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ABSTRACT 

An all-alkoxide solution chemistry utilizing methoxyethoxide-metal 

complexes in 2-methoxyethanol was developed to deposit epitaxial thin-films of 

metal oxides on single-crystal oxide and textured metal substrates. The 

speciation within these solutions was studied using Nuclear Magnetic 

Resonance(NMR)spectroscopy. Film precursor gels were studied using IR 

spectroscopy and thermal analysis. Approximate temperature ranges forfilm 

crystallization were determined from powders prepared from the film coating 

solutions. Film structure was determined using X-ray diffraction and film 

morphology was studied using scanning electron microscopy(SEM),and atomic 

force microscopy(AFM). 

A number oftechnologically interesting systems were prepared using this 

general technique. Bismuth-containing ferroelectric materials ofthe general 

formula(Sr or Ba)Bi2(Nb or Ta)209 were synthesized. Films were deposited on 

polycrystalline silver,(100)strontium titanate, and(100)lanthanum aluminate 

single-crystal oxide substrates by spin coating techniques. Excellent epitaxy was 

achieved on the oxide substrates. 

Several systems which may be used for buffer layers for superconducting 

thin-films were synthesized. Rare earth gallates and rare-earth aluminates 

(where Ln = La,Pr, Nd,Gd,Y)were synthesized. The crystallization of powders 

under reducing and oxidizing conditions, deposition of polycrystalline films on 

silver substrates, deposition of epitaxial films on single crystal oxide substrates 



using solution deposition wasstudied. In addition, rare-earth aluminates were 

deposited on roll-textured nickel using spin-coating and dip-coating techniques. 

Tetragonal perovskites in the generalform ABCO4(where A = Sr; B = La or Pr;C 

= Al or Ga)were prepared on single crystal oxide substrates. Chemical solution 

epitaxy was used to depositfilms of rare-earth oxides(Ln =Sm,Eu,Gd,Tb,Dy, 

Ho,Er,Tm,Yb,and Lu)on roll-textured nickel. 

Superconducting thin-films of yttrium barium copper oxide(YBCO)were 

grown on several solution-deposited buffer layers. The high critical currents and 

transition temperatures ofthe YBCO thin-films were measured and found 

satisfactory,thus demonstrating the viability of the technique. 
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CHAPTER 1 

INTRODUCTION 

1.1. Thin-Films 

1.1.1. Importance and Significance to Industry 

A film is a structure with a large surface-to-volume ratio and may consist 

ofa pure material, mixed composite,or a layered structure of dissimilar 

materials. Thin-films are often defined as having thicknesses ofa micrometer 

or less,and several thin-films may be present In one electronic or optical 

device. Devices based on thin-film technology employ films which are 

electrically conductive,insulating, or semiconducting,and sales of both thin-film 

deposition equipmentand devices based on thin-films are in the multi-billion 

dollar range.^ Of particular interest, and the topic ofthis research, is the search 

for newer, better, and more cost-effective methods of deposition. 

1.1.2. Physical Methods of Deposition 

Several physical methods are used to deposit thin-films. They Include 

evaporation,^ pulsed-laser deposition,^ sputtering,''and molecular beam 

epitaxy.® Evaporation consists of generating a flux of atoms or molecules using 

e-beam or thermal evaporation sources. In the case of multi-cationic films,the 

flux must be controlled to produce the correct stoichiometry ofthe film, and 
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each element used in the film requires a separate source due to differences in 

vapor pressures for various elements.® Pulsed-laser deposition involves a 

pulsed laser hitting a target ofthe materiai to be deposited. Each pulse is 

focused on the target and ablates a small amount ofthe target material in a 

forward piume. This plume provides the flux for film growth.^ Sputtering 

involves the creation of energetic ions in a plasma which bombard a target of 

the material to deposit. Atoms are ejected from the target and deposit on a 

substrate.® Molecular beam epitaxy(MBE)consists of heating the elements of 

the material to be deposited to their evaporation point in specially designed 

"cells" which forms molecular.beams. In each beam,the flux can be controlled 

and epitaxial films are produced by rastering the beam across the substrate.® 

All four ofthese methods have been used to produce high quality films, but 

they rely on relatively expensive and maintenance-intensive vacuum 

technology. 

1.1.3. Chemical Methods of Deposition 

The most widely used method ofchemical deposition, metal-organic 

chemical vapor deposition(MOCVD),® involves the use ofcations which are 

delivered as constituents of volatile inorganic or organometallic molecules. 

Film growth is produced when the molecules decompose on the heated 

substrate.® Unlike physical methods of deposition, MOCVD is not line-of-sight. 



allowing the coating of complex shapes. In addition, because a chemical 

reaction occurs on the growth surface,MOCVD allows selective growth""® and 

self-limiting growth of multi-cationic films.""^ Virtually all ofthe epitaxial films In 

both Group IV and Group Ill-Group V semiconductor manufacture are produced 

by MOCVD. 

A less widely used chemical deposition method is chemical solution 

deposition. In this technique,solutions of cations are used to coatsubstrates to 

form a pre-ceramicfilm which is then pyrolyzed to give a ceramicfilm. This 

technique will be discussed in detail in later sections ofthis dissertation. 

1.2. Epitaxial Thin-Films 

1.2.1. Definition of Epitaxy 

The primary emphasis ofthe resbafch described in this dissertation is 

the deposition of epitaxial thin-films. Epitaxy is defined from the Greek words 

"epi," placed or resting upon,and "taxis," arrangement. Thus,epitaxy is the 

growth of crystals on a crystalline substrate that determines their orientation.® 

The term epitaxy wasfirst termed by Royer^^ in 1928 when he used X-ray 

diffraction to demonstrate that oriented growth requires lattice planes in the 

thin-film and substrate to be similar in structure. Dey and Barlingay^® classified 

epitaxial films into three types. The first. Type A,is a highly oriented 

polycrystalline film, where there is complete z-axis(perpendicular to the 



surface)orientation and random orientations in the x-y plane. Type B is 

crystalline in nature with singie crystal-iike texture,and the z-axis orientation is 

completely oriented with low angle boundaries in the x-y plane. The last, Type 

C,is an epitaxial film that is a singie crystai and is fuliy aiigned both in-piane 

and out-of-plane.''® Figure 1.1 shows a diagram of epitaxiai and non-epitaxial 

relationships between the fiim and substrate. 

There are several possible mechanismsfor epitaxial growth ofthin-films 

by solution techniques. In case of bismuth containing compounds or lead-

containing compounds with highiy mobile cations, it has been observed that 

one crystalline phase may be converted to another crystalline phase upon 

anneaiing. For example,Lange et hasshown that the epitaxial growth of 

lead titanate proceedsfrom a metastable pyrochlore phase to the desired 

perovskite phase. Another possibie mdcHihism has been proposed by Ng and 

Cima^® in which a poiycrystailine film is formed prior to epitaxial growth. Once 

grains growing with a particular orientation in the poiycrystailine film reach the 

size ofthe film's thickness,they consume other grains ofother orientations 

forming an epitaxial film. This has been observed in metallic films,^® but may 

not be applicabie to the refractory materiais ofthis study. Another mechanism 

proposed by Ng and Cima""® involves the formation ofan amorphousfilm which 

undergoes nucleation and forms atthe fiim/substrate interface. Once 

nucieation has occurred over the entire substrate surface,the crystallized 
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nuclei begin to grow upwardsthroughoutthe rest ofthe amorphous solid 

regions ofthe film. Given the high melting points ofthe materials,the low 

processing temperatures used,and the low mobility of most cationic species of 

this dissertation, we favor this growth mechanism. 

1.3. Solution Routes versus Physical Routes 

1.3.1. Utility 

A new method ofdepositing epitaxial oxide thin-fiims is solution 

deposition. Solution deposition can be used in device applications such as 

non-voiatile memories, pyroelectric detectors and field-emission dispiays.''^ 

Some ofthe materials that are currently produced by solution deposition are 

cuprate superconductors^^ and strontium titanate films on silicon.^® 

1.3.2. CostofSolution Routes versus Physical Routes 

The cost of producing epitaxial thin-films by solution routes is drastically 

cheaper than physical routes. Equipmentfor physical routes often costs 

hundreds ofthousands of dollars to build and requires extensive maintenance.^ 

Unlike the physical routes,solution routes have low equipment costs, utilize a 

high percentage ofthe precursor material, have lower energy costs,and thus 

are more friendly to the environment. 



1.3.3. Advantages ofSolution Routes 

Solution routes have several advantages over physical routes. First, 

control ofthe purity ofthe starting materials and careful preparation ofthe 

solutions can result in precise control ofthe stoichiometry ofthe solution. 

Typically,one part in a thousand accuracy can be obtained when nonvolatile 

elements are incorporated in a film. Other physical methods do not achieve 

this accuracy offilm composition,especially for multicationic films involving 

elements of different weight or size. An example would be lanthanum 

aluminate which is extremely difficult to ablate or sputter. Also, preferential 

ablating or sputtering occurs over the course of deposition and the composition 

ofthe target may change and repeated calibrations are often required. 

A second advantage ofsolution deposition is that it is a non-vacuum 

technique which is highly desirable for a hlifnber of applications. An example 

would be high and superconductors where the conductor and buffer layers 

could be applied by a solution technique such as dip-coating and processed in 

a continuous manner. This would allow superconductors to be made in long, 

continuous lengths. 

Intimate mixing is another advantage ofsolution routes. In order to form 

mixed metal species and to control the rate of hydrolysis to achieve preceramic 

films, proper ligand systems and solvents must be chosen. This allows 

reactants in the coating solutions to be mixed at the molecular level and leads 



to lower crystallization temperatures. Higher temperatures and longer 

processing times in conventional ceramic processes are observed due to solid-

state diffusion. In a multi-cation solution process, mixing the reactants at the 

molecular level places them in close contact allowing for shorter diffusion 

distances,and,after the loss of organic material typically between 350 °C and 

850 °C,crystallization can occur. Because the temperature ofthis solution 

process is generally several hundred degrees Celsius below those In typical 

ceramic processes, it has three advantages:(a)it allows for the formation and 

study of metastable (kinetic) phases;(b)it allows for the use ofthermally 

sensitive substrates;and(c)it allows for the use of rapid thermal processing. 

Rapid thermal processing uses optical heating with rates up to 200 °C per 

second and hastwo unparalleled advantages. First, it allows for the use of 

substrates which would be damaged by jDfdIonged heating at high 

temperatures,and second, it can be used to selectively heatthe substrate. 

Rather than random crystallization from the bulk ofthe film,this process 

promotes epitaxial crystallization at the substrate and film interface. 

1.3.4. Disadvantages to Solution Routes 

The use of an oxidizing ambient and a general lack of processing 

knowledge are two disadvantages ofsolution deposition. Most ceramics 

prepared from solution deposition are fired in an oxidizing atmosphere. For a 
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number of applications such as epitaxial growth on metals and semiconductors, 

however, it is necessary to prevent the formation ofan amorphous surface 

oxide which would cause a loss of epitaxy. In order to prevent surface 

oxidation,the precursor solution must be completely decomposed and the 

amorphous coating must be crystallized under reducing conditions. The other 

disadvantage ofthe solution deposition is the insufficient knowledge ofthe 

relationship between solution chemistry and the final microstructure ofthe 

ceramicfilm. This lack of knowledge is due mainly to the relative immaturity of 

the field, and did not cause difficulties in carrying outthe researches ofthis 

dissertation. 

1.4. Solution Based Growth Techniques 

Chemical solution depositions for thin-fiim development may be 

classified into three categories. The first, sol-gel processing, uses alkoxides 

and an alcohol as solvent. Chelating processes,the second method,also 

utilizes alkoxide compounds and modifying iigands such as acetic acid.^^'^^-^'' 

The third method, metal-organic deposition(MOD),uses water-insensitive 

metal carboxyiate compounds.^®-^®'^'' These three methods are discussed in 

more detail below. 

The term sol-gel has been used to describe a technique where there is a 

transition from a fluid-like property,"sol,"to a semisolid or viscoelastic material. 



the "gel." Sol-gel chemistry has been used to deposit a thin-layer of precursor 

molecules that decompose to low-density, polycrystalline films upon 

annealing.^® Francis^® stated thattwo different types ofsol-gel processes can 

be distinguished. The first is a colloidal sol-gel which is a dispersion and 

aggregation of colloidal particles 1-100 nm in size. The second is a polymeric 

sol-gel which is the polymerization of a solution containing metal-organic 

compounds.^® The metal-organic solutions can be hydrolyzed and polymerized 

by condensation reactions to form metal-oxygen-metal bonds(M-O-M).®"-®"' A 

simple example of how hydrolysis and condensation reactions work is shown 

here; 

Hydrolysis: 

M(OR),+ H2O -♦ M(OR),.i(OH) + ROM 

Condensation: 

2M(0R),.i(0H) M20(0R)2,.2 + H2O 

The polymeric sol-gel method used in the following chapters was first 

developed by Payne et a/.^® Payne's work was primarily concerned with lead 

titanate (PT) and lead zirconium titanate (PZT), but we found this chemistry to 

be quite general and have extended its use to aluminates, gallates, tantaiates, 
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niobates,and rare-earth compounds. This method involves an ali-alkoxide sol-

gel with 2-methoxyethanol as the solvent and methoxyethoxide as the ligand. 

The 2-methoxyethanol can either directly react with a metal or readily undergo 

ligand exchange reactions with metal methoxides,ethoxides,and 

isopropoxides. Examples offormation of2-methoxyethoxide complexes are 

given in the following reaction schemes. 

1. Direct reaction ofthe alcohol with metal: 

Ba +2HOCH2CH2OCH3 Ba(0CH2CH20CH3)2+ H2 

2. Alcohol Exchange(condensation): 

Ta(OC2H5)5+5HOCH2CH2OCH3 Ta(0CH2CH20CH3)5+5HOC2H5 

3. Metathesisfollowed by an alcohol exchange: 

BiBr3+ 3Na[OC(CH3)3] Bi[OC(CH3)3]3+3NaBr 

Bi[OC(CH3)3]3+3HOCH2CH2OCH3 Bi(0CH2CH20CH3)3+3HOC(CH3)3 

Several factors are known to affect sol-gel reactions, and it is important 

to carefully control the reactions. Solution viscosity, substrate wetting,solids 

content,solution gelation,and solution precipitation all play important roles in 

11 



whether a solution coats uniformly over a substrate when deposited,and 

whether a precise stoichiometry can be achieved. 

Another approach to solution deposition involves the use ofchelate 

alkoxide hybrid compounds. These routes utilize molecular modification of 

alkoxide complexes by reacting them with chelating ligands such as acetic acid, 

acetylacetone,and amines as in the following reaction. 

M(OR),+XCH3COOH M(0R)„.,(00CCH3),+xROH 

The principal advantage ofthe chelate process is that it makes precursor, 

solutions more stable in air by reducing the number of hydrolysis-sensitive 

alkoxide ligands in the precursor complexes. However,a certain drawback 

exists. Even though the chelate process hriay be faster than an all alkoxide 

process, its chemistry is quite complex as several reactions may occur, 

including chelation, esterification, hydrolysis, and condensation. Despite this 

drawback,chelate process is still a common method for obtaining thin-films on 

several different substrates.^^ 

A third approach to solution deposition is metal-organic decomposition 

(MOD)which involves the use of water-insensitive metal carboxylate 

compounds. The precursor solution is a mixture ofthe starting compounds. It 

does notshow any oligomerlzation,and the precursor species in solution have 
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a strong resemblance to the starting molecules. Although solution synthesis Is 

straightforward,this process still possesses two disadvantages.. The organic 

llgands In the precursor molecules are usually large. Thus,cracking develops 

during annealing ofthe product thin-fllms due to weight loss and shrinkage. 

Another disadvantage Is that the reactivity of carboxylate precursors Is limited. 

As a result, process flexibility Is restricted to reactions such as hydrolysis and 

condensation. Despite these disadvantages,MOD has been shown to develop 

thln-fllms.®^ 

1.5. Coating Methods 

1.5.1. Spin-Coating 

A thin-fllm can beformed by spln-coating the sol-gel liquid at a set rate. 

The spln-coating process Involvesfour steps: deposition ofthe liquid, spin-up, 

spin-off, and evaporation or anneallng.^^ The process begins by flooding the 

surface ofa substrate with a specific solution. During the spin-up step,the 

substrate, which Is fixed to the spln-coater by a vacuum,spins allowing all 

excess liquid to be driven outward from the center due to centrifugal force. 

Then the process reaches the spin-offstage,when the spin-rate Is constant. 

The excess liquid that has been pushed to the end ofthe substrate leaves as 

droplets during the spin-offstage. The film typically becomes thinner the longer 

the substrate Is spun. Since the film Is thinner after spin-off. It has a greater 
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resistance to flow,and concentrations ofthe non-voiatile components and 

viscosity increase. The final step,evaporation or annealing, becomesthe 

primary mechanism ofthinning by heating the substrate at a desired 

temperature.^ 

Scriven^® reports that an advantage ofspin-coating is that the liquid on 

the substrate tends to become uniform in thickness during spin-off and remains 

uniform if the viscosity does not vary overthe substrate. This uniformity is due 

to centrifugal and viscousforces. Centrifugal force drives the liquid radially 

outward, while viscousforce or friction acts radially inward. Yoldas^® described 

the thickness ofan initiaiiy uniform film during spin-off with Equation 1.1: 

Kt)= 7 TTTv 
1+4/76) h^t/^ 

/37. 

where is the initial thickness, t is time,pis the density, ojis the angular 

velocity, and n is the liquid viscosity. 

1.5.2. Dip-Coating 

Dip-coating differsfrom spin-coating in that the depositing film is 

withdrawn vertically from the solution at a fixed velocity and acceleration,and 
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the film is thinned by gravitational draining. Unlike the spin-coating,this 

method allows long substrates to be coated. However,the dip-coated film is 

usually notfully uniform,and it showsa well-defined drying line at the end of 

the substrate. 

The thickness ofthe film is related to the position ofthe streamline 

dividing the upward and downward moving layers.^® In the film deposition,a 

competition arises among six forces:(1)viscous drag upward on the liquid by 

the moving substrate;(2)force of gravity;(3)resultantforce ofsurface tension 

in the concavely shaped meniscus;(4)inertial force ofthe boundary layer liquid 

arriving at the deposition region;(5)surface tension gradient; and(6)the 

disjoining pressure.^ When the liquid viscosity, q,and the speed ofsubstrate 

removalfrom the solution are low and cannotlower the curvature ofthe 

gravitational meniscus,the film thickness, h, balances the viscous drag, qilo, to 

liquid-vapor surface tension, yi_^, and gravity force, pgh,according to the 

relationship Equation 1.2, derived by Landau and Levich:^^ 

0-94(7
h= 'y, (Eq.1.2)

rLvipg)' 

Thisformula shows that asthe velocity, q, is increased,the film thickness, h, 

also increases. 
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1.6. Characterization ofPowders and Thin-Fiims 

1.6.1. X-Ray Diffraction 

The German physicist Roentgen first discovered X-rays in 1895,and in 

1912,the phenomenon of X-ray diffraction by crystals was discovered.^® X-rays 

are produced when high-speed electrons collide with a metal target. X-ray 

diffraction is an interaction between X-rays and the geometry of crystals, 

revealing details ofa solid structure around 10"® cm in size. X-ray wavelengths 

are measured in angstroms(A)and X-rays have wavelengths ranging from 0.5 

to 2.5 A. Diffraction consists ofa beam that is composed ofa number of 

scattered rays mutually reinforcing one another. From this, Bragg's Law 

(Equation 1.3)was developed: 

A =2dsin0 (Eq.1.3) 

A is the wavelength of X-rays, d is the distance between planes in a crystal 

lattice, and 0 is the angle between a diffracted beam and the crystal. The angle 

between the diffracted beam and the transmitted beam is 2-theta. The 

diffraction pattern is obtained from the diffracted angles of planes producing 

(hkl)reflections.®® The(hkl)reflections refer to c-axis orientation and are 

obtained from theta/2-theta scans of a crystalline material. In the following 

chapters,a Phillips 1701 diffractometer equipped with a copper anode{K^= 
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1.542 A)using Bragg-Brentano geometry was used to obtain powder and thin-

film theta/2-theta scans of crystalline material. The scan parameters were 50 

kV accelerating voltage,30 mAfilament current,step size of0.03° and a dwell 

time ofone second. The theta/2-theta scans were analyzed to determine the 

reflections and phases by the Jade software(Materials Data, Inc., Livermore, 

CA). 

Omega scans(out-of-plane epitaxy: c-axis), phi scans(in-plane epitaxy; 

a and b-axis),and pole figures of a sample are obtained with a four-circle 

diffractometer. The four circles are 2-theta,omega,chi and phi. The four-circle 

diffractometer is also used to determine the full-width at half-maximum(fwhm) 

ofa sample. Thefwhm is the mosaic character or the measure of orientation 

present in a material. Pole figures, used to determine the in-piane texture in a 

sample,are obtained by scanning 360° in phi at intervalsfrom 0° to 90° in chi. 

If no in-plane texture is observed in a sample,a ring is produced in phi at an 

angle of chi. If in-plane texture is observed, peaks will be prominent. If a pole 

figure shows single in-plane orientation and is cube-on-cube,four peaks at chi 

of45° spaced 90° in phi are observed. If a cube-on-cube sample has two in-

plane orientations,the pole figure will show8 peaks at chi of45° spaced 45° in 

phi as observed in lanthanum aluminate on nickel.^® Examples of pole figures 

with no in-plane texture and one ortwo in-plane textures are shown in Figure 

1.2. In the current studies, all omega scans, phi scans,and pole figures were 
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obtained on a Picker 4-Circie Diffractometer equipped with a copper anode{K^ 

= 1.542 A). The operating accelerating voltage was40 kV and the filament 

current was38 mA. Difftech 122D software was used to obtain the omega 

scans, phi scans and pole figures(Diffraction Technology Inc., Mitchell, 

Canberra,Australia, http://www.difftech.com.au/). 

1.6.2. Analysis Techniquesfor Film Thickness and Surface Structure 

Several techniques are used to determine the thickness and surface 

structure ofa film. The least time consuming techniques are profiiometry and 

eliipsometry. In order to use profiiometry,the film must be etched to expose 

the surface ofthe substrate. The sample is then placed under a probe and 

adjusted so that the probe can move across both the film and substrate. As the 

thickness is determined,the probe moves over the etch in the film, in 

eliipsometry,the sample is placed on a sample holder and a Class II helium-

neon laser is used to analyze the thickness ofthe film. The laser travels 

through a polarizer prism striking the surface ofthe sample at an angle of 

incidence (phi), and then proceeds through an analyzer prism to a 

photodetector and extinction meter. The thickness is determined by the 

measurementofthe index of refraction from the substrate and film. A more 

accurate technique to determine the thickness ofa sample is transmission 

electron microscopy(TEM). TEM is capable of observing microstructural 
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features between 1,000 to 450,000 times and provides a resolution ofless than 

one nm. However,TEM sample preparation is often tedious. 

Scanning electron microscopy(SEM)is usually used to observe surface 

structure. SEM can obtain images ofsurface features at 10to 100,000 times 

with resolution between 3to 100 nm by controlling the beam diameter. SEM 

reveals surface features by converging an electron beam to a small point and 

then scanning it across a sample.These SEM imagesshow grain boundaries 

and surface morphology including defects, pin-holes,and film coverage ofa 

sample. Secondary,Auger,and backscattered electrons are emitted as well 

by the incident electron beams and detected to reveal the compositions ofthe 

sample surface. A Hitachi S-4100 Field Emission SEM was used in the current 

studies to obtain surface images ofsamples in the following chapters. 

1.7. Materials and Substrates 

1.7.1. Single Crystal Oxide Substrates 

Several different types of oriented single crystal oxide substrates are 

used in the current studiesfor epitaxial growth of thin-films. They include(100) 

strontium titanate,(100)lanthanum aluminate,(100)yttrium stabilized zirconia, 

and(100)magnesium oxide. Theirspace groups,lattice parameters, dielectric 

constants,and coefficients ofthermal expansion are listed in Table 1.1. The 

dielectric constants,coefficients ofthermal expansion,and lattice parameters 
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were reported by Giess et al^° The space groups were obtained from their 

respective Powder Diffraction Cards(PDC). 

1.7.2. Ferroelectrics 

Ferroelectrics do not contain iron as the name suggests. They are solid 

insulators and piezoelectric. Piezoelectricity is a property in which materials 

acquire electric polarization either under external mechanical stress or when 

the materials change size orshape due to the application of external electric 

fields. Ferroelectrics have a spontaneous electric polarization, and when an 

electric field is applied,the polarization can be reversed in a process known as 

switching. The first material known to be ferroelectric was Rochelle salt 

(NaKC4H406*4H20), but now many are known including ferroelectric solid 

solutions. Otherferroelectrics include perovskite structures ofthe formula 

ABO3(e.g., CaTiOa, BaTiOg,PbTiOj),and compounds having oxygen 

octahedra such as CdgNbgOy and PbNbjOe. Ferroelectrics are useful in 

transducers, capacitors,frequency controls,thermal meters,and non-volatile 

memory(devices which retain information when power is interrupted).''^ 

Most non-volatiie memory materials, particularly the various 

compositions ofPZT,exhibit polarization fatigue and increased dielectric loss 

on switching beyond 10® read-write cycles."^ A memory material must be 

capable ofswitching more than 10^^ cycles in order to replace or supplant 
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current semiconductor memory."^ Thefatigue observed in mostferroelectrics is 

a decrease in the amountof charge which is switched each time the 

ferroelectric is polarized. Three microscopic causes have been observed to 

give this problem. First, stress relaxation or charged defects result in pinning of 

180° domains.'^ This is caused by relaxation of90° domains to 180° domains 

as mechanical stresses are released internally resulting in reduction ofthe net 

polarization.'^^ Another problem is poling ofcharged defect pairs,"® such as 

lead-vacancies and oxygen-vacancy neighbors. This involves the dipoles 

becoming aligned due to repeated application of large electric fields. The 

electric fields prolong the time needed to reverse causing reduction in the 

switched lattice polarization."® The last problem is space-charge accumulation 

at the electrode-ferroelectric interface. This leads to oxidation ofthe platinum 

electrode and valence conversion in the ferroelectric metal ions."^ One method 

to fix the space-charge accumulation is to use perovskites that have bismuth 

oxide layers."® These bismuth-containing layered perovskite oxides exhibit high 

charge retention,fatigue-free properties,and low leakage currents."® These 

types of materials will be discussed in detail in Chapter 2. 

1.7.3. High Temperature Superconductors 

A superconductor is an alloy or compound that has exceptional electrical 

and magnetic properties. Any conductor that haszero resistant to electrical 

23 



current can be classified as a superconductor since the current can flow without 

a ioss ofenergy. All superconductors are diamagnetic in that they repel all 

magneticfields by generating currents that produce opposing fields. In 

superconductors,electronsform pairs which enable them to flow around 

imperfections and impurities. There are severai current and potential usesfor 

superconductors such as power cable wire, motors and generators, powerful 

magnetsfor magnetic resonance imaging,and levitating trains. 

The first superconducting transition in a material at a temperature higher 

than 30K was observed in the compound La2.xBaxCu04.5 prepared by Bednorz 

and Muller in 1986.''® Since then,other layered copper materials with 

superconducting transition temperatures, higher than the boiling point of 

liquid nitrogen(77 K)have been observed. Such high temperature 

superconductors(HTS)inciude BaxLag^xCu^Og,YBajCugOy.x(YBCO), 

BijSrzCazCUgOio(BSCCO),and TIBazCazCUgOx(TBCCO). BSCCO has been 

used in the manufacture ofthe first generation wire using the powder-in-tube 

production technique."® The advantage of using these high temperature 

superconductors(HTS)iies in the platelike microstructures thatform after 

mechanical rolling and drawing, butthese HTS exhibit a iower in the 

presence of magneticfields greaterthan one Telsa.®° YBCO,which maintains 

its critical temperature(TJ under high magnetic field, is being activeiy studied. 
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and is the primary candidate to make second generation wire or coated 

conductors. 

Severai different methods have been used to produce HTS on a 

substrate. They inciude evaporation,^ moiecuiar beam epitaxy(MBE),® puised-

iaser deposition,^ sputtering,'' metai-organic chemicai vapor deposition 

(MOCVD),® and liquid phase epitaxy(LPE).®"' Puised-iaser deposition was used 

to apply YBCO to the buffered substrates in this dissertation principaiiy for the 

following advantages of pulsed-laser deposition:stoichiometric transfer of 

materialfrom the target,one targetfor ail the elements,rotation ofthe target to 

produce uniform films over large areas,deposition rates higher than 100 A/s,® 

and the ability to grow epitaxial films on a different number ofsubstrates. The 

space group, lattice parameters, dielectric constant,®^ and coefficient ofthermal 

expansion ofYBCO are listed in Table 1.1. 

1.7.4. Nickel Substrates 

High temperature superconductors(HTS)have been grown on many 

types ofsubstrates including strontium titanate and magnesium oxide. Two 

distinctly different approaches to inexpensive substrates have been pursued in 

order to achieve alignment in coated superconductors. One approach is a 

technique known as Ion Beam Assisted Deposition(IBAD),which involves the 

deposition ofa textured buffer layer on a randomly oriented, oxidation resistant 
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metal tape using multiple ion beams.®^ The second approach is a technique 

known as Rolling-Assisted Biaxially Textured Substrates(RABiTS).®^'®® Goyal 

et al.^^ were the first to develop RABiTS as one ofthe mostcommon HTS 

substrates, RABiTS are biaxially textured and have chemical and structural 

surfacesfor epitaxial growth ofsuperconducting material. These roll-textured 

substrates are produced thermomechanically to give a cubic texture. Roll-

textured nickel substrates are formed by rolling randomly oriented, 

polycrystalline high purity nickel rod. After rolling, the surface wasfound to be 

assmooth as the substrates manufactured by mechanical or chemical means. 

The roll-textured nickel must meetseveral criteria for use in HTS,which include 

close crystallographic lattice match with the HTSfilm, chemical compatibility 

with a buffer layer,thermal stability, and a close match of coefficients ofthermal 

expansion. The space group,lattice parameter,and coefficient ofthermal 

expansion of nickel are listed in Table 1.1. 

1.7.5. Buffer Layers 

Buffer layers are films that lie between the substrate and the active layer 

ofany material. They preventthe chemical reaction ofthe substrate with the 

active layer and/or the diffusion ofatomsfrom the substrate to the active layer. 

For example,the nickel substrates discussed in the previous section require 

buffer layers to preventthe exchange of copper atomsfor nickel atoms(which 
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destroys superconductivity)and the buffer must preventthe diffusion of nickel 

through the YBCO layer and the diffusion of oxygen to the nickei substrate. 

in addition to these requirements for chemicai stabiiity and diffusion 

preventions, epitaxial buffer layers have additional requirements. They must be 

epitaxial and biaxially aligned with low full-width at half-maxium for their in-

piane and out-of-plane texture. In order to be epitaxial,they must exhibit small 

lattice mismatch with the substrate and have a low thermal expansion 

coefficient mismatch with the substrate and active layer to allow for temperature 

changes during processing. By using severai buffer iayers, it is possible to 

"engineer"the lattice constant ofa given substrate to meetthe requirements of 

the active layer. Finally,they must besmooth,continuous with no pin-hoies, 

and crack-free. Chapters3through6discusses different types of buffer layers 

used on(100)strontium titanate,(100)lanthanum aluminate,and nickel. 
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CHAPTER2 

EPITAXIAL GROWTH OF BISMUTH-CONTAINING 

FERROELECTRIC MATERIALS 

2.1. Introduction 

Layered perovskites containing bismuth were first discovered by 

Auriviliius®® and possess several interesting electrical properties." They have 

the general composition Bi2An.iBn03n+3(n = 1 to 3)"and have two structural 

layers consisting ofa(61202)^"'layer between double perovskite layers ofthe 

general form (An.iBn03n+i).""®® The"A"site is occupied by a large, 

dodecahedrally coordinated ion such as Ca^"", Sr^"", Mg^"", Ba^"", Pb^"", Bi^"", or a 

rare earth ion, while the"B"site is occupied by an octahedraliy coordinated ion 

such as Ga^"", AP"", Ti'*'", Ta®"", or Nb®"". A representative example ofthis 

structure is strontium bismuth tantalate whose structure is depicted in Figure 

2.1. 

The bismuth containing layered perovskites discussed in this chapter 

have an orthorhombic structure. (These materials are often treated as having a 

tetragonal structure due to the near equivalence ofthe a and b axes.) These 

materials are highly anisotropic in their dielectric response because electronic 

polarization occurs in the a-b plane ofthe layer, and not along the 

c-axis.®® Because of this anisotropy, highly textured films are beneficial for 
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studies offundamental properties and comparison of bulk properties with thin-

film properties. 

Interest in bismuth layered perovskite phases has increased over the 

last six yearsfollowing the work of Aruajo and Scott."^ These researchers 

demonstrated that, unlike lead zirconium titantate(PZT),these layered 

perovskites are fatigue-free for 10^^ polarization cycles. In comparison,lead 

zirconium titantate,a commonly used electronic ferroelectric material, exhibits 

severe polarization fatigue and degradation when deposited on noble metal 

electrodes. Thisfatigue-free property allows the materials to serve as primary 

memory in electronic storage applications. 

Thin-films are important in integrating the electrooptic element in 

electroopticai applications. In the bismuth-containing materials,due to the 

anisotropy ofthe dielectric response,a ligfit beam in the plane ofthe material 

may be modulated by the application ofan electric field whereas a beam 

perpendicular to the material will be unaffected. In addition,this integration 

process requires epitaxial films since they do not have grain boundaries which 

would scatter radiation. 

A number of physical techniques have been used to deposit bismuth 

layered perovskites such as SrBijTagOg(SBT). These techniques include 

pulsed laser deposition® and sputtering.'* ®® Other methods of preparing bismuth 

layered perovskite thin-fiims include chemical techniques such as Metal 
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Organic Deposition acetate-alkoxide hybrid sol-gel,®^ and Metal 

Organic Chemical Vapor Deposition(MOCVD).®'®® 

Epitaxial films ofstrontium barium tantalate and strontium barium niobate 

have been produced by several different techniques. Nagahma et have 

shown that epitaxial thin-films ofSBT and SBN can be produced by MOD 

technique which utilized metai ethylhexanoates in organic solvent. Lange et 

a/.®® have shown epitaxial growth of patterned SBT lines by a"channel 

stamping method",again using the same MOD chemistry. Sputtering and 

MOCVD,two more common methods,have also been used to deposit epitaxial 

films of SBT.®^-®® 

Solution routes to epitaxial thin-films have been the subject ofa review 

by Lange.^® The following sections ofthis chapter provide the experimental 

procedures and results for all-alkoxide precursor solutions ofSrBizTazOg(SBT), 

SrBigNbjOg(SBN),BaBijTajOg(BBT),and BaBigNbgOg(BBN). Powders of all 

four compounds were prepared and characterized. All four compounds were 

deposited on silver substrates and(100)oriented single-crystals of SrTiOg and 

LaAlOg,and characterized by X-ray diffraction. LaAlOg was indexed as if it 

were cubic,and the films were treated as if they were tetragonal to simplify 

analysis of peak reflections. The sol-gel chemistry used was pioneered by 

Payne et al.^® and involves the preparation of metal methoxyethoxide 

complexes in 2-methoxyethanoI. 
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2.2. Experimental Details 

2.2.1. General Procedures 

All manipulations were preformed under dry argon atmosphere with the 

use of either standard Schienk techniques or a glove box. NMR spectra were 

recorded on a Bruker AC-400 Fourier transform spectrometer,and were 

referenced to tetramethyisiiane. Tetrahydrofuran was dried over 

sodlum/benzophenone and distilled before use. Strontium metal(Aifa Aesar, 

99.9%), barium metal(Aifa Aesar,99.9%), niobium ethoxide(Aifa Aesar, 

99.999%),tantalum ethoxide(Aifa Aesar,99.999%),and bismuth tribromide 

(Aifa Aesar,99.0%)were used as received. 

2.2.2. Solution Preparation ofStrontium and Barium 2-Methoxyethoxide 

Solutions were prepared with 2.19 g ofstrontium metal(25 mmoie)or 

3.43 g of barium metal(25 mmoie)in 50 mL of2-methoxyethanoi. The 

solutions were refiuxed for 1 h under inert atmosphere. The strontium metal 

took several minutes to dissolve, while the barium metal dissolved virtually 

instantaneously. 

2.2.3. Solution Preparation of Niobium and Tantalum 2-Methoxyethoxide. 

Solutions were prepared by the reaction of7.94 g of niobium ethoxide, 

Nb(OCH2CH3)5(25 mmol),or 10.15 g oftantalum ethoxide,Ta(OCH2CH3)5(25 

mmol),with 2-methoxyethanol. The ethoxides were dissolved in 75 mL of2-
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methoxyethanol in a 250 mL Schlenk flask and refluxed for 1 h. Approximately 

50 mL ofsolvent was removed by distillation at atmospheric pressure to 

promote ligand exchange ofthe ethoxide to the methoxyethoxide ligand. 

During the distallation,the temperature ofthe still-head climbed from 85°C to 

124 °C,the boiling point of2-methoxyethanol. The solution was rediluted with 

30 mL of2-methoxyethanol, refluxed for 1 h and approximately 30 mL of 

solvent was removed by distillation to ensure complete ligand exchange. The 

solutions were placed in a 50 mL volumetric flask,and their volumes were 

adjusted to 50 mL with 2-methoxyethanol. 

2.2.4. Solution Preparation of Bismuth 2-Methoxyethoxide 

Bismuth tris-t-butoxide was prepared by the method described by 

Massiani et al.®® A 250 mL Schlenk flask With a magnetic stir bar was charged 

with 1.2 g ofcrushed sodium metal,3.85 g oft-butyl alcohol(CHgjaCOH,and 

100 mL of dry tetrahydrofuran(THF)and allowed to reflux overnight. Another 

Schlenk flask was charged with 8.5 g of BiBrg and 60 mL ofTHF, and this 

solution was added to the sodium t-butoxide solution. The mixture was stirred 

for 24 h under argon,and the solvent was then removed under reduced 

pressure(0.1 torr)to yield a solid compound. The solid compound was 

transferred in a dry box to a sublimer. Bismuth tris-t-butoxide was obtained 

(5.53 g,70% yield), by vacuum sublimation at80 °C and 0.5 torr. Bismuth tris-

t-butoxide(5.35 g)was dissolved in 60 mL of2-methoxyethanol and refluxed 
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for 1 h at 140 °C. Two-thirds ofthe solvents,consisting of2-methoxyethanoI 

and t-butanol, were removed by distillation at atmospheric pressure. An 

additional 40 mL of2-methoxyethanol wasadded to the flask. The cycles of 

reflux, distillation, and redilution was repeated two more times to insure 

complete ligand exchange. Solution volume wasthen adjusted to 50 mLfor 

each stock solution. 

2.2.5. Powderand Film Preparation 

Perovskite stock solutions were prepared for the synthesis ofeach ofthe 

following oxides: strontium bismuth tantalate(SrBijTasOg),strontium bismuth 

niobate(SrBizNbjOg), barium bismuth tantalate(BaBizTaaOg),and barium 

bismuth niobate(BaBijNbjOg). The solutions were weighed,and their molalities 

were determined from the number of rhdles ofthe precursors in each ofthe 

stock solutions. Mixtures ofthe stock solutions were prepared gravimetrically to 

ensure accurate stoichiometry. The mixtures were then refluxed for 1 h. 

Hydrolysis was carried out using a 1 M water solution in 2-methoxyethanol. 

Powders and films were prepared by partially hydrolyzing the solutions with one 

mole equivalent of water perfour mole equivalents of(Sr,Ba)Bi2(Nb,Ta)20g. 

Powders were prepared by decomposing the solutions at300 °C,ground the 

resulting solid with a mortar and pestle,and fired at650-950 °C in air. Film 

substrates,strontium titanate(SrTiOg)(100),and lanthanum aluminate(LaAIOs) 

(100),were heated for 1 h in oxygen at 1000 °C and 800 °C,respectively, prior 

34 



to coating. Silver foil was cleaned with 0.06 micron extra pure alumina. The 

hydrolyzed stock solutions were applied to the substrates through a 0.2 pm 

syringe filter and spun for30sec at2,000 rpm on a photo-resist spinner. The 

coated substrates were placed in a preheated,Thermolyne furnace at 

temperatures ranging from 650 °C to 850 °Cfor 20 min in air. Each coat was 

approximately 70 nm thick, and the coating and firing process was repeated 

four times. 

X-ray diffraction was used to determine film structure and orientation. 

Theta/2-theta scans were obtained from a diffractometer. A Picker 4-circle 

diffractometer was used to obtain omega scans(rocking curves), phi scans, 

and pole figures. Lattice parameters of bismuth containing perovskite powders 

were determined for two different space groups[{14/mmm(tetragonal)and 

Fmmm(orthorhombic)] using cell refineitidhts calculated by JADE software. 

Lattice parameters of bismuth containing perovskite films on(100)strontium 

titanate and(100)lanthanum aluminate with a tetragonal cell were determined 

by calculating the c-axis lattice constant. The c-axis lattice constant is the 

slope ofthe line obtained from theta/2-theta by plotting corrected values of d 

(referenced to the substrate reflections)against 1//. Equation 2.1 was used to 

determine the a-axis lattice constantfrom the film(105)reflection [referenced to 

the substrate(110)reflection]. 
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a= 

_/V 

2.2.6. Preparation for Electrical Characterization 

SET thin-films were spin-coated on evaporated silver(1000 A)on 

oxidized silicon. Capacitorsfor electrical characterization wereformed by 

depositing a top electrode of platinum by e-beam evaporation through a contact 

mask. These electrodes were-300 pm in diameter and 1000 A thick. 

Capacitance measurements were made using an HP4194A impedance 

analyzer at 1 MHz,and leakage current measurements were made using a 

Kiethiy602electrometer at a field of 150 kV/cm. 

2.3. Results and Discussion 

2.3.1. Analysis of NMR Data 

An NMR investigation was conducted on the solutions used to produce 

the oxides SrBijTajOg SrEizMbjOg,EaEijTagOg,and EaEigNbzOg. The 

information obtained helped determine the reason for the phase purity 

observed using metal methoxyethoxide precursor solutions comparable to other 

precursors. This study also helped clarify if"double alkoxides"ofthe formula 

AE2(0CH2CH20CH3)i2would form from the reactions between 

A(0CH2CH20CH3)2(A = Sr. Ea)and E(0CH2CH20CH3)5(E = Nb,Ta). {^H^^q 
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NMR was used instead of NMR because lines in the proton spectrum were 

moderately broad due to the oligomeric nature ofthe species containing 

bismuth and tantalum. Figure 2.2shows thefH}^®C spectra ofstrontium, 

barium, bismuth, niobium and tantalum methoxyethoxides. Figure 2.3shows 

thefH}''^C spectra ofthe"double alkoxide" productsformed between 

A(0CH2CH20CH3)2(A = Sr, Ba)and B(0CH2CH20CH3)5(B = Nb,Ta). Figure 

2.4shows thefH}''^C spectra ofthe four coating solutions containing 

Bi(0CH2CH20CH3)3. Tetramethylsilane(TMS)was used as an internal 

standard in all solutions. Table 2.1 summarizes all resonances observed for 

these alkoxides. Methoxy methyl resonances(labeled carbon "a")were 

observed at58to60 ppm in all the spectra,and as expected,these 

resonances are relatively insensitive to the cations to which they are bonded.^® 

The resonances ofthe methylene carbori(labeled carbon "b")adjacent to the 

methoxy methyl group(or y-carbon)were observed, in the range of74 to 76 

ppm,which were also relatively insensitive to the cations to which they are 

bonded. The resonances ofthe a-carbon (labeled carbon "c")were fairly 

sensitive to the cation environment and appear between 62and 72 ppm. Two 

broad a-carbon resonances occurred at65and 72 ppm for 

Ta(0CH2CH20CH3)5. This was indicative ofterminal and bridging alkoxides of 

a dimer(Figure 2.5)undergoing exchange on the NMR timescale. In the NMR 

spectrum ofa solution containing 1 equivalent ofA(0CH2CH20CH3)2(A=Sr, 

Ba)and 2equivalents of B(0CH2CH20CH3)5(B = Nb,Ta),the broad a-carbon 
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Figure 2.2. fH}^^C 100 MHzNMR of metal methoxyethoxides at 
23 °C. 
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Figure 2.4.fH}"C 100 MHzNMR ofSBT,SBN,BBT,and BBN 
methoxyethoxides at23°C. 
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Figure 2.5. Structure ofTa(0CH2CH20CH3)5 dimer and SrTa2(0CH2CH20CH3)i2. 

resonances of B(0CH2CH20CH3)5(B= Nb,Ta)disappeared,and new peaks 

around 69 ppm and 62 ppm were observed,suggesting the formation ofa 

mixed or"double"alkoxide AB2(0CH2CH20CH3)i2(A = Sr,Ba;B= Nb,or Ta). 

The peak around 69 ppm was assigned to the a-carbon(carbon c)ofthe 

bridging ligands(Figure 2.5). Thissame peak was observed in the coating 

solution containing Bi(0CH2CH20CH3)3. The peak at62 ppm,which was 

observed in both the double alkoxides and the coating solutions,wasfrom the 

terminal ligands. The ratio of integrals between the peaks at62 ppm and 69 

ppm was approximately 2:1, which is consistent with the terminal and bridging 

ligand assignments(Figure 2.5). The addition of Bi(0CH2CH20CH3)3to the 

double alkoxide solutions(Sr or Ba)Nb2(0CH2CH20CH3)i2 and 

SrTa2(0CH2CH20CH3)i2 broadened the peaks(Figure 2.5)suggesting 

exchanges between these double alkoxides and Bi(0CH2CH20CH3)3. Such 

exchange is perhaps less pronounced between Bi(0CH2CH20CH3)3and 

BaTa2(0CH2CH20CH3)i2. The nature ofthe exchange was not studied further. 
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2.3.2. XRD Analysis of Bismuth Containing Perovskite Powders 

All peaks here were indexed in a tetragonal cell. Figures 2.6 to 2.9 show 

the X-ray diffraction(XRD)patterns ofSBT,SBN,BBN,and BBT powders fired 

between 650 °C and 950 °C. It was observed that the crystallization starts at 

650 °C,and the solid was well crystalized by 850 °C. Table 2.2 contains lattice 

constants oftwo space groups{14/mmm and Fmmm)for the four perovskite 

powders. Only one phase was observed in these powders,in contrast to the 

powdersfrom acetate-alkoxide precursors that have two or more phases 

obtained by Boyle etal.^^ Phase formation was,in mostcases,insensitive to 

bismuth content,as powders containing ten percent excess bismuth showed 

only one phase formation and no difference in crystallinity. The only irregularity 

in the powders was observed in BBT. The diffraction pattern ofBBTshowed a 

change in relative intensities upon heating from 850 °C to 950 °C when 

compared to the other three metal oxide powders. A bismuth deficient 

pyrochlore phase consisting ofthe stoichiometry BaBiTa2.850964, a phase first 

observed by Rodriguez et al.J^ was prepared for comparison. Figure 2.10 

shows the theta/2-theta scans for BaBiTa2.85O9.64. At650 °C the XRD of 

BaBiTa2.85O9.64 was in excellent agreement with its strontium analog(SBT).^^ 

BaBiTa2.850964 decomposed to the Aurivillius phase and various tantalum 

oxides at850 °C(Figure 2.10). This indicates that bismuth deficient 

compounds do notform at higher temperatures and are thermodynamically 

unfavorable. Such changes are probably due to cation exchange in the 
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Table 2.2. Lattice constantsfor(Sr,Ba)Bl2(Nb,Ta)209 powders 

Compound l/4mmm Fmmm 

a c a b c 

SrBi2Nb209 3.885(1)* 25.00(1) 3.869(3) 3.893(3) 24.88(2) 

SrBi2Ta209 3.898(1) 25.24(1) 3.875(3) 3.912(3) 25.11(2) 

BaBi2Nb209 3.908(2) 24.93(2) 3.901(2) 3.923(3) 24.97(2) 

BaBi2Ta209 3.922(2) 25.27(1) 3.895(4) 3.936(4) 25.11(2) 

*Uncertainty in the last digit indicated parenthetically. 
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material. A difference pattern resembling a bismuth deficient pyrochlore phase 

was observed when subtracting the 850 °C diffractogram from the 950°C 

diffractogram.^^ The presence of10% excess bismuth helps preventthe 

decomposition of BBT and the formation of bismuth deficient pyrochlore phase. 

Figure 2.11 shows BBT powders with 10% excess bismuth,and the theta/2-

theta scansshow approximately the same changes in intensities as with regular 

bismuth containing BBT powder upon heating from 850 °C to950 °C. 

2.3.3. XRD Analysis ofBismuth Containing Perovskite Films on Silver 

Substrates 

Silver substrates were used In order to find a more inert electrode 

material and to avoid difficulties associated with excess bismuth.^^ There is 

also considerable technological interest in these materials because 

polycrystalllne films on noble metal electrodes have been shown to be fatigue 

free, a problem which limited the utility of materials such as lead zirconium 

titanate(PZT)in nonvolatile electronic memory. Films ofthe bismuth containing 

perovskites were spin-coated on silver coupons approximately 0.13 mm thick. 

These films were annealed in air in order to observe the temperature 

dependence of crystallization. The crystallization started at650 °C and full 

crystallization was observed at850 °C. Figure 2.12shows the theta/2-theta 

scans ofSBT,SBN,BBN and BBT on siiver at850 °C. Each film on the silver 

sheetsshowed strong c-axis orientation with more than an order of magnitude 
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increase in Intensity ofthe(00/)lines. Phi-scans aboutthe(107)reflection were 

conducted on the films,and no in-plane orientation was observed. The silver 

sheetshowed indications of preferred orientation, and the(220)and(311) 

reflections were nearly five times more intense than randomly oriented silver. 

These results indicate that the silver sheets may act as a template for 

crystallization ofthe bismuth containing perovskites. 

2.3.4. Electrical Characterization 

Dielectric constants and leakage currents for stoichiometric SETfilms 

2000 A thick on evaporated silver as a function oftemperature are shown in 

Figure 2.13. The maximum dielectric constant at an annealing temperature of 

850 °C was280,lower than the best value of347 obtained on platinum,®^ and 

the leakage current was 1x10 ® A/cm^at8^0 °C. The addition ofexcess 

bismuth would probably improve these values. Also, it was necessary to 

anneal the samplesfor relatively long times(30 min)in pure oxygen to obtain 

insulating materials. Rapid thermal processing, which is very useful in lead 

titanate-based dielectrics, was of limited value in processing these films. It was 

also difficult to obtain samples much thinner than 2000 A that had leakage 

currents sufficiently low to allow reliable dielectric measurements. Prolonged 

heating,even at650 °C,in an oxidizing ambient, may make these materials 

difficult to integrate into standard silicon technology. 
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2.3.5. XRD Analysis ofBismuth Containing Perovskite Films on Strontium 

Titanate and Lanthanum Aiuminate 

During the course of this investigation, it was observed that commercially 

obtained single-crystal substrates were mis-cut by 1 to 2°. The XRD peaks of 

the single-crystal oxide substrates,strontium titanate and lanthanum aiuminate, 

had twhm values ofless than 0.5°. The combination ofthis mis-cut and the 

narrowness ofthe peaks made it difficult to align the(hOO)peaks ofthe 

substrate,and therefore,some ofthe(hOO)reflections were not observed in the 

XRD data. 

Solutions ofSBT,SBN,BBN,and BBT were each deposited on 

strontium titanate and lanthanum aiuminate. Table 2.3shows lattice constants 

for each ofthe perovskites on(100)strontium titanate and(100)lanthanum 

aiuminate. Out-of-plane orientation was determined by theta/2-theta scans 

using a four circle diffractometer at chi slightly less than 90°. Since the 

substrate peaks are slightly narrowerthan the film peaks,the substrate peaks 

can be almost completely suppressed. Spectra offilms on strontium titanate 

and lanthanum aiuminate are shown in Figures 2.14 and 2.15, respectively. 

Besides afew small peaks ofthe bismuth deficient pyrochlore phase, mostly 

(002/)reflections were observed forfilms on strontium titanate and were 

consistent with strong c-axis oriented Auriviliius compounds. Forfiims on 

ianthanum aiuminate, all the films except BBTshowed the desired phase. The 

diffractogram ofBBTshowed 
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Table 2.3. Lattice constants ofSrBljNbzOg, SrBljTajOg, BaBljNbsOg,and 
BaBljTajOg on 

Film 

STO 

SBN on STO 

SBT on STO 

BBN on STO 

BBT on STO 

LAO 

SBN on LAO 

SBT on LAO 

BBN on LAO 

SrliOg and LaAIOg. 

a(A) c(A) 

3.905 

3.82(1)* 25.0(1) 

3.85(1) 25.0(1) 

3.92(1) 25.6(1) 

3.96(1) 25.5(1) 

3.793 

3.82(1) 25.0(1) 

3.86(1) 25.0(1) 

3.93(1) 25.6(1) 

Uncertainty in the last digit indicated parenthetically. 
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only a single intense peak which is not consistent with its c-axis lattice 

parameter obtained from the powder studies. 

2.3.6. Out-of-Plane and In-Plane Texture Analysis of Bismuth Containing 

Perovskites on Strontium Titanate and Lanthanum Aluminate 

Omega scans(rocking curves)aboutthe(0010)reflection were used to 

measure the mosaic character(degree of crystallinity)ofthe film. Table 2.4 

shows the full width at half maximum(fwhm)ofthe out-of-plane peaks and 

illustrates the fact that all ofthe films on both strontium titanate and lanthanum 

aluminate showed excelient out-of-plane orientation. A representative omega 

scan ofSBT on(100)strontium titanate aboutthe(0010)reflection is shown in 

Figure 2.16. 

Pole figures aboutthe(105)plane with chi at 39° and phi at0° were 

obtained to help determine the nature ofthe in-plane epitaxy. Figure 2.17 

shows a representative pole figure ofSBN on(100)strontium titanate aboutthe 

(105)reflection. The expected four-fold symmetry ofthe tetragonal bismuth 

perovskites was observed. In order to assess the quality ofthe in-plane 

epitaxy, phi scans were obtained. A representative phi scan ofSBT on(100) 

strontium titanate about the(105)reflection is shown in Figure 2.16. Table 2.4 

reports allfwhm values ofthe phi scansfor the bismuth containing perovskites 

on strontium titanate and lanthanum aluminate. The in-piane peak widths are 
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Table 2.4. Full-width at half-maximum valuesfor(Sr,Ba)Bi2(Nb,Ta)209on SrliOg 
and LaAIOg. 

Film out-of-planeIwhm (°) in-planefwhm(°) 
aboutthe(0010) aboutthe(105) 

reflection reflection 

SBN on STO 0.39(5)* 0.48(5) 

SBT on STO 0.36(5) 0.45(5) 

BBN on STO 0.88(5) 0.74(5) 

BBT on STO 0.92(5) 0.82(5) 

SBN on LAO 1.00(5) 0.84(5) 

SBT on LAO 1.41(5) 1.02(5) 

BBN on LAO 1.62(5) 1.14(5) 

"Uncertainty in the last digit indicated parenthetically. 
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proportional to the lattice mismatch between the film and the substrate and are 

significantly larger than those ofthe out-of-plane peaks. 

The measured values of lattice mismatch ofthe in-plane lattice constants 

were plotted against thefwhm of phi scans in Figure 2.18. There was a good 

correlation between the iattice mismatch and fiim quaiity. It appeared from the 

plot that the film quality is degraded more by compressive stress than by tensile 

stress. In addition, the. difficulty in growing the desired phase of BBT on 

ianthanum aluminate may be due to the larger lattice constant mismatch. 

2.4. Conclusion 

High quality bismuth-containing ferroelectricfilms have been produced 

(through novel sol-gel chemistry). The solution synthesis wasshown to be 

simple and inexpensive in producing these importantfilms with anisotropic 

eiectricai and optical properties. SBTfilms on silver substrates had a dielectric 

constant of280 and leakage currents of 1x10*® A/cm^ at an annealing 

temperature of850 °C. 
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CHAPTER3 

EPITAXIAL GROWTH OF RARE-EARTH GALLATES AND AA'GaOj 

MIXED METALOXIDE THIN-FILMS 

3.1. Introduction 

Thin-films ofcopper oxide-based high temperature superconductors 

(HIS)often require the use of buffer layer(s)between the superconducting 

layer and the substrate on which they are grown. There are several 

requirements for buffer layers in order to achieve high critical currents in HTS 

materials. The buffer layers must be chemically compatible with the 

superconducting film and the substrate, have good mechanical properties,and, 

in the case of epitaxial films, have good lattice match to the superconducting 

layer. Other requirementsfor thin-films used in HTS-based microwave devices 

are low dielectric loss(tan 6)and a low dielectric constant(e). Buffer layers 

consisting of neodymium gallate, praseodymium gallate and lanthanum gailate 

have been shown to meetthese requirements. A review oftheir properties and 

their suitability as substratesfor HTS has been published."" Heteroepitaxial 

buffer layers of a desired material on a readily available substrate have been 

used as an alternative to producing single-crystal substrates. 

There have been,to our knowledge,no reports of heteroepitaxial growth 

ofthese buffer layers using physical deposition methods. This is perhaps due 
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to difficulties in stoichiometric evaporation,sputtering or ablation of rare-earth 

gallate targets. The sputtering or ablation rates of rare-earth atoms are 

significantly differentfrom those of gallium. Metal Organic Chemical Vapor 

Deposition(MOCVD)has been used to grow heteroepitaxial films of 

neodymium gallate^^ and praseodymium gallate^''on lanthanum alumlnate. 

Growth of multicationic films by MOCVD is often difficult as single metal 

precursors usually decompose at different rates, leading to poor control of 

stoichiometry. Solution synthesis, in comparison,is known to provide accurate 

control offilm stoichiometry and to produce high quality films. 

Solution routes to epitaxial thin-fllms have been the subject ofa review 

by Lange.^® The following sections ofthis chapter provide the experimental 

procedures and results for powders(under oxidizing or reducing conditions) 

and solution deposition of neodymium gallate, praseodymium gallate, 

lanthanum gallate, gadolinium gallate, yttrium gallate, and mixed rare-earth 

metal gallates LaogNdogGaOg and Lao.gYogGaOg. The rare-earth gallate 

solutions were deposited on silver foil,(100)strontium titanate, and(100) 

lanthanum alumlnate. Epitaxial growth of rare-earth gallate thin-films on roll-

textured nickel was unsuccessful. The structural properties ofthin-films on 

these substrates were studied by X-ray diffraction(XRD). Results of copper 

oxide-based high temperature superconductors with neodymium gallate as a 

buffer layer are also discussed. The sol-gel chemistry used here was 
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pioneered by Payne et a/./® and is based on soiutions of metai 

methoxyethoxide complexes in 2-methoxyethanol. 

3.2. Experimental Details 

3.2.1. General Procedures 

Ail manipulations were preformed under dry argon atmosphere with the 

use of either standard Schlenk techniques or a glove box. NMR spectra 

were recorded on a Bruker AC-400 Fourier transform spectrometer,and were 

referenced to residual benzene-dg. Lanthanum isopropoxide(Gelest,99.9%), 

neodymium metai(Alfa Aesar,99.9%), praseodymium metal(Aifa Aesar, 

99.9%),gadolinium metai(Alfa Aesar,99.9%), yttrium metal(Alfa Aesar,99.9%) 

and gallium trichloride(Aifa Aesar,99.9%)were used as received. Benzene 

was dried oversodium/benzophenone and distilled before use. 

3.2.2. Preparation of Gallium Isopropoxide,Ga(0Pr')3 

Gallium isopropoxide, Ga(i-OC3H7)3,was prepared from the reaction of 

gallium trichloride and sodium isopropoxide first reported by Mehrotra.^® A 250 

mL Schlenk flask with a magnetic stir bar and condenser was charged with 4.88 

g(0.212 mol)of crushed sodium metai,18 mL of dry isopropanol and 100 mL of 

dry benzene. The mixture was refiuxed at85°C overnight to insure complete 

reaction ofthe sodium and isopropanol. Another250 mL Schlenk flask was 
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charged with 12.0 g(68 mmol)of GaCIs and 50 mL of benzene. The GaCljwas 

allowed to dissolve in benzene,and added dropwise to the NaOPr"solution from 

the top ofthe condenser via a syringe to maintain a gentle reflux. The mixture 

then refluxed for8 h,and filtered afterwards. The volatiles in the filtrate were 

removed at23°C under vacuum to give a viscous oil. A microdistillation 

apparatus was attached to the Schlenk flask and the solution was distilled under 

reduced pressure. Approximately 8.8 g(66.8 mmol,52%)of Ga(i-OC3H7)3 were 

collected at 137-141 °C and 0.1 torr. The gallium isopropoxide was placed in 

an inert atmosphere drybox and allowed to harden from a colorless viscous 

liquid to a semi-solid wax. (Oliver and WorralP® have attributed this change in 

state to conversion ofthe initiallyformed trimer to a more stable tetrameric 

oligomer.) 

3.2.3. Preparation of Rare-Earth isopropoxides 

Lanthanum, praseodymium,neodymium,gadolinium,and yttrium 

isopropoxide were prepared by a literature method through the reaction ofthe 

metals directly with dry isopropanol in the presence of mercuric catalysts.^^ 

Commercial powders ofthese metals failed to react with dry isopropanol in the 

presence ofa catalyst. Metal fillings were obtained by using a rasp to file the 

metal under an inert atmosphere. The appropriate metal filings[1.736 g(12.5 

mmol)oflanthanum,1.76 g(12.5 mmol)of praseodymium,1.803 g(12.5 mmol) 
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of neodymium,1.966 g(12.5 mmol)of gadolinium, and 1.112 g(12.5 mmol)of 

yttrium], were added to a 250 mL Schienk flask with 90 mL of dry isopropanol,a 

magnetic stir bar,5 mg of Hg(OOCCH3)2,and 5 mg of HgClj. The mixtures 

were allowed to reflux overnight at85°C and then filtered. The solvent was 

removed at reduced pressure to give an off-white solid. The lanthanum, 

praseodymium,neodymium,gadolinium,and yttrium isopropoxides were 

extracted using a Soxhiet extractor with dry isopropanol and then purified by 

recrystallization. Yields ranged between 50-70%. 

3.2.4. Preparation of Methoxyethoxide Solutions 

The isopropoxides thus prepared were reacted with 90 mL of2-

methoxyethanol to undergo an exchange reaction between the isopropoxide 

ligand and the methoxyethoxide ligand. Each solution was refluxed for 1 h at 

124 °C,and 60 mL ofthe solvent wasthen removed by distillation at 

atmospheric pressure. The solvent removed by distillation was replaced with 

fresh 2-methoxyethanol. The ligand exchange process was repeated two more 

times to insure complete ligand exchange. Nuclear magnetic resonance(NMR) 

was used to verify the ligand exchange. The NMR spectra ofgallium 

isopropoxide/methoxyethoxide are shown in Figure 3.1. The NMR spectra 

show only proton peaks associated with the methoxyethoxide ligand,implying 

that the ligand exchange was complete. 
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Each solution was adjusted to 50 mL,and Its molality was calculated 

based on the moles ofIsopropoxide used and the weight ofthe solutions. (The 

use of molality rather than molarlty allowed the gravimetric preparation ofsmall 

volumes ofsolutions with high accuracy.) Solutions were mixed from the 

Individual stock solutions with the appropriate stolchlometry and refluxed for 1 h 

to Insure proper mixing. The following rare-earth gallium oxides were prepared 

from the stock solutions:lanthanum gallate(LaGaOs), praseodymium gallate 

(PrGaOg), neodymlum gallate(NdGaOg),gadolinium gallate(GdGaOg),yttrium 

gallate(YGaOg),and LaogNdogGaOg ofthe generalform 

3.2.5. Powderand Film Preparation 

The stock solutions were mixed In a ratio ofone part hydrolysis solution 

(1.0 M water In 2-methoxyethanol)to four[Darts ofthe stock solution, resulting In 

a partially hydrolyzed coating solution. Powders were prepared by the addition 

of excess waterto the coating solution followed by the decomposition ofthe 

resultant gels at300 °C. The gels were crushed,ground with a mortar and 

pestle, and fired (In airfor 1 h)at the temperatures Indicated In the following 

section. Each substrate,strontium titanate(100)or lanthanum aluminate(100), 

was heated for 1 h In oxygen at 1000°C and 800 °C,respectively, prior to 

coating. Silver foil was polished with 0.06 micron extra pure alumina abrasive 

and cleaned In distilled water. The hydrolyzed stock solutions were applied to 
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the substrates through a 0.2 jjm syringe filter and spin coated using a photo 

resist spinnerfor 30seconds at 2,000 rotations per minute(rpm). The 

substrates were placed In a preheated,Thermolyne furnace at850 °Cfor20 

min In air. Each coat was approximately 70 nm thick, and this coating and firing 

procedure was repeated four times. 

3.2.6. Application ofYttrium Barium Copper Oxide Superconductor 

A neodymlum gallate buffer layer was deposited by dIp-coatIng a(100) 

strontium titanate substrate In a 0.25 M solution. The parametersfor the dlp-

coatlng process consisted ofa withdrawal acceleration of 1 mm/s and an Initial 

velocity of5 mm/s. This produced a film approximately 25 nm thick. The 

sample was annealed In air at850°Cfor 20 mIn. The YBCO superconductor 

was deposited on the neodymlum gallate buffer layer by pulsed laser deposition 

(PLD),using a XeCI exclmer laser operating at a wavelength of308 nm, 

focused to produce a 3J/cm^fluence atthe YBCO target. The laser-pulse 

repetition rate was5Hzand 6000 laser pulses were required to obtain a film 

thickness of250 nm. During the deposition ofthe YBCO,the strontium titanate 

temperature was maintained at780 °C and the oxygen pressure was set at200 

mTorr. The YBCO target was rotated at21 rpm to minimize both the rate of 

coneformation and the change In stolchlometry on the surface ofthe YBCO 

during laser ablation. After the deposition was completed,the sample was 
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cooled at a rate of5 °C/min In 300 Torr ofoxygen to 500 °C to ensure full 

oxygen uptake by the YBCO. Once the temperature reached 500 °C,additional 

oxygen was added to bring the pressure to 500 Torr, and the temperature and 

pressure was maintained for 1 h. Finally,the substrate was cooled to room 

temperature at a rate of 1 °C/min. 

3.2.7. Critical Current and Critical Temperature Measurements 

In order to obtain critical current(y and critical temperature (T(.) 

measurements,four silver electrical contacts, approximately one-half micron 

thick, were sputtered on a YBCO thin-fllm surface. The samples were then 

annealed for30 mIn at500°C In flowing oxygen to ensure low contact 

resistance. 

The property of resistivity was used to find the critical temperature ata 

constant current. A four-probe AC measurement was conducted In conjunction 

with a closed cycle helium refrigerator. Samples were cooled under vacuum to 

a low temperature,and then slowly warmed. Voltage was measured every 0.2 

K during warm up. The Tg wasthe temperature reached when resistance first 

occurred. I.e., when any voltage was detected. 

To find the critical current,the sample was put In a constanttemperature 

bath of liquid nitrogen. Current was applied and slowly Increased while the 
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voltage was monitored. When a voltage Is first detected at a particular current, 

the sample Is no longer considered to be superconducting. 

3.3. Results and Discussion 

3.3.1. XRD Analysis of Rare-Earth Gallate Powders 

The annealing behaviors of neodymlum gallate, praseodymium gallate 

and lanthanum gallate powders were evaluated under both oxidizing and 

reducing conditions. The powders were annealed under reducing conditions to 

observe their phase behavior. This helped determine If epitaxial growth on 

substrates sensitive to surface oxidation was possible. Figures 3.2-3.4 show X-

ray diffraction patterns of powders annealed at several temperaturesfor 1 h In 

air. Figures 3.5-3.7show X-ray diffraction patterns of powders annealed at 

several temperatures for 1 h In 4% HjIn argon. (For simplicity In determining 

epitaxial relationships between the cubic substrates and the orthorhombicfilms. 

X-ray peaks were Indexed In a cubic crystal symmetry. Not all ofthe 

orthorhombic peaks could be Indexed due to the Increase In symmetry on going 

from orthorhombicto cubic.) The data showed thatthe onset ofcrystallization 

occurred at temperatures 100 °C higher under reducing conditions,and all three 

powdersshowed one phase. The gadolinium gallate and yttrium gallate 

powders did notform one phase. They were each a mixture between the garnet 

LnjGagOijsnd a two to one phase(Ln4Ga209)ofthe rare-earth gallate. Figure 
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3.8shows this mixed phase for the gadolinium gailate and yttrium gallate 

powders at850 °C. Since neither had a single phase,they were not annealed 

under reducing conditions. 

3.3.2. XRD Analysis of Rare-Earth Gallates on Silver Substrates 

Films were deposited on silver coupons using spin-coating in order to 

determine the coating characteristics ofthe solutions. Solutions of 

approximately 0.25 M gave films that were crack-free and continuous. Film 

thickness was built up by deposition ofsuccessive layers and each layer was 

annealed at850 °Cfor 20 min In air. The thickness wasfound to be 600-700 A 

per layer by etching a step in the films and measuring the step height with an 

Alpha Step Profilometer. Figure 3.9shows X-ray diffraction data for 

polycrystalline films of neodymium gallate, praseodymium gallate, and 

lanthanum gallate on silver. There were no secondary phases observed and 

the intensities were similar to the powder theta/2-theta scans. 

3.3.3. XRD Analysis of Rare-Earth Gallates on Strontium TItanate and 

Lanthanum Alumlnate 

During the course ofthis investigation, it was observed that commercially 

obtained single-crystal substrates were mis-cut by 1 to 2°. The XRD peaks of 

the single-crystal oxide substrates,strontium titanate and lanthanum alumlnate. 
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had fwhm values of less than 0.5°. The combination ofthis mis-cut and the 

narrowness ofthe peaks made it difficult to align the(hOO)peaks ofthe 

substrate,and therefore,some ofthe(/7OO)reflections were not observed in the 

XRD data. 

Optical microscopy wasconducted on spin-coated rare-earth gallate films 

on strontium titanate and lanthanum aluminate with a thickness of 

approximately 280 A,and the films were smooth and continuous. The out-of-

plane orientations ofthe films were determined using X-ray diffraction, and they 

were indexed as pseudo-cubic. Figure 3.10 shows theta/2-theta scans of 

primarily(/7OO)reflections of neodymium galiate, praseodymium gallate, and 

lanthanum gallate on(100)SrTiOa,and Figure 3.11 shows the theta/2-theta 

scans of Lao.5Ndo.5Ga03 and Lao.gYo.sGaOg on(100)SrTiOa. The peak at 32.5° 

in all five theta/2-theta scans was the(110)reflection. This might indicate the 

presence ofa small component(less than 1%)ofrandomly oriented material. 

However,several other observations were not consistent with this hypothesis. 

First, the 32.5° peak was also observed in the uncoated substrate after 

cleaning. Second,the absence of a(111)reflection near40° makes it unlikely 

that there was a significant amount ofrandomly oriented material in the film. 

Table 3.1 shows the lattice constants of all three rare-earth gallates,the two 

substrates,strontium titanate, and lanthanum aluminate and their lattice 

mismatch between the film and substrate. In Figure 3.10, the lattice constant 
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mismatch for lanthanum gallate on strontium titanate was extremely small 

(approximately 0.5%),and the peaksfrom the film could not be resolved from 

the theta/2-theta scan with the normal scan rate. In order to distinguish 

between the LaGaOg and SrTiOa peaks,a longer data collection time was used. 

Figure 3.12shows the theta/2-theta scan with the(002)reflection ofLaGaOj 

and SrTiOj. Figure 3.13shows theta/2-theta scans of neodymium gallate, 

praseodymium gallate,lanthanum gallate and Lao.sNdo.sGaOg on(100) 

lanthanum aluminate. A high degree ofout-of-piane orientation was indicated 

by mostly(hOO)reflections. The mixed metal gallate film, Lao.5Yo.5Ga03,on 

(100)strontium titanate showed only partial epitaxy, while Lao.gNdo.gGaOs 

showed a single epitaxy(Figure 3.11). Gadolinium gaiiate and yttrium gallate 

were also deposited on(100)strontium titanate and(100)lanthanum aluminate. 

Theyshowed only random epitaxy(Figures 3.14 and 3.15, respectively). This 

was due to the high lattice constant mismatch between the films and the 

substrates. 

3.3.4. Out-of-Plane and In-Plane Texture Analysis of Rare-Earth Gallates 

on Strontium Titanate and Lanthanum Aluminate 

Omega scans(rocking curves)aboutthe(300)reflection were used to 

measure the mosaic character(degree of crystailinity)ofthe film. Table 3.1 

shows the full width at half maximum(fwhm)ofthe out-of-plane peaks and 
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illustrates the fact that all ofthe films on both strontium titanate and lanthanum 

aluminate showed excellent out-of-plane orientation.A representative omega 

scan aboutthe(300)reflection of neodymium gallate on(100)strontium titanate 

is shown in Figure 3.16. 

Pole figures aboutthe(220)plane were obtained to help determine the 

nature ofthe in-plane epitaxy. Figure 3.17shows representative pole figures 

aboutthe(220)reflection of neodymium gallate on strontium titanate and 

lanthanum aluminate. The pole figures are indicative ofcube-on-cube epitaxy 

showing only four peaks at chi of45°spaced 90° in phi. In order to access the 

quality ofthe in-plane epitaxy, phi scans were obtained. A representative phi 

scan aboutthe(220)reflection of neodymium gallate on(100)strontium titanate 

is shown in Figure 3.16. Table 3.1 reports allfwhm values ofthe phi scansfor 

neodymium gallate, praseodymium gallatfej and lanthanum gallate on both 

strontium titanate and lanthanum aluminate. The in-plane peak widths are 

proportional to the lattice mismatch between the film and the substrate,and they 

are significantly larger than those ofthe out-of-plane peaks. 

3.3.5. Analysis ofYBajCusO;^PLD Film on Solution Deposited NdGaOjon 

(100)Strontium Titanate 

A 15.0 X 2.5 mm sample of neodymium gallate on strontium titanate was 

used as the substrate for a yttrium barium copper oxide(¥60200307.5,YBCO), 
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superconducting film. A theta/2-theta scan ofYBCO on neodymium gailate.nand 

strontium titanate was obtained showing only c-axis reflections(Figure 3.18). 

Out-of-plane alignment,omega scans(omega = 0.46°),and in-plane alignment, 

phi scans(phi = 1.14°),indicated a highly oriented film. The epitaxial 

relationship ofthe superconductor/buffer layer/substrate was cube-on-cube 

throughout[(100)YBCO//(100)NdGaOg//(100)SrTiOg]. The YBCO film had a 

transport critical current density(JJ value of 10® A/cm^(77 K)and is shown in 

Figure 3.19. Figure 3.20shows the critical temperature ofthe YBCO film, which 

exhibited zero resistivity at 90.3 K. 

3.4. Conclusion 

Solution synthesis provided a simple and extremely low-cost method for 

producing high quality heteroepitaxial films of rare-earth gallates on readily 

available single-crystal oxide substrates. It was also possible to engineer lattice 

mismatch through heteroepitaxial growth of multiple buffer layersso as to 

minimize crystalline defects. High critical current copper oxide-based 

superconductorsfilms were obtained on rare-earth gallate buffer layers 

prepared by a solution deposition method. 
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CHAPTER4 

EPITAXIAL GROWTH OF RARE-EARTH ALUMINATES 

AND A^A'(i.^,ByB'(i.y)03 MIXED METAL OXIDE THIN-FILMS 

4.1. Introduction 

Overthe pastfew years,significant progress has been made in 

preparing yttrium barium copper oxide(YBCO)superconducting layers. YBCO 

has attracted much interest due to its high performance in strong magnetic 

fields at77 K. This is in contrast to thallium and bismuth containing 

superconductors,even though the latter two have higher superconducting 

transition temperatures.^® For YBCO to function as a high-current carrying 

layer, it is necessary to have both out-of-plane(c-axis)orientation and a fair 

degree of in-plane(a and b-axis)orientation.^® This alignment is made possible 

through the deposition ofthe superconductor on single-crystal oxide substrates 

(or on single crystal oxide substrates through a buffer layer asshown in 

Chapter 3). However,long length single-crystal oxide substrates cannot be 

manufactured inexpensively,and this has greatly limited the widespread use of 

high T(.superconductors. 

Substrates which are chemically inert,flexible, mechanically robust, 

textured, and latticed-matched to the superconducting layer are an alternative 

to single-crystal oxide substrates for long length superconductors. Metal 
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substrates such as Ni are the most logical choice and satisfy the mechanical 

requirements, but a ceramic buffer layer is necessary to obtain a chemically 

inert substrate. For this reason,two main approaches have been developed to 

produce a textured buffer layer: texturing the buffer layer with ion beams(ion 

beam assisted deposition,or IBAD),®° or deposition of an epitaxial buffer layer 

on a roll-textured metal substrate called RABiTS(Rolling Assisted Biaxially 

Textured Substrates).®^ 

Several methodsfor producing buffer layers on roll-textured nickel are 

pulsed laser ablation,®^ e-beam evaporation,®® and solution deposition.®® The 

mostsuccessful buffer layers used to date are cerium oxide and yttrium 

stabilized zirconium which have been deposited under reducing conditions to 

prevent oxidation ofthe roll-textured nickel substrate. Any solution processfor 

the deposition ofepitaxial buffer layers oh roll-textured nickel also requires 

reducing conditions. Rare-earth aluminates on single crystal oxide substrates 

have been shown to be excellent buffer layers for YBCO.''® These materials are 

othenwise extremely difficult to deposit by pulsed laser ablation or sputtering 

due to preferential ablation or sputtering. Rare-earth aluminates on roll 

textured nickel have been investigated by Beach et but a single in-plane 

epitaxy was not obtained. 

The following sections ofthis chapter provide the procedures and results 

for solution deposition of neodymium aluminate, praseodymium aluminate. 
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lanthanum alumlnate,gadolinium aluminate, yttrium aiumlnate,and mixed rare-

earth metal gallium and aluminum oxide films on sliver foil,(100)strontium 

titanate,(100)lanthanum aiumlnate,and roll-textured nickel. The deposition on 

single-crystal ceramic substrates was conducted for comparison with that on 

silver foil and roll-textured nickel. The structures ofthese films were 

determined by X-ray diffraction(XRD). The sol-gel chemistry used here was 

pioneered by Payne et a/.^® and employs solutions of metal methoxyethoxide 

complexes in 2-methoxyethanol. 

4.2. Experimental Details 

4.2.1. General Procedures 

All manipulations were preformed under dry argon atmosphere with the 

use of either standard Schlenk techniques or a glove box. NMR spectra were 

recorded on a Bruker AC-400 Fourier transform spectrometer,and were 

referenced to solvent. Lanthanum isopropoxide(Gelest,99.9%),neodymium 

metal(Alfa Aesar,99.9%), praseodymium metal(Alfa Aesar,99.9%), 

gadolinium metal(Alfa Aesar,99.9%), yttrium metal(Alfa Aesar,99.9%), 

aluminum isopropoxide(Aldrich,99.99%)and gallium trichloride(Alfa Aesar, 

99.9%)were used as received. Benzene was dried over 

sodium/benzophenone and distilled before use. 
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4.2.2. Preparation of Rare-Earth isopropoxides 

Lanthanum,praseodymium, neodymium,gadolinium,and yttrium 

isopropoxide were prepared by a literature method through the reactions ofthe 

metals directly with dry isopropanol in the presence of mercuric catalysts/^ 

Commercial powders ofthese metals failed to react with dry isopropanol in the 

presence ofa catalyst. Metal fillings were obtained by using a rasp to file the 

metal under an inert atmosphere. The appropriate metal filings[1.736 g(12.5 

mmol)oflanthanum,1.76 g(12.5 mmol)of praseodymium,1.803 g(12.5 mmol) 

of neodymium,1.966 g(12.5 mmol)of gadolinium,and 1.112 g(12.5 mmol)of 

yttrium], were added to a 250 mL Schlenk flask with 90 mL ofdry isopropanol,a 

magnetic stir bar,5 mg of Hg(OOCCH3)2,and 5 mg of HgClg. The mixtures 

were allowed to reflux overnight at85°C and then filtered. The solvent was 

removed at reduced pressure to give a solid product. The crude lanthanum, 

praseodymium,neodymium,gadolinium,and yttrium isopropoxides were 

extracted using a Soxhiet extractor with dry isopropanol and then purified by 

recrystallization. Yields ranged between 50-70%. 

4.2.3. Preparation of Gallium isopropoxide,Ga(0PH)3 

Gallium isopropoxide, Ga(i-OC3H7)3,was prepared from the reaction of 

gallium trichloride and sodium isopropoxide first reported by Mehrotra.^® A 250 

mL Schlenk flask with a magnetic stir bar and condenser was charged with 4.88 
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g(0.212 mol)ofcrushed sodium metal,18 mL of dry isopropanol,and 100 mL 

of dry benzene. The mixture was refluxed at85°C overnight to insure 

complete reaction ofthe sodium and isopropanol. Another250 mL Schlenk 

flask was charged with 12.0 g(68 mmol)of GaClg and 50 mL of benzene. The 

GaClg was allowed to dissolve in benzene,and added dropwise to the NaOPr' 

solution from the top ofthe condenser via a syringe to maintain a gentle reflux. 

The mixture then refluxed for8 h,and filtered afterwards. The volatiles in the 

filtrate were removed at23°C under vacuum to give a viscous oil. A 

microdistillation apparatus was attached to the Schlenk flask and the solution 

was distilled under reduced pressure. Approximately 8.8 g(66.8 mmol,52%)of 

Ga(i-OC3H7)3 were collected at 137-141 °C and 0.1 torr. The liquid was placed 

in a dry box and allowed to harden from a colorless viscous liquid to a semi-

solid wax. The gallium isopropoxide was placed in an inert atmosphere dry-

box and allowed to harden from a colorless viscous liquid to a semi-solid wax. 

(Oliver and Worrair® have attributed this change in state to conversion ofthe 

initially formed trimer to a more stable tetrameric oligomer.) 

4.2.4. Preparation of Methoxyethoxide Solutions 

Each ofthe metal isopropoxides was mixed with 90 mL of2-

methoxyethanoi to exchange isopropoxide for methoxyethoxide ligands. Each 

solution was refluxed for 1 h at 140 °C,and 60 mL ofthe solvent was removed 
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by distillation at atmospheric pressure. The solvent removed by distillation was 

replaced with fresh 2-methoxyethanol. The ligand exchange process was 

repeated two more times to ensure complete ligand exchange. Nuclear 

magnetic resonance(NMR)was used to verify the ligand exchange. The 

NMR spectra ofaluminum isopropoxide/methoxyethoxide are shown in Figure 

4.1. The NMR spectra show only proton peaks associated with the 

methoxyethoxide ligand, implying that the ligand exchange was complete 

between the two ligands. 

Each solution was adjusted to 50 mL,and its molality was calculated 

based on the moles ofisopropoxide used and the weight ofthe solutions. (The 

use of molality rather than molarity allowed the gravimetric preparation ofsmall 

volumes ofsolutions with high accuracy.) Solutions were mixed from the 

individual stock solutions with the appropriate stoichiometry and refluxed for 1 h 

to insure proper mixing. The following rare-earth aluminum oxides were 

prepared from the stock solutions: lanthanum aluminate(LaAlOg), 

praseodymium aluminate(PrAlOa), neodymium aluminate(NdAlOg),gadolinium 

aluminate(GdAlOa),and yttrium aluminate(YAIO3). In addition,the following 

mixed compounds ofthe formulas ABB'Og and AA'BB'Og were prepared: 

lanthanum gallium aluminate(LaGao.5Alo.5O3)and lanthanum neodymium 

gallium aluminate(Lao.5Ndo.5Gao.5Alo.5O3). 
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4.2.5. Powderand Film Preparation 

The stock solutions were mixed in a ratio of one part hydrolysis solution 

(1.0 M water in 2-methoxyethanol)to four parts ofthe stock solution, resulting 

in a partially hydrolyzed coating solution. Powders were prepared by the 

addition of excess water to the coating solution followed by the decomposition 

ofthe resultant gels at300 °C. The gels were crushed,ground with a mortar 

and pestle,and fired (for one hour in air)at temperatures between 650 °C and 

1050 °C. Each substrate,strontium titanate(100)and lanthanum aluminate 

(100),was heated for 1 h in oxygen at 1000 °C and 800 °C,respectively, prior 

to coating. Silver foil was polished with 0.06 micron extra pure alumina 

abrasive and cleaned in distilled water. Roll-textured nickel was annealed in 

forming gas(96% Ar/4%H2)for2 h at650 °C. The nickel wasthen 

ultrasonically cleaned for 1 h prior to coating. The hydrolyzed stock solutions 

were applied to the substrates through a 0.2 pm syringe filter and spin coated 

on a photo-resist spinnerfor 30s at2,000 rpm. The substrates were placed in 

a preheated Thermolyne muffle furnace at850 °C for 20 min in air. Each coat 

was approximately 70 nm thick, and this coating and firing procedure was 

repeated four times. 
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4.3. Results and Discussion 

4.3.1. NMR Study of Lanthanum Aluminum 2-Methoxyethoxide Solution 

A key question in the preparation of multi-cation containing solutions is 

the reactions ofthe metal alkoxide mixture before hydrolysis. NMR was used 

to study these reactions in the current systems. Figure 4.2shows the NMR 

spectra of2-methoxyethanol,AI(0CH2CH20CH3)3,La(0CH2CH20CH3)3,and 

LaAI(0CH2CH20CH3)6. In the NMR spectra of both La(0CH2CH20CH3)3and 

the mixture of La(0CH2CH20CH3)3and AI(0CH2CH20CH3)3,broad peaks were 

observed,in contrast to those ofAI(0CH2CH20CH3)3. These NMR spectra 

suggestthe formation of polymeric adducts and/or dynamic ligand exchange 

processes in the solutions. Whatever process is operative, it is clear that the 

solution is nota simple mixture ofaluminum and lanthanum methoxyethoxides. 

In the current study,the formula LaAI(0CH2CH20CH3)6 is used to representthe 

polymeric adductor dynamic mixture between La(0CH2CH20CH3)3and 

AI(0CH2CH20CH3)3. 

4.3.2. Gelation and Crystallization 

One ofthe more difficult aspects in this research wasthe study ofthe 

progression from hydrolyzed solution,through gel and amorphous preceramic 

stages,to crystalline ceramic. While a number of well developed techniques 

existfor the study ofsolutions and ceramicfilms, relativelyfew techniques exist 
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CH30CH2CH20H 

JL 

AI(0C2H40CH3)2 
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Figure 4.2. "'H NMR spectra of mixed metal lanthanum and 
aluminum alkoxide precursors in benzene-de. 

109 



for the study ofamorphous material,such as the Inorganic-organic mixture 

formed In the cast gel. One widely used technique was FTIR. IR spectra ofthe 

gelsformed by the hydrolysis of LaAI(0CH2CH20CH3)6 with two equivalents 

(top trace)and six equivalents(bottom trace)of water are shown In Figure 4.3. 

The hydrolysis of alkoxide llgands results In the Immediate formation of 

hydroxide groups In the region 3300 to 3700cm"\ the disappearance of 

hydrocarbon bands,with very little formation ofoxo bridged species In the 

region 400to 800 cm"\ The hydroxy complexes are very soluble In 2-

methoxyethanol,and only slight Increases In solution viscosity were observed 

Immediately after the hydrolysis. 

Another technique to study the amorphous materials wasthermal 

analysis of gel pyrolysls. Figure 4.4shows thermal gravimetric analysis(TGA) 

and differential thermal analysis(DTA)plots oflanthanum alumlnate gel 

produced from the addition oftwo equivalents of water(top trace)and six 

equivalents of water(bottom trace). The TGA data for the sample hydrolyzed 

with two equivalents of water Indicated three fairly distinct decomposition 

regimes: atthe lowesttemperature,the hydroxyl groups were removed;at 

temperatures between 400and 600 °C,alkoxide groups bound to lanthanum 

were lost; and attemperatures greater than 800 °C,alkoxide groups bound to 

aluminum were lost(based on resultsfrom TGA measurements ofsingle metal 

alkoxide species, notshown). Hydrolysis with six equivalents of water replaces 
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almost entirely the alkoxide groups with hydroxyl groups as observed in 

TGA/DTA. These observations are consistent with the IR data. However,the 

hydrolysis has little effect on the ultimate crystallization at850 °C as indicated 

by the spike in the DTA data. 

4.3.3. XRD Analysis of Rare-Earth Aiuminate Powders 

The annealing behavior oflanthanum aiuminate, praseodymium 

aiuminate, neodymium aiuminate,gadolinium aiuminate,and yttrium aiuminate 

powders were evaluated under both oxidizing and reducing conditions. 

Annealing under reducing conditions wasconducted to compare phase 

development under the two ambient atmospheres,and to determine if epitaxial 

growth on substrates sensitive to surface oxidation was possible. Figures 4.5-

4.9show X-ray diffraction data of powder^ annealed at temperaturesfrom 650 

°C to 1050 °Cfor 1 h in air, and Figures 4.10-4.14show X-ray diffraction of 

powders annealed for 1 h in 4% H2 in Ar(forming gas). When the powders 

were annealed in air, the crystallization started at650 °C and full crystallization 

was observed at850 °C. The data shows thatthe onset of crystallization is 

about 100 °C higher under reducing conditions. All rare-earth aluminates, 

except gadolinium aiuminate and yttrium aiuminate,showed a single phase in 

both oxidizing and reduced atmospheres. Gadolinium aiuminate was the 

predominant phase in a mixture that contained the garnet GdsAlgOijand a two 
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to one phase ofthe rare-earth aluminate(Gd4Al209= 2Gd203:AI03). The 

yttrium showed a mixture of garnet Y3AI5O12.two to one phase Y4AI2O9, and 

YAIO3. Roth®^ reported that the tolerance factor forforming a perovskite 

decreases when the B cation is large and the A cation becomes smaller. The 

lanthanide contraction leads to a decrease in size of rare-earth ions and to 

difficulties in formation ofthe perovskite across the lanthanide series. 

4.3.4. XRD Analysis of Rare-Earth Aluminate Films on Silver Substrates 

Films were deposited on silver coupons using spin-coating in order to 

determine the coating characteristics ofthe solutions. The solutions gave films 

that were crack-free and continuous. Film thickness was built up by deposition 

ofsuccessive layers and each layer was annealed at850°Cfor20 min in air. 

The thickness wasfound to be600to 700 A per layer by etching a step in the 

films and measuring the step height with an Alpha Step Profilometer. Figure 

4.15shows X-ray diffraction data for polycrystalline films oflanthanum 

aluminate, praseodymium aluminate, neodymium aluminate,gadolinium 

aluminate,and yttrium aluminate on silver. There were no secondary phases 

observed,and the relative intensity ratios were similar to the powder theta/2-

theta scans. 
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4.3.5. XRD Analysis of Rare-Earth Aiuminate Films on Strontium Titanate 

and Lanthanum Aiuminate 

During the course ofthis investigation, it was observed that commercially 

obtained single-crystal substrates were mis-cut by 1 to 2°. The XRD peaks of 

the singie-crystal oxide substrates,strontium titanate and lanthanum aiuminate, 

had fwhm values ofless than 0.5°. The combination ofthis mis-cut and the 

narrowness ofthe peaks made it difficult to align the{hOO)peaks ofthe 

substrate,and therefore,some ofthe(hOO)reflections were not observed in the 

XRD data. 

Optical microscopy wasconducted on spin-coated rare-earth aiuminate 

films on single crystal strontium titanate and lanthanum aiuminate with a 

thickness of approximately 280 A,and the films were smooth and continuous. 

The out-of-plane orientation ofthe films was determined by X-ray diffraction 

and were indexed as pseudo-cubic. Figure 4.16shows theta/2-theta scans of 

primarily(hOO)reflections ofthe lanthanum aiuminate, praseodymium 

aiuminate, neodymium aiuminate,gadolinium aiuminate,and yttrium aiuminate 

on(100)strontium titanate. Figure 4.17shows theta/2-theta scans of 

praseodymium aiuminate, neodymium aiuminate,gadolinium aiuminate,and 

yttrium aiuminate on(100)lanthanum aiuminate,demonstrating a high degree 

of out-of-plane alignment. Lanthanum aiuminate on(100)lanthanum aiuminate 

was not prepared since they have the same lattice constant. Rare-earth 
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aluminates,one on top of another,were grown epitaxially on strontium titanate 

at850 °C. Figure 4.18shows the epitaxial growth of 

YAlOj/GdAIOg/PrAIOa/LaAIOjon strontium titanate when each layer was 

applied individually. From left to right in the lanthanide series in the periodic 

table,the mismatch increases due to lanthanide contractions and leads to 

larger mismatches. Figure 4.19shows theta/2-theta scans of epitaxial mixed 

LaAlo.5Gao.5O3 and Lao.5Yo.5Alo.5Gao.5O3 on SrTiOo. Table 4.1 lists the lattice 

constants of ail five rare-earth aluminates: LaAlOo,PrAiOo, NdAlOo,GdAiOo, 

YAIO3,and the two substrates SrTi03and LaAIOg. 

4.3.6. Out-of-Plane and In-Plane Texture Analysis of Rare-Earth 

Aluminates on Strontium Titanate and Lanthanum Alumlnate 

Rocking curves(omega scans)aboutthe(300)reflections and phi scans 

aboutthe(220)reflections of all five rare-earth alumlnate films on strontium 

titanate and lanthanum alumlnate were performed to determine the quality of 

the epitaxy. Table 4.1 lists full-width at half-maximum degrees ofthe omega 

scans. Phi scans and pole figures aboutthe(220)plane were obtained to 

determine the quality of in-plane epitaxy. Figure 4.20shows a representative 

phi scan of neodymium alumlnate on(100)strontium titanate. Figure 4.21 

showsa representative pole figure aboutthe(220)reflection of praseodymium 

alumlnate on strontium titanate. The pole figures(showing only four peaks at 
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chi of45° spaced 90° in phi), were indicative ofa single in-plane epitaxial 

relationship between the film and the substrate(cube-on-cube epitaxy). Full-

width at half-maximum ofthe phi scansshowed a measure ofthe quality ofthe 

epitaxy(Table 4.1). The lattice constant mismatch for the rare-earth aluminates 

on strontium titanate and lanthanum aluminate correlated with the full-width at 

half-maximum values. 

4.3.7. Analysis of Rare-Earth Aluminate Films on Roii-Textured Nickel 

Rare-earth aluminates on roll-textured nickel were annealed at 1150 °C 

for 1 h in forming gas(4% H2 in Ar). Figure 4.22shows theta/2-theta scans of 

lanthanum aluminate, praseodymium aiuminate, neodymium aiuminate, 

gadolinium aluminate,and yttrium aluminate on(100)nickel. Prominent{hOO) 

peaks ofthe lanthanum aluminate, praseodymium aiuminate,and neodymium 

aluminate films were observed as well as a small(110)peak. Gadolinium 

aluminate and yttrium aluminate on nickel were not epitaxial, and omega and 

phi scans were thus not performed on these two films. Omega scans aboutthe 

(200)reflection were obtained on the lanthanum aluminate, praseodymium 

aluminate,and neodymium aluminate films. Thefwhm values were significantly 

higher than that ofthe single crystal oxide fiims but were similar to thefwhm of 

the rocking curves ofthe nickel substrate aboutthe(200)reflection. The in-

plane epitaxy was determined by a phi scan and a pole figure ofthe film. 
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Omega and phi scanfwhm values for the three epitaxial rare-earth aluminate 

films on nickel are listed in Table 4.2. Figure 4.23showsa representative pole 

figure oflanthanum aluminate(110)on nickel. An eight-fold symmetry was 

observed which indicated thattwo in-plane epitaxies were present. The major 

epitaxy was lanthanum aluminate(100)and the minor waslanthanum 

aluminate(110). Figure 4.24shows360° ofa phi scan of NdAlOa on nickel 

which had eight peaks. The smaller peaks were the(110)epitaxy and are 

about halfas intense as the(100)epitaxy. 

4.4. Conclusion. 

Solution synthesis through novel sol-gei chemistry provides a simple and 

low-cost method to produce high quality heteroepitaxial films of rare-earth 

aluminates on readily available single clyistal oxide substrates. It is also 

possible to engineer lattice mismatch through heteroepitaxial growth of multiple 

buffer layers so as to minimize crystalline defects. This involves either stacking 

different rare-earth aluminates or mixing rare-earth metal solutions with 

aluminum and/or gallium solutions. The rare-earth aluminates on roii-textured 

nickel did not produce single in-plane grain alignment and are not suitable for 

superconductivity buffer layers produced by a solution route. 
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o

Table 4.2. Full-width at half-maximum for LaAlOg, PrAlOg,and NdAlOg on Ni. 

Lattice fwhm of(200) fwhm of Lattice 

constant rocking curve (110)phi constant 

on Ni scan on Ni mismatch 

with Ni 

Nickel 3.52 A 7.06° 8.45° 

LaAlOa 3.793 A 13.4° 7.76% 
o 

CMMC 

PrAlOa 3.75 A 12.0° 6.53% 

NdAlOa 3.74 A 5.8° 12.2° 6.25% 
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CHAPTER5 

EPITAXIAL GROWTH OFTETRAGONALPEROVSKITES 

(ABCO4)THIN-FILMS 

5.1. Introduction 

Oxides ofthe generalform ABCO4,where A Is an alkali earth metal,B Is 

a rare-earth element,and C Is a group III elementsuch as gallium or aluminum, 

have a tetragonally distorted perovsklte structure. They are potentially an 

Important class ofsubstrates for the deposition of electronic ceramics such as 

the cuprate superconductors, because these oxides have low dielectric 

constants and good In-plane lattice match to the superconductors. Upon 

crystallization ofthe compounds,they adoptthe structure of K2NIF4. Figure 5.1 

showsthe typical tetragonal structure ofthe ABCO4compounds.®^ Previous 

research has provided more than fifty examples ofthese compounds,and 

Pajaczkowska and Gloubokov®^ have recently reviewed synthesis and 

structural properties ofthese compounds. It Is relatively difficult to grow single 

crystals ofthese materials,and consequently they are four orfive times more 

expensive than commercial wafers of SrTlOg and LaAlOg ofthe same size. 

However, heteroepltaxlal growth ofthin-fllms ofthe desired material on a 

commercially available substrate Is an alternative to the expensive growth of 

single-crystal substrates. 
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Figure 5.1. Structure ofABCO4compounds. 

142 



Marks et have reported the heteroepitaxial growth ofSrPrGa04 

and SrLaGa04on LaAlOg using metal organic chemical vapor deposition 

(MOCVD). These authors have also deposited YBa2Cu307on the epitaxial 

films and reported excellent electrical properties for the superconductor. As a 

simpler alternative to the MOCVD synthesis,solution synthesis can be used to 

produce epitaxial films on commercially available substrates. Solution 

synthesis provides accurate control ofcomplex film stoichiometry and the ability 

to obtain high quality films. 

The following sections ofthis chapter provide procedures and results for 

solution deposition oftetragonal perovskite thin-films in which the rare-earth 

elementand Group III element were varied. Films were deposited on silver foil, 

(100)strontium titanate single-crystals, and(100)lanthanum aluminate single-

crystals. The effect ofthese variations on film structure was determined by X-

ray diffraction(XRD). Structural and electrical results ofcopper oxide-based 

high temperature superconductors with a tetragonal perovskite as a buffer layer 

were also obtained. 

5.2. Experimental Details 

5.2.1. General Procedures 

All manipulations were preformed under dry argon atmosphere with the 

use of either standard Schlenk techniques or a glove box. Lanthanum 

isopropoxide(Gelest,99.9%), praseodymium metal(Alfa Aesar,99.9%), 
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aluminum isopropoxide(Aldrlch,99.99%),strontium metal(Alfa Aesar,99.9%), 

gallium trichloride(Alfa Aesar,99.9%),and 2-methoxyethanol(Aldrlch, HPLC 

grade)were used as received. Benzene was dried oversodium/benzophenone 

and distilled before use. Isopropanol was dried over aluminum isopropoxide 

and distilled before use. The sol-gel chemistry used was pioneered by Payne 

et and is based on solutions of metal methoxyethoxide complexes in 2-

methoxyethanol. 

5.2.2. Preparation of Gallium Isopropoxide Ga(0PH)3 

Gallium isopropoxide, Ga(i-OC3H7)3,was prepared from the reaction of 

gallium trichloride and sodium isopropoxide first reported by Mehrotra.^® A 250 

mL Schlenk flask with a magnetic stir bar and condenser was charged with 4.88 

g(0.212 mol)ofcrushed sodium metal, 18 mL of dry isopropanol,and 100 mL 

of dry benzene. The mixture was refluxed at85 °C overnight to insure 

complete reaction ofthe sodium and isopropanol. Another250 mL Schlenk 

flask was charged with 12.0 g(68 mmol)of GaCis and 50 mL of benzene. The 

GaCi3was allowed to dissolve in benzene,and added dropwise to the NaOPr" 

solution from the top ofthe condenser via a syringe to maintain a gentle reflux. 

The mixture wasthen refluxed for8 h,and filtered afterwards. The volatiles in 

the filtrate were removed at23°C under vacuum to give a viscous oil. A 

microdistillation apparatus was attached to the Schlenk flask and the solution 
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was distilled under reduced pressure. Approximately 8.8 g(66.8 mmol,52%)of 

Ga(i-OC3H7)3 were collected at 137-141 °C and 0.1 torr. The gallium 

isopropoxide was piaced in an inert atmosphere drybox and allowed to harden 

from a colorless viscous liquid to a semi-soiid wax. (Oiiver and WorralP® have 

attributed this change in state to conversion ofthe initiailyformed trimer to a 

more stable tetrameric oligomer.) 

5.2.3. Preparation of Lanthanum and Praseodymium isopropoxide 

Lanthanum and praseodymium isopropoxide soiutions were prepared by 

reacting the metals directly with dry isopropanol in the presence of mercuric 

catalysts which wasfirst described by Brown and Mazdiyasni.^' Commercial 

powders ofthe metals failed to react with the dry isopropanol in the presence of 

a catalyst. Metal fillings were obtained by using a rasp to file the metal under 

an inert atmosphere. The appropriate metal filings[1.736 g(12.5 mmol)of 

lanthanum and 1.76 g(12.5 mmol)of praseodymium]were added to a 250 mL 

Schienk flask with 90 mL of dry isopropanol,a magnetic stir bar,5 mg of 

Hg(OOCCH3)2,and 5mg ofHgCij. The mixtures were allowed to reflux 

overnight at85 °C and then filtered. The solvent was removed at reduced 

pressure to give an off-white solid. The lanthanum and praseodymium 

isopropoxides were extracted using a Soxhiet extractor with dry isopropanol 

and then purified by recrystaliization. Yields ranged between 50-70%. 
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5.2.4. Preparation of Methoxyethoxide Solutions 

Each ofthe metal isopropoxides was mixed with 90 mL of2-

methoxyethanoi to undergo exchanges between isopropoxide and 

methoxyethoxide iigands. Each solution was refiuxed for 1 h at 140 °C,and 60 

mL ofthe solvent was removed by distiiiation at atmospheric pressure. The 

solvent removed by distiiiation was replaced with fresh 2-methoxyethanoi. The 

iigand exchange process was repeated two more times to ensure complete 

iigand exchange. Each solution was adjusted to 50 mL,and Its moiaiity was 

calculated based on the moles ofisopropoxide used and the weightofthe 

solutions. (The use of moiaiity rather than moiarity allowed the gravimetric 

preparation ofsmall volumes ofsolutions with high accuracy.) The following 

tetragonal perovskite oxides were madefrom the stock solutions: strontium 

lanthanum gallate(SrLaGa04),strontium praseodymium gallate(SrPrGaOJ, 

strontium lanthanum aluminate(SrLaAI04),and strontium praseodymium 

aluminate(SrPrAI04). 

5.2.5. Powderand Film Preparation 

The stock solutions were mixed in a ratio ofone part hydrolysis solution 

(1.0 M water in 2-methoxyethanol)tofour parts ofthe stock solution, resulting 

in a partially hydrolyzed coating solution. Powders were prepared by the 

addition of excess water to the coating solution followed by the decomposition 
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ofthe resultant gels at 300 °C. The gels were crushed,ground with a mortar 

and pestle,and fired in airfor 1 h at the temperatures indicated in the following 

section. Each substrate,strontium titanate(100)or lanthanum aluminate(100), 

was heated for 1 h in oxygen at 1000 °C and 800 °C,respectively, prior to 

coating. Silver foil was polished with 0.06 micron extra pure alumina abrasive 

and cleaned in distilled water. The hydrolyzed stock solutions were applied to 

the substrates through a 0.2 pm syringe filter and spin coated on a photo-resist 

spinnerfor30s at 2,000 rotations per minute(rpm). The substrates were 

placed in a preheated,Thermolyne furnace at850 °Cfor20 min in air. Each 

coat was approximately 70 nm thick,and this coating and firing procedure was 

repeated four times. 

5.2.6. Deposition ofYttrium Barium Copper Oxide Superconductor 

The YBCO superconductor was deposited on strontium praseodymium 

gallate and strontium lanthanum gallate buffer layers by pulsed laser deposition 

(PLD), using a XeCI excimer laser operating at a wavelength of308 nm 

focused to produce a3J/cm^fluence at the YBCO target. The laser-pulse 

repetition rate was5Hzand 6000 laser pulses were required to obtain a film 

thickness of250 nm. During the deposition ofthe YBCO,the strontium titanate 

or lanthanum aluminate substrate temperature was maintained at780 °C and 

the oxygen pressure was held at200 mTorr. Additionally, the YBCO target was 
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rotated at 21 rpm to minimize both the rate ofconeformation and the change in 

stoichiometry on the surface ofthe YBCO during laser ablation. After the 

deposition was completed,the samples were cooled ata rate of5°C per 

minute in 300 Torr ofoxygen to 500 °C to ensure full oxygen uptake by the 

YBCO. Once the temperature reached 500 °C,additional oxygen was added 

to bring the pressure to 500 Torr,and the temperature and pressure were 

maintained for 1 h. Finally,the substrates were cooled to room temperature at 

a rate of 1 °C per minute. 

5.2.7. Critical Current and Critical Temperature Measurements 

In order to obtain critical current(IJ and critical temperature(Tg) 

measurements,four silver electrical contacts, approximately one-half 

micrometers thick, were sputtered on the YBCO film surface. The samples 

were then annealed for 30 min at500°C in flowing oxygen to ensure low 

contact resistance. 

The property of resistivity was used to find the critical temperature at a 

constant current. Afour-probe AC measurement was conducted in conjunction 

with a closed cycle helium refrigerator. Samples were cooled under vacuum to 

a low temperature,and then slowly warmed. Voltage was measured every 0.2 

K during warm up. The Tg was the temperature reached when resistance first 

occurred, i.e., when any voltage was detected. 
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To find the critical current,the sample was put In a constanttemperature 

environment of liquid nitrogen. Current was applied and slowly Increased while 

the voltage was monitored. When a voltage Is first detected at a particular 

current,the sample Is no longer considered to be superconducting. 

5.3. Results and Discussion 

5.3.1. XRD Analysis ofTetragonal Perovskite Powders 

The annealing behavior ofSrLaGa04,SrPrGa04,SrLaAI04,and 

SrPrAI04 powders was evaluated under oxidizing conditions. Figures 5.2 to 5.5 

show X-ray diffraction data of powders annealed attemperaturesfrom 650°C 

to 1050°Cfor 1 h In air. It was observed that crystallization started at650°C 

and full crystallization occurred at850 °C. Table 5.1 reports the lattice constant 

values obtained on the powders In the 14/mmm space group. These lattice 

constants are In excellent agreement with those reported by Pajaczkowska and 

Gloubokov.®^ The lattice constants showed the trend that substitution of La for 

Pr causes the c-axis to expand with little effect on the a-axis. Also,substitution 

of Gafor Al results In an expansion ofthe a-axIs with little effect on the c-axIs.®^ 
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5.3.2.XRD Analysis ofTetragonal Perovskite Films on Silver 

Films were deposited on silver coupons using spin-coating in order to 

determine the coating characteristics ofthe solutions. Solutions of 

approximately 0.25 M gave films that were crack-free and continuous. Film 

thickness was built up by deposition ofsuccessive layers and each layer was 

annealed at850 °Cfor20 min in air. The thickness wasfound to be600to 700 

A per layer by etching a step in the films and measuring the step height with an 

Alpha Step Profilometer. Figure 5.6shows X-ray diffraction data for 

polycrystalline films ofSrLaGa04,SrPrGa04,SrLaAI04,and SrPrAI04 on silver. 

There were no secondary phases observed and the intensities were similar to 

the powder theta/2-theta scans. 

5.3.3. XRD Analysis ofTetragonal Perovskltes on Strontium Titanate and 

Lanthanum Aiuminate 

During the course ofthis investigation, it was observed that commercially 

obtained single-crystal substrates were mis-cut by 1 to 2°. The XRD peaks of 

the single-crystal oxide substrates,strontium titanate and lanthanum aiuminate, 

had fwhm values ofless than 0.5°. The combination ofthis mis-cut and the 

narrowness ofthe peaks made it difficult to align the(hOO)peaks ofthe 

substrate,and therefore,some ofthe(/?00)reflections were not observed in the 

XRD data. 

155 



 

 
 � 

 

A
g
 

A
g

A
g
 

A
g
 

^ 
(2

20
) 

(
3
1
1

(1
11
) 

(2
00
) 

S
P
A
 

A
 

c
 

A
g
 

Z
)
 

(
1
0
1
)
 

(
1
1
0
)
 

0
0
6
)
 

(
2
0
0
 

0
0
8
)
 

(
2
2
2
)
 

S
L
A
 

A
 

-
A
.
 

<
 

>
s
 

c
n
 

C
O
 

(
1
0
3
 

<
3
5
 

c
 
0
 
S
P
G
 

s
=
 

^
w
-
>
 

(
0
0
4
)
 

S
L
G
 

I
1 

!
 

1 
1 

I 
I 

\ 
I 

I 
I 

'
'
 

I
1 

1 
1 

\ 
—j
C—
 

2
0
 

3
0

4
0
 

5
0
 

6
0
 

T
h
e
t
a
/
2
-
T
h
e
t
a
 

Fi
gu

re
 5.

6.
Th
et
a/
2-
Th
et
a 
X
R
D
of
Sr
La
Ga
04
,S

rP
rG
a0
4.

Sr
La

AI
04

,a
nd
 S
rP

rA
l0

4o
n 
Ag

at
85
0
°C
. 



X-ray diffraction was used to examine the structure ofthe films. Each of 

the four compounds deposited on strontium titanate and lanthanum aluminate 

showed only even numbered(00/)reflections during theta/2-theta scans. 

Theta/2-theta scans ofthe four compounds on strontium titanate(100)and 

lanthanum aluminate(100)are shown in Figures 5.7 to 5.10,demonstrating a 

high degree of out-of-plane alignment. Using the{hOO)reflections ofthe 

substrate,the(00/)peaks ofthe film were calibrated and the corrected values 

ofd were plotted against(Ml). The c-axis lattice constant ofthe epitaxial films 

was obtained from the slope ofthe plot. Table 5.1 shows lattice constantsfor 

tetragonal powders on SrTiOg and LaAiOjsubstrates. The a-axis lattice 

constant was determined from the(105)film reflection (chi =56°)which was 

calibrated againstthe(110)substrate reflection (chi =45°). The lattice 

constants showed the same trend as did the powders in that substitution of La 

for Pr causes the c-axis to expand with little effect on the a-axis. Also, 

substitution of Ga for Al results in an expansion ofthe a-axis with little effect on 

the c-axis.®^ When the powder lattice constants are compared to the epitaxial 

films on strontium titanate and lanthanum aluminate,the valuesfor the lattice 

constant are similar. 
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5.3.4. Out-of-Plane and In-Plane Texture Analysis ofTetragonal 

Perovskltes on Strontium Titanate and Lanthanum Aluminate 

Omega scans(rocking curves)about the(006)reflection were used to 

measure the mosaic character(degree of crystallinity)ofthe film. Table 5.2 

showsthe full width at half maximum(fwhm)ofthe out-of-plane peaks and 

illustrates the fact that all ofthe films on both strontium titanate and lanthanum 

aluminate showed excellent out-of-piane orientation.A representative omega 

scan aboutthe(006)reflection is shown in Figure 5.11. 

Pole figures aboutthe(105)plane were obtained to help determine the 

nature ofthe in-plane epitaxy. Figure 5.12showstwo representative pole 

figures aboutthe(105)reflection ofstrontium lanthanum gallate on strontium 

titanate and lanthanum aluminate, respectively. The pole figures are indicative 

ofcube-on-cube epitaxy showing onlyfour peaks at chi of45° spaced 90° in 

phi. In order to assess the quality ofthe in-plane epitaxy, phi scans were 

obtained. A representative phi scan aboutthe(105)reflection is shown in 

Figure 5.11. Table 5.2 reports allfwhm values ofthe phi scansfor the 

tetragonal perovskltes on strontium titanate and lanthanum aluminate. The in-

plane peak widths are proportional to the lattice mismatch between the film and 

the substrate and are significantly larger than those ofthe out-of-plane peaks. 
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Table 5.2. Full-width at half-maximum for tetragonal perovskites on SrliOa and 
LaAIOg. 

Compound SrTiOg LaAIOs 

out-of-plane in-plane out-of-plane in-plane 

SrLaGa04 0.38(5)°* 1.8(1)° 0.39(5)° 1.6(1)° 

SrPrGa04 0.34(5)° 2.0(1)° 0.30(5)° 1.2(1)° 

SrLaAI04 0.34(5)° 3.3(1)° 0.30(5)° 2.3(1)° 

SrPrAI04 0.34(5)° 3.3(1)° 0.30(5)° 2.3(1)° 

*Uncertainty in the last digit indicated parenthetically. 
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5.3.5. Analysis ofYBCO PLD Film on Solution Deposited Strontium 

Praseodymium Gallate on(100)Strontium Titanate and Strontium 

Lanthanum Gallate on(100)Lanthanum Aluminate 

Samples of(100)strontium titanate and(100)lanthanum aluminate, 12.0 

X 3.5 mm,were used as the substrates for yttrium barium copper oxide 

(YBajCuaOy.g,YBCO)superconducting films. The strontium praseodymium 

gallate and strontium lanthanum gallate buffer layers were deposited by spin-

coating on(100)strontium titanate and(100)lanthanum aluminate in 0.25 M 

solutions, respectively,since they had a close lattice constant to their 

substrates. The samples were annealed in air at850 °Cfor20 min,and the 

coating procedure was repeated a total ofthree times. The YBCO 

superconductor was deposited by puised laser deposition(PLD). Figure 5.13 

shows theta/2-theta scans ofYBCO on strontium titanate substrate with a 

strontium praseodymium gallate buffer layer and lanthanum aluminate 

substrate with a strontium lanthanum gallate buffer layer. The epitaxial 

relationship ofthe superconductor/buffer layer/substrate was cube-on-cube with 

(100)YBCO//(100)SPG or SLG//(100)SrTlOg or LaAIOg. Figure 5.14shows 

the critical temperature (T^.)ofthe YBCO film on the strontium praseodymium 

gallate buffer layer, which exhibited zero resistivity at 91.6±0.1 K. The YBCO 

film on the strontium praseodymium gallate buffer layer had a transport critical 

current density(JJ value of(6.6±0.1)x 10® A/cm^(77 K),and 
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the Ic plot is shown in Figure 5.15. The YBCO film on the strontium lanthanum 

galiate buffer layer did not act as a superconductorso critical current and 

critical temperature values were not obtained. 

5.4. Conclusion 

Our results indicate that epitaxial ABCO4 oxide films can be produced 

using solution synthesis. The excellent control ofstoichiometry and relative 

ease of preparation offered by this technique make it appropriate for the growth 

of valuable electroceramic devices. Furthermore, it is possible to develop high 

Jc superconductors using SrPrGa04 as a buffer layer. 
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CHAPTER6 

EPITAXIAL GROWTH OF RARE-EARTH OXIDES(LnzOjAND CeOj)ON 
I 

ROLL-TEXTURED NICKEL 

6.1. Introduction 

A"coated conductor"structure consisting ofa polycrystalline copper 

oxide-based superconductor deposited on a mechanically strong metal tape is 

predicted to be the next generation ofsuperconducting wire operating at liquid 

nitrogen temperature.®^ High critical currents can only be achieved in copper 

oxide-based superconducting films if there is both good out-of-plane and in-

plane grain alignment. For out-of-plane alignment, c-axis texture,the copper 

oxide planes must lie parallel to the substrate. This c-axis texture is often 

achieved even on amorphous or glassy substrates due to the layered structure 

ofthe cuprate superconductors, but in-plane alignment is much more difficult to 

achieve. Studies of misalignment in bi-crystal substrates have shown that grain 

boundaries must be aligned to less than 7° mismatch to avoid "weak link" 

conduction between grains.^® 

Two distinctly different approaches to inexpensive substrates are being 

pursued in order to achieve this alignment in practical coated conductors. One 

approach is a technique known as Ion Beam Assisted Deposition(IBAD),which 
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involves the deposition ofa textured buffer layer on a randomly oriented, 

oxidation resistant metal tape using multiple ion beams.®^ One beam is used to 

deposit the material, and another beam is used to etch the growth surface at 

some angie which producesshadowing of atoms in the correct lattice positions 

leading to an in-plane oriented deposit. The technique requires relatively thick 

films to develop useable textures,and the process is slow due to the fact that 

mostofthe film is removed by etching. 

The second approach to epitaxiai substrates is a technique known as 

Roiling Assisted Biaxially Textured Substrates(RABiTS). The RABiTS process 

involves the deposition of epitaxial buffer layer(s)on a nickel tape which has 

been mechanicaliy deformed by rolling and heat treated to obtain a highly 

textured metastable microstructure.®^ Laser ablation was used to produce the 

first successful RABiTS buffer iayer. An epitaxial layer of palladium on roll 

textured nickel was deposited by laser ablation followed by a layer ofcerium 

oxide and then a iayer of yttrium stablized zirconium (YSZ).®® Later,the use of 

the palladium layer was discontinued from the RABiTS architectures.®® 

In addition to the use of pulsed laser ablation,two methods(e-beam 

evaporation and sputtering) have been used to deposit ceramic layers on the 

RABiTS to achieve high critical currents.®® The best results to date for a 

RABiTS process were obtained with the use ofa cerium oxide layer(>500 A)in 

contact with the nickel,a yttrium stabilized zirconium(YSZ)oxide layer(1 pm) 
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on top ofthe cerium oxide layer, and a cap layer of cerium oxide(>500 A)on 

top ofthe YSZ. Figure 6.1 shows a diagram ofthe RABiTS architecture. 

Recently, high critical currents have been obtained with buffer layers using only 

rare-earth oxides deposited by e-beam evaporation.®^'®® 

Another method,differentfrom physical methods ofdeposition discussed 

above,to grow epitaxial rare-earth oxide thin-films is solution deposition. 

Solution deposition has a relatively low cost and uses no vacuum deposition 

techniques. The following sections of this chapter describe development of 

epitaxial rare-earth oxide buffer layers using a chemical solution route on roll 

textured nickel tape. These buffer layers must act as a diffusion barrier against 

nickel oxidation and act as a template for the superconductor. Coating 

solutions were prepared consisted ofthe following rare-earth metals: Ce,Sm, 

Eu,Gd,Tb,Dy,Ho,Er,Tm,Yb,and Lu. All solutions ofthe rare-earths were 

used for spin-coating and dip-coating,and films were crystallized by annealing 

them for 1 h under a reducing atmosphere of4% Hj/96% Ar. The cubic phase 

ofthe rare-earth oxides was preferred and formed at a temperature range of 

850 °C to 1160 °C according to the phase diagram for the rare-earth oxides 

(Figure 6.2). X-ray diffraction was used to determine the out-of-plane and in-

plane grain alignment ofthe rare-earth oxide buffer layers. Results ofYBCO 

high temperature superconductors with europium oxide and gadolinium oxide 

as buffer layers are also discussed. 
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Figure 6.2. Phase diagram of rare-earth oxide transitions as a function of 
cation radius. 

Source: Hoekstra, H. R.Inorg. Chem.1966,5,755. 
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6.2. Experimental Details 

6.2.1. General Procedures 

All manipulations were preformed under dry argon atmosphere with the 

use of either standard Schlenk techniques or a glove box. Cerium oxide 

(Strem,99.9%),Samarium oxide(Strem,99.9%),europium oxide(Strem, 

99.9%),gadolinium oxide(Strem,99.9%),gadolinium metal(Alfa Aesar, 

99.99%),terbium oxide(Strem,99.9%),dysprosium oxide(Strem,99.9%), 

holmium oxide(Strem,99.9%),erbium oxide(Strem,99.9%),thulium oxide 

(Strem,99.9%),ytterbium oxide(Strem,99.9%),ytterbium metal(Alfa Aesar, 

99.99%),lutetium oxide(Strem,99.9%),glacial acetic acid (99.7%),and 2-

methoxyethanol(Aldrich, HPLC grade)were used as received. Isopropanol 

was dried over aluminum isopropoxide and distilled before use. The sol-gel 

chemistry used was pioneered by Payne et and is based on solutions of 

metal methoxyethoxide complexes in 2-methoxyethanol. 

6.2.1. Preparation of Rare-Earth Isopropoxides 

Rare-earth metals were used as received. Rare-earth isopropoxides of 

gadolinium and ytterbium were prepared by reacting the metals directly with dry 

isopropanol in the presence of mercuric catalysts which wasfirst described by 

Brown and Mazdiyasni.^^ Commercial powders ofthe metals failed to react with 

the dry isopropanol in the presence ofa catalyst. Instead ofthe commercial 
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metal powders,5.0 g of rare-earth metal filings were obtained by using a 

coarse file on the metal. Each solution was made individually, and the filings 

were added to a 250 mL Schlenk flask with 90 mlof dry isopropanol,a 

magnetic stir bar,50 mg of mercury (II)acetate, Hg(OOCCH3)2,and mercuric 

chloride, HgClj. The reactions were allowed to reflux overnight at85°C and 

then filtered through a Celite packed column. The solvent was removed at 

reduced pressure,and the rare-earth isopropoxides were extracted using a 

Soxhiet extractor with dry isopropanol and then recrystallized to insure the 

highest purity ofthe compounds. Yields of purified compound were typically 

between 50and 70 percent. 

6.2.3. Preparation of Rare-Earth Acetates 

Rare-earth oxides were used as received. Since most high purity rare-

earth metals such as europium are expensive, rare-earth acetates were 

prepared from rare-earth oxides. This was accomplished by dissolving rare-

earth oxides in 25% of glacial acetic acid in water. The solution was allowed to 

evaporate and the remaining rare-earth acetates were collected. 

6.2.4. Preparation of Coating Solutions 

Each isopropoxide(gadolinium and ytterbium)and acetate(samarium 

through lutetium and cerium)were reacted with 90 mL of2-methoxyethanol to 
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undergo ligand exchange ofthe isopropoxide ligand,as well as partial 

exchange ofthe acetate ligand with the methoxyethoxide ligand. Each solution 

was refluxed for 1 h at 140 °C and 60 mL ofthe solvent was removed by 

distillation at atmospheric pressure. The solvent removed by distillation was 

replaced with fresh 2-methoxyethanol. The ligand exchange process was 

repeated two more times to insure complete ligand exchange ofthe 

isopropoxide ligand and partial exchange ofthe acetate ligand. Each solution 

was adjusted to 50 mL,and the molality ofeach solution was calculated based 

on the moles of rare-earth isopropoxide or rare-earth acetate used and the 

weight ofthe solutions. (The use of molality rather than molarity allowed the 

gravimetric preparation ofsmall volumes ofsolutions with high accuracy.) The 

following rare-earth oxides were madefrom the isopropoxide route: gadolinium 

oxide(GdjOg)and ytterbium oxide(YbzOg). The rare-earth oxides madefrom 

the acetate route were:samarium oxide(SmjOg),europium oxide(EUgOg), 

gadolinium oxide(GdjOg),terbium oxide(TbjOa),dysprosium oxide(DyzOg), 

holmium oxide(H02O3),erbium oxide(ErzOg),tellurium oxide(TmgOg), ytterbium 

oxide(YbjOg),lutetium oxide(LujOg),and cerium oxide(CeOg). 

6.2.5. Preparation ofSubstrates and Films 

Roll-textured nickel substrates were ultrasonically cleaned with filtered, 

dry isopropanol for 1 h. This process cleans the mechanically deformed nickel 
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surface of oil from the roller. The cleaned nickel was annealed at650 °C in a 

forming gas atmosphere(4% /96% Ar)for2 h to develop a cubic texture. 

The nickel substrates were coated with rare-earth coating solutions by both 

spin coating and dip coating techniques. For spin coating,10 mm by 10 mm 

sampies were flooded with solution (rare-earth methoxyethoxide/acetate),and 

the excess solution was eliminated by spinning for30s at2000 rpm. For dip 

coating,strips of nickel approximately5 mm by80 mm were submerged in the 

coating solution and withdrawn mechanically at a rate of5cm per min. Coated 

substrates were placed In a crucible inside a quartztube fitted with a gas inlet 

and bubbler outlet. The tube containing the samples was purged for30 min at 

room temperature using forming gas(4% Hj/96% Ar). The tube wasthen 

placed inside a preheated furnace for 1 h at temperatures of950 °C(samarium 

oxide), 1050 °C(europium oxide), and 1160 °C for the rest ofthe rare-earth 

oxides. Films were approximately600 A thick after firing and thicker coats were 

produced by multiple coatings. The film thicknesses were measured using 

profilametry. 

6.2.6. Application ofYttrium Barium Copper Oxide Superconductor 

The YBCO superconductor was deposited on CeOgA'SZ/EugOa and 

CeOjA'SZ/GdzOg buffer layers by the barium fluoride precursor process.®® 

Figure 6.1 shows a diagram ofthe buffer layer architecture. This process 
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involved electron-beam co-evaporation ofY,BaFa,and Cu to make a precursor 

film at a rate of6 A/sec. During the evaporation,the substrate temperature was 

maintained at400 °C,and the oxygen pressure increased from 0.1 mTorr to 

4.0 mTorr. Additionaliy,the materials were placed inside crucibles in a 

stainless-steel vacuum chamber and heated with 3kW e-beam guns 

(Thermonics 150-0010). Tungsten crucibles were used for the Cu,BaFj,and Y 

sources,and the BaFjhad a perforated lid to control its deposition. After the 

deposition wascompleted,the oxygen pressure was increased to 100 Torr,and 

the samples were cooled for 1 h to room temperature. The samples were then 

post-annealed in a controlled atmospherefurnace at740 °Cfor2 h. Water was 

introduced into the furnace tube at55 Torr to convertthe Y,Cu,and BaFjinto 

YBa2Cu307^. 

6.2.7. Critical Currentand Criticai Temperature Measurements 

In order to obtain critical current(Jg)and critical temperature(Tg) 

measurements,four silver electrical contacts,approximately one-half micron 

thick, were sputtered onto sampies with a YBCO surface. This reduced 

electrical contact resistance during measurements. The samples were then 

annealed for 30 min at500 °C in flowing O2to ensure low contact resistance. 

The property of resistivity was used to find the critical temperature at a 

constant current. Afour-probe AC measurementwas used in conjunction with 
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a closed cycle helium refrigerator to take data. Samples were cooled in a 

vacuum to a low temperature,and then slowly warmed. Voltage data was 

taken every 0.2 K during warm up. The is the temperature reached when 

resistance first occurs, i.e., when any voltage is detected. 

To find critical current,the sample was put in a constanttemperature 

liquid nitrogen cryostat. Current was applied and slowly increased while 

monitoring the voltage. When a voltage wasfirst detected at a particular 

current,the sample is no longer considered to be superconducting. 

6.3. Results and Discussion 

6.3.1. Study ofthe Coating Solutions 

One ofthe more difficult aspects of this research wasthe study ofthe 

coating solutions. IR was used to determine if the acetate ligand fully 

exchanges with the methoxyethoxide ligand. Figure 6.3shows IR spectra of 

ytterbium acetate, ytterbium coating solution made by the acetate route, 

ytterbium isopropoxide,and ytterbium coating solution made by the 

isopropoxide route. At 1575cm"\ it was observed that the carbonyi streching 

ofthe acetate was clearly evident in both the ytterbium acetate and ytterbium 

coating solution made by the acetate route. This observation indicated thatthe 

acetate ligand only partially exchanged with the methoxyethoxide ligand.[It was 

clearfrom Chapters(Figure 3.1),thatthe isopropoxide ligand fully 
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exchanges with the methoxyethoxide ligand.] In addition,the methoxyethoxide-

acetate coating solutions differ in chemical properties from the coating soiutions 

madefrom the isopropoxide route. The methoxyethoxide-acetate coating 

soiutions did not gel after standing over a period ofseverai months, but rather 

precipitated. The foliowing XRD data showed that the methoxyethoxide-

acetate coating solutions provide a better epitaxy. 

6.3.2. XRD Analysis of Rare-Earth Oxide Films on Roll-Textured Nickel 

X-ray diffraction was the principai tooi for determining the structure ofthe 

rare-earth oxide thin-films. The gadolinium and ytterbium oxide thin-fiims, 

deveioped from the isopropoxide route,showed a high degree of c-axis 

orientation. The acetate route, however, provided a 100% c-axis orientation. 

Figures 6.4 and 6.5show theta/2-theta scans ofthe difference in c-axis 

orientation between the two soiution routes(isopropoxide and acetate)of 

gadolinium oxide and ytterbium oxide. The relative intensity ofthe(400) 

reflection versus the(222)reflection in the isopropoxide route is indicative of 

this high degree of c-axis orientation. A randomly oriented film would have an 

intensity ratio (1(222)to l(4oo)) of 100 to 30.^° In the acetate route theta/2-theta 

scans,the(222)reflection was notseen,indicating fuii c-axis orientation. 

Figures 6.6-6.8 show theta/2-theta scans ofthe remaining rare-earth oxides on 

nickei. Each ofthese rare-earth oxide thin-fiiftis was madefrom the acetate 
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route. Table 6.1 showsthe lattice constants of nickel and the rare-earth oxides 

(samarium through lutetium and cerium oxide). Longer annealing times were 

studied to rule outsources ofthe changes in the diffraction pattern. Five single 

spin-coated films were annealed at 15 min,30 min, 1 h,2 h,and 4 h at 1160 

°C. Maximum X-ray intensity occurred at 1 h with no change in the(400) 

intensity with longer annealing times. Only one ofthe rare-earth compounds 

showed mixed orientation, LU2O3. This mixed orientation was observed at 

temperatures between 1050 °C and 1260 °C. When the LU2O3 wascoated on 

top of Gd203on Ni, the mixed orientation was still present. This ruled outa 

nucleation problem between the LU2O3and the Ni substrate. The most likely 

reason for the observed mixed orientation could be a kinetic effect in which the 

film crystallizes from the bulk rather than at the surface. 

Thickerfilms could be produced by multiple coatings,and Figure 6.9 

showsfour theta/2-theta scans ofone to four coats of EU2O3on nickel. It was 

observed that the X-ray intensity ofthe(400)reflection increased with each 

successive coat. It was also possible to grow epitaxial layers of different rare-

earth oxides one on top of another. Figure 6.10shows an example of this with 

Yb203and EU2O3on nickel. Each film was applied separately by spin-coating 

and then annealed. 

Besides rare-earth oxides having a formula of Ln203, it was possible to 

grow cerium oxide(Ce02)epitaxially on the nickel. Figure 6.11 shows a 
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Table 6.1. Lattice constants and fwhm valuesfor epitaxial rare-earth oxide thin 
films on nickel. 

Nickel 

SmsOg 

EU2O3 

Gd203 
(isopropoxide 

route) 

Gd203 
(acetate 
route) 

Tb203 

Dy203 

H02O3 

Er203 

Tm203 

Yb203 
(isopropoxide 

route) 

Yb203 
(acetate 
route) 

LU2O3 

Ce02 

Lattice 

constants 

3.523 A 

3.864 A 

3.843 A 

3.824 A 

3.824 A 

3.794 A 

3.771 A 

3.750 A 

3.730 A 

3.708 A 

3.690 A 

3.690 A 

3.674 A 

3.827 A 

fwhm of(400) 
omega scan 

on Ni 

7.06° 

7.30° 

9.40° 

9.80° 

9.19° 

7.69° 

8.89° 

9.02° 

8.44° 

9.89° 

8.17° 

7.63° 

fwhm of(222) 
phi scan on 

Ni 
0 

008.45°(111) 

11.95° 

12.06° 

p 

9.96°0 
0 

11.37° 

11.33° 

9.56° 

10.11° 

9.28° 

9.14° 

Lattice 

constant 

mismatch 

9.68% 

9.08% 

8.54% 

8.54% 

7.69% 

7.04% 

6.44% 

5.88% 

5.25% 

4.74% 

4.74% 

4.29% 

8.63% 
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theta/2-theta scan ofcerium oxide on nickel. When CeOg was coated on top of 

a EU2O3film on nickel, it was epitaxial(Figure 6.11). Because the lattice 

constants for COjOjand EujOg are so close,the theta/2-theta scan was 

extended to 71° in order to distinguish the CeOj(400)peakfrom the EU2O3 

(800)peak. 

6.3.3. Out-of-Plane and in-Plane Texture Analysis of Rare-Earth Oxides on 

Nickel 

Rocking curves(omega scans)aboutthe(400)reflection and phi scans 

and pole figures aboutthe(222)reflection ofthe rare-earth oxides on nickel 

were performed to determine the quality ofthe epitaxy. It was observed that 

thefwhm ofthe rare-earth oxide rocking curve was slightly smaller than the roll-

textured nickel. An example ofa rocking curve with Gd203on nickel can be 

seen in Figure 6.12. The rocking curves are larger than those encountered in 

single-crystals, butthey indicate a degree of alignment suitable for the 

deposition ofsuperconducting films with high critical currents. Phi scans and 

pole figures aboutthe film(222)plane and the nickel substrate(111)plane 

were obtained in order to determine whether the film was aligned in-plane. A 

representative phi scan aboutthe(222)ofGd203on nickel can be seen in 

Figure 6.12. Thefwhm ofthe phi scans were again larger than those ofsingle-

crystals, but were comparable to thefwhm of RABiTS substrates that have 
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been used to obtain superconducting films with high critical currents. The pole 

figures indicated an excellent epitaxial relationship between the film and the 

substrate, Ln203(110)||Ni(100). Figures 6.13-6.15show pole figures for the 

rare-earth oxides on nickel(exceptSmgOssince it had mostly amorphous 

material due to a low annealing temperature,and LugOg since it did not have 

good c-axis alignment). Table 6.1 shows a list offull-width at half-maximum 

degrees ofthe rocking curves showing excellent out-of-plane orientation ofthe 

films and phi scans showing the in-plane texture. 

6.3.4. Film Morphology and Surface Structure 

Scanning electron microscopy(SEM)was performed on the rare-earth 

oxide films. Low magnification SEMsof GdjOs revealed a film morphology very 

similar to that of nickel substrates. Figure 6.16shows a low magnification SEM 

of GdgOg on roll-textured nickel. Grains which are approximately 25 pm across 

and tightly packed together were observed. Higher magnification revealed a 

more dense and continuous film of GdjOg asseen in Figure 6.17. Relatively 

few pin-holes or defects were observed even though the films were not 

produced In a dust-free environment. 

The surface structure ofthe roll-textured nickel and the gadolinium oxide 

film were examined,and the average surface roughness was determined using 

atomicforce microscopy(AFM). Figures 6.18 and 6.19show AFM images of 
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nickel after heattreatment and after the application ofthe GdjOg buffer iayer. 

Heattreatment was used to develop the cubic texture ofthe nickel. It was 

observed that the average surface roughness increased from approximately47 

A(after heat treatment)to approximately53A after application ofthe buffer 

layer. 

6.3.5. Analysis ofYBajCujOy^ Films on Solution Deposited Rare-Earth 

Oxide Buffer Layers on Roll-Textured Nickel 

Attempts to deposit YBa2Cu307.5 using e-beam evaporated Y,BaFs,and 

Cu followed by ex-situ heat treatment in water/oxygen®"' directly on sol-gel 

GdjOa,YbzOg,and EUjOjbuffered nickel were unsuccessful. The XRD ofthe 

films showed peak characteristics of nickel oxide,the Tg was approximately80 

K and the critical current(Jg)was low. The low Tg, Jg, and the nickel oxide in 

the fiims suggested thatthe films were not a good barrier layer to the diffusion 

of nickel from the substrate into the superconducting film. Some reasonsfor 

this may be porosity in the buffer layer or the reaction ofthe buffer layer with 

the YBCO layer. 

Since the rare-earth oxide buffer layers are epitaxial,they can act as a 

template forfurther growth of epitaxial films or"cap layers." In a standard 

RABiTS process,a CeOj(>500 A)|| yttrium stabilized zirconium(YSZ)oxide(1 

pm)II CeOjiayer(>500 A)are deposited on the buffer layer by sputtering. 
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Since the rare-earth oxide buffer layers grow epitaxially on the nickel,the 

cerium oxide bottom layer on the nickel was replaced. Approximately 0.5 pm of 

YSZwassputtered on top ofthe rare-earth oxide buffer layer with a 500 A cap 

layer of CeOa- The YSZlayer acts as a good oxygen diffusion barrier, and the 

CeOjlayer reduces the lattice mismatch between the YSZand the YBCO layer. 

The superconductor yttrium barium copper oxide(YBa2Cu307.5),or YBCO, was 

deposited on the CeOjA'SZ/rare-earth oxide buffer layers by the barium 

fluoride precursor process. Figures6.20 and 6.21 show theta/2-theta 

diffractograms ofthe YBCO superconducting layer on CeOgA'SZ/GdgOg buffer 

layer and CeOzA'SZ/EujOa buffer layer, respectively(both rare-earth oxide 

buffer layers were dip-coated). The EujOg buffer layer sample showed good 

out-of-plane epitaxy. However,some small NiO,CeOg,and YSZ(111) 

reflections were observed. The GdjOg buffer layersample showed several high 

intensity peaks that were not epitaxial, but rather had random orientation[NiO 

(111),Ce02(111)and YSZ(111)]. These(111)peaks grew because the 

Gd203 buffer layer was made by the isopropoxide route, which has a small 

percentage of(222)(see Figure 6.4), and acted as a template forfurther growth 

ofthe buffer layers. 

Critical current and critical temperature measurements were done on the 

YBC0/Ce02A'SZ/Gd203or Eu203/Ni samples. Figure 6.22shows a 

comparison plot ofthe critical current and critical temperature values obtained 
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for YBCO superconducting layers on CeOzA'SZ/GdjOg buffer layers and 

CeOjA'SZ/EugOa buffer layers, respectively. The YBCO superconductor with a 

GdzOs buffer layer had a T,of89K and a J,of0.4 MA/cm^. The YBCO 

superconductor with a EugOg buffer layer had a T^ of90 K and a of 1.1 

MA/cm^. The YBCO film with a EUjOg buffer layer had a significantly higher 

critical current than the GdjOg buffer layer film because it was made with the 

acetate route rather than the isopropoxide route. This supported the results 

from the XRD spectra demonstrating that out-of-plane and in-plane grain 

alignments are essential for buffer layers in order to obtain high 

measurements in YBCOfilms. 

6.4. Conclusion 

The results ofthe process described in this chapter have verified that a 

solution technique can be used to obtain a single-epitaxy on a roll-textured 

substrate. Major incentives for this process include simplicity and the low-cost 

ofa non-vacuum process. Substantial improvementto this process will be 

necessary in order to develop a long length superconductor with high critical 

current using only solution techniques. 
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CHAPTER7 

SUMMARY 

An all-alkoxide solution chemistry utilizing methoxyethoxide-metai 

complexes in 2-methoxyethanol wasdeveloped to deposit epitaxial thin-films of 

metal oxides on single-crystal oxide substrates,(100)SrTiOa and(100)LaAlOg, 

polycrystalline silver substrates,and roll-textured nickel substrates. Speciation 

within these solutions was studied using Nuclear Magnetic Resonance(NMR), 

and Fourier Transform Infrared(FT-IR)spectroscopies. Film precursor gels 

were studied using FT-IR spectroscopy and thermal analysis. Approximate 

temperature rangesforfilm crystallization were determined from powders 

prepared from the film coating solutions. Film structure was determined using 

X-ray diffraction, and film morphology wasstudied using scanning electron 

microscopy(SEM),and atomicforce microscopy(AFM). 

A number oftechnologically interesting systems were prepared using 

this general technique. Bismuth-containing ferroelectric materials ofthe 

general formula(Sr or Ba)Bi2(Nb or Ta)20g were synthesized, fH]^®C NMR was 

conducted on the metal alkoxides. Double alkoxides ofthe formula(Sr or 

Ba)(Nb or Ta)2(0CH2CH20CH3)i2were observed toform and were present in 

the bismuth containing coating solution. Theformation ofthese double 
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alkoxides may be key to the;superior annealing characteristics ofthis ail-

alkoxide sol-gel route in that the desired crystalline materials consists oflayers 

of bismuth oxide between layers of alkali-earth/transition metal perovskites. 

Powders annealed in oxidizing conditions were fully crystalline at850 °C. Films 

were deposited on polycrystalline silver,(100)strontium titanate, and(100) 

lanthanum aluminate single^crystal oxide substrates by spin-coating 

techniques. Both out-of-plane alignment(c-axis orientation)and in-plane 

alignment(a and b-axis orientation)for SrBijTasOg,SrBigNbjOg,and BaBiaNbaOg 

were achieved on the oxide substrates. [BaBijTajOg was not epitaxial on(100) 

LaAlOg due to a large lattice constant mismatch.] Pole figures aboutthe(105) 

reflection showed cube-on-pube epitaxy. An SBTfilm deposited on a silver 

substrate had a dielectric constant of280. 

Chapters3through 6;ofthis dissertation dealt with the solution synthesis 

of buffer layers for high temperature copper oxide-based superconductors 

(HTS). There are several requirementsfor buffer layers in order to achieve 

high critical currents in HTS materials. The buffer layers must be chemically 

compatible with the superconducting film and the substrate, have good 

mechanical properties,and,in the case of epitaxial films, have good lattice 

match to the superconducting layer. 

Buffer layers consisting of rare-earth gallates and rare-earth aluminates 

have been shown to meetthese requirementsfor HTS materials. The rare-
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earth gallate and rare-earth aluminate materials are extremely difficult to 

deposit by pulsed laser ablation or sputtering techniques due to preferential 

ablation or sputtering. Asan alternative to physical methods of deposition, rare 

earth gallates and rare-earth aluminates(where Ln = La,Pr, Nd,Gd,Y)were 

synthesized using solution deposition. The crystallization of powders under 

reducing and oxidizing conditions, deposition of polycrystalline films on silver 

substrates,and the deposition of epitaxial films on single crystal oxide 

substrates were studied. Both the rare-earth gallate powders(except GdGaOg 

and YGaOg)and rare-earth aluminate powders(except GdAlOg and YAIO3) 

showed single phaseformations and were fully crystalline at850 °C in oxidizing 

conditions. Films on(100)SrTiOa and(100)LaAIOsshowed out-of-plane and 

in-plane alignment. Pole figures aboutthe(220)reflection showed cube-on-

cube epitaxy. It was also poissible to engineer lattice mismatch through 

heteroepitaxial growth of multiple buffer layers of different rare-earth gallates 

and aluminates so as to minimize crystalline defects. 

Long-length single-crystal oxide substrates cannot be manufactured 

inexpensively,and substrates which are chemically Inert,flexible, mechanically 

robust,textured,and latticed'-matched to the superconducting layer are highly 

desirable for practical, long-length superconductors. Metal substrates such as 

Ni are the most logical choice and satisfy the mechanical requirements, buta 

ceramic buffer layer is necessary to obtain a chemically inert substrate. Rare-
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earth aluminate buffer layers were deposited on roll-textured nickel using spin-

coating and dip-coating techniques. Only LaAIOs,PrAIOs,and NdAlOg showed 

c-axis orientation. However, pole figures and phi scans about the(110) 

reflection of LaAlOg, PrAIOs,and NdAlOg films showed an eight-fold symmetry. 

This indicated that two in-plane epitaxies were present,and therefore, rare-

earth aluminate films on roll-textured nickel are unsuitable as buffer layers for 

superconductors. 

Tetragonal perovskites are potentially an important class ofsubstrates 

for the deposition of electronic ceramics such asthe cuprate superconductors, 

because these oxides have low dielectric constants and good in-plane lattice 

match to the superconductors. It is relatively difficult to grow single crystals of 

these materials,and consequently they are four orfive times more expensive 

than commercial wafers of SrTiOg and LaAlOg ofthe same size. However, 

heteroepitaxial growth ofthin-films ofthe desired material on a commercially 

available substrate is an alternative to the expensive growth ofsingle-crystal 

substrates. Tetragonal perovskites in the general form ABCO4(where A= Sr; B 

= La or Pr;C= Al or Ga)were prepared using solution deposition techniques. 

Powders were annealed in oxidizing conditions to determine their crystallization 

temperatures,and then coated on polycrystalline siiver substrates to 

understand their coating characteristics. SrLaAI04,SrPrAI04,SrLaGa04,and 

SrPrGa04 thin-films were spin-coated on single crystal oxide substrates of 
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(100)SrTiOg and(100)LaAIQjat850 °C. The tetragonal thin-films showed 

out-of-plane alignment(c-axis texture),and in-plane alignment,aboutthe(105) 

reflection on the single crystal substrates. Pole figures aboutthe(105) 

reflection showed cube-on-cube epitaxy. 

Since none ofthe multi-cationic aluminate and gallate films had 

reproducibly shown a single in-plane alignment, it was necessary to explore 

other buffer layer materials. Chemical solution epitaxy was used to deposit 

films of rare-earth oxides(Ln = Ce,Sm,Eu,Gd,Tb,Dy,Ho,Er,Tm,Yb,and 

Lu)on roll-textured nickel. Rare-earth methoxyethoxide solutions were made 

by an isopropoxide route and an acetate route. Rare-earth oxide thin-films, 

produced by the isopropoxide route,showed mostly c-axis orientation, where 

asfilms produced by the acetate route showed 100% c-axis orientation. 

Soiution studies using FT-IR showed that the methoxyethoxide ligand did not 

fully exchange with the acetate ligand. This solution mixture allows the films to 

crystallize at the interface ofthe substrate,and provides full c-axis texture. 

Pole figures aboutthe(222)reflection showed a cube-on-cube texture and 

single in-plane alignment. SEM imagesshowed pore free, dense and 

continuous rare-earth oxide thin-films on roll textured-nickel. Superconducting 

thin-films of yttrium barium copper oxide(YBCO)were grown on several ofthe 

solution deposited buffer layers. High critical currents(greaterthan 
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1.1 MA/cm^)and transition temperatures(around 91 K)were measured,thus 

demonstrating the viability ofthe solution deposition technique. 

In conclusion,this dissertation hasshown that bismuth-containing 

perovskites, rare-earth gallates and aluminates,tetragonal perovskites, and 

rare-earth oxide heteroepitaxial thin-films may be grown by solution techniques. 

General utility ofthe method has been demonstrated by approximately25 

different thin-fiims grown on three different types ofsubstrates in oxidizing and 

reducing conditions. Major incentives for the solution deposition process 

include simplicity and the iow-cost ofa non-vacuum process. 
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