/2.2/2 films have a higher nucleation density than the 

0.8/2.2/2 films, even when they are a mixture of fiuorite and SBT. This suggests that 

SET nucleation densiQ^ is composition-dependent. A consequence of the higher 

nucleation density is that the average SBT grain size and SBT crystallite size of the 

1/2.2/2 films are always smaller than those of the 0.8/2.2/2 films, after a comparable heat 

treatment. After one hour and 4 hours at 630 °C the 1/2.2/2 fihns have SBT grain sizes of 

approximately 35 nm and 40 nm, respectively. The SBT grains of the 0.8/2.2/2 films are 

55 nm and 70 nm after the same amount of time. The SBT crystallite sizes of the 

0.8/2.2/2 films are 17 nm and 20 nm after 1 hr and 4 hrs, while the 1/2.2/2 films are 17 

nm and 17 nm, respectively. 
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In terms of ferroelectric properties, all of the films, when fired for one hour or 

less, and the 1/2.2/2 composition films fired for 4 hours, exhibited linear C-V or dielectric 

behavior. However, the 0.8/2.2/2 films fired for 4 hours at 630 °C showed slight 

ferroelectric behavior under a 250 kV/cm applied field (2Pr = 0.6±0.1 |iC/cm^). 

Figure 6.18 shows XRD patterns for 0.8/2.2/2 and 1/2.2/2 fihns fired for 15 min., 

I hr, and 4 hours at 670 ®C in oxygen. 
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Figure 6.18: Phase development of A) 0.8/2.2/2 and B) 1/2.2/2 composition SBT films as 
a function of time at 670 ®C in oxygen. 

After processing at 670 ®C, the 1/2.2/2 films appear to be phase-pure SBT after 15 min. 

The XRD patterns of the 0.8/2.2/2 films, on the other hand, still show the presence of 

fluorite after 1 hour and possibly even after 4 hours. Therefore, like the results obtained 

at 630 "C, the conversion of fluorite to SBT continues to proceed faster in the 1/2.2/2 

flhns than in the 0.8/2.2/2 films. Detailed analysis of the patterns, shown in Figure 6.19, 

indicate the presence of a convoluted diffraction peak pair, containing both the (115) peak 

of SBT and (111) peak of fluorite even after the 4 hour anneal in the XRD patterns of the 

0.8/2.2/2 films. Patterns for the 1/2.2/2 films only show the presence of the SBT (115) 

peak even after 15 min. at 670°C. 
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Figure 6.19; Comparison of the fluorite (111) and SBT (115) diffraction peaks for A) 
0.8/2.2/2 and b) 1/2.2/2 composition films fired at 670 "C for 15 min, 1 hr, and 4 hrs. 
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The crystallite sizes of the 0.8/2.2/2 films are the same as the 1/2.2/2 films after 15 min. 

(17 mn), but become much larger after 1 hour (31 ran vs. 17 ran) and 4 hours (41 nm vs. 

17 nm). 

FESEM micrographs confirm that the microstructures of the two compositions are 

quite different. The two-phase microstructure observed in the 0.8/2.2/2 films after 

treatment at 630 °C, becomes even more pronounced after treatment at 670 ®C, as the 

SBT grain size increases from 63 nm and 74 nm after 15 min and 1 hour at 670 °C, to 84 

nm after 4 hours. The fluorite grain size appears to remain unchanged. The 1/2.2/2 films, 

on the other hand, maintain their uniform microstructure, but have a smaller overall SBT 

grain size than the 0.8/2.2/2 films after a given annealing time. The average grain size 

increases from 35 nm after 15 min. to 38 nm and 53 nm after 1 hr. and 4 hrs., 

respectively. 

Figure 6.20 compares the microstructures of 0.8/2.2/2 and 1/2.2/2 films after 4 

hours at 670 ®C. 
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Figure 6.20: FESEM micrographs of A) 0.8/2.2/2 and B) 1/2.2/2 composition SBT films 
after 4 hours at 670° C in oxygen. 
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Analysis of the two micrographs, along with the microstructures after treatment at 630 

°C, strongly supports the assertion that the composition has a significant effect on the 

SBT nucleation density, which appears to have a significant influence on the SBT grain 

size. 

In terms of ferroelectric properties, all of the 1/2.2/2 films fired at 670 °C still 

exhibit dielectric behavior. However, the 0.8/2.2/2 films show slight ferroelectric 

behavior after IS minutes and pronounced ferroelectric behavior after 1 hour. The 

polarization values (2Pr) for the 0.8/2.2/2 films under an applied field of ~250 kV/cm 

were 0.3±0.1, 1.2±0.1, and 2.9±0.1 jiC/cm^ after 15 minutes, 1 hour and 4 hours, 

respectively. The higher polarization values for the 4 hr fihn is most likely due to a 

combination of increased grain size and SBT area fi-action. 

Figure 6.21 shows XRD patterns for 0.8/2.2/2 and 1/2.2/2 films fired for 15 min., 

1 hr, and 4 hours at 700 ®C in oxygen. 
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Figure 6.21: Phase development of A) 0.8/2.2/2 and B) 1/2.2/2 composition SBT films as 
a fimction of time at 700 ®C in o>qrgen. 
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When processed at 700 "C, the XRD patterns indicate that the fihns are phase pure SBT, 

regardless of time or composition. However, microstructural analysis confirmed the 

presence of small regions of fluorite in all of the 0.8/2.2/2 films. Crystallite size 

calculations show a difference of more than 100% in crystallite size between the two 

compositions at all temperatures. The 0.8/2.2/2 films had SBT crystallite sizes of 37 nm, 

40 nm, and 43 nm, after 15 min, 1 hr, and 4 hr, respectively. For comparison, the SBT 

crystallite sizes of the 1/2.2/2 films were 18 nm, 18 nm, and 19 nm after 15 min, 1 hr, and 

4 hr, respectively. 

Microstructural analysis verified the continued growth of the large SBT grains in 

the 0.8/2.2/2 films. The grain size increased with annealing time from 90 nm after 15 

minutes, to 100 nm and 110 nm after 1 hour and 4 hours, respectively. By comparison, 

the 1/2.2/2 films has a single phase grain structure with average grain sizes of 42 nm, 48 

nm, and 59 nm after 15 minutes, 1 hour and 4 hours. 

Figure 6.22 compares the microstructures of the 0.8/2.2/2 and 1/2.2/2 fihns 

annealed for 4 hours at 700 
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Figure 6.22: FESEM micrographs of A) 0.8/2.2/2 and B) 1/2.2/2 composition SBT films 
after 4 hours at 700° C in oxygen. 
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Selected area electron dii&action (SAED) confirmed that the fine grained patches in the 

0.8/2.2/2 micrograph are residual islands of fluorite. Figure 6.23 shows the TEM image 

of a 0.8/2.2/2 film fired for 1 hour at 700 °C, and a selected area electron dif&action 

pattern of one of the fine-grained regions. Note the presence of continuous diffiraction 

rings, instead of discrete spots, which provide additional confirmation of the 

microcrystalline nature of the fiuorite phase. 
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Figure 6.23: A) TEM image of a 0.8/2.2/2 film fired for 1 hr at 700 "C and B) a selected 
area electron diffraction pattern of a fiuorite region. 

In terms of ferroelectric properties, the 1/2.2/2 films still exhibited only dielectric 

behavior, even after the one hour anneal. However, slight ferroelectric behavior appeared 

after 4 hours (2Pr = 0.6±0.1 |iC/cm^). The ferroelectric properties of the 0.8/2.2/2 

composition continued to improve with increasing annealing time fi:om 4.4±0.2 ^C/cm^ 

after 15 min, to 6.0±0.2 jiC/cm^ and 6.7±0.2 ^C/cm^ after 1 and 4 hours, respectively. 

Overall, the grain size and crystallite size of the 1/2.2/2 films remained about half that of 

the 0.8/2.2/2 films, after any given annealing time, which most likely explains the limited 

ferroelectric behavior. 

From the data presented in this section, it can be concluded that the onset of 

ferroelectric properties in SBT thin films is linked only partially to phase development. 
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Films that are mostly fluorite exhibit linear C-V behavior. As the amiealing temperature 

and time increased, the size of the SBT grains (or crystallites) also increased to the point 

where the 0.8/2.2/2 films began to exhibit ferroelectric behavior even though a large 

fraction of the film was non-ferroelectric fluorite. The 1/2.2/2 fihns, on the other hand, 

never exhibited strong ferroelectric properties even though the XRD and microstructural 

data from the films fired at 670 °C and 700 "C indicated that the films were completely 

converted to the ferroelectric SBT phase. Therefore, the fluorite-to-SBT conversion is 

important in the sense that the SBT phase must be present for ferroelectric behavior; but 

the average SBT grain size (or crystallite size) also has a controlling effect on the 

development of ferroelectric properties in SBT. 

In the next section, the nucleation and growth behavior of fluorite, SBT, and 

pyrochlore are investigated in order to provide insight into the microstructural 

development of SBT films. 

6.3 Nucleation and Growth of Fluorite, SBT, and Pyrochlore 

In this section, the nucleation and growth behavior of the fluorite, SBT, and 

pyrochlore phases are investigate in order to provide insight into the effect of composition 

on the microstructural development of SBT films. 

6J.1 Nucleation and Growth of Fluorite 

The presence of the metastable fluorite phase in the SBT system indicates that the 

free-energy barrier for a direct amorphous-to-SBT conversion is prohibitively high. Why 

would it be easier for the amorphous film to crystallize into fluorite, instead of the layered 
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perovskite? As discussed in chapter 5, the fluorite structure can be very accommodating 

to differences in Bi and Sr content. However, sections 6.1 and 6.2 indicates that the SBT 

structure prefers a (Sr + Bi) = 3 composition, therefore chemical partitioning is required 

to obtain the proper cation ratios. Also, the SBT structure is more specific on where each 

type of cation resides within the structure. Therefore, the fluorite structure can accept 

more cation disorder than the SBT structure, suggesting that the fluorite is more like the 

amorphous phase than the SBT is. As a result, the amorphous-to-fluorite firee-energy 

barrier is smaller than the amorphous-to-SBT free-energy barrier. 

In section 6.2, it was found that an amorphous film crystallizes to fluorite quite 

rapidly. Films (0.8/2.2/2 and 1/2.2/2) heated at 3 °C/min to 600 °C, and held at 600 °C, 

crystallized into fluorite in less than IS min. (shorter times were not studied). The same 

compositions crystallized into fluorite in less than S min at 700 **€. The fact that the 

fluorite phase crystallized rapidly in both the 1/2.2/2 and 0.8/2.2/2 films attests to the 

ability of the fluorite structure to accommodate a range of compositions. 

Examination of the microstructure of the fluorite phase in both the 0.8/2.2/2 and 

1/2.2/2 fihns shows that nucleation density is extremely high. With an average crystallite 

size of ~8 nm, the nucleation density is estimated to be on the order of ~10'^ fluorite 

crystals/cm^. As a result, it is reasonable to expect that long range diffusion is not 

involved in the nucleation process and that the fluorite phase is probably formed through 

homogeneous nucleation in the bulk of the film. Heterogeneous nucleation is unlikely, 

since it is improbable that such a targe number of heterogeneous nucleation sites would 
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be present in the amorphous film. This is especially true since the solutions were filtered 

using a 0.2 |im filter prior to deposition. 

Due to the very high nucleation density and rapid crystallization rate of the 

fiuorite phase, it was not possible to study the growth of the fiuorite phase prior to 

impingement. However, grain coarsening could be studied. Analysis of the micrographs 

for the fihns in section 6.2 indicates that the size of the fiuorite grains does not change 

with time at temperature. After aimealing at 600 **0 for 4 hours, the average crystallite 

size of the fiuorite phase in both the 0.8/2.2/2 and 1/2.2/2 films is still ~8 nm. Analysis 

of micrographs of films fired at higher temperatures, shows that the fiuorite grains are 

still ~8 nm in size. The literature speculates that the small crystallite size is the result of 

the Ta cations being in an unfavorable coordination state (8-fold instead of 6-fold) and 

that internal stresses developed in the fiuorite structure by Ta being in such an 

unfavorable state inhibits the growth of larger fiuorite grains. 

However, Ta coordination is most likely not 8-fold, but 6-fold in the SBT fiuorite 

structure, as discussed in Chapters 2 and 5. It would be expected that a 6-fold 

configuration would be even more favorable from a charge compensation perspective, 

with the replacement of some of the Bi'^ with Sr^^ since the easiest way for the fiuorite 

structure to compensate for the difference in the valences of Sr and Bi would be to form 

oxygen vacancies. Therefore, internal stresses are most likely not the cause for the slow-

growth rate. 
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A closer examination of the fluorite phase indicates the fluorite has small pores 

scattered among the grains as shown in Figure 6.24 (the fluorite phase is the smaller, 

darker phase). 

Figure 6.24: FESEM image of the fluorite phase in SBT. 

The pores appear to be located along the fluorite grain boundaries. It is possible that the 

slow growth rate in the fluorite structure results &om grain boundary pinning by the 

pores. Grain boundary pinning by pores is a conunon phenomenon in the later stages of 

sintering, since the driving force for boundary motion decreases as the grain size 

increases. However, since the grain size of the fluorite phase is small, it would be 

expected that the driving force for boundary migration should probably still be high due 

to the Gibbs-Thompson effect. One possible explanation is that the even though there is 
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a large driving force for grain boundary motion, the process is slow kinetically. It would 

be expected that grain boundary motion would occur at a high enough temperature, but 

the fluorite phase transforms into the SBT phase before grain boundary motion becomes 

favorable. 

6.3.2 Nucleation and Growth of SBT 

Unlike the fluorite phase, differences in overall composition have an strong effect 

on the isothermal crystallization rate of the SBT phase in thin fiUns. As shown in section 

6.2, the nucleation density of SBT decreases with increasing Sr deficiency for films 

processed under isothermal conditions. There are two possible reasons for this 

phenomena. One explanation is based on the assumption that that the SBT nuclei can 

have a Sr-deficient composition as long as (Sr + Bi) = 3. The other assumes that the SBT 

nuclei requires the stoichiometric 1/2/2 composition and therefore always has a different 

composition than the fluorite phase for Sr-deficient compositions. 

If the SBT nuclei have a Sr-deficient composition, then defect generation and 

incorporation may control the transformation of fluorite to SBT. For Sr-deHcient films, 

Bi^^ must substitute for the missing Sr^^ therefore some sort of charge compensation 

must occur to keep the overall crystal structure neutrally charged. The formation of Sr 

vacancies and the altering of the Bi^^ to Bi^^ have been discussed previously. The 

probability^ that a stable SBT nuclei forms is therefore determined by how many Bi 

cations need to substitute for Sr and the number of Sr vacancies required. 
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If the SBT phase has a different composition than the fluorite phase, then the 

differences in composition would affect the transformation rate. For example, if all SBT 

nuclei require a 1/2/2 composition, then compositions that are further away from 1/2/2, 

such as 0.8/2.2/2, would require diftlision to redistribute species in order to provide the 

proper cation ratios. Diffusion decreases the transformation rate, since part of the driving 

force for the transformation is needed to support the diffusion process. 

Without doing detailed nucleation studies, which were beyond the scope of this 

project, it is not possible to determine whether the SBT nuclei formed in Sr-deffcient 

compositions are stoichiometric or non-stoichiometric in terms of Sr content. However, 

based on the phase development results presented in Chapter 5, this chapter, and in 

Chapter 7, it is clear that during the growth process, non-stoichiometric SBT is forming. 

If SBT only grew with a stoichiometric composition (1/2/2), then phase pure films would 

be impossible to form fi:om any Sr-deficient compositions, regardless whether there was a 

compensating amount of Bi. Examination of a fluorite/SBT growth interface diagram for 

a 0.8/2.2/2 composition, shows why this would be true. 

Interface 

Figure 6.25: SBT/Fluorite growth interface diagram for a 0.8/2.2/2 composition film if it 
is assumed that SBT only nucleates and grows as 1/2/2. 

Fluorite SBT 

Bi=2.2 
Ta=2 

Sr=0.8 

Ta= 1.6 
Bi= 1.6 

Sr=0.8 
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In order for the 1/2/2 composition nuclei to grow, Bi and Ta would need to be rejected 

from the SBT so that the cation content of the SBT could become 0.8/1.6/1.6. Long-

range diffusion would then be needed to remove the rejected Bi and Ta from the interface 

so that growth could continue. A consequence of this process would be that the 

remaining fluorite phase slowly becomes richer in Bi and Ta. As a result, it would be 

expected that Bi and Ta compounds (BiTa04 in particular) would eventually crystallize. 

The quantity of BiTa04 formed would also be expected to increase with Sr-deficiency. 

There is no evidence of BiTa04 or any other Bi-Ta, or Ta compounds in the XRD 

patterns of any of the Sr-deficient powders or films (even in 0.6/2.4/2 films discussed in 

Chapter 7). hi fact, the Bi-deficient pyrochlore phase forms in Sr-deficient films, instead 

of BiTa04. This indicates that the fluorite phase is actually becoming Bi-deficient with 

time instead of Bi-rich. Therefore, it is expected that regardless of the initial composition 

of the SBT nuclei (whether 1/2/2 or non-stoichiometric), non-stoichiometric SBT must 

form during the growth process. In the next paragraphs, the effect of composition on the 

fluorite-SBT interface is examined for the 3 composition ranges studied; (Sr + Bi) > 3, 

(Sr + Bi) = 3, and (Sr + Bi) < 3. 

If the sum of the Bi and Sr content of the fihn is greater than 3, then the 

fluorite/SBT growth interface can be described by the diagram shown in Figure 6.26 

(0.8/2.4/2). 
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Interface 

Figure 6.26: SBT/fluorite growth interface diagram for a Sr-deficient composition where 
(Sr + Bi) > 3. The 0.8/2.4/2 composition is used as the example. 

If it assumed that the only requirement for growth is that the sum of the Sr and Bi content 

must be equal to three, then Bi would need to be rejected from the SBT to yield the 

necessary 0.8/2.2/2 composition. This would cause the region just ahead of the 

fluorite/SBT interface to become even more enriched with Bi (>2.4). Long range 

diffusion would be necessary to remove the extra Bi from the interface so that growth 

could continue. However, the fluorite next to interface is always richer in Bi compared to 

There are several implications of the growth process as described above on the 

phase development of SBT fihns with (Sr + Bi) > 3. First, even with the loss of Bi to the 

bottom Pt electrode and possibly to evaporation, the remaining fluorite is constantly being 

infused with Bi rejected as SBT growth continue. This suggests that all of the fluorite 

should be converted into SBT. As shown in section 6.1, 1/2.2/2, 1/2.4/2, and more 

importantly 0.8/2.4/2 fihns do indeed form phase pure SBT, even after being fired for 1 

hr at 830 "C. However, only a fi:action of the excess Bi is really needed to fully convert 

the SBT. 
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the fluorite to SBT, so the rest of the Bi most likely forms BiiOs. TEM work by others 

has shown that the surfaces and boundaries of SBT grains in films with compositions 

where (Sr + Bi) > 3 are coated with Bi-metal and Bi-oxides. It would be expected that the 

presence of these layers would affect the ferroelectric properties by pinning domains. 

Another implication of the higher Bi concentration ahead of the interface is that it may 

help promote the nucleation of another SBT crystal, which would then impinge on and 

inhibit the continued growth of the original crystal. This process would therefore enhance 

the nucleation density and decrease the grain size (and the crystallite size), since grain 

impingement would occur faster with a higher nucleation density. Although it has not 

been confirmed that this is the actual process, 0.8/2.4/2 films do indeed have smaller 

grain and crystallite sizes than 0.8/2.2/2 films. 

In Figure 6.27 the concentration of Sr, Bi, and Ta across the fluorite-SBT interface 

is shown for a (Sr + Bi) = 3 composition fihn (0.8/2.2/2). 

Interface 

Figure 6.27: SBT/fluorite growth interface diagram for a Sr-deficient composition where 
(Sr+Bi) = 3. The 0.8/2.2/2 composition is used as the example. 
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For (Sr + Bi) = 3 compositions, the overall composition of the fluorite and SBT are the 

same. As a result, long-range diffusion is not necessary for growth. Therefore the growth 

is interface controlled as chemical fluctuations supply the required cation ratios. 

However, an implication of this type of composition is that if any Bi is lost to evaporation 

or to the bottom electrode, then the fluorite will become Bi deficient with time. The loss 

of Bi is compounded by the fact that the SBT growth would require diffusion to supply Bi 

to the interface, which depletes the fluorite regions away from the grains of Bi even more. 

Eventually the fluorite phase will transform into pyrochlore when the Bi content becomes 

too low to form the SBT phase. The XRD patterns for (Sr + Bi) = 3 films fired at 750 °C 

or above, confirm the formation of pyrochlore. 

For compositions where (Sr + Bi) < 3, or (Sr + Bi) = 3 compositions where some 

of the Bi has been lost, such as 0.8/2/2, the SBT/fluorite growth interface diagram is 

shown in Figure 6.28. 

Fluorite SBT 

Ta=2.0 
Bi=2.0 

3^2.2 
Ta=2 

Si-0.8 Sr=0.8 

Interface 

Figure 6.28; SBT/fluorite growth interface diagram for a Sr-deficient composition where 
(Sr+Bi) < 3. The 0.8/2/2 composition is used as the example. 
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As the SBT grows, the mterface becomes depleted in Bi, since the amount of Bi required 

to compensate for the missing Sr is larger than that present in the fluorite phase near the 

interface. Therefore, long range diffusion is required to supply Bi to the interface so that 

the SBT growth can continue. An implication of this process is that the fluorite regions 

away from the interface become continuously depleted in Bi as the SBT is growing. 

Therefore, eventually the fluorite loses enough Bi that instead of transforming into SBT, 

it transforms into the pyrochlore phase (discussed below). Analysis of the 

microstructures of the 0.8/2/2 and 0.7/2.2/2 compositions suggests that once the fluorite 

regions transforms into pyrochlore, SBT growth stalls. There is some evidence of 

coarsem'ng with increasing temperatures, but the overall SBT area fraction remains fairly 

constant once the fluorite transforms into pyrochlore. This suggests that unlike the 

fluorite and SBT phases, the SBT and pyrochlore phases are in equilibrium. 

6.3.3 Nucleation of Pyrochlore 

As stated in Chapter S, under ideal conditions, pyrochlore is not one of the 

primary phases in the SBT crystallization path. However, if a fihn has a composition 

where (Sr+Bi) < 3 or if regions of the film become Bi-deficient due to loss of Bi through 

evaporation or to the bottom electrode then pyrochlore becomes a primary phase. What is 

the driving force behind pyrochlore formation? As with the other phases, an answer to 

this question can be found by comparing the structures of fluorite and pyrochlore. 

Comparison of the structures of the two phases suggests that the two phases ate quite 

similar. For instance, Ta has an octahedral coordination and Sr and Bi site mix in both 
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phases. However there are also differences, including that there is an additional site 

available in the pyrochlore structure for Sr cations. 

The pyrochlore phase only requires 4 cations per unit cell, compared to the 5 

required for SBT. Therefore as more Bi is removed from the fluorite there is a point 

where the transformation into pyrochlore is more energetically favorable than forming 

SBT thiough diffiisional processes. Unlike the pyrochlore in the PZT system, once 

pyrochlore forms in the SBT system there appears to be no driving force to transform it 

into SBT. Even the deposition of BiiOs coatings onto films containing pyrochlore do not 

promote a pyrochlore-to-SBT transformation when fired for 1 hr at 830 ®C. This 

indicates that the pyrochlore and layered perovskite SBT can coexist in equilibrium (the 

chemical potential gradients of species is zero across the pyrochlore/SBT interface). 

In this section an attempt was made to provide explanations for the observed 

microstructural development of SBT fihns as a function of overall film composition. 

There are several general observations that can be made regarding the formation of SBT 

in thin films. First, the SBT phase grows with a non-stoichiometric composition that 

prefers a (Sr + Bi) = 3 composition. There is no evidence that the SBT structure 

accommodates an excess of 3. This requirement has important implications as far as the 

effect of overall composition on the microstructure. As the composition becomes more 

Sr-deficient, more Bi must substitute for Sr to maintain the (Sr + Bi) = 3 requirements of 

the SBT phase. Since the substitution of Bi or Sr requites a change in valence, the 

formation of Sr vacancies, and the accommodation of a smaller cation, the additional fi«e 

energy required for the substitution decreases the driving force for nucieation, since the 
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probability that a chemical fluctuation will supply the proper cations to an SBT cluster 

decreases. Therefore the nucleation density of SBT decreases with Sr content. However, 

compositions with (Sr + Bi) > 3 have higher nucleation densities than (Sr + Bi) = 3 films 

because the extra amount of Bi increases the probability that a chemical fluctuation will 

supply the proper number of cations. 

Overall composition is also important in terms of pyrochlore formation. 

Pyrochlore will not form unless the fluorite phase is becoming Bi deficient with time. 

This can occur either by loss of Bi to the growing SBT or by loss of Bi through 

evaporation or the bottom Pt electrode. Observations in films show that even Sr-deficient 

compositions where (Sr + Bi) = 3 have small fiactions of pyrochlore. This provides even 

more evidence that the SBT phase has very strict cation requirements in order to be 

stable. The fact that there is no evidence of a pyrochlore-to-SBT transformation suggests 

that once pyrochlore crystallizes, the two phases coexist in equilibrium. 

In the next section, the effect of microstructure on the 2Pr is examined in detail for 

all of the films with Sr contents between 20% deficient and stoichiometric. Discussion of 

fihns with Sr contents greater than 20% deficient is saved until Chapter 7. 

6.4 The Effect of Microstructure on the 2Pr of SBT with Sr Contents 
Ranging From Stoichiometric to 20% Deficient 

In this section, the effect of microstructure on the 2Pr of SBT films with Sr 

compositions ranging from stoichiometric to 20% Sr-deficient is examined in detail. In 

order to extract general relationships between microstructure and 2Pr, the microstructure 

and ferroelectric data for the films discussed in sections 6.1 and 6.2 are combined to 
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create a much larger data set The use of these data allows for a wide sampling of SBT 

grain and crystallite sizes, as well as a wide range of SBT area firactions (this includes 

films with fluorite or pyrochlore as secondary phases, and porosity). 

In order to separate the "true" effect of grain or crystallite size from that of SBT 

area fraction, phases other than SBT, including porosity, were assumed to make no 

contribution to the value of the measured 2Pr. This assumption is valid because the 

porosity (air), pyrochlore, and fluorite act as dielectrics, which have no net polarization 

under zero applied field. Therefore, by subtracting the area fraction contribution of each 

non-ferroelectric phase from the total cross-sectional area of the capacitor, it is possible to 

calculate a normalized 2Pr value for a 100% dense SBT film, with a given SBT grain or 

crystallite size. For example, assume that a film has a 2Pr value of 6.0 ^C/cm^, and that 

microstructural analysis has determined the area fraction of the individual phases to be 

0.70 SBT, 0.20 pyrochlore, and 0.10 porosity. By dividing the 2Pr value by the SBT area 

fraction (0.70), the normalized 2Pr value of 8.6 ^C/cm^ is calculated. Table 6.4 

summarizes the data on microstructure and 2Pr for the low temperature films discussed in 

Section 6.2. Tables 6.5 and 6.6 summarize the microstructure and 2Pr data for the high 

temperature fihns discussed in Section 6.1. 



Table 6.4: Microstructural and IP, Data for the Time-Temperature Study of 0.8/2.2/2 and 1/2.2/2 Composition SBT Films. 

Temp. Composition Annealing Raw2P, SBT Area Normal. 2?^ Porosity Fluorite Grain Size Crystallite 
CC) (Sr/Bi/Ta) Time (min) (nC/cm^) Fraction (nC/cm^) Fraction Fraction (nm) Size (nm) 
600 0.8/2.2/2 15 0 0 0 - 1.0 - 912 

60 0 0 0 - 1.0 - 912 
240 0 0 0 - 1.0 - 912 

1/2.2/2 15 0 0 0 - 1.0 - 812 
60 0 0 0 - 1.0 - 812 
240 0 0 0 - I.O - 812 

630 0.8/2.2/2 15 0 0 0 0.01 0.89 4013 812 
60 0 0 0 0.01 0.84 5513 812 
240 0.6±0.1 0.35 1.8±0.4 0.03 0.62 7013 2012 

1/2.2/2 15 0 - 0 - - 3013 812 
60 0 0.88 0 0.12 - 3513 1712 
240 0 0.87 0 0.13 - 4013 1712 

670 0.8/2.2/2 15 0.3±0.1 0.28 1.2±0.4 0.02 0.70 6313 1712 
60 1.1±0.1 0.37 2.910.4 0.02 0.61 7413 2912 
240 2.7±0.1 0.58 4.6±0.3 0.04 0.38 8413 3412 

1/2.2/2 15 0 0.92 0 0.08 - 3513 1712 
60 0 0.93 0 0.07 - 3813 1712 
240 0 0.88 0 0,12 - 5313 1712 

700 0.8/2.2/2 15 4.4±0.2 0.67 6.6±0.5 0.05 0.28 9013 3712 
60 6.0±0.2 0.83 7.310.5 0.08 0.09 10013 4012 
240 6.7±0.2 0.80 8.410.5 0.09 0.11 11013 4312 

1/2.2/2 15 0 0.91 0 0,09 - 4213 1712 
60 0 0.95 0 0.05 - 4813 1812 
240 0.6±0.1 0.94 0.610.1 0.06 - 5913 1912 



Table 6.5: Microstructure and 2Pr Data for SBT Films Fired for Ihr at 750 °C. 

Composition Raw 2Pr SBT Area Normal. 2Pr Porosity SBT Grain SBT 
(Sr/Bi/Ta) (nC/cm^) Fraction (nC/cm^) Fraction Size Crystallite 

(nm) Size (nm) 
1/2.4/2 4.1 ±0.2 0.96 4.310.3 0,04 7013 3412 
1/2.2/2 3.510.2 0.94 3,710.3 0.06 6513 3212 
1/2/2 2.0±0.2 0.88 2.310.3 0.08 6013 2712 
0.8/2.4/2 6.5±0.2 0.94 6.910.4 0.06 10013 4112 
0.8/2.2/2 8.710.3 0.85 10.310.6 0.05 11513 4512 
0.8/2/2 5.810.3 0.80 7.310.6 0.05 - 4012 
0.9/2.2/2 7.110.2 0.85 8,410.4 0.09 10513 4412 

Table 6.6: Microstructure and 2Pr Data for SBT Films Fired for Ihr at 830 °C. 

Composition 
(Sr/Bi/Ta) 

Raw 2Pr 
(^C/cm^) 

SBT Area 
Fraction 

Normal. 2Pr 
(nC/cm^) 

Porosity 
Fraction 

SBT Grain 
Size 
(nm) 

SBT 
Crystallite 
Size (nm) 

1/2.4/2 7.510.2 0,95 7.910.4 0.05 8013 3912 
1/2.2/2 8.610.2 0.96 9.010.4 0.04 9513 4312 
1/2/2 4.510.2 0.91 5.010.3 0.05 7513 3412 
0.8/2.4/2 9.510.3 0.94 10.110.5 0.06 11513 4112 
0.8/2.2/2 11.810.4 0.96 12.310.7 0.04 130+3 5112 
0.8/2/2 9.310,3 0.81 11.510.7 0.05 - 4712 
0.9/2.2/2 11,310,3 0.94 12.010.6 0.06 12513 5012 
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Analysis of the tables shows that, in general, the amount of SBT present (SBT 

area fraction) in the Sr-deficient films increases with aimealing time and temperature. 

The SBT grain size and crystallite size increase as well. However, the SBT crystallite 

size as determined with XRD is less than half the value of the grain size determined with 

image analysis. Up to this point, there has been no discussion as to why the two values 

differ by so much. Typically, the two values differ by 10-20% in traditional ceramic 

materials. 

The large difference between the two values suggests that what appears to be an 

individual grain on an FESEM image is actually a collection of several sub-grains. This 

possibility is supported by close examination of the SBT grains seen in many of the 20% 

Sr-deficient films. Many of the large SBT grains appear to have some sub-structure. 

XRD analysis would be sensitive to this sub-structure, and hence the SBT crystallite size 

may be a more representative measure of the feature size that contributes to the 

ferroelectric properties, i.e. the domain size, than the macroscopic SBT grain size. 

This idea is supported by studies performed by Hsiang et in BaTi03 

powders. Using XRD and TEM, they found that the crystallite size determined by XRD 

was aknost exactly the same as the particle size measured by TEM for single domain 

particles. However, once the particle size became large enough to support multiple 

domains, the crystallite size and particle size measurements diverged. For example, 0.5S 

and 1 ^m particles had XRD crystallite sizes measuring 70 and 120 nm, respectively. 

These values are actually quite close to the 60-70 nm and ISO un domain sizes measured 
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by Arlt'90 for 0.5 and 1 nm BaTiOs grains and provide evidence that XRD crystallite size 

may be strongly correlated with domain size (at least in BaTiOa). 

Domain and macroscopic grain size analysis of many ferroelectric materials, 

including BaTiOa, PZT, and PbTiOa, have shown that the macroscopic grain size and the 

domain size can easily differ in size by a factor of 3-4. TEM studies of the domain size 

of PbTiOs show that macroscopic grain sizes measuring ~1 |im and ~150 nm consist of 

smaller domains measuring between 70-200 nm and 10-50 nm, respectively.'̂ ' In PZT 

films, domain sizes ranging from 2-50 nm have been found in ~0.2 ^m grains, and 

domain sizes ranging firom 25-100 nm have been measured in 0.8-2 ^m grains. Studies 

of PZT and BaTiOs have also indicated that there is a square-root dependence (n = 1/2) 

between the domain size and grain size, when the grain size is between 1 and 10 

However, the domain size vs. grain size relationship is difierent for grain sizes 

outside of this range. Domain size appears to have a cube-root dependence (n = 1/3) with 

grain size when the grain size is larger than 10 ^m. For grain sizes less than 1 ^m there is 

a stronger correlation (n > 1/2) between grain size and domain size.'̂ '̂  

The clamping of domain walls at the grain boundaries, due to elastic constraints, 

is believed to result in the decrease in domain density with smaller grain sizes.'-' A drop 

in the saturation and remanent polarization with decreasing grain size in PZT and BaTiOs 

occurs because the domain wall mobility of the smaller domains is reduced since there 

are fewer domain variants, i.e., the degrees of fiieedom available for domain alignment 

decreases with domain size.'̂  Also, since domain alignment requires the cooperative 
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motion of domains across grain boundaries, the lower the domain wall mobility, the less 

efficient the alignment process. 

The previous paragraphs strongly suggest that crystallite size determined via x-ray 

dif&action may provide a measure of the average domain size in SBT fihns. Therefore, it 

would be useful to examine the relationship between crystallite size and grain size in the 

SBT system, to see if it is similar to the domain vs. grain size relationship in other 

ferroelectrics. As discussed above, since the SBT grain size is much smaller than 1 |im, 

the crystallite size and domain size relationship should have an exponent larger than O.S. 

Figure 6.29 shows the crystallite size vs. grain size relationship for the low and high 

temperature SBT films that exhibited ferroelectric behavior. 

60 

O 
H 

3 
g. 30 

50 

X, r =0.805 
b=0.802, o^=0.00536 

10 
30 60 90 120 150 

SBT Grain Size (nm) 

Figure 6.29: SBT crystallite size vs. SBT grain size plot for the low and high temperature 
films (from sections 6.1 and 6.2), which exhibited ferroelectric behavior. 
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The results indicate that the crystallite size vs. grain size correlation is stronger 

than a square root dependence. The exponent of the best fit curve though the data is 

approximately 0.8. This result is similar to the exponent of 0.7 value that can be 

extracted for BaTiOa samples with grain sizes less than 1 |im, and provides additional 

support for the notion that the XRD crystallite size may be a measure of the average 

domain size in SBT.'̂  

In terms of the grain size. Figure 6.30 compares the normalized 2Pr vs. SBT grain 

size for the films discussed in sections 6.1 and 6.2. It should be noted that the 0.8/2/2 

composition was not included in the analysis since an accurate measure of the SBT grain 

size was not possible. 
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Figure 6.30: Normalized 2Pr vs. SBT grain size plot for the films in section 6.1 and 6.2. 
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In general, the average SBT grain size appears to have a considerable influence on the 

normalized 2Pr. However, when studied in detail, there are two aspects about Figure 6.30 

that suggest that the macroscopic grain size may not be the controlling factor in 

determining the normalized 2Pr. First, the data sets for the low temperature and high 

temperature films do not appear to have the same slope. The two data sets may converge 

at larger grain sizes; however, there are not enough data for films with very large grain 

sizes to verify the convergence. Also, the two data sets do not fall on the same line (they 

are offset) and there is a significant amount of scatter in the 2Pr for films with grain sizes 

between 80-1 IS nm. The data suggest, especially at smaller grain sizes, that Hlms with 

the same grain size can have different values of normalized 2Pr. For example, a film with 

a SBT grain size of 70 nm can have a normalized 2Pr of either ~2 or ~4 ^C/cm^ This 

doesn't make sense if the macroscopic SBT grain size is truly the controlling factor in 

determining the 2Pr of a fihn. 

However, when the SBT crystallite size is used, instead of the macroscopic grain 

size, all of the problems mentioned in the grain size data disappear, as shown in Figiure 

6.31. 
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Figure 6.31: Normalized 2Pr vs. SBT crystallite size plot for the low temperature and high 
temperature films. 

When the crystallite size is used, instead of grain size, the high temperature and low 

temperature data sets fall together into a single trend. The data strongly suggests a linear 

relationship between the normalized 2Pr and the SBT crystallite size over the range of 

crystallite sizes measured. Therefore, SBT crystallite size has a direct impact on the 

attainable 2Pr of SBT films having a wide range of compositions including, Sr contents 

between stoichiometric and 20% deficient and Bi contents between stoichiometric and 

20% excess. The data also indicate that there is a critical SBT crystallite size between 15-

20 nm where ferroelectric behavior becomes detectable. This is similar to the critical 

domain size required for ferroelectric behavior in PbTiOj and much smaller than the 200 

nm domain size required for BaTiOs.^^^ 
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Excellent ferroelectric behavior (2Pr ~ 10 nC/cm^) is attained when the crystallite 

size is greater than 45 nm. This is extremely important in terms of the viability of using 

SBT in high density memory applications. Eligh density devices (>1 G-bit) will require 

feature sizes on the order of 100 nm. Based on the results in Figure 6.31, the necessary 

crystallite size to yield excellent ferroelectric properties is less than half the required 

feature size; therefore high-density devices based on SBT should be feasible. 

6.5 Conclusions of Chapter 

In this chapter, it was determined that the controlling factor in the development of 

2Pr in SBT thin fihns with Sr contents between stoichiometric and 20% deficient is the 

SBT crystallite size. Therefore, composition and heat treatment are only important in that 

they establish a particular SBT crystallite size. A critical crystallite size of 15-20 nm was 

determined to be required for ferroelectric behavior to be observed. SBT area fraction is 

also important for maximizing the 2Pr value at a given SBT crystallite size. 

The phase development results presented in this chapter also show that the 

formation of second phases (identified as pyrochlore, and possibly BiiPt and Bi203) 

increases with an increase in Sr deficiency (over the range of 0-30 % deficiency). 

Stoichiometric Sr films become phase-pure layered perovskite, with a small fraction of 

secondary phase (BiaPt and Bi203). Bi excess, over the range of 0-20% excess, was 

found to not have a significant effect on the phase development of stoichiometric Sr 

films, since all three compositions were primarily SBT. However, Bi excess did have an 

effect on microstructural development by altering the SBT grain and crystallite size. At 
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750 ®C the 1/2,4/2 composition had the largest crystallite size, while the 1/2.2/2 

composition had the larger crystallite size at 830 °C. The decrease in the crystallite size 

of the 1/2.4/2 film at 830 °C is believed to be due to a decrease in grain growth caused by 

the crystallization of BiiOa at the grain boundaries. Bi content did effect the phase 

development of Sr-deficient films. Films with less than 20% excess Bi formed 

pyrochlore. However, although the 0.8/2.2/2 composition was not phase-pure, it yielded 

higher 2Pr values than the 0.8/2.4/2 composition because of a larger crystallite size. 

Hysteresis measurements show that the largest 2Pr was measured in 0.8/2.2/2 

films, where the 2Pr is as high as 12 ^C/cm^ under an applied field of 250 kV/cm after an 

one hour aimeal. However, it was found that the coercive field increases with increasing 

Sr deficiency, which is due to the increased formation of secondary phases that pin 

domain walls (namely pyrochlore). 

In the next chapter, strategies for improving the 2Pr of SBT films, primarily at low 

temperatures (<700 ®C), are discussed. The successful improvement of the low 

temperature properties of SBT requires two things. First, the film must have a high 

degree of fluorite-to-SBT conversion (a high SBT area fiaction). Second, the SBT 

crystallite size must be as large as possible. However, to maximize the 2Pr at low 

temperatures, the nucleation and growth behavior of the film needs be controlled so that 

only a few SBT crystals nucleate, which may allow them to grow unhindered by other 

SBT crystals. Possible methods for achieving this goal involve using highly Sr-deficient 
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compositions, which should have a lower nucleation density than 20% Sr-deficient fihns. 

The addition of a Bi203 coating, to potentially enhance the growth rate, is also discussed. 
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7. STRATEGIES FOR IMPROVING THE 2Pr OF SBT 

7.0 Focus of Chapter 

The results from Chapter 6 clearly show that in order to fabricate SBT fikns that 

have good ferroelectric properties, they must possess several important characteristics. 

The most important characteristic is that the SBT crystallite size must be as large as 

possible, since there is a direct correlation between larger SBT crystallite sizes and larger 

magnitudes of the normalized 2Pr. Also, the higher the volume fraction of SBT the better 

the ferroelectric properties (when the SBT crystallite sizes of the films are similar). This 

is particularly important for the Sr-deHcient films, which have a segregated 

microstructures (fluorite and SBT) at lower temperatures and compositions where (Sr + 

Bi) < 3 at high temperatures. Therefore, improved ferroelectric behavior at lower 

temperatures should be possible if the volume fraction and crystallite size of SBT can be 

increased after a given time at temperature. Finally, general characteristics, such as 

density and phase purity, are important because the final ferroelectric properties are 

influenced by the amount of ferroelectric phase in a given capacitor. 

In order to improve properties at lower temperatures, strategies that influence the 

nucleation and growth behavior of SBT have been studied. From chapter 6, it was found 

that composition has an effect on the nucleation and growth behavior of SBT. It is 

believed that the decrease in nucleation density which occurs in Sr-deficient films aids in 

the formation of larger macroscopic SBT grains and larger SBT crystallites than 

stoichiometric Sr films. The larger crystallite size produces larger polarization values. 
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Therefore, by logical extension, one possible method for improving the 2Pr further, 

especially at lower temperatures, may be to use highly Sr deficient compositions (30%-

40% Sr-deficient). These compositions should have even lower nucleation densities than 

the 20% Sr-deficient films, which may lead to larger crystallite sizes and larger 2Pr 

values, assimiing that the films can be fully converted. 

A second strategy to reduce processing temperature is to use a flux. 61203 is a 

good candidate for use as a flux in the SBT system, because it is a relatively low melting 

point oxide, which should help enhance the kinetics at lower temperatures and possibly 

speed up the fluorite-to-SBT transformation. Also, since the Bi can be incorporated into 

the SBT structure, potential incompatibilities between the flux and the fihn and other 

contamination issues are reduced. 

In the following sections, both strategies are studied, and their potential for 

improving the low temperature 2Pr values of SBT films are discussed. 

7.1 Effect of Composition with (Bi + Sr) = 3 on the 2Pr of SBT Films 

In Chapter 6, the effects of Sr and Bi content on the 2Pr were examined in detail. 

The results showed that the 0.8/2.2/2 composition yielded the best polarization values, 

compared to compositions which had closer to stoichiometric amounts of Sr (0.9 and 1), 

because of a larger SBT crystallite size. In this section the effect of composition is 

examined again in order to determine whether highly Sr-deficient films can be fabricated 

with better polarization properties than the 0.8/2.2/2 composition. As discussed in 

Chapter 6, the Sr content of a film appears to control the nucleation density^ of SBT firom 
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the fluorite matrix. However, as seen with the 0.8/2.4/2 films, Bi content can also have 

an effect on the nucleation density since the grain and crystallite sizes decrease with large 

amounts of excess Bi. As a result, for this study, the sum of the Sr and Bi contents was 

kept constant at the stoichiometric value of 3. Without excess "firee" Bi, the increased 

nucleation density seen in highly Bi enriched compositions should be eliminated, thereby 

leaving only the effect of Sr content. The compositions used for this study include 

0.6/2.4/2, 0.7/2.3/2, 0.8/2.2/2, 0.9/2.1/2, and 1/2/2. Each composition was fired for I hr 

in oxygen at 700, 750, and 830 °C, to examine the phase development, microstructure, 

and 2Pr. Even though the lower temperature properties were of primary concern in this 

study, higher processing temperatures (750 "C and 830 ®C) were included to provide a 

more thorough survey of microstnictures and properties. The XRD patterns in Figure 7.1 

show the phase development of the fihns after firing at 700 "C, 750®C, and 830 ®C. 
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Figure 7.1: Phase development of SBT films with (Sr + Bi)=3 at A) 700 °C, B) 750 ®C, 
andC) 830®C. 

Analysis of the XRD patterns for the fihns fired to 700 °C shows that the layered 

perovskite phase has crystallized in all 5 compositions. The 1/2/2 film appears to be fully 

converted; however, the 0.6/2,4/2 fihn is not fiilly converted since the (220) peak of 

fiuorite is still present. The amount of fiuorite remaining increases with increasing Sr 

deficiency. This correlates well with the powder and film results presented in Chapters 5 

and 6, since the time required for the fluorite-to-SBT transformation under isothermal 

conditions increases with increasing Sr deficiency. The XRD patterns at 750 °C show 

that the 1/2/2 and 0.9/2.1/2 fihns are mostly SBT phase, while the compositions with 20% 

Sr-deficiency or greater are a mixture of SBT and pyrochlore. However, after firing at 

830 "C, all of the Sr-deficient films are a mixture of SBT and pyrochlore, indicating that 
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enough Bi has been lost to the electrodes and evaporation to create Bi-deficient regions 

within the films. The pyrochlore content of the 750 "C films appears to be less than that 

of the 830 °C fiUns. This observation is based on the fact that the pyrochlore diffraction 

peaks for each 830 "C film have larger integrated intensities relative to the SBT peaks, 

which suggests that the volume fiaction of pyrochlore in each film is increasing. 

Microstructural analysis of films fired to 700 "C confirms, as inferred from the 

Chapter 6 results, that highly Sr-deficient fihns have a lower nucleation density than films 

with higher Sr contents. FESEM micrographs for the 0.8/2.2/2, 0.7/2.3/2, and 0.6/2.4 

compositions are shown in Figure 7.2. 
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Figure 7.2: FESEM micrographs of SBT fihns fired for I hr at 700 "C with an overall 
composition of A) 0.8/2.2/2, B) 0.7/2.3/2, and C) 0.6/2.4/2 
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The micrographs clearly show that the fluorite-to-SBT conversion rate is reduced with 

increased Sr deficiency. The SBT area firactions for the 0.8/2.2/2, 0.7/2.3/2, and 0,6/2.4/2 

films are 0.83, 0.78, and 0.58, respectively. Also, the macroscopic SBT grain size 

increases with increasing Sr deficiency. It is interesting to note that the nucleation of 

SBT in the highly Sr-deficient compositions doesn't appear to be completely random. 

Instead, the SBT grains appear as agglomerated clusters of smaller grains. The cluster 

sizes reach I ^m or more in diameter for the 0.6/2.4/2 composition, yet the individual 

grain sizes are approximately 150-200 nm in size. It is unclear why the smaller SBT 

grains tend to nucleate near one another. This same phenomena is also seen in the 

0.7/2.2/2 and 0.8/2/2 films. One possible explanation is that one SBT grain may catalyze 

the nucleation of another SBT grain by imparting some of its heat of crystallization to the 

surrounding fiuorite. However, more work would need to be done to fiilly understand 

this phenomenon, especially since in (Sr + Bi) < 3 compositions it would be expected that 

the fiuorite region near the growing SBT grain would be Bi-deficient, compared to the 

fiuorite fiirther away from the SBT. Therefore, the nucleation of an SBT grain near 

another SBT grain should be less favorable since larger compositional fluctuations would 

be required to satisfy the cation requirements of the SBT phase. 

Figure 7.3 shows the microstructures of the 0.8/2.2/2, 0.7/2.3/2, and 0.6/2.4/2 

films after being fired to 830 **€. 
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Figure 7.3: FESEM micrographs of SBT films fired for 1 hrat 830 ®C with an overall 
composiUon of A) 0.8/2.2/2, B) 0.7/2.3/2, and C) 0.6/2.4/2. 

The micrographs show that with the sum of the Hi and Sr contents equal to 3, the films 

have a relatively uniform microstructure even after the 830 "C armeal. There are some 

small pyrochlore regions in the 0.6/2.4/2 fihns, which indicate the loss of some of the 

initial Hi, but overall the fihn is highly converted. These results confirm that the 

segregated microstructures of the 0.8/2/2 and 0.7/2.2/2 films, shown in Chapter 6, are the 

result of there not being enough Hi available to compensate for the Sr-deficiency and 

permit complete transformation of the fluorite to SBT. 

Comparison of the SBT crystallite size for the 0.7/2.3/2 and 0.6/2.4/2 films, with 

the films with Sr contents greater than or equal to 20% deficient shows a different 
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crystallite size trend with temperature. The SBT crystallite sizes for all of the (Sr + Bi) = 

3 films fired at 700 "C, 750 "C and 830 °C are shown in Table 7.1. 

Table 7.1: Crystallite Size (C.S.) of (Sr + Bi)=3 SBT films. 

Composition C.S. 700 »C C.S. 750 »C C.S. 830 "C 
(nm) (nm) (nm) 

1/2/2 20±2 27±2 34±2 
0.9/2.1/2 28±2 35±2 42±2 
0.8/2.2/2 43±2 45±2 51±2 
0.7/2.3/2 47±2 47±2 47±2 
0.6/2.4/2 44±2 44±2 44±2 

Unlike the films with Sr contents ranging from stoichiometric to 20% Sr deficient, 

whose SBT crystallite sizes increased with firing temperature, the crystallite sizes of the 

0.7/2.3/2 and 0.6/2.4/2 films appear to be ahnost constant when fired at 700 ®C or above. 

This suggests that some other factor, besides grain size, may be infiuencing the crystallite 

size in highly Sr-deficient films. One possibility is that the increase in crystal defects 

with Sr deficiency begins to influence the crystallite size once they reach a certain 

concentration. Comparison of the crystallite sizes, in the light of the Chapter 6, suggests 

that the 2Pr of the highly Sr-deficient fiUns should be similar, if not slightly better, than 

the 0.8/2.2/2 films at lower temperatures since the crystallite sizes are similar at 700 "C 

and 750 ®C. However, the 830 'C fitais may have slightly lower 2Pr values than those of 

the 0.8/2.2/2 composition, since the crystallite sizes are slighdy smaller. 

The ferroelectric properties of the films are summarized in Table 7.2 



Table 7.2: Ferroelectric Properties of (Sr + Bi) = 3 SBT films. 

Composition 2Pr 700C 
(l^C/cm^) 

SBT Area 
Fraction 

700C 

Norm. 2Pr 
700C 

(kV/cm) 

2P, 750C 
(^iC/cm^) 

SBT Area 
Fraction 

750C 

Norm. 2Pr 
750C 

(kV/cm) 

2?, 830C 
(nC/cm^) 

SBT Area 
Fraction 
830C 

Norm. 2Pr 
830C 

(kV/cm) 
Mia 1.5±0.1 0.94 1,6±0.1 2.0±0.2 0.88 2.3±0.3 4.510.2 0.91 5.010.3 
0.9/2.1/2 2.1+0.1 0.69 3.0±0.2 3.5±0,1 0.76 4.6±0.4 9,4±0.3 0.93 10.110.5 
0.8/2.2/2 6.0±0.2 0.83 7.310.4 8.7±0.2 0.85 10.3±0,6 11.810.4 0.96 12.310.7 
omm 2.1±0.1 0.77 2.4±0.2 5.6±0.2 0.90 6.3±0.4 11.110.3 0.96 11.510.6 
0.6/2.4/2 0.7+0.1 0.58 1.2±0.2 4.010.2 0.94 3.7±0.3 10.510.3 0.94 11.210.6 

to K) 
o 
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The data in Table 7.2 clearly show an unexpected result. Instead of the 2Pr continuing to 

increase with increasing Sr deficiency at 700 "C, the 2Pr reaches a maximum at 0.8/2.2/2 

and drops off rapidly. The films fired at 750 °C show a similar result. However, after 

firing at 830 °C, the 2Pr values of the highly Sr-deficient fihns increase significantly to 

almost the value of the 0.8/2.2/2 films, as would be anticipated by their crystallite sizes 

and areal firactions. 

Figure 7.4 graphically shows similar trends in the normalized 2Pr data. 
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Figure 7.4: Effect of Sr deficiency with (Sr + Bi) = 3 on the normalized 2Pr for SET fihns 
fired at 700,750 and 830 °C. 

The plot clearly shows that when fired at 700 "C or 750 "C, the highly Sr-deficient films 

have much lower normalized 2Pr values than those of the 0.8/2.2/2 films, even though 
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they have similar crystallite sizes. The normalized 2Pr results at 830 "C, on the other 

hand, are consistent with the normalized 2Pr vs. crystallite size trend determined in 

Chapter 6. These results suggest that something else is overwhehning the benefits of the 

larger SBT crystallite size of the highly Sr-deficient fihns at lower temperatures. One 

possible explanation is that the crystal structure of SBT becomes more defective with 

increasing Sr deficiency. As discussed previously, Bi substitution on the Sr sites can 

occur only if there is a change in the valence of Bî  ̂ to Bî "  ̂ or by the formation of 

vacancies on the Sr site. Therefore, if it is assumed that Bi substitution occurs by both 

mechanisms and that the fraction of each is composition independent, the number of 

charged crystal defects increases with increasing Sr deficiency. The presence of a larger 

number of charged defects could more effectively pin domain walls and cause the drop in 

2Pr. Also, as mentioned in Chapter 6, fihns with large amounts of Bi (even if (Sr + Bi) = 

3) have been found to have Bi and Bi-oxides accumulating at the grain boundaries, which 

could reduce domain wall mobility as well. 

The improved normalized 2Pr values of the highly Sr-deficient compositions at 

higher temperatures, especially at 830 °C, are possibly the result of a reduction in Sr 

vacancies as the additional thermal energy makes Bi substitution through valence 

adjustment more favorable. Also, fewer Bi compounds may be accumulating at the grain 

boundaries at the higher temperatures, since a larger fraction of Bi is lost to the bottom 

electrode and through evaporation. 

Another possible reason for the very low 2Pr values in the highly Sr-deficient 

fihns at lower temperatures is that microstructural inhomogeneities significantly degrade 
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the ferroelectric properties. Spectroscopic ellipsometry studies performed by S. Trolier-

McKinstry'9'̂  have shown in PZT that fihns which appear as high quality fihus via XRD 

can be extremely inhomogeneous through the thickness. The origin of the 

inhomogeneities can be either deposition or processing related, including ramp rate, 

annealing temperature, or any process that involves diffusion such as crystallization, grain 

growth, etc. It was shown in Chapters 5 and 6 that the fluorite-to-SBT transformation is 

composition-dependent and that under isothermal conditions it takes longer for Sr-

deficient compositions to transform. It is believed that the increase in transformation 

time or temperature with Sr deficiency is due to the need for Bi to compensate for the 

missing Sr, and for the structure to compensate for the valence difference between Bi and 

Sr. These compensation processes play an increasingly important role in the 

transformation as the amount of Bi needed to substitute for Sr increases with Sr 

deficiency. As a result, it would be expected that a highly Sr-deficient film may be more 

inhomogeneous than a less Sr-deficient film. 

Trolier-MciCinstry has proposed that the inhomogeneities in ferroelectric fihns 

manifest themselves as a low density layer, with locally varying porosity, near the 

film/substrate interface. This low dielectric constant layer can dramatically reduce the 

effective applied field across the ferroelectric portion of the film, which has a significant 

impact on the 2Pr and 2Ec by making some of the regions unswitchable. This effect 

becomes even more significant as the film diickness becomes smaller, as the low density 

layer becomes a more significant portion of the overall thickness. 
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A result which helps to support the assertion that the cause of the decreased 2Pr in 

highly Sr-deficient films may be linked to structural defects or microstructural 

inhomogeneities is shown Figure 7.5 The figure shows a micrograph of a 0.6/2.4/2 

composition film fired for 16 hr at 700 ®C. 

Figure 7.5: FESEM micrograph of a 0.6/2.4/2 composition film fired for 16 hr at 700''C 

After being fired for 16 hr at 700 °C, the film has almost completely transformed (94% 

SBT) fi-om fiuorite into SBT, compared to only 58% after 1 hr. The raw and normalized 

2Pr values for the film were 2.1 ±0.1 jiC/cm  ̂and 2.2±0.2 îC/cm ,̂ respectively. These 

values are approximately twice as large as the values for the film after 1 hour, even 

though the calculated crystallite size is about the same. This suggests that the longer 

anneal has potentially helped reduce the defect concentration in the crystal structure or 



225 

microstnictural inhomogeneities thereby increasing the 2Pr. However, the normalized 2Pr 

is still well below the expected value of ~10 ̂ C/cm  ̂based on the 44±2 crystallite size. 

Regardless of the reason for the reduction in 2Pr, it is clear that there may be no 

real advantage of using highly Sr-deficient films at any temperature. This is especially 

true since the 0.8/2.2/2 composition yielded higher polarization values at all of the 

temperatures studied. In terms of coercive field, as shown in Table 7.3, the 0.8/2.2/2 

composition has an intermediate value, but it is still approximately only 1/4 to 1/3 of the 

magnitude of the applied field, which is fairly low. The low 2Ec values for the 0.6/2.4/2 

and 0.7/2.3/2 fiUns fired at 700 ®C and 750 "C are an offshoot of the poor ferroelectric 

response. 

Table 7.3: Coercive field values of (Sr + Bi) = 3 SBT films. 

Composition 2Ec 700C 2Ec750C 2Ec830C 
(kV/cm) (kV/cm) (kV/cm) 

1/2/2 78±0.2 122±4 142±6 
0.9/2.1/2 113±4 120±4 132±4 
0.8/2.2/2 147±4 125±5 146±7 
0.7/2.3/2 107±4 140±5 165±5 
0.6/2.4/2 52±3 113±4 I85±5 

In this section it was shown that the SBT crystallite vs. normalized 2Pr 

dependence found in Chapter 6 is not valid for films with Sr contents greater than 20% 

deficient. For 0.7/2.3/2 and 0.6/2.4/2 compositions, the macroscopic SBT grain size was 

much larger than in the 0.8/2.2/2 composition films, but the SBT crystallite size was 

found to be abnost temperature-independent. A possible explanation for this is that the 
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higher density of crystal defects influences the domain size. The normalized 2Pr values 

for the 0.7/2.3/2 and 0.6/2.4/2 films were much lower than those of the 0.8/2.2/2 fihns at 

700 °C, even though the crystallite size would have predicted a similar normalize 2Pr. It 

is believed that the drop in 2Pr is possibly due to domain pinning caused by the formation 

of a larger number of charged defects (Sr vacancies) in the SBT crystal structure of highly 

Sr-deficient (> 0.8) films. The increase in the 2Ec with increasing Sr deficiency does 

indicate that domain switching becomes more difficult. Microstructural inhomogeneities 

in the highly Sr-deficient films may also reduce the polarization by making local regions 

of the fihn unswitchable. 

These results suggest that possibly a better strategy for improving the ferroelectric 

properties of SBT at lower temperatures would be to focus on a method for enhancing the 

microstructure of the 0.8/2.2/2 composition, since it has provided the best 2Pr values. 

One way of doing this is to use a fiux to help enhance the fiuorite-to-SBT transformation. 

The fiux may also enhance grain growth and possibly increase the size of the SBT 

crystallites. However, before the effect of adding a flux layer to 0.8/2.2/2 films is 

discussed, the effect of substrate on the microstructural development of 0.8/2.2/2 and 

0.6S/2.4/2 films is briefly examined. 

7.2 Microstructural Development in Sr-Deficient Films on Various 
Substrates 

hi this section, the effect of substrate on the microstructural development of Sr-

deficient fihns is briefly examined in order to provide insight into the general behavior of 
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Sr-deficient SBT films. For this study, (111) Pt on (100) Si, (100) Si, Pt foil, and Si02 

were used as substrate materials. Two different compositions, 0.8/2.2/2 and 0.65/2.4/2 

were fabricated and fired for 1 hr at 700 "C in C .̂ The 0.65/2.4/2 composition was 

originally supposed to be 0.6/2.4/2, but a round-off error in the batch calculation resulted 

the addition of slightly too much Sr. However, the error provided an opportunity to show 

how the microstructural development can be used to verify sample composition. Figure 

7.6 shows the effect of substrate on the microstructural development of 0,65/2.4/2 

composition films fired for 1 hr at 700 °C. Figure 7.7 shows the effect of substrate on the 

microstructural development of 0.8/2.2/2 composition films fired for 1 hr at 700 °C 
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Figure 7.6: Microstructure of 0.65/2.4/2 films deposition of A) 111) Pt on (100) Si wafer, 
B) (100) Si wafer, C) SiOi, and D) Pt foil and fired for 1 hr at 700 "C. 

A 
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Figure 7.7; Microstructure of 0.8/2.4/2 films deposition of A) platinized, (100) Si wafer, 
B) (100) Si wafer, C) SiOi, and D) Pt foil and feed for 1 hr at 700 ®C. 

Examination of the images for the 0.6S/2.4/2 films in Figure 7.6 shows that 

agglomerates of smaller SBT grains forms on all of the substrates. However, the 

microstructures of the films look different. The film deposited on platinized silicon 

appears to have a higher nucieation density than the rest of the films. The Si and SiOi 

substrates have the next highest nucieation densities. The Pt foil has the lowest 

nucieation density. A similar trend is seen in the 0.8/2.2/2 films shown in Figure 7.7, 

except that the films on platinized silicon and silicon have similar nucieation densities, 

followed by the SiOi and Pt foil. It is unclear why the nucieation density of the films 

would be substrate dependent. The lattice parameters of (111) Pt and (100) Si are 



232 

approximately 2.25A and 1.4A, respectively, so an epitaxial effect does not seem like a 

possible explanation for the higher nucleation densities of films of those substrates. The 

trend does not correlate with the thermal conductivity of the substrate either. It is 

possible that the higher nucleation density in films deposited on platinized silicon may be 

due to reactions between the film and the Pt electrode and Ti adhesion layer. However, 

since the Pt foil films consistently have the lowest nucleation density, the higher 

nucleation density on platinized Si seems unlikely due to Pt. More studies need to be 

performed in order to understand and explain fully these observations. 

As mentioned earlier, the 0.65/2.4/2 composition films provided an opportunity to 

show how microstructural development can be used to verify fikn composition. At first 

the microstructure of the 0.65/2.4/2 fihn (initially believed to be 0.6/2.4/2) on platinized 

silicon appeared to be at odds with the 0.6/2.4/2 films shown in Figure 7.2, since they 

clearly have different microstructures. However, close examination of the 0.7/2.3/2 film, 

also shown in Figure 7.2, suggested that the Sr composition of the solution used for the 

substrate study may have actually been in-between 0.6 and 0.7. A review of the synthesis 

procedure confirmed that a round-off error had resulted in the addition of slightly too 

much Sr, which pushed the solution stoichiometry closer to 0.65/2.4/2. 

In the next section the effect of BiiOs coatings on the phase development, 

microstructure, and ferroelectric properties of 0.8/2.2/2 composition films are discussed. 
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7.3 The Effect of Bismuth Oxide Coating on the Microstructure and 2Pr 
of 0.8/2.2/2 Composition SBT Films 

In this section, the effect of BiaOs coatings (a flux) on the microstructural 

development, and 2Pr of Sr-deficient films is studied. Based on the results of the 

previous sections, this section focuses primarily on 0.8/2.2/2 composition flhns, since the 

0.8/2.2/2 composition appears to lead to the highest 2Pr. However, the effect of BizOs 

coatings on other compositions are also considered. The Bi203 coatings were deposited 

by spinning a solution of bismuth acetate dissolved in 2-ethylhexanoic acid and diluted 

with ethanol onto an SBT fihn stack that has not been fired, i.e., has only been exposed to 

the 250 °C pyrolysis step. The overall molarity of the Bi203 solution was 0.07 moles 

BiiOs/liter. 

Four different coating configurations were studied. Schematics of different 

configurations are shown in Figure 7.8. 

BiaOa 
Top-coating 

BiiOj 
Under-coating 

Bi203Topand 
Under-coating 

No BiiOs 
Coating 

Bi203 Coating SBT Coating Substrate 

Figure 7.8: Schematic of the different Bi203 coating schemes. 
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Film stacks with BiiOa under-coatings were fabricated by spin-coating a single coating of 

the 81203 solution onto the platinized silicon wafer prior to the deposition of SBT 

coatings. For top coated fihns, the BiaOs coating was deposited after all of the SBT 

coating had been deposited and pyrolized. The approximate thickness of a single 61203 

coating was 250 A. 

Figure 7.9 shows the effect of Bi203 coating on the phase development of 

0.8/2.2/2 films fired at 700 "C in oxygen. It should be noted that this data set was 

acquired on a different diffractometer than the previous XRD patterns. The intense 

diffraction peak at ~36° 2-theta is an artifact of this machine and is not due to any phase 

or orientation in the SBT films. Analysis of the artifact has shown that it is most likely 

caused by the diffraction of Cu Kp radiation ofiTthe Pt (111) planes. 
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Figure 7.9: Effect of top, under, and top and under BiiOa coatings on the phase 
development of 0.8/2.2/2 composition fihns fired for 1 hour at 700 °C in oxygen. 
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After firing to 700 °C, the 0.8/2.2/2 fihns with a single BizOa coating and without a 

coating appear to be phase pure SET. The deposition of top wd under BiiOa coatings on 

the same SBT film led to the formation of BiiTiiO?. The formation of Bi2Ti207 suggests 

that there is enough "free" extra Bi available to react with the TiOx adhesion layer, which 

is undemeath the bottom Pt electrode. The lack of Bi2Ti207 in the under-coated film 

suggests there is less "firee" Bi at the film/electrode interface. This may be the result of 

the Bi203 layer either being partially dissolved away or incorporated into the subsequent 

SBT layers. 

The XRD patterns in Figure 7.9 suggest that the phase development of SBT is not 

affected by the addition of a single Bi203 coating. However, as shown in Chapter 6, only 

detailed XRD analysis between 27-30® 2-theta or electron microscopy can resolve 

whether fluorite is present in 0.8/2.2/2 films fired for 1 hr. at 700 ®C. FESEM confirms 

that the Bi203 coatings do have a dramatic effect on the phase development and 

microstructure of the 0.8/2.2/2 films. Figure 7.10 shows the microstructures of 0.8/2.2/2 

fihns with a top coating, an under coating, a top and under coating, and without any Bi203 

coatings. 
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Figure 7.10: Representative microstructures of 0.8/2.2/2 films fired for I hr at 700*'C with 
a A) Top BiiOa coating, B) Under 81203 coating, C) Top and under BiiOa coatings, and 
D) without any BiiOj coatings. 
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The microstnictures clearly show that the BiiOs coatings enhance the fluorite-to-SBT 

conversion rate. After only 1 hour at 700 °C, all of the films with 81263 coatings have no 

residual fluorite islands. However, the macroscopic grain size of the top or under coated 

films are larger than the film with top and under coatings. This suggests that too much 

additional BizOa can begin to affect with the nucleation and growth of the SBT phase, 

which is similar to results found in Chapter 6 for compositions where (Sr + Bi) > 3. 

In terms of ferroelectric properties, the fihns with top or under 81203 coatings 

have the largest polarizations. The raw 2Pr values of the top, under, top and under, and 

uncoated films were 7.0±0.2, 6.8±0.2, 5.8±0.2, and 6.0±0.2, respectively. The higher 2Pr 

values for the films with a single BiiOs coating, compared to the uncoated film, is due to 

the improved microstructural and phase development. However, the top-coated 

configuration was found to be the better configuration due to a lower incidence of 

capacitor shorting and lower leakage cunent values in non-shorted capacitors. The lower 

2Pr of the top and under coated film is linked to the smaller SBT grain size (and 

crystallite size). 

The results above indicate that a single 81263 top-coating has a positive effect on 

the microstructure, phase development, and 2Pr of 0.8/2.2/2 fihns. However, it is unclear 

whether the improvement is only the result of a change in overall fihn composition. With 

this in mind, a series of films with intrinsically higher 8i concentrations were fabricated 

in order to determine whether chemically homogenous films would have the same 

properties as a chemically inhomogeneous BtiOs top-coated film. The Bi concentrations 
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chosen for the study included 2.0, 2.2, 2.3S, 2.4, and 2.5 moles of Bi per mole of SBT. 

The 0.8/2.35/2 composition was selected since it was determined that a single BiiOs 

coating should supply enough Bi to make the overall composition of the film 

approximately 0.8/2.35/2. 

Figure 7.11 shows microstructures of the 0.8/2.35/2 and 0.8/2.5/2 films after 1 hr 

at 700 °C. 
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Figure 7.11: Representative microstructures of A) 0.8/2.35/2 and B) 0.8/2.5/2 films fired 
forlhrat700°C. 

The microstructures, along with XRD patterns, show that the 0.8/2.35/2 and 0.8/2.5/2 

films have converted completely to SET, unlike homogeneous films with 2.0 and 2.2 Hi 

contents. However, both compositions also show evidence of BiiTizO? formation in their 

XRD patterns, therefore a reaction between the excess Bi in each the SBT films and the 

TiOx layer has occurred. A comparison of the SBT grain sizes of homogeneous films 

with Bi contents greater than 2.2, with the 0.8/2.2/2 top-coated fihn, shows that the 

homogeneous films all have smaller grain sizes than the top-coated SBT film. 

The microstructural results suggest that the chemical inhomogeneity  ̂ introduced 

by applying a BizOa coating to a 0.8/2.2/2 film may not affect the nucleation and growth 

behavior of the SBT phase in the same way as adding Bi homogeneously. Since long 
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range diffusion would be required to redistribute the extra Bi throughout the film, it is 

possible that by the time the Bi has been redistributed, enough Bi has been lost through 

evaporation and to the bottom electrode to offset the additional Bi. Therefore SBT 

nucleation and growth behavior follows that described in Chapter 6 for fihns with (Sr + 

Bi) = 3, instead of for films with (Sr + Bi) > 3. This is supported by the fact that 0.8/2.2/2 

films with top and under coatings or with multiple top-coatings (3 or S coatings) have 

smaller grain sizes than fihns with a single top-coating. Therefore, larger SBT grains are 

formed using a single BiiOj coating than is possible with a film with an equivalent 

homogeneous composition. 

Table 7.4 compares the raw 2Pr, area fraction, normalized 2Pr, and crystallite size 

of the homogeneous composition films with the BiiOs top-coated 0.8/2.2/2 film fired for 

1 hrat700 °C. 

Table 7.4; Comparison of raw and normalized 2Pr values for homogeneous 0.8/2.x/2 
compositions and a 0.8/2.2/2 fihn with a BiiOs top coating fired for 1 hr at 700 ''C. 

Composition Raw2Pr 
(uC/cm^) 

SBT Area 
Fraction 

Norm. 2Pr 
(uC/cm^) 

Crystallite 
Size (nm) 

0.8/2/2 2.010.1 0.55 3.6±0.3 3I±2 
0.8/2.2/2 6.1±0.2 0.83 7.3±0.4 40±2 
0.8/2.35/2 5.8±0.2 0.95 6.1±0.3 37±2 
0.8/2.4/2 4.2±0.2 0.94 4.5±0.3 34±2 
0.8/2.5/2 2.5±0.2 0.93 2.7±0.3 29±2 
0.8/2.2/2+ 
Top BiiOs 

7.0±0.l 0.91 7.7±0.3 40±2 

The data in Table 7.4 shows that the BiiOs coated film has the largest raw 2Pr value, 

compared to any of the homogeneous compositions tested. However, what the 
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normalized data suggest is different Figure 7.12, compares the normalized 2Pr of the 

BiiOa top coated film with the homogeneous composition films. 
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Figure 7.12: Comparison of the normalized 2Pr values of a 0.8/2.2/2 SET film with a 
BiiOa top coating with homogeneous films with various Bi contents fired for 1 hr at 700 
°C. 

The figure shows that within experimental error, the normalized 2Pr of the 0.8/2.2/2 

composition fihn is the same as the top coated 0.8/2.2/2 fihn. Since the crystallite sizes 

of the two films are similar, this indicates that the improvement in the raw 2Pr value for 

the top-coated 0.8/2.2/2 film is linked to SBT area firaction (83% uncoated vs. 91% 

coated). However, the top-coated film has a larger normalized 2Pr than the homogeneous 

0.8/2.35/2 fihn. A comparison of the normalized 2Pr values and crystallite sizes of the 
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films in Figure 7.12, with the plot developed in Chapter 6, confirms that the normalized 

2Pr scales directly with crystallite size. 

The effects of a BiiOs top-coating on the raw and normalized 2Pr of other 

compositions at 700 °C has also been studied. The deposition of a BiiOs top-coating onto 

0.7/2.3/2 and 0.6/2.4/2 fihns also permits the fiill conversion of the fluorite phase into 

SBT in one hour at 700 °C. This is a dramatic change, since a 0.6/2.4/2 film without the 

coating is only 58% SBT after 1 hr, and fiiU conversion requires 16 hr. at 700 °C. The 

normalized 2Pr of a top-coated 0.6/2.4/2 film is also enhanced to a normalized value of 

2.5±0.1 ^C/cm  ̂ compared to only 1.2±0.l ^C/cm  ̂ for the uncoated film. For the 

0.7/2.3/2 composition, the BiiOs coating enhances the normalized 2Pr value to S.l±0.3 

^C/cm  ̂compared to 2.7±0.2 ̂ iC/cm  ̂ for an uncoated fihn. Therefore, for the 0.6/2.4/2 

and 0.7/2.3/2 films, the BiiOs coating improves the normalized 2Pr values by 

approximately a factor of 2. This suggests that the BiiOa coating is doing more than 

increasing the fiuorite-to-SBT conversion rate in these fihns, which is a different result 

than for 0.8/2.2/2 films. Since the crystallite sizes of the coated and uncoated films are 

essentially the same, the BiaOs layer may be reducing the number of crystal defects or the 

number of microstructural inhomogeneities in the 0.6/2.4/2 and 0.7/2.3/2 films. 

However, the nomialized 2Pr values are still well below the values expected based on 

crystallite size. The deposition of a BiiOs top-coating onto stoichiometric Sr 

compositions did not improve the microstructural development, phase development, or 
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ferroelectric properties, which is not unexpected due to the rapid conversion rate and high 

nucleation densî  inherent in stoichiometric Sr films. 

The enhancement in 2Pr created by the deposition of a Bi203 top layer onto 

0.8/2.2/2 films is not limited to films fired at 700 **C. In fact, a BizOs top-coating has 

been found to improve not only the 2Pr, but the 2Ec values of 0.8/2.2/2 films fired at 750 

°C and 830 °C as shown in Table 7.5. 

Table 7.5; Ferroelectric data for uncoated and BiiOa top-coated 0.8/2.2/2 films fired for 1 
hour at 700,750, and 830 ®C under a 250 kV/cm applied field. 

Film 2Pr700®C 
(^C/cm^) 

2Ec700 °C 
(kV/cm) 

2Pr750 "C 
(uC/cm^) 

2Ec750 °C 
(kV/cm) 

2Pr830"C 
(nC/cm^) 

2Ec830 °C 
(kV/cm) 

Uncoated 6.0±0.2 128±4 8.7±0.3 135±5 ll.8±0.4 201+7 
Top-coated 7.0±0.3 116±4 9.010.3 128±4 13.3±0.4 145+5 

Under the 250 kV/cm, the top-coated fihns have approximately a 10% lower 2Ec than 

uncoated films after firing to 700 "C and 750 ®C. A 30% decrease in 2Ec was measured 

for 830 °C fihns. The improvement in 2Ec and 2Pr at each temperature is linked to 

improved phase purity, since the crystallite sizes of the coated and uncoated films are 

similar at each temperature. Uncoated films formed pyrochlore when fired at 750 "C and 

above, while coated films were phase pure SBT. A reduction in the number of secondary 

phase particles reduces domain pinning which would reduce the 2Ec values. The 2Pr is 

improved as since the reduction in secondary phases increases the amount of ferroelectric 

phase under a given capacitor. 
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Figure 7.13 compares the hysteresis loops of BiaOa top-coated and uncoated 

0.8/2.2/2 films fired at 700,750, and 830 °C. 
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Figure 7.13: Comparison of the effect of a Bi203 top-coat on the hysteresis behavior of 
0.8/2.2/2 films fired at 700, 750 and 830 ®C. Column A films have a BiiOa top-coating. 
Column B films do not. 

The hysteresis loops clearly show that the improvement in 2Pr and reduction in 2Ec with 

the addition of the BiiOs top-coat improves the "squareness" of the hysteresis loops, 

which is desirable for applications. Therefore, the use of BiiOs coatings appears to be a 

universal way of improving the properties of SBT films at 700 'C or above. 
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7.4 Conclusions of Chapter 

In this chapter two strategies for improving the low temperature properties of SBT 

fihns have been discussed in detail. Based on the results from Chapter 6, highly Sr 

deficient (>30%) compositions were studied to determine whether the lower nucleation 

frequency inherent in these compositions would permit the development of films with 

enhanced SBT crystallite size, and therefore larger 2Pr values. However, the normalized 

2Pr values for 0.7/2.3/2 and 0.6/2.4/2 films fired for 1 hr. at 700 "C were found to be 

considerably lower (2.7±0.2 and 1.210.2 ̂ C/cm  ̂respectively) than the normalized 2Pr of 

value of 0.8/2.2/2 films (7.3±0.2) even though their crystallite sizes were slightly larger. 

When fired to 830 °C, the normalized 2Pr values fit the crystallite size trend determined 

in Chapter 6. It is believed that the SBT formed at 700 °C from highly Sr-deficient films 

is either more defective, due to the incorporation of more Sr vacancies, or that 

microstructural inhomogeneities exist in the films, which pin the domains and reduce the 

2Pr. The fact that the 2Pr rises dramatically afier an 830 °C anneal suggests that 

annealing temperature plays an important role in defect formation. One possibility is that 

at higher temperatures, Bi substitution occurs more readily through valence adjustment, 

instead of through the formation of Sr vacancies. A decrease in Sr vacancies would 

reduce charged defects that could pin domains. The higher temperatures may also help 

eliminate or reduce microstructural inhomogeneities as well. However, the overall result 

of this study is that the use of highly Sr-deficient films is probably not a useful method of 

improving the 2Pr of SBT films at lower temperatures, since more time is required to 
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fully transform the films into SBT, and that even when full transformed they have much 

lower 2Pr values than 0.8/2.2/2 films. 

The addition of a flux, in the form of a Bi203 top-coating, was found to improve 

the raw 2Pr of 0.8/2.2/2 films fired at 700 °C. The primary role of the BiiOs top^oating 

on 0.8/2.2/2 composition films appears to be to enhance the fluorite-to-SBT conversion 

rate, thereby permitting full SBT conversion in I hr, compared to 4 hrs. without the 

coating. However, the crystallite size remains unchanged, indicating that the 

improvement in 2Pr is only linked to SBT area fiaction. This was confirmed by the 

normalized 2Pr values. Films with homogeneous compositions with Bi contents higher 

than 2.2, including the compositional equivalent of the top-coated fihn (0.8/2.35/2), all 

had smaller grain sizes, crystallite sizes, and lower 2Pr values than top-coated 0.8/2.2/2 

films fired for 1 hr at 700 °C. It is believed that the chemical inhomogeneity of the BiiOa 

top-coated film enhances the fluorite-to-SBT transformation without affecting the 

nucleation density of the film. Since long range diffusion would be required to 

redistribute the extra Bi throughout the fihn, it is possible that by the time the Bi has been 

redistributed, enough Bi has been lost through evaporation and to the bottom electrode to 

offset the additional Bi. Therefore SBT nucleation and growth behavior follows that 

described for films with (Sr -t- Bi) = 3, instead of for a film with (Sr + Bi) > 3. This is 

supported by the fact that 0.8/2.2/2 fihns with top and under coatings and with multiple 

top-coatings (3 or 5 coatings) have smaller grain sizes and higher nucleation densities 

than fihns with a single top-coating. 



248 

For 0.7/2.3/2 and 0.6/2.4/2 films, a BizOs top coating also enhances the fiuorite-

to-SBT conversion rate dramatically, producing fiilly converted 0.6/2.4/2 films after only 

I hr at 700 °C, compared to 16 hrs. without the coating. The BizOs coating also 

improved the normalized 2Pr of the 0.7/2.3/2 and 0.6/2.4/2 films by a factor of 2 over 

uncoated films after 1 hr at 700 ®C. This suggests that the top-coating may be helping to 

reduce the crystal defects or microstructural inhomogeneities which are reducing the 

normalized 2Pr. However, the normalized 2Pr values of the films are still only a firaction 

of their expected values (~10 ̂ iC/cm^), based on crystallite size. 

The use of a BiiOs top-coating also enhanced the 2Pr of 0.8/2.2/2 fihns fired at 

750 ®C and 830 "C. The coercive field dropped by 10-30% with the addition of the top-

coating. The drop in 2Ec and increase in 2Pr is believed to be the result of the improved 

phase purity, since secondary phases can reduce domain wall mobility and pin domains. 
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CONCLUSIONS 

Strontium bismuth tantaiate (SBT) is one of a few materials currently being 

developed for FeRAM applications, due to an unique and highly valuable set of 

properties. These properties include high remanent polarization, low coercive field, and 

excellent fatigue resistance on metal electrodes. However, in order to achieve optimum 

ferroelectric properties, SBT must typically be fired to 800 ®C, which can have a 

detrimental effect on integrated CMOS circuitry. Therefore, a method for reducing the 

processing temperature of SBT would be a potentially valuable commodity. However, 

before such a process can be effectively developed, it is necessary to understand the 

factors that control the development of ferroelectric properties in SBT. 

For this work, a simple alkoxide-acetate sol-gel route was developed in order to 

rapidly survey various processing variables, including Sr and Bi composition and 

annealing temperature and time. By altering the variables in a systematic fashion it was 

possible to extract how phase development and microstructure effect the ferroelectric 

behavior of sol-gel derived SBT thin fihns. The results clearly show that microstructural 

development is crucial in establishing the final ferroelectric properties. Composition and 

other processing conditions were only important in that they influence microstructural 

development. 

Phase purity was found to be important in that large amounts of non-ferroelectric 

phases lowered the magnitude of the 2Pr value by reducing the amount of ferroelectric 

phase within a given capacitor. Also, films with large amounts of pytochlore phase 
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exhibited larger 2Ec values than phase pure films. However, once the raw 2Pr values 

were normalized for differences in SBT area fi^ction; thereby, removing the effect of 

porosity and secondary phases, the dominate factor in establishing the 2Pr values of films 

with Sr contents between stoichiometric and 20% deficient and Bi contents between 

stoichiometric and 20% excess was the SBT crystallite size measured via x-ray 

diffraction. 

In terms of ferroelectric properties, films with 20% Sr deficiency and 10% excess 

Bi were found to have the largest SBT crystallite sizes and the highest 2?f values at all 

temperatures studied (630-830 °C), even though the films were not completely phase pure 

above 750 °C, and at lower temperatures consisted of a segregated microstructure of SBT 

and fluorite. The larger crystallite size found in the 20% Sr-deficient films is believed to 

be linked to SBT nucleation density, which is influenced strongly by Sr composition. The 

reduction in the SBT nucleation density with increasing Sr deficiency leads to an increase 

in the macroscopic SBT grain size, which in turn results in a larger crystallite size. It has 

been postulated that the lower nucleation density may be linked to an increase in the 

time/energy required for the fluorite-to-SBT transformation to take place, due to the need 

for Bi to substitute for Sr on the A-site. This is supported by DTA studies on SBT 

powders and isothermal studies on SBT films with various Sr contents, which show that 

the fluorite-to-SBT transformation temperature increases with Sr deficiency, and that the 

transformation takes longer at a set temperature with increased Sr deficiency. 

A critical SBT crystallite size between 15-20 nm has been determined to be 

necessary for ferroelectric behavior in SBT. Excellent ferroelectric behavior (2Pr ~ 10 
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^C/cm^) was found in films with SBT crystallite sizes larger than 45 nm. These results 

are extremely important since they show that SBT is a viable material for very high 

density devices, such as giga-bit memory devices, which will require feature sizes on the 

order of 100 nm. 

Two strategies geared towards improving the 2Pr of SBT at 700 "C were studied. 

The first involved using 30% and 40% Sr-deficient fihns, which, given the relationship 

between Sr content and nucleation density, should have produced fihns with larger SBT 

crystallite sizes. It was found that at 700 ®C, the crystallite sizes of these fihns were 

indeed slightly larger than the 20% Sr deficient fihns, but the 2Pr values were much lower 

than the 20% Sr-deficient films. After annealing at higher temperatures (750-830 °C) the 

crystallite sizes of the 30% and 40% films remained unchanged; however, the 2Pr values 

increased with increasing annealing temperature. This suggests that some other factor, 

such as microstructural inhomogeneities or charged defects, are counteracting the benefits 

of the larger domain size at 700 °C, by possibly rendering some of the domains 

unswitchable. Therefore, the use of highly Sr-deficient compositions is not viable 

strategy for improving the properties of SBT films at lower temperatures. 

The application of a single BiiOs top-coating was found to facilitate complete 

fluorite-to-SBT conversion of even highly Sr-deficient fihns in one hour (40% Sr-

deficient fihns required over 16 hrs. without the coating), but did not appear to affect the 

crystallite size. Nevertheless, the low temperature raw 2Pr values of all Sr-deficient 

compositions studied were improved with the addition of the BiiOs coating. Overall, the 
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benefits of the Bi203 coating are believed to not be simply the result of a change in film 

composition. Chemically homogeneous fihns with approximately the same overall 

composition as a coated 20% Sr deficient film yielded lower raw and normalized 2Pr 

values than the coated film. This drop in 2Pr was due to a decrease in macroscopic grain 

and crystallite size with the increased Bi content. This suggests that the chemical 

inhomogeneity of the coated films enhances the fluorite-to-SBT transformation without 

altering the nucleation behavior of the film. The enhancement in the 2Pr of a BiiOa top-

coated 0.8/2.2/2 film, compared to an uncoated 0.8/2.2/2 fikn, was linked to an 

improvement in SBT area fraction, since the normalized 2Pr values of the coated and 

uncoated fihns were approximately the same. Films with higher Sr deficiencies showed a 

greater improvement in 2Pr than could be attributed to improved SBT area fraction, 

suggesting that the BiiO? coating must be affecting the microstructure in some other way, 

such as reducing microstructural inhomogeneities. 

Studies on the effect of BiiOj coatings on 20% Sr-deficient fihns fired at higher 

temperature properties showed that coated films had larger raw 2Pr values and lower 2Ec 

values than uncoated fihns. It is believed that enhanced phase puriQr lead to the 

improvement in properties, indicating that the addition of a BiiOa coating is possibly a 

universal way of improving the fenoelectric properties of Sr-deficient SBT films 

processed from 700 ®C to 830 ®C. 
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FUTURE WORK 

The results of this investigation suggest several possible avenues for future work, 

which focus on further improving the ferroelectric properties of SBT fihns at lower 

temperatures. 

1. Investigate protocols for cleaning and preparing the platinized wafers prior to coating 

with the SBT solution which may help reduce pin holes and other defects that can 

contribute to microstructural inhomogeneities and decrease the ferroelectric properties of 

a fihn. It Is expected that a successful protocol may improve properties of all films, 

regardless of composition. 

2. Correlate the XRD-based crystallite size measurements with direct domain size 

measurement &om TEM to determine how closely the crystallite size approximates the 

actual domain size. 

3. Further investigate other processing methods, such as A) optimization of the pyrolysis 

step, which may enhance the density and homogeneity of the green fihn; B) furnace 

anneal ramp rate, including rapid thermal annealing; C) oxygen partial pressure; D) water 

vapor; and E) post metallization anneal time and temperature. All of these parameters 

have been found to impact the ferroelectric properties of SBT and other ferroelectrics. 
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4. Further investigate the effect of composition and dopants on the microstructure and 

ferroelectric properties of SBT films. This includes continued investigation into the 

effect of BiiOa coating to provide a more thorough understanding of its effects. Also the 

effect of B-site doping (Nb), as well as layered perovskite solid solutions may provide a 

way to enhance the ferroelectric properties at lower temperatures. 
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APPENDIX: 
Ferroelectric Analysis Program 

•* HYST.BAS-9/1/98 
'* Author- Jeff Dawley 

"* This program corrects hysteresis files acquired with a Sawyer-Tower test circuit and 
'• downloaded from a Tektronix TDS320 Oscilloscope for offset errors in the x and y 
"" axes. The program also converts the x-axis (applied voltage) to applied field and the 
'* y axis (voltage drop across the sensing capacitor) to polarization/cm2 units, and 

determines the 2Pr and 2Ec of the material tested. The program works best when 
'* used with files downloaded using Tektronix Wavestar 1.2.3 software. 

REM Entering of pertinent test condition data 

10 CLEAR 
CLS 

PRINT TAB(20); "Sawyer-Tower circuit data analysis program.": PRINT: PRINT 
PRINT TAB(4); "This program will only read conuna delimited files with the .csv 
extension.": PRINT: PRINT 

DEFDBL A, C, M, P, T, V, X-Y 

SO INPUT "Enter uncorrected hysteresis filename (8 char, no extension)"; filenames 

ON ERROR GOTO badfile 
OPEN filenames + ".csv" FOR INPUT AS #1 

90 INPUT "Enter peak-peak voltage (volts)"; voltage 
IF voltage = 0 THEN GOTO 90 

110 INPUT "Enter electrode cross-sectional area (cm2)"; area 
IF area = 0 THEN GOTO 110 

130 INPUT "Enter fihn thickness (angstroms)"; thickness 
IF thickness = 0 THEN GOTO 130 

150 INPUT "Enter Sawyer-Tower sensing capacitance value (microfarads)"; sensecap 
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IF sensecap = 0 THEN GOTO ISO 

170 PRINT: INPUT "Enter the oscilloscope x-axis voltage/division scale (V)"; xdivision 
IF xdivision = 0 THEN GOTO 170 

190 INPUT "Enter the oscilloscope y-axis voltage/division scale (mV)"; ydivision 
IF ydivision = 0 THEN GOTO 190 

PRINT 

INPUT "Would you like the converted data saved to an output file (y/n)";convert$ 

SELECT CASE converts 
CASE "y" 

outfileS = "A" 
CASE "Y" 

outfileS = "A" 
CASE ELSE 

outfileS = "B" 
END SELECT 

REM Determine number of rows of data in the data file 

rows = 0 
DO UNTIL EOF(l) 
LINE INPUT #1, linebufferS 
rows = rows + 1 

LOOP 
CLOSE #1 

REM Dimensioning and Initializing Data arrays. 

DIM applvoltage(rows) AS DOUBLE, charge(rows) AS DOUBLE 
DIM xcorrect(rows) AS DOUBLE, ycorrect(rows) AS DOUBLE 

FOR z = 1 TO rows 
applvoltage(z) =0 
charge(z) = 0 
xcorrect(z)=0 
ycorrect(z)=0 

NEXTz 
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REM Reading file data into the anrays and determining the x-axis offset 

minvolt= lE+15 
datarow = 1 
OPEN filenames + ".csv" FOR INPUT AS #1 

DO UNTIL datarow > rows 
INPUT #1, xaxis, yaxis 
applvoltage(datarow) = xaxis 
charge(datarow) = yaxis 
IF xaxis < minvolt THEN minvolt = xaxis 
datarow = datarow + 1 

LOOP 
CLOSE #1 

hal^oltage = voltage / 2# 

IF minvolt < 0 THEN 
offset = ABS(minvolt) - halfvoltage 
xoffcorr = offset 

END IF 

IF minvolt >= 0 THEN 
offset = (minvolt + halfvoltage) 
xoffcorr = -offset 

END IF 

REM Correct the x-axis data for the offset and convert to kV/cm e-field units 

FOR z = 1 TO rows 
xcorrect(z) = (applvoltage(z) + xoffcorr) * (100000! / thickness) 

NEXTz 

REM Determining y-axis offset error 

ymax = -lE+15 
ymin= lE+15 
FORz= I TO rows 

IF charge(z) < ymin THEN ymin = charge(z) 
IF charge(z) > ymax THEN ymax=charge(z) 

NEXTz 
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IF ymin >= 0 AND ymax > 0 THEN 
yrange = ((ABS(ymax) - ABS(ymin)) / 2) 

ELSEIF ymin < 0 AND ymax < 0 TH^ 
yrange = ((ABS(ymax) - ABS(ymin)) / 2) 

ELSE 
yrange = ((ABS(ymax) + ABS(ymin)) / 2) 

END IF 

IF ymin < 0 AND ymin < -yrange THEN 
yshift = ABS(ymin + yrange) 

ELSE 
yshift = -(ymin + yrange) 

END IF 

REM Correct for yshift and convert to microcoulombs/cm2 

FOR z = 1 TO rows 
ycorrect(z) = ((charge(z) + yshift) • sensecap) / area 

NEXTz 

REM Determine 2Pr 

pmax = -lE-l5 
pmin= lE+15 
FOR z = 1 TO rows 

IF xcorrect(z) > 0 THEN 
IF ycorrect(z) < pmin THEN 

pmin = yconect(z) 
ELSE 

pmin = pmin 
END IF 

ELSEIF xcorrect(z) < 0 THEN 
IF ycorrect(z) > pmax THEN 

pmax = ycorrect(z) 
ELSE 
pmax=pmax 

END IF 
END IF 

NEXTz 
twoPr=pmax - pmin 

'negative cycle Pr 

'positive cycle Pr 

'2Pr calculated 



259 

REM Determine 2Ec 

ymax = -lE+15 
ymin= lE+15 
FORz= 1 TO rows 

IF xcorrect(z) < 0 AND ycorrect(z) >= 0 THEN 'negative cycle Ec 
IF ycorrect(z) < ymin THEN 

ymin = ycorrect(z) 
xmin = xcorrect(z) 

END IF 
END IF 
IF xcorrect(z) > 0 AND ycorrect(z) <= 0 THEN 'positive cycle Ec 

IF ycorrect(z) > ymax THEN 
ymax = ycorrect(z) 
xmax = xcorrect(z) 

END IF 
END IF 

NEXTz 

twoEc = xmax - xmin '2Ec calculated 
efield = halfvoltage / thickness * 100000 

REM Determining the A/D enor for the polarization and applied field data 

REM Applied-Field Axis Error 

xposvolt = xmax * thickness / 100000! 
digitalerr = (10! • xdivision) / (256!) 
xerrpos = ((xposvolt + digitalerr) / (thickness)) • 100000! - xmax 
xnegvolt=ximn * thickness / lOOOOO! 
xermeg = -((xnegvolt - digitalerr) / thickness) * 100000! + xmin 

xerrtotal = xerrpos + xermeg 'Applied-field A/D Error Calculated 

REM Polarization Axis Error 

yposvolt = pmax * area / sensecap 
digitalerr=(10! • ydivision) / (256! • 1000!) 
yerrpos=((yposvolt + digitalerr) * sensecap ( area) - pmax 
ynegvolt = pmin * area / sensecap 
yermeg=-(O^iegvolt - digitalerr) • sensecap / area) + pmin 
yerrtotal = yerrpos+yermeg "Polarization A/D Error Calculated 
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REM Displaying the results and writing the output file if selected 

PRINT: PRINT: PRINT "Under an appUed field of"; 
PRINT USING "###.##"; efield; 
PRINT " kV/cm in the +/- directions." 
PRINT: PRINT "The 2Pr of the material is"; 
PRINT USING "####.###"; twoPr; 
PRINT " +/-"; 
PRINT USING "#.###"; yerrtotal; 
PRINT " niicrocoulombs/cm2" 
PRINT "The 2Ec of the material is"; 
PRINT USING "#####.##"; twoEc; 
PRINT " +/-"; 
PRINT USING "##.##"; xerrtotal; 
PRINT " kV/cm" 

IF outfileS = "A" THEN 
Q$ = CHR$(44) 
PRINT: PRINT "Please wait while the corrected data is written to the file"; 
filenames; ".dat." 
OPEN filenames + ".dat" FOR OUTPUT AS #2 

FORX=lTOrows 
PRINT #2, USING "#####.###"; xcorrect(X); 
PRINT #2, Q$; 
PRINT #2, USING "#####.###"; ycorrect(X) 

NEXTX 
CLOSE #2 
PRINT: PRINT "File Finished." 

ELSE 
PRINT: PRINT "No output file was created." 

END IF 
PRINT: PRINT 

INPUT "Please press RETURN to correct another file or CTRL-C to exit.", Q$ 
GOTO 10 
END 

badfile: "Module that responds to bad input file names. 
erromum = ERR 
IF erromum = 53 THEN PRINT: PRINT "Raw data file not found.": PRINT 
IF erromum = 64 THEN PRINT: PRINT "Bad file name.": PRINT 
CLEAR 
GOTO 50 
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