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ABSTRACT 

The past two decades have seen advancements in high temperature superconducting 
cables for use in applications such as electrical transmission lines, propulsion systems, and 
mobile power generation systems. This work describes the development of a non-fluorine 
precursor solution for YBCO films with high critical current densities (Jc). An aqueous nitrate 
precursor solution system was selected from three possible precursor solution systems. It was 
further developed to produce YBCO films with Jc > 1 MA/cm2. Films up to ~800 nm thickness 
were made, and Jc > 1 MA/cm2 was obtained for films of over ~400 nm thickness. The 
developed aqueous solution contained a rheology modifier (hydroxyethyl cellulose / HEC), 
nitrates of Y, Ba, and Cu, and chelating agents (polyethylene glycol / PEG and sucrose). The 
total organic content was ~12 wt% of the entire solution, and the total cation concentration was 
~0.7 M. The rheology modifying polymer determined the thickness of the deposited films. This 
allowed for the deposition of films with higher thickness than would be dictated by the total 
dissolved cations alone.  

A low temperature decomposition process was developed based on analyses of the 
chemical reactions that take place in the precursor films as they were heated. This process 
produced smooth and defect-free intermediate films that were stable under ambient conditions. 
These films were then heat treated to convert them into YBCO films. Recommendations for 
future work include further improvements to the precursor solution, including more effective 
chelating agents and possible alternative solvent systems. Intermediate films thicker than 2.5 μm 
still tended to have surface defects. Additional in-depth thermal analysis would further show how 
these defects develop, and adjustments to the decomposition process could be made accordingly. 
High resolution plan-view and cross-sectional microstructures of the films between the precursor 
state and their converted forms is recommended. These future studies will be valuable in further 
improving the performance and thickness of films derived from the non-fluorine precursor 
solution developed in this thesis.   
 
 
Thesis Supervisor: Michael J. Cima 
Title: Sumitomo Electric Industries Professor of Engineering 
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CHAPTER 1: BACKGROUND AND MOTIVATION 

 
1.1 High Temperature Superconductors 

The discovery of high temperature superconductors in the 1980s has spurred widespread 

interest and research in the processing, properties, and performance of superconducting wires for 

a variety of applications [ 1 2]. High temperature superconductors (HTS) could be used in 

applications where high current densities and high magnetic fields are required. Cables 

containing HTS with orders of magnitude higher current densities could replace conventional 

copper cables in electrical transmission lines in power grids. The high current densities and 

lower weights of superconducting cables can be used in motors and transformers in propulsion 

systems and mobile power generation systems [ 5 6, 2]. The potential applications of 

superconducting wires are extensive, and the benefits that they would bring are motivation for 

further research to achieve the highest performances possible through materials selection and 

processing. 

There are two different architectures for HTS cables. The first generation (1G) 

superconductor architecture takes the form of fine filaments of Bi2Sr2Ca2Cu3O10 (BSCCO-2223) 

in a matrix of silver or silver alloy. Second generation (2G), or coated conductor, architecture 

consists of textured metal substrates coated with buffer layers and an epitaxial superconducting 

layer. The superconducting layer is REBa2Cu3O7-x, where RE is a rare earth metal such as 

yttrium or holmium. This thesis work is focused on YBa2Cu3O7-x (YBCO), which has a 

superconducting transition temperature (Tc) of 93K [ 2 8, 7].  
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Figure 1. Architectures for HTS wires [ 2] 
 

1.2 YBCO Microstructure and Current-Carrying Performance 

The microstructure of a YBCO film strongly affects its critical current density (Jc), 

critical current (Ic), transition temperature (Tc), and in-field Jc [ 8]. Current flow in a 

polycrystalline superconducting layer is made very difficult by the presence of large angle grain 

boundaries [ 9 10, 11, 12]. Dimos et al found that Jc across a grain boundary on the a-b plane is less 

than that within the bulk, with the disparity becoming worse with higher angles [ 14]. 

Misorientation angles beyond 2º have been found to result in an exponential decrease of Jc across 

the grain boundaries in YBCO films [ 12, 1].  

 

 

Figure 2. Ratio of Jc across a grain boundary over bulk Jc vs. grain misorientation angle [ 13] 
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The importance of microstructure in the performance of YBCO films is evident in 

measurements of Jc vs. film thickness for thick (>500 μm) YBCO films. A rapid drop-off in Jc is 

observed between the YBCO near the interface with the substrate and the YBCO that makes up 

the rest of the film. A high density of flux-pinning misfit dislocations near the substrate-YBCO 

interface, as observed in TEM, may explain this trend in Jc vs. thickness [ 16].  

 

 

Figure 3. Experimental data (with overlaid model) showing Jc vs. thickness [ 16] 
 

1.3 Deposition Processes 

 YBCO coated conductors are deposited by a variety of techniques. Physical deposition 

processes include pulsed laser deposition (PLD) and e-beam deposition. Chemical deposition 

techniques include chemical vapor deposition (CVD), metalorganic chemical vapor deposition 

(MOCVD), sol-gel, spray pyrolysis, metalorganic deposition (MOD), and electrodeposition. 

These techniques are used either to deposit YBCO directly on a substrate (in situ), or deposit the 

cations in other forms, as salts or oxides, to be converted through heat treatment into the final 

YBCO layer (ex situ) [ 8]. Both types of techniques produce high performance YBCO films with 

critical current densities of several MA/cm2
 [ 2]. YBCO films are deposited on textured buffered 
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layers that serve as a template for growth of a film with the desired grain orientation (00l). The 

microstructure of in situ films such as those grown by PLD is columnar. Ex situ films such as 

those grown by MOD have a laminar, layered microstructure [ 2, 17].  

 

Figure 4. Microstructures of MOD (laminar, left) and PLD (columnar, right) YBCO films 
 

1.4 Solution Deposition Processes 

There are several advantages to choosing solution deposition as the processing technique 

for depositing YBCO precursor films. The stoichiometry of the film can be easily controlled by 

tailoring the chemistry of the precursor solution [ 18]. Multiple layers of coating can be deposited 

to increase the total film thickness [ 19 16, 20]. There are also added processing flexibilities for 

depositing films over larger areas and/or longer substrate lengths [ 21].  

The current state-of-the-art solution deposition process for producing YBCO films is the 

TFA (trifluoroacetate) MOD process. Work done by various groups has produced TFA-MOD 

films with critical current densities exceeding 10 MA/cm2 and critical currents above 700 A/cm-

width [ 2]. Work done at MIT has reliably produced high critical current density (>1 MA/cm2) 

near-micron thick YBCO films using the TFA-MOD process [ 22].  

The presence of fluorine in the precursor results in formation of BaF2, which is more 

stable than BaCO3 [ 23]. Work done by Shaw et al shows that carbon in YBCO films is usually 

present in the form of barium carbonate. Incomplete decomposition of BaCO3 and the resulting 

incomplete removal of carbon is a source of contamination in the final YBCO films [ 24 25]. 
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Carbon contents between 0.5-1.2 wt% results in lowering of Tc to ~50 K in close-porosity films 

from which removal of carbon is more difficult [ 25]. This is an important aspect of the 

processing of YBCO films that are made from organic-containing, non-fluorine precursor 

solutions.  

The TFA process still has its disadvantages. Reaction between the fluoride compounds 

and flowing water vapor in the atmosphere during heat treatment results in evolution of HF gas. 

The removal of HF gas from the system limits growth of the YBCO. Complex reactor designs 

that maintain uniform gas flow and P(HF) across the sample are thus necessary to produce 

uniform films [ 26, 19]. This complication limits the width of YBCO that can be uniformly 

processed. Additionally, the reactions that must take place during the conversion of the precursor 

film to the final film result in long processing times. The TFA process developed at MIT, for 

instance, involves an overnight decomposition step prior to the high temperature conversion step. 

These disadvantages provide motivation to develop solution deposition processes for 

superconducting YBCO films from non-fluorine containing precursors, despite the possible 

BaCO3 challenges. 

 

1.5 Organization of Thesis 

 The ultimate aim of this thesis work is to develop a non-fluorine precursor solution for 

deposition of high critical current density YBCO films. Within this scope there are several 

specific aims, each of which will be discussed in the following chapters. Chapter 2 will cover the 

selection of one out of three non-fluorine solution deposition processes based on a set of pre-

determined criteria. Chapter 3 will encompass the work done to further develop that process to 

improve film characteristics and increase performance (Jc) and film thickness. Chapter 4 will 
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include a discussion of the chemical reactions taking place in the film as it undergoes heat 

treatment and the development of a low temperature heat treatment to obtain a high quality 

intermediate or decomposed precursor film. Chapter 5 will conclude with a summary of the work 

done and recommendations for future work.  
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CHAPTER 2: SELECTION OF NON-FLUORINE SOLUTION DEPOSITION SYSTEM  

2.1 Introduction 

The literature on non-fluorine solution deposition processes reveals a variety of non-

fluorine systems that have been researched to produce superconducting thin films. Work has 

been done by different groups on non-fluorine systems comprising of acetylacetonates, 

trimethylacetates, naphthenates, alkoxides, and nitrates of the cations that make up the 

superconductor [ 27, 28, 30, 21, 31, 32]. The outcomes of these processes vary, with films of less 

than 100 nm to more than 1 μm in thickness, and from no Jc values reported to Jc values of a few 

MA/cm2. Likewise, the processes differ in their degree of complexity, processing time, amount 

and toxicity of reagents, and other factors that affect how straightforward it would be to obtain 

films of a certain thickness with a particular performance threshold.  

 A number of non-fluorine based processes have demonstrated high performance (>1 

MA/cm2) YBCO films. Kumagai and co-workers have produced ~200 nm films with Jc values in 

excess of 4 MA/cm2 on single crystal substrates. Their precursor solution consists of Y, Ba, and 

Cu acetylacetonates [ 19]. Researchers at Oakridge National Labs (ORNL) have developed a 

Ba(OH)2 and Y and Cu trimethylacetate (TMA) based route which also has produced thin 

(~100nm) films of >1 MA/cm2.  The acetylacetonates are dissolved in a mixture of pyridine and 

propionic acid solvent [ 30, 32, 33]. Lu and co-workers at the University of Wisconsin produced 

0.9 μm (Y,Sm)BCO films on rolling assisted biaxially textured (RABiTS) substrates with Jc up 

to 1.7 MA/cm2.   

These non-fluorine MOD routes have apparently solved the BaCO3 formation problem, 

but have some drawbacks. The precursor components are toxic and/or dangerous. Solution 

preparation schemes can be complex, often requiring multiple drying and re-dissolving steps to 
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obtain the final chemicals that go in the solution.  Film layer thicknesses per deposition are quite 

thin because of the poor solubility of Ba. The acetylacetonate process, for instance, required 

fifteen coatings to obtain the desired thickness [ 20]. The conversion heat treatment can be quite 

complex and, in the case of the TMA process, requires high water vapor pressure, which 

complicates reactor design.  

Researchers at Wright State University have developed a colloidal YBCO solution 

deposition technique. A colloid suspension containing oxide nanoparticles with particle sizes of 

about 10 nm is deposited by spin coating and heat treated to 750ºC. The advantage in being able 

to use the colloidal suspension is that the precursors start in the form of oxides, which would 

reduce processing times. YBCO films produced with the nano-colloidal process had a Tc of 80.2 

K. No critical current values were reported [ 34].  

Several researchers have turned to metal-nitrate solutions to create simpler and safer non-

fluorine based deposition techniques. Low toxicity and low cost solvents such as water and 

methanol are generally compatible with nitrates. However, nitrate solutions may pose several 

challenges for film production. Some of these challenges are the hydroscopic nature of the 

reagents, the necessity of decomposing nitrates during heat treatment, and difficulty in getting 

the solution to wet the oxide or oxide-coated metal substrate [ 35].  

One solution to the substrate wetting problem is to spray the nitrate solution onto a heated 

substrate. Gupta et. al. have obtained ~1-3 micron YBCO films on YSZ substrates with Jc = 42 

A/cm2 at 77 K using a process in which an all-nitrate solution is sprayed onto a heated (~180oC) 

substrate and subsequently heated to ~900-950oC under flowing oxygen [ 31]. This process has 

been refined by Supardi et al. They have produced ~2 micron films with Jc ~ 1.4 MA/cm2 at 77 
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K by spraying an all-nitrate solution onto heated (~850oC) single-crystal STO substrates, 

followed by annealing at that temperature for 120 minutes [ 37].  

Apetrii et al have produced 250 nm YBCO films on single crystal SrTiO3 (STO) 

substrates with Jc values of 1 MA/cm2 at 77 K using a polyacrylic acid-nitrate precursor solution 

in dimethylformamide. Their films are first heated at 170oC for 3 hours before going through 

high-temperature annealing at 775oC [ 21]. A number of other reports have fabricated other metal 

oxide films from nitrate-based solutions [ 38, 39, 40]. These authors have all chosen to use organic 

solvents as the solution vehicle. Polymer solubility and substrate wetting are improved while 

solubility of the cations is maintained. Jia et al have reported on polymer-assisted deposition of 

films, including those incorporating aqueous solutions of nitrates, polyethyleneimine (PEI), and 

ethylenediamine tetraacetic acid (EDTA). This work has produced crystalline YBCO, but no 

critical current densities have been reported [ 41].  

  

Table 1. Selected summary of work done on non-fluorine systems by other groups 

Author Year Location 
Deposition 
Method Ligand Solvent 

Thickness 
(nm) 

Jc, 0T, 
77K 
(A/cm2) 

Rice [ 42] 
1987 AT&T Bell 

Labs 
Spin/dip 
coating Acetate Acetic acid/water 160 (Tc=58 K) 

Hamdi [ 27] 1987 GM Research 
Labs Spin coating Neodecanoate Xylene/pyridine 500 (Tc=17 K) 

Kumagai [ 28] 1987 AIST (Japan) Dip coating 
Ba, Cu- 
naphthenates, Y- 
stearate 

Toluene  (Tc=60 K) 

Kordas, G. 
[ 43] 1990 Univ. of 

Illinois Spin coating 
Cu-ethoxide, Ba, 
Y- 
methoxyethoxide 

Toluene, 
methoxyethanol 1000  

Bowmer, T. 
and Shokoohi, 
F.[ 44] 

1990 Bellcore Spin/dip 
coating Neodecanoate 

Xylene/ 5% pyridine 
or toluene/ 5 % 
pyridine 

 50 

Manabe [ 19] 1991 AIST (Japan) Spin coating Acetylacetonate 
Propionic 
acid/Pyridine (and 
methanol) 

2000 0.39 x 106 
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Kumagai [ 28] 1992 AIST (Japan) Spin coating Naphthenates Toluene 1000 1.1 x 106 

Chu [ 45] 1993 Univ. of 
Illinois Spin coating Trimethylacetate 

Propionic 
acid/amylamine and 
xylene 

 0.13 x 106 

Rupich [ 46] 1993 EIC 
Laboratories Spin coating Alkoxides Pyridine, also 2-

methoxyethanol  0.2 x 106 

Kumagai [ 28] 2001 AIST (Japan) Dip coating Acetylacetonate 
Propionic 
acid/Pyridine (and 
methanol) 

400 1 x 106 

Supardi [ 37] 2002 LMGP-INGP, 
France 

Spray 
pyrolysis Nitrate Water 1000 1.4 x 106 

Xu [ 32] 2003 ORNL Spin coating 

Y, Cu-
trimethylacetate 
and barium 
hydroxide 

Propionic 
acid/amylamine and 
xylene 

70-100 1.65 x 106 

Shi [ 30] 2004 University of 
Cincinnati Spin coating 

Y, Cu- 
trimethylacetate 
and barium 
hydroxide 

Propionic 
acid/amylamine and 
xylene 

500 0.1 x 106 

Apertrii [ 21] 2005 Leibniz Inst 
(Germany) Spin coating Polyacrylic, 

nitrates Dimethylformamide 250 1.0 x 106 

Tsukada [ 19] 2005 AIST (Japan) Spin coating Acetylacetonate 
Propionic 
acid/Pyridine (and 
methanol) 

200 4.0 x 106 

Lu [ 20] 2006 University of 
Wisconsin Spin coating Acetylacetonate 

Propionic 
acid/Pyridine (and 
methanol) 

900 1.7 x 106 

 

 
 
 
 
2.2 Selection of Non-Fluorine Solution Deposition Process 

The first specific aim of this thesis work is to produce YBCO films by three different 

non-fluorine solution deposition systems and select one that has the most promise. The main 

criteria for selection of the overall process are (1) critical current density > 1 MA/cm2
, (2) 

thickness that can exceed 500 nm, and (3) the potential for further improvements to increase Jc 

and thickness. Bhuiyan et al have outlined criteria for a precursor solution that will produce 

quality superconductors [ 18]. These criteria are as follows. 
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(1) The solution is stable, with sufficient solubility. 

(2) The cations remain in the film during/after heat treatment, but all decomposed 

ingredients are released into the flowing gas stream with no film residues remaining.  

(3) Crystallization or macroscopic phase separation of the individual precursor 

components upon evaporation of the solvent are prevented. 

(4) The solution wets the substrate and produces an overall deposited layer.  

(5) The rheology and flow of solution can be adjusted to obtain the desired film thickness. 

(6) Lack of cracking or compositional non-uniformities during heat treatment.  

(7) Interdiffusion between the film and substrate is minimized. 

(8) Degradation of substrate properties is minimized. 

(9) Long term stability of the solution is possible; solution ageing is minimized. 

These criteria were used as guidelines for selecting one of the three processes to be further 

developed as a high-Jc non-fluorine solution deposition process.  

Three different precursor solutions were examined in this part of the thesis: a 

trimethylacetate-based solution, a particulate-alkoxide solution, and an aqueous polymer-nitrate 

solution. Each solution was spin-coated onto single crystal (100) lanthanum aluminate (LAO) 

substrates using a photoresist spinner. The resultant precursor film was heat treated under a low 

oxygen atmosphere (approximately 100 ppm O2/N2) to annealing temperatures between 740ºC 

and 760ºC. Some variations to the heat treatment were applied depending on the process, 

including the use of water vapor and/or other oxygen partial pressures. Critical currents of the 

films were measured under 77 K and self-field using a four-point probe type measurement.  

Optical and SEM micrographs were taken of films from each process. High resolution 

micrographs were taken using a Hitachi S-530 or a JEOL JSM-6060 SEM under secondary 
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electron mode. XRD patterns were obtained using a Rigaku R-200 three-circle diffractometer 

with a rotating anode source at 50 kV and 300 mA. Film thicknesses were measured by using the 

Tencor P10 Profilometer. Composition of the precursor solutions and dissolved films were 

measured by using the Spectro Ciros Vision inductively coupled plasma (ICP) atomic emission 

spectroscopy. Measurements of the relative carbon content in the film was done by wavelength 

dispersive spectroscopy (WDS) using a JEOL JXA-733 Electron Probe Microanalyzer (EPMA) 

at 15 kV accelerating voltage and 10 nA current. The relative elemental composition of the film 

surface was obtained using a PHI 700 Scanning Auger Nanoprobe at 10 kV accelerating voltage. 

 

2.3 Trimethylacetate-Based Precursor Solution 

2.3.1 Experimental Procedure 

2.3.1.1 Precursor Solution Preparation 

Work by Shi et al was used as a starting reference for the experimental procedures and as 

a comparison for the resulting films [ 30, 32, 33]. Yttrium acetate (Y(CH3COO)3) and copper 

nitrate (Cu(CH3COO)2) were separately dissolved in water. A separate solution of ammonium 

trimethylacetate (NH4(C4H9COO)) was made by reacting trimethylacetic acid (C4H9COOH) and 

10-30% excess ammonium hydroxide (NH4OH). The aqueous acetate solutions were mixed with 

ammonium trimethylacetate. Light blue-green copper trimethylacetate (which will be referred to 

as Cu(TMA)2) powder and white yttrium trimethylacetate (Y(TMA)3) precipitates were then 

formed from the solution. After mixing for at least thirty minutes to ensure that enough 

trimethylacetates were formed, the remaining solution was filtered away from the wet precipitate 

powders. This process was repeated several times. The wet powders were washed again with the 

ammonium hydroxide – trimethylacetic acid solution to ensure that all of the remaining 
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precipitates were fully converted to Y(TMA)3 and Cu(TMA)2. These cakes were then dried 

inside a vacuum furnace overnight. Y(TMA)3, Ba(OH)2, and Cu(TMA)2 were added together in a 

nominal stoichiometric ratio of Y: Ba: Cu = 1: 1.8: 3 and dissolved in a 4:3 propionic acid: 

amylamine (n-pentylamine) solvent to make a dark blue precursor solution. The total cation 

concentration of the solution was between 0.5 and 0.6 M, with an ICP measured stoichiometry of 

1: 1.83: 3.01.  

 

2.3.1.2 Deposition and Heat Treatment 

The trimethylacetate (TMA) precursor solution was deposited on LAO substrates at a rate 

of 4000 rpm for 30 seconds. The substrate was then placed on a hot plate at a temperature 

between 110ºC and 120ºC to prevent dewetting of the film from the substrate. Higher thicknesses 

may be obtained by spin-coating additional layers on top of a first layer that had been heated on 

the hot plate.  

The precursor film was heat treated in a tube furnace with wet O2 gas (bubbler water dew 

point ~40ºC) through a decomposition step at 400ºC, followed by a high temperature (variable 

Tconversion = 730-800ºC) conversion step under flowing wet 100 ppm O2/N2 gas. The film was 

then cooled under dry 100 ppm O2/N2 gas, followed by an oxygen annealing step at 525ºC before 

furnace cooling to room temperature under dry O2.   
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Figure 5. Heat treatment profile for TMA process 
 

2.3.2 Results and Discussion 

 The spin-coated TMA films were very smooth, but the film’s adherence to the substrate 

was limited, thus the need for a drying step immediately following spin coating. The low 

concentration of cations in the precursor solution and lack of polymers in solution to assist in 

wetting of the substrate resulted in thin films of less than 100 nm per layer. Multiple coating 

increases the thickness of the overall film, but only by so much. Four layers made up a ~250 nm 

final film, but nine layers also made up that same thickness. It was likely that subsequent spin-

coating of layers resulted in dissolution of the layer(s) already deposited, reducing the total 

amount of material that actually remains on the substrate. It was found that adding more than 

four coats did not serve to increase the thickness of the final film.  

 A θ-2θ scan of a representative TMA film showed a highly c-axis oriented YBCO film. 

Pole figure and micrographs at low and high magnification showed the epitactic structure of the 

TMA films.  
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Figure 6. c-axis textured YBCO film from TMA precursor 
 

 

  

Figure 7. Optical and SEM micrographs of TMA films showing large a-axis grains 
 

Despite evidence of epitaxial YBCO, none of the TMA films produced carried current at 

77 K under self field. The room temperature resistance values for TMA films were quite high, 

ranging from 700 Ω to more than 3000 Ω. The room temperature resistances of MA/cm2 TFA 

films usually fall below 40 Ω. Room temperature resistances were used as a fast indicator of 

whether or not a film would become superconducting and carry current at 77 K.  
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Although the TMA process had been shown to work elsewhere, there were several 

difficulties in reproducing those results. There may have been excess acetates in the precursor 

solution from incomplete reactions to form the trimethylacetate compounds. The powders were 

washed several times, but there may still be acetates left even after those steps. The low solution 

concentration and difficulty of wetting the substrate made obtaining a sufficiently thick film that 

coats the entire substrate quite complicated. Even multiple coatings could not significantly build 

the thickness. The conversion process to achieve the final YBCO film required high water vapor 

partial pressures. This in turn required a complex furnace set-up to prevent condensation of water 

vapor in the tube that carried the gas stream to the interior of the furnace. These difficulties 

suggested that if another precursor solution route could be taken that produced thicker films, 

better wet the substrate, and did not involve an intermediate chemical preparation step, that route 

would be preferable to the TMA precursor solution route.  

 

2.4 Alkoxide-Based Precursor Solution 

 The second solution deposition route tested incorporated alkoxides of yttrium and barium 

and copper oxide particles. The hydrolysis of metal alkoxides is often used in sol-gel processes, 

but in this particular process any gelling of the separate alkoxides was prevented until all of the 

cations were deposited together on the substrate. Furthermore, a granular or colloid precursor 

system, such as one used by Mukhopadhyay et al at Wright State University, had been suggested 

to produce films with lower porosity at a faster rate (the state of the precursor film would be 

closer to the final film) [ 34].    
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2.4.1 Experimental Procedure 

2.4.1.1 Precursor Solution Preparation  

As-received barium 2-methoxyethoxide (Ba(OCH2CH2OCH3)2, or Ba(2-ME)2 in short) 

and yttrium 2-methoxyethoxide were analyzed by ICP to determine the actual cation 

concentration. It was found that there was a 20-30% difference between the as-received label and 

the actual cation content. Using this information, corrected amounts of the as-received alkoxides, 

in a nominal ratio of Y: Ba: Cu = 1: 2: 3, were dissolved in 2-methoxyethanol. The solution was 

then distilled to increase the Y cation concentration from ~0.083 M to ~0.131 M. Effort was 

made to keep the alkoxide solution from being exposed to ambient atmosphere by doing most of 

the mixing inside a nitrogen atmosphere glove box. No hydrolysis of the alkoxides into gels was 

observed with this procedure.  

A separate suspension of as-received CuO nanoparticles in 2-methoxyethanol was 

prepared. A proportionate weight of CuO needed to complete a 1:2:3 stoichiometric ratio was 

suspended in 2-methoxyethanol solvent. The CuO nanopowder, with a stated average particle 

size of 33 nm, was agglomerated and aggregated into sizes larger than 0.1 μm. Steps to break up 

the aggregates and agglomerates, and keeping the particles apart, were undertaken. CuO in 2-

methoxyethanol suspensions were milled, ultrasonicated, or both, and the resulting particle size 

distributions measured. Milling was done using a vibratory mill with zirconia milling media in 

an HDPE bottle. Particle size distributions were obtained using a Horiba Particle Size 

Distribution Analyzer (CAPA-700).   

Several different commercial nonionic dispersants were subsequently tested for their 

effectiveness in keeping the broken up CuO agglomerates and particles dispersed in the solvent. 

A combination of these steps and the best choice for dispersant (polyethyleneimine (PEI), as will 
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be discussed below) were used to obtain the CuO suspension in 2-methoxyethanol to be 

combined with the Y and Ba alkoxides from the previous step. Further improvement to the 

solution preparation combined the two segments into one. Distillation of the Y and Ba alkoxides 

was followed by addition of the PEI and CuO nanopowder. The entire mix was then 

ultrasonicated to obtain the final precursor solution. This precursor had a final dissolved cation 

concentration of ~0.39 M, with an ICP measured stoichiometry of Y: Ba: Cu = 1: 2.07: 3.02.  

 

2.4.1.2 Deposition and Heat Treatment  

The alkoxide suspension precursor was deposited on LAO substrates at a rate of 3000-

4000 rpm for 30-60 seconds. No drying step was required; the films adhered on the surface of the 

substrate without heating on a hot plate. Multiple coatings, however, do require a drying step on 

a hot plate between layers to prevent significant dissolution of the layer(s) already deposited. The 

precursor film was heat treated in a tube furnace with wet 100 ppm O2 gas (bubbler water dew 

point ~25ºC) through a high temperature conversion step (Tconversion = 740ºC-780ºC) under 

flowing wet 100 ppm O2/N2 gas. The film was then cooled under dry 100 ppm O2/N2 gas, 

followed by dry O2 at 525ºC through cooling to room temperature.     
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Figure 8. Heat treatment profile for alkoxide-suspension process 
 

2.4.2 Results and Discussion  

2.4.2.1 Precursor Results and Discussion 

 Separate experiments were done to determine whether ultrasonicating, milling, or both 

would make the most impact in breaking up CuO aggregates, reducing agglomerate sizes, and 

separating the CuO particles.  

 

 
Figure 9. Particle size distributions of CuO nanopowders before and after vibratory milling 
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Figure 10. Particle size distributions of CuO nanopowders before and after ultrasonication 

 
 

It was found that any amount of milling reduced the particle size distribution and broke up 

aggregates larger than 1 μm. However, the milling time did not make much of a difference. 

Similarly, any amount of ultrasonication was shown to decrease the particle size distribution, but 

there was not much of a difference made by ultrasonicating for longer times. A combination of 

ultrasonication and milling was shown to decrease the particle size distribution approximately 

the same amount as milling. There was no apparent advantage in combining the two processes. 

Milling, however, involved the use of media of a different material, and contamination was more 

likely. Thus, ultrasonication was chosen as the method for breaking up the CuO aggregates and 

agglomerates.   

Different non-ionic dispersant materials were tested for suspension of the CuO in 2-

methoxyethanol. The dispersants tried included sorbitan monolaurate (Span 20), sorbitan laurate 

(Arlacel 20), Surfynol DF210 defoamer, sorbitan oleate (Span 80), and polyethyleneimine (PEI).  

These suspensions were stirred and left for at least one week to observe the sedimentation 

behavior of the particles and agglomerates.  
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Figure 11. Sedimentation of CuO nanopowder with different dispersants 
 

PEI was found to be the most effective dispersant for CuO nanopowders in 2-methoxyethanol. 

The amine groups in PEI, and the evidence that it worked well in dispersing CuO, suggested 

acidic surfaces of the CuO particles.  

 Optical micrographs showed the differences between films spin-coated from solutions 

containing CuO that (1) did not have any dispersant and was not ultrasonicated, (2) had 

dispersant but was not ultrasonicated, and (3) had both dispersant and was ultrasonicated.  

 

   

Figure 12. Films spin-coated from different CuO suspensions 
 

These micrographs showed the advantage of having both a mechanical way to separate the CuO 

powder agglomerates and to keep them separated by the addition of a dispersant. PEI dispersant 
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did keep agglomerates and particles separated, but there was still a high degree of non-

uniformity across the surface of the spin-coated film. Ultrasonicating would allow for larger 

agglomerates and aggregates to break up, and then the PEI would keep them apart and keep the 

suspension stable. A combination of both was used for the CuO particles in the final precursor 

solution.   

 
2.4.2.2 Processed Film Results 

 The alkoxide-based precursor was more successful in building up film thickness than the 

TMA precursor solution. Multiple coatings resulted in film thicknesses up to 1 μm (for a six-

layer film). It seemed that the first spin-coated layer adhered better to the substrate, because no 

dewetting was observed. Additional layers also did not seem to dissolve the preceding layers, 

because the thickness did increase significantly with multiple spin-coating steps. However, 

thicker films were observed to experience cracking, which posed a serious problem for the 

current-carrying performance of the films.  

  

Figure 13. SEM micrographs showing a single-layer (left) and four-layer (right) film 
 

The alkoxide-suspension precursor produced films containing c-axis YBCO, but other 

compounds, including Cu2O and an off-stoichiometry Y-Ba-Cu compound, likely YBa3Cu2O6.5+x 
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were detected by XRD. These secondary phase peaks were not detected in XRD of films made 

from precursors that were processed with ultrasonication and dispersion steps. 

 

 

Figure 14. XRD pattern of YBCO film from alkoxide-suspension precursor (not ultrasonicated) 
 

 

Figure 15. XRD pattern of YBCO film from alkoxide-suspension precursor (ultrasonicated and 
dispersed) 
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Despite the observation of clear c-axis YBCO peaks, these films did not carry current because 

there was no continuous path for the current. The optical micrograph below still showed surface 

non-uniformities, and an overall discontinuity in the film. 

 

Figure 16. Optical micrograph of YBCO film made from alkoxide-suspension precursor 
 

 The alkoxide-based process was promising in that it can be used to produce thick films 

and was observed to produce c-axis textured YBCO. However, the size of the CuO particles in 

the precursor solution remained a large problem. Without significantly increasing the extent of 

mechanical separation and dispersion of the agglomerates, the films produced would remain non-

uniform and there would be patches where there is no film at all, as observed above. This further 

complicated the process. Although it was possible to decant only the smallest and most dispersed 

CuO particles after ultrasonicating and dispersing, the overall stoichiometry control would 

become much more difficult. This process initially seemed to offer more advantages than the 

TMA process, but it was not the most promising solution, because it did not produce current-

carrying YBCO films.  

 

2.5 Polymer-Nitrate Precursor Solution  

The third solution deposition system tested was an aqueous polymer-nitrate system. Work 

done previously had successfully deposited CeO2 films on single-crystal YSZ substrates using a 



 32

polymer-nitrate solution [ 35]. Using this work as a starting point, aqueous solutions of Y, Ba, 

and Cu nitrates and various polymers were made and tested for their viability in making 

sufficiently thick, current-carrying YBCO films.  

 

2.5.1 Experimental Procedure 

2.5.1.1 Precursor Solution Preparation 

The polymer-nitrate precursor solutions used yttrium nitrate hexahydrate (Y(NO3)3·6H2O, 

MW 382.94 g), copper nitrate trihydrate (Cu(NO3)2·3H2O, MW 241.57 g), and barium nitrate 

(Ba(NO3)2, MW 261.35 g). These nitrate powders were dissolved in deionized water, making a 

light blue solution with 0.3-0.8 M total cation concentration. A polymer rheology modifier was 

used to modify the wetting behavior and thickness of the deposited film. Polymers such as 

polyvinyl alcohol (PVA), polymethylmethacrylate (PMMA), polyacrylic acid (PAA), and methyl 

cellulose were initially tried as candidates for the rheology modifier. It was found that out of 

these polymers, PVA and methyl cellulose both could be used to produce continuous films of 

sufficient thickness that wet the substrates.  

PVA-nitrate solutions were prepared by adding PVA (MW 15000) to an aqueous solution 

of the nitrates under heat and stirring. Approximately 5-10 wt% PVA with respect to the total 

weight of the nitrate-water solution (~63-125 wt% with respect to the total nitrates, depending on 

the solution concentration) was added before the solution reached 40oC, resulting in a cloudy 

light blue solution. The cloudy solution became clear at around 80oC, after which the solution 

was taken off of the hot plate to cool. The finished precursor solution was a viscous, clear light 

blue solution. Methyl cellulose-nitrate solutions were prepared by pouring a heated (~80º) 

aqueous nitrate solution onto 2-10 wt% methyl cellulose with respect to water while mixing. The 
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whole solution was then mixed at room temperature and allowed to cool. The nominal 

stoichiometric ratios of the solutions were Y: Ba: Cu = 1: 1.8-2: 3.  

 

2.5.1.2 Deposition and Heat Treatment 

 The polymer-nitrate solutions (polymer: PVA or methyl cellulose) were spin-coated onto 

LAO substrates at a speed of 4000 rpm for 120 s. The spin-coated films were then heat-treated 

up to Tanneal = 760ºC under flowing 100 ppm O2/N2 atmosphere, followed by flowing dry O2 gas 

during furnace cooling to room temperature.  

 

 

Figure 17. Polymer-nitrate heat treatment profile 
 

2.5.2 Results and Discussion 

 A summary of the thickness, Jc, and observations of the various polymer-nitrate solutions 

is presented in the table below.  

Table 2. Summary of results for polymers as rheology modifiers in nitrate solution 

Polymer 
Wt % (wrt 

H2O) Thickness MA/cm2 Jc? Remarks 
PVA 5-10% <100 – 250 nm Yes Limitations in final film thickness 
MC 2-10% <100  to 350 nm Yes Purity problems with available grades. 

PAA 1-2% Not continuous No current Film dewetting, patchy film 
PMMA 3-10% Not applicable N/A Unspinnable precursor solution 
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 Both the PVA and methyl cellulose dissolved nicely to produce viscous aqueous 

solutions, while neither PMMA nor PAA were suitable for the aqueous nitrate solution. PMMA 

did not significantly increase the viscosity of the solution to a point where it could be spin-coated 

into a film. A viscous PAA-nitrate solution did not sufficiently wet the substrate to produce a 

continuous green film. PVA and methyl cellulose were both used in precursor solutions that 

produced c-axis textured, current-carrying YBCO films with thicknesses over 100 nm. Similar 

solutions were made from the nitrates of holmium, barium, and copper, and also produced c-axis, 

high performance (Jc > 1 MA/cm2) HoBCO films.   

 

 

Figure 18. XRD pattern of YBCO film made from PVA-nitrate solution 
 

 

Figure 19. XRD pattern of YBCO film made from methyl cellulose-nitrate solution 
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The polymer nitrate precursor solution clearly possessed advantages compared to the two 

other processes. The solution preparation was straightforward and did not require an intermediate 

reaction step such as that found in the TMA process. The solution was uniform and produced 

sufficiently thick, current carrying YBCO films. Based on these initial results, the polymer 

nitrate precursor solution was selected to be the solution that would be developed throughout the 

rest of this thesis work. The development of this precursor solution system will be discussed in 

the Chapter 3, and the evolution of the microstructure of resulting films and their relationship to 

film performance will be discussed in Chapter 4.  
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CHAPTER 3: POLYMER-NITRATE PRECURSOR SOLUTION DEVELOPMENT 

3.1 Limitations of the Polymer-Nitrate Precursor Solution  

 The polymer-nitrate solution was the only one of the three different solution systems 

tested in the previous section that produced current-carrying YBCO films. However, the solution 

was far from perfect. Initial film thicknesses seemed to stop at ~250-350 nm, and the 

reproducibility of films with Jc > 1 MA/cm2 was still quite low. The solubilities of yttrium nitrate 

and copper nitrate in water are both more than 130 g in every 100 g of water, while the solubility 

of barium nitrate is only ~10 g for every 100 g of water [ 47]. Supersaturation of barium nitrate in 

solution resulted in precipitation of crystalline barium nitrate within the deposited films as they 

dried during and after spin-coating. This crystallization of barium nitrate became more apparent 

over time, as was seen in the formation and growth of dendritic structures in the films. 

 

Figure 20. YBCO film with Ba(NO3)2 crystallization 
 

 

Figure 21. XRD pattern confirming presence of Ba(NO3)2 crystals 



 37

The second specific aim of this thesis work was to address these limitations in the 

precursor solution in order to improve the YBCO film performance and increase reproducibility 

of the high performance films. Modifications to the precursor solution were made to address the 

different precursor solution limitations, and a latest version of the polymer-nitrate precursor 

solution was obtained. Recommendations for additional improvements that can be further made 

to this precursor solution are discussed at the end of the chapter.  

 

3.2 Effect of PVA on Film Thickness 

3.2.1 Experimental Procedure 

Changes in the viscosity of the precursor solution were hypothesized to be related to the 

amount of polymer, and in turn the viscosity of the solution would affect the thickness of the 

deposited precursor film. The initial work covered in Chapter 2 showed PVA to be a promising 

rheology modifier. Viscosity measurements of PVA-nitrate solutions with different PVA 

amounts were conducted. Measurements of green and fired film thicknesses were related to the 

viscosities of the solutions used to obtain those films.  

 

3.2.2 Results and Discussion 

 The viscosity of solutions containing different amounts of PVA rheology modifier 

increased with higher PVA content. However, higher viscosity did not necessarily mean higher 

final film thicknesses; the slight increase in thickness with viscosity leveled off around 200 nm.  



 38

 

Figure 22. Higher PVA content increases viscosity, but doesn’t significantly increase final thickness 
 

These results suggested that further increasing the film thickness would require more than 

just increasing the viscosity of the solution. The total cation concentration of the PVA-nitrate 

precursor solution would have to be increased from its ~0.3 M value to increase the amount of 

cations deposited onto the substrate. The low solubility of Ba(NO3)2 posed a challenge in 

achieving this goal. Approaches to dealing with Ba(NO3)2 crystallization as a result of 

supersaturation of Ba(NO3)2 in solution are discussed in the next section. 

 

3.3 Reducing or Eliminating Ba(NO3)2 Crystallization  

3.3.1 Experimental Procedure 

Several experiments were conducted with the goal of reducing or eliminating Ba(NO3)2 

crystallization from the precursor film. The crystallization had to be prevented during and after 

spin-coating, as well as up to a temperature (< 300ºC) at which the film became stable under 

ambient conditions and no further crystallization would occur. The first experiment involved 

addition to the viscosity of the precursor solution and mechanically preventing segregation of 
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Ba(NO3)2 crystals out of the spin-coated film. This was done by adding the amount of PVA in 

PVA-nitrate solutions, and observing the change(s) in the appearances of the spin-coated films.  

The second experiment involved addition of polyethylene glycol (PEG) as a chelating 

agent. Different amounts of different molecular weight PEG were added to solution aliquots, and 

the resulting spin-coated film observed at a 500x magnification using an optical microscope in 

reflection mode. Work done on other systems showed that it was possible to use compounds such 

as polyethylene glycol (PEG) to chelate with metal cations. Work by Rogers et al, for instance, 

used PEG as an extracting agent for Sr2+ cations from aqueous solutions of Sr(NO3)2 and SrCl2 

[ 48].  

 

Figure 23. Schematic of PEG chelation of Sr2+ cation [ 48] 
 

The third experiment was done with the goal of preventing Ba(NO3)2 crystallization at 

elevated temperature. A later version of the precursor solution used hydroxypropyl methyl 

cellulose (HPMC) as its rheology modifier (see Section 3.4). PEG as a chelating agent prevented 

Ba(NO3)2 crystallization during and after spin-coating, but crystallization was observed in post-

heat treated films. Considering that PEG chelated well with Ba2+ cations in solution, a second 
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chelating agent, and not a replacement chelating agent, was sought to prevent crystallization 

during heat-treatment. 

 

3.3.2 Results and Discussion 

3.3.2.1 Rheology Modifier Addition 

 Increasing the PVA content of the precursor solution was found to reduce the extent of 

Ba(NO3)2 crystallization. The following optical micrographs showed a stark difference between 

films made from solutions containing 6 wt% and 10 wt% PVA. The viscosity of the latter 

solution was approximately five times that of the former. Clearly, while viscosity increase did 

not increase final film thickness, it did affect this characteristic of the films.  

 

  

Figure 24. PVA-nitrate films spin-coated under similar conditions (dew points 12.5ºC and 12.7ºC, 
respectively), showing the difference between having 6 wt% PVA (left) and 10 wt% PVA (right) 

 

It had been observed that with higher ambient humidity, films tended to experience more 

crystallization. This may be because the slow drying of the film allowed the Ba(NO3)2 crystals to 

grow and form the dendritic structure observed even at lower magnifications. However, addition 

of PVA resulted in a lesser extent of the growth of the dendrites, even under those higher 

humidity values. The resulting increase in viscosity of the solution, as discussed above, 
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mechanically prevented the crystallites from growing. However, this addition was not 

completely effective in preventing the Ba(NO3)2 crystals from nucleating. 

  

 

Figure 25. A PVA-nitrate film made from a 10 wt% PVA solution, showing small Ba(NO3)2 nuclei 
and one that had formed into a dendritic feature 

 
  

Finally, there was only so much PVA that could be added to the solution before it became too 

viscous to pipette onto the substrate for spin-coating. Another method for preventing Ba(NO3)2 

crystals from forming and growing would have to be used.   

 

3.3.2.2 Addition of PEG as a Chelating Agent 

 The optical micrographs presented below showed the differences between films made 

from PVA-nitrate solutions containing 5 wt% and 7 wt% PEG 400, and 7 wt % and 10 wt% PEG 

1500, respectively. 
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(a)  (b)  

(c)  (d)  

Figure 26. Optical micrographs of films made from PVA-nitrate solutions containing (a) 5 wt% 
PEG 400, (b) 7 wt% PEG 400, (c) 7 wt% PEG 1500, and (d) 10 wt% PEG 1500 

 

The addition of PEG as a chelating agent significantly suppressed Ba(NO3)2 

crystallization in both cases. The lower molecular weight PEG was more effective in suppressing 

crystallization than the higher molecular weight PEG. Furthermore, while adequate amounts of 

PEG were required to chelate with the Ba2+ cations, too much of it resulted in more 

crystallization. An explanation may be found in the comparison of the viscosities of PVA-nitrate 

solutions with different amounts of PEG400. 
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Figure 27. Viscosities of PVA-nitrate solutions containing 0%, 10%, 20%, and 40% PEG 400 
 

 

PEG not only served an important role as a chelating agent for the Ba2+ cations, it also 

acted as a plasticizer [ 49 51, 66], thereby decreasing the overall viscosity of the solution and 

allowing for more mobility within the film as it was deposited. Any Ba(NO3)2 nuclei that formed 

would be more likely to grow, given high percentages of PEG (≥40%). There was a trade-off 

between having enough chelating agents to prevent Ba(NO3)2 crystallization, and maintaining the 

viscosity necessary to obtain the desired film thickness and to help further mechanically prevent 

crystallization. The rest of the discussion on solutions from this point on will automatically 

assume inclusion of low-molecular weight PEG as a chelating agent in any precursor solution, 

regardless of the choice for rheology modifier.  

 

3.3.2.3 Preventing Crystallization during Heat-Treatment 

A second chelating agent was needed to prevent crystallization of Ba(NO3)2 after low-

temperature heat treatment. Spin-coated HPMC-nitrate films were heat treated and their optical 
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micrographs observed. Green spin-coated films from the HPMC-nitrate precursor solution were 

smooth with no crystallization features. However, when these films were heat treated, significant 

crystallization features were observed. These low-magnification micrographs are presented in the 

following figures.  

 

  

Figure 28. HPMC-nitrate films (left) after spin-coating and (right) after heat treatment 
 

Work done by Yang et al explored the role of sucrose-metal ion interactions in ion 

binding and transport applications [ 52]. This was also applicable to the polymer-nitrate system; 

sucrose was tried as the second chelating agent in the precursor solution. PEG was a more 

effective chelating agent at room temperature than sucrose. However, the cross-linking reaction 

that took place upon caramelization of the sucrose [ 54] prevented crystallization from occurring 

at elevated temperatures (between 100ºC and 200ºC). The optical micrograph taken after heat 

treatment showed a uniform, crystallization-free film. The presence of both PEG and sucrose in 

the HPMC-nitrate precursor solution produced a film that was crystallization-free both after spin-

coating and after heat treatment. PEG and sucrose were from this point on used as chelating 

agents for the polymer-nitrate precursor solution.   
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Figure 29. YBCO film made from HPMC-nitrate solution containing PEG and sucrose 
 

3.4 Film Delamination 

Most of the experiments for the course of this thesis work were done on single-crystal 

LAO substrates. However, the coated conductor architecture as previously described involves a 

buffered metal substrate layer. The precursor solution developed here would have to be able to 

be applied to buffered metal substrates.  

 

3.4.1 Experimental Procedure 

The goal of this particular section was to tailor the precursor such that a continuous 

YBCO film could be obtained on a buffered Ni/W alloy substrate. The film would have to wet 

the substrate, not delaminate, and possess adequate thickness. A PVA-nitrate precursor solution 

as developed in previous sections was initially used. Delamination and de-wetting of the 

resulting YBCO film were observed. Based on these observations, a search was made for a 

different rheology modifier that could be used as part of a precursor solution for films that would 

not delaminate from buffered metal substrates.  
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3.4.2 Results and Discussion  

Films made from PVA-nitrate precursor solutions experienced significant delamination, 

as shown in the photograph below. The film wets the substrates for the most part. However, the 

middle section of the film, marked by the red arrow, had peeled off, leaving an exposed section 

of the substrate.  

 

 

Figure 30. PVA-nitrate based YBCO film on buffered metal substrate, showing delamination 
 

 

The precursor solution used to make this ~200 nm film had 7 wt% PVA with respect to 

the amount of water. Any further increase in rheology modifier would not only result in worse 

delamination but would also not significantly raise the film thickness. A search was made for a 

different rheology modifier that could produce the same or greater green thicknesses with lower 

weight percentages. 

Initial polymer-nitrate experiments described in Chapter 2 showed that more than one 

polymer was feasible for producing current-carrying YBCO films. An alternative to PVA was 

methyl cellulose, which also produced MA/cm2 YBCO. Cellulose ethers such as methyl cellulose, 

hydroxypropyl methyl cellulose (HPMC), and hydroxyethyl cellulose (HEC) were useful in 
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several ways. They served as stabilizers and thickeners, and lent a thixotropic behavior to the 

solution [ 53]. The shear-thinning aspects of the rheological behavior of the solutions that contain 

these polymers were useful during deposition, and their thixotropic recovery upon standing 

useful to maintain the deposited precursor film’s thickness.  

These polymers were found to achieve the same or even greater film thicknesses with 

only 1-3 wt% with respect to water. Thicker films, up to 600 nm per layer, were made using 

HPMC-nitrate solutions. A ~400 nm film wet the substrate very well, and did not exhibit the 

same delamination behavior as the PVA-nitrate films did on the buffered Ni-W substrate.  

 

 

Figure 31. HPMC-nitrate based YBCO film on buffered metal substrate, showing no delamination 
  

The presence of PEG as a plasticizer in the low weight% HPMC solution also increased 

the toughness and tear resistance of the film [ 50]. HPMC-nitrate precursor solutions were 

preferable to PVA-nitrate solutions, both because they formed films that adhered well to metal 

substrates and because there were more possibilities for increasing the final film thickness with 

less % rheology modifier.   

 

3.5 Film Cracking and Organic Content 

The different modifications and additions to the polymer-nitrate precursor solution 

resulted in quite a bit of total organics, significantly exceeding twice the amount of nitrates: the 
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rheology modifier (~1-3 wt%), PEG (~30 wt%), and sucrose (~30 wt%). These percentages are 

weight percentages with respect to the water. HPMC-nitrate films could produce ~600 nm 

individual film layers, but at higher thicknesses these films experienced significant cracking.  

 

 

Figure 32. Optical micrograph of HPMC-nitrate film with severe cracking (most samples with 
cracking problems had less extensive cracks) 

 
 

The large change in volume as the organics were decomposed and removed from the film 

produced large strains in the film that led to cracking. Solving this problem required a reduction 

of the total amount of organics without compromising the chelation of cations in the solution and 

precursor film.    

 

3.5.1 Experimental Procedure 

 A method for reducing total organic content while maintaining the chelation of cations 

was explored. The solubility of Ba(NO3)2 in water at 20ºC is only 9.02 g/100 g H2O, but more 

than doubles to 27.2 g/100 g H2O at 80ºC [ 47]. A modified solution was made that contained 

only a total of ~12 wt% organics as opposed to ~36 wt%. This solution was stored at room 
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temperature to prevent significant decrease in viscosity due to the degradation of the rheology 

modifier. Ba(NO3)2 precipitated out of solutions with low chelator content at room temperature. 

Prior to deposition, the precursor was heated to ~80ºC until the Ba(NO3)2 precipitates were re-

dissolved into solution. This heated precursor solution was then deposited onto the single-crystal 

substrates with the procedure described previously.  

 Additional measures were taken to assist in preventing Ba(NO3)2 crystallization from the 

spin-coated films. Spin-coating was done in a nitrogen glove box, and films were further dried 

with a small vacuum set-up immediately after deposition. These films were heat-treated to 275ºC 

in order to produce films that would be stable in ambient atmospheres before further processing, 

including a final heat treatment to form YBCO.   

 

3.5.2 Results and Discussion 

 The modified precursor solution containing about half the required chelating agents had 

to be heated prior to spin-coating deposition. However, the HPMC rheology modifier was 

insoluble at elevated temperatures. HEC is soluble at both low and elevated solution 

temperatures, and is also an effective rheology modifier. The viscosity of a 3 wt% HEC solution 

in water was found to be higher than the viscosities of the 7 wt% PVA solutions at higher shear 

rates. This led to small additions of HEC resulting in higher deposited film thicknesses. HEC 

was therefore chosen as a rheology modifier to replace HPMC.  
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Figure 33. Viscosity of 3 wt% HEC solution in water 
 

The films produced from heated HEC solutions with reduced total chelator content were 

comparable to those produced from solutions with ~60 weight% chelating agents with respect to 

the water. The thicknesses of films with 1.2 wt% HEC and cation concentration ~0.6 M were 

338 nm for films made from the high chelator content solution, and 416 nm for those from low 

chelator content solution. The high cation concentration could be maintained even with lower 

chelator content with this elevated-temperature solution arrangement. The Jc values of films 

made from the high chelator content HPMC-nitrate precursor solution and those made from the 

low chelator content HEC-nitrate precursor were comparable. Films made from both solutions 

reproducibly exceeded 1 MA/cm2, with the latter films reaching higher single-layer thicknesses.  

 Spin-coating in a nitrogen glove box, followed by further fast drying of the film under 

vacuum, further improved the uniformity of the green films. This method allows for even further 

reduction in the amount of chelating agents in the precursor solution. A precursor solution with a 

total of ~20 wt% chelating agents and 1.8 wt% HEC was spin-coated to produce a green film that 

did not show evidence of Ba(NO3)2 crystallization. This film, as well as other HEC-nitrate films 
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spin-coated in the nitrogen glove box, was heat treated to 275ºC to obtain an ambient 

atmosphere-stable film that could be further processed to produce the final YBCO film.   

 

 

Figure 34. Optical micrograph of a precursor film with no Ba(NO3)2 crystallization 
 

 3.6 Final Solution Preparation 

 The polymer-nitrate precursor solution had to be modified in response to the different 

problems observed with the spin-coated precursor and final films. The final precursor solution 

had HEC as its rheology modifier, and low molecular weight PEG (PEG 200) and sucrose as 

chelating agents for the cations. A 3 wt% aqueous HEC solution was prepared in ~50-60 mL 

batches. Mixing was done overnight to obtain a uniformly dissolved, viscous HEC solution. 15 

mL batches of the solution were centrifuged at ~8000 rpm for 15-20 minutes to separate out 

insoluble fibers found in the as-received HEC. Approximately 8 g of the clear, fully soluble part 

of the solution was then mixed with 0.653 g of Ba(NO3)2 (Alfa Aesar), ~0.8 g PEG 200, and 

distilled water to make a total of ~11 g of solution. Mixing was done until most of the Ba(NO3)2 

crystals appear to be dissolved. The solution was then heated to ~40-50ºC while 0.478 g of 

Y(NO3)3·6H2O and 0.906 g Cu(NO3)2·3H2O were stirred into the solution. Finally, ~0.8 g of 

sucrose was added to the solution, and it was stirred and heated to ~80ºC for 45-60 minutes until 
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a fully uniform, clear light blue solution was obtained. Aliquots (2-3 mL) of the hot solution 

were taken and placed into smaller vials containing individual spin bars. These individual 

solution vials were then stirred and heated to ~80ºC for up to one hour prior to spin-coating to re-

dissolve the Ba(NO3)2. The final precursor solution had a Y: Ba: Cu ratio of 1: 2: 3 and a total 

cation concentration between 0.7 – 0.8 M. The total organic content was about 12 wt% with 

respect to the entire solution.  

 

3.7 Summary 

A final precursor solution was obtained that was used to reproducibly obtain 300 nm or 

thicker YBCO films with MA/cm2 critical current densities. Films as thick as 800 nm per layer 

were also obtained. Heating of the precursor solution prior to spin-coating allowed for reduced 

amounts of the additives, and improved the properties of the resulting YBCO films.  
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CHAPTER 4: HEAT TREATMENT AND ANALYSIS 

4.1 Introduction  

 The third specific aim of this thesis will be to develop high performance (> 1 MA/cm2 

critical current density) YBCO films from the non-fluorine precursor solution described in the 

previous chapter. Emphasis was placed on developing a low temperature (under 500ºC) process 

to obtain high quality intermediate films that would then be converted to the high performance 

final YBCO films. The low temperature process is important, because defects in the form of 

barium nitrate crystallization or cracking would prevent the formation of high performance final 

films altogether. A number of analytical techniques were used to determine the chemical changes 

taking place in the film as it was heated up from the precursor state. This knowledge was used to 

tailor the low temperature heat treatment that would be used on the film prior to its high 

temperature conversion. YBCO films with Ic values of over 50 A/cm and Jc values exceeding 1 

MA/cm2 were obtained with this process, completing the main goal of this thesis work.   

 

4.2 Film Deposition 

4.2.1 Experimental Procedure 

 The finished precursor solutions were portioned into 3 mL vials. Each vial was heated 

immediately prior to spin-coating for one hour at ~80ºC on a hot plate with a magnetic stirrer. 

The heating procedure was done to re-dissolve the barium nitrate crystals that have precipitated 

out of solution when the solution was stored at room temperature. Solution deposition was done 

using a photoresist spin-coater. Three to four drops of solution were dripped onto 8 mm x 8 mm 

single crystal LaAlO3 (LAO) substrates, which were then spun at 4000 rpm for 60 s. All of this 
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was done inside a dry nitrogen glove box. Optical micrographs were taken with a Nomarski filter 

to closely observe any defects on the film surfaces.  

 

4.2.2 Results and Discussion 

 Surface defects in the film were primarily formed during the decomposition temperature 

range, including bubbles and Bénard cells [ 51]. Bubbles were formed during the rapid evolution 

of the gases during heating. Bénard cells resulted from the differences in surface tension in 

different parts of a film as a result of the reactions taking place as the film was heat treated. The 

cell formation was especially problematic in thick (>2.5 μm) decomposed films. Thicker films 

exhibited bubbles in addition to Bénard cells, a result of the different surface tensions of the 

center and edges of the film and trapped gas from the thicker film edges. Films with decomposed 

thicknesses between 1.5 and 2.5 µm yielded good quality intermediate films. These produce 

YBCO films of less than 0.6 µm after conversion.  

The supersaturation of barium nitrate in solution gave an additional challenge. Some 

films were observed to still have some barium nitrate crystallization features on their surface, 

even though they were spin-coated in a dry nitrogen glove box. The spin-coated film still 

required time to dry, and during that time there was enough mobility in the film to allow barium 

nitrate crystallization to take place and dendrites to grow, especially in thicker films (> 2.5 μm).  

An additional method to speed up the drying process was required. Placing the film on a 

hot plate immediately after spin-coating was not an acceptable solution to the problem. The fast 

evolution of bubbles at an elevated temperature (~80ºC) resulted in a film with bubbles (Figure 

35 (a)). Films spin-coated from solutions containing high amounts of sucrose had been shown to 

produce Bénard cells on the film surface due to the surface tension that resulted from a cross-
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linking reaction associated with the thermal decomposition of sucrose. Heating the film on a hot 

plate immediately after spin-coating exacerbated this problem. The rapid evolution of gas 

coupled with differences in surface tension across the film resulted in Bénard cells and bubbles 

(Figure 35 (b)).  

A room-temperature fast drying step that involved a vacuum system was then introduced. 

Each spin-coated film was placed under a glass apparatus connected to a vacuum and dried 

immediately after deposition. Films dried under vacuum for longer than 3 minutes were also 

found to have bubbles, so the vacuum drying step was done for only about 1-1.5 minutes. This 

was found to be adequate to produce green films that were smooth and effectively free of barium 

nitrate crystals and other surface defects (Figure 35 (c)). 

 

   
Figure 35. Precursor films with (a) bubbles, (b) Bénard cells and bubbles, and (c) no visible crystallization 

defects. The Nomarski filter was used to magnify or clarify the surface defects that could be formed at room 
temperature as well as after heat treatment. 

 
 
 
4.3 Low Temperature Process 

  The solutions that were tested in the previous chapter were generally put through a single 

heat treatment, up to conversion temperatures, to obtain the final YBCO films. However, in order 

to obtain a high performance final film, the reactions that take place within that film must be 

understood so that an appropriate heat treatment could be applied. Problems such as cracking in 
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thicker films were already minimized by the solution design, but could be further prevented by 

tailoring the heat treatment. Various analytical techniques were used to determine the low 

temperature (<500ºC) reactions that took place in the precursor films as they were heat treated. 

The results of these analyses were compared to each other and, along with information found in 

the literature, used to construct the low temperature process. The low temperature process would 

produce stable intermediate films that could be analyzed for their thickness, any surface defects, 

and other factors such as presence of crystalline compounds such as barium nitrate, before they 

are put through the high temperature conversion process.  

    

4.3.1 Low Temperature Reactions 

4.3.1.1 Experimental Procedure 

 Thermogravimetric (TGA) and differential thermal analysis (DTA) were done using a 

Seiko Dual TG/DTA 320 Analyzer. The samples were heated up at a rate of 10ºC/min under a 

150 cc/min flow of 100 ppm O2/N2 gas. XPS was done using a Kratos AXIS Ultra Imaging X-

ray Photoelectron Spectrometer. FTIR analysis was done using a Nicolet Magna 860 Fourier 

Transform Infrared Spectrometer. XRD patterns were obtained using a Rigaku R-200 three-circle 

diffractometer with a rotating anode source at 50 kV and 300 mA.  

 

4.3.1.2 Results and Discussion 

 The figure below shows the DTA analysis of a mixture of the nitrates and polymers that 

make up the precursor solution. This analysis was compared to that for a mixture of spray-dried 

nitrate powders, also shown below. The Y-nitrate decomposition peak was unclear and therefore 

unlabeled in the later figure, but according to the literature it was expected to be ~366ºC. 



 57

Comparison of these analyses showed that the presence of the polymers in the precursor resulted 

in a lowering of the decomposition temperatures of the nitrates, signified by the downward 

exothermic peaks. According to the literature, Cu(NO3)2·3H2O decomposition took place by 

256ºC, Y(NO3)3·5H2O decomposition goes up to ~366ºC, and Ba(NO3)2 decomposed between 

575ºC and 676ºC [ 61]. The interaction between the nitrates with each other [ 61] and between the 

nitrates and the organics [ 57, 56] resulted in these decompositions taking place at lower 

temperatures. The combination of nitrates as oxidizing agents and the organics in the precursor 

resulted in conditions conducive to combustion in the precursor film during the decomposition 

heat treatment. The three exothermic peaks observed in the DTA of the polymer-nitrate mixture 

that signified the decomposition of the nitrates were shifted to lower temperatures than those 

cited by Lo et al and the DTA of the spray dried nitrates.  

 

 

Figure 36. DTA and TGA analyses of precursor mixture of nitrates and polymers 
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Figure 37. DTA analysis of spray-dried nitrate powders 
 

The decomposition of sucrose in the precursor film led to a cross-linking caramelization 

reaction that produced a tougher film. The thermal decomposition of sucrose is a reaction taking 

place between 190ºC and 215ºC [ 54]. Hydrolysis of the sucrose in solution would also occur 

above 100ºC, producing fructose and glucose which have much lower decomposition 

temperatures (110ºC and 160ºC, respectively) [ 54]. A large amount, although not all, of the 

organic material was removed from the film upon this reaction. The TGA of the polymer-nitrate 

mixture showed a large weight loss during heating, including a significant weight loss (~60 

wt %) up to approximately 300ºC. This weight loss took place as a result of the decomposition of 

substantial amounts of the nitrates and polymers in the precursor, and the subsequent removal of 

nitrates and carbon from the film. This was supported by FTIR and XPS data, presented in the 

figures below. The FTIR data showed nitrogen coming out of the film in the form of N2O at 

approximately 125ºC. The nitrogen came off the film as NOx gas beyond that temperature, but 

NOx signals were more difficult to detect than the N2O signal. XPS data, however, supported the 

claim that nitrogen was removed from the film at low temperatures; nitrogen was detected in the 

film at lower temperatures but not beyond 400ºC. It is noted that the FTIR data and XPS data are 
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for PVA-nitrate films. Spin-coated green HEC-nitrate precursor films were unstable in air, and 

would therefore not give an accurate picture of what was happening in the film as it was heat 

treated. However, the information gained from the FTIR and XPS data of quenched PVA-nitrate 

films could still be applied to the understanding of the reactions in polymer-nitrate films in 

general.  

 

Figure 38. FTIR data for PVA-nitrate film, showing gas evolution during heat treatment 
 

 

Figure 39. XPS data showing nitrogen signal disappearing under 400ºC 
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 The various reactions taking place at low temperatures suggested that a low temperature 

heat treatment to obtain an intermediate, decomposed, film may be used for this non-fluorine 

system. The thermal decomposition of sucrose, expressed as an exothermic signal beginning at 

190ºC and with a peak at 215ºC, resulted in a cross-linking reaction that produced a tougher film. 

High amounts of sucrose in the precursor solution had been shown to produce defects on the film 

surface due to the surface tension that resulted from this cross-linking reaction. However, the 

reduced total chelator content in the final precursor solution in addition to the fast post-spin 

coating drying process prevented these defects from forming on the surface. Cross-linking still 

took place in the film, evidenced by the decomposition peak slightly visible in the DTA curve of 

the nitrate-polymer mixture. A film processed to a temperature after this decomposition event 

would be stable under ambient atmosphere, and could be processed in preparation for the high 

temperature conversion heat treatment.  

 

4.3.2 Low-T Decomposition Heat Treatment 

Based on the analyses discussed in the previous sub-section, a low temperature process 

was developed as an intermediate decomposition step for the precursor films. The green films 

were heated at a ramp rate of 5ºC/min to 275ºC under flowing 100 ppm O2/N2 atmosphere, and 

then quench-cooling the samples once they reach 275ºC.  

 



 61

Te
m

pe
ra

tu
re

 (d
eg

. C
)

Time (min.)
0

25

~50 min

N2/O2 (O2: 100ppm), dry in a quartz tube furnace 
Thickness per coat ~300-400nm

Quench

30

15min

275

Te
m

pe
ra

tu
re

 (d
eg

. C
)

Time (min.)
0

25

~50 min

N2/O2 (O2: 100ppm), dry in a quartz tube furnace 
Thickness per coat ~300-400nm

Quench

30

15min

275

 

Figure 40. Low-temperature decomposition heat treatment process 
 

 

Current paths were scribed on the decomposed films, their thicknesses were measured 

using a Tencor P10 profilometer, and other sample data were taken, including optical 

micrographs and XRD. The thickness of decomposed films ranged from 2 to 3 microns and the 

films were smooth, with RMS roughness of less than 1% of the film thickness. A typical XRD 

pattern taken of a decomposed film, presented below, showed that the crystalline peaks 

corresponded only with the LAO substrate. A wide peak was also detected, suggesting the 

presence of amorphous mixtures of the precursor ingredients. The decomposed films contained 

mixtures of oxides and carbon [ 36]. Any remaining nitrates would decompose by ~400ºC, 

leaving the oxide and carbon mixture in the film. This film state was similar to the state of 

intermediate films formed by other groups working on other high-performance non-fluorine 

solution deposition processes, such as the acetylacetonate process [ 19].  
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Figure 41. XRD of decomposed film 
 

4.4 Conversion to YBCO  

 Decomposed films that were free of surface defects and had the desirable green thickness 

(~2.3-2.5 μm) were put through a high temperature conversion heat treatment also developed at 

MIT [ 36]. This conversion heat treatment was done at a ramp rate of ~15ºC/min. Hold segments 

could be inserted at different temperatures, usually between 500ºC and 700ºC, for 15 minutes to 

several hours, before continuing to the annealing temperature. The conversion heat treatment was 

generally done under 100 ppm O2/N2, but different atmospheres could be used at different 

temperatures to control the various reactions, including carbon removal and YBCO nucleation 

and growth. These may include UHP N2, 1000 ppm O2, and UHP O2. Pure O2 gas was flown 

over the films at some point during cool-down to room temperature. A separate O2 annealing 

step for one hour at 450ºC was also applied to the converted films.  
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Figure 42. High temperature conversion heat treatment profile 
 

 

The resulting YBCO films were c-axis textured, with clear (001) peaks visible in XRD, 

and carried current with critical currents up to nearly 60 A/cm. Jc values of over 1 MA/cm2 were 

reproduced for films with final thicknesses that could exceed 400 nm. This was a vast 

improvement over the MA/cm2 films made from the other polymer-nitrate (mainly PVA-nitrate) 

solutions discussed in Chapter 2 that were only about 150 nm thick. Some second phases were 

observed both in XRD and in SEM micrographs. AES analysis suggested these second phases to 

be mainly barium and copper rich second phases, which were detected as barium cuprate in XRD, 

as well as some copper oxide second phases, which were not detected in XRD. A typical XRD 

pattern for a high-performance YBCO film is presented below, along with an SEM of a YBCO 

film with an Ic of 57.7 A/cm.  
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Figure 43. Typical XRD of YBCO film made from non-fluorine process 
 

  

Figure 44. YBCO film with Ic = 57.7 A/cm 
  

4.5 Summary 

 Analytical techniques such as DT/TGA, FTIR, and XPS were used to determine the 

reactions that would take place during heat treatment. A low temperature decomposition process 

was developed based on these analyses. The process was used to obtain smooth, defect free 

intermediate films that could be further heat treated to form high performance YBCO films.  
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CHAPTER 5: SUMMARY AND FUTURE WORK 

 A non-fluorine precursor solution system for producing MA/cm2 YBCO films was 

developed. This thesis work encompassed the selection of a non-fluorine precursor solution from 

three possible solution systems, the development of that precursor solution, and the production of 

high performance YBCO films using the completed precursor solution. The three solution 

systems that were tested included the trimethylacetate (TMA) solution system, the alkoxide-

particle solution system, and the polymer-nitrate solution system.  

The polymer-nitrate precursor solution was selected for several reasons. It did not involve 

an intermediate chemical reaction step prior to mixing the three cations together, and therefore 

ensured a straightforward and reproducible way of maintaining the desired cation stoichiometry. 

The polymer-nitrate precursor solution also had flexibility in the incorporation of different 

polymers; several polymers were tried and the resulting precursor solutions were used to produce 

YBCO films with Jc values of at least 0.5 MA/cm2. The polymer-nitrate precursor solution was 

stable at room temperature with the exception of the barium nitrate, but that did not prevent the 

spin-coating of smooth, uniform green films. Aliquots of the solution simply had to be heated to 

~80ºC immediately preceding spin-coating. This was a stark contrast with the alkoxide-particle 

precursor solution, which experienced sedimentation of remaining or newly-formed copper oxide 

agglomerates from the suspension, despite the presence of a dispersant. The TMA and alkoxide-

particle solutions both had low total cation concentrations; the polymer-nitrate solution allowed 

for higher cation concentrations, thus leading to higher final film thicknesses and densities. 

Finally, the use of water as a solvent was far preferable than the hydrolysable alkoxides or the 

toxic propionic acid/amylamine solvent in the TMA precursor solution.   
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The selected polymer-nitrate solution had many challenges that needed to be addressed, 

including low initial total cation concentration, cracking in thicker films, overall thickness 

limitations, barium nitrate crystallization, and film delamination. These challenges were each 

addressed by modification of the specific contents of the precursor solution. Chelating agents 

were adopted to prevent barium nitrate crystallization. A small vacuum apparatus was used 

alongside a nitrogen glovebox to produce spin-coated films that were crystallization free and 

stable enough to be placed in the tube furnace for further processing. HEC was selected as a 

rheology modifier for its effectiveness in increasing the viscosity of the precursor solution, 

thereby increasing the deposited film thickness. A hot-solution method was also adopted, 

allowing for higher cation concentrations with minimal amount of organics in the precursor film. 

This increased the final film thickness up to nearly one micron for a single deposited layer, and 

prevented problems associated with high organic contents, including cracking and film 

delamination. Delamination was fixed by the combination of low organic content, HEC as a 

rheology modifier, and PEG doubling as a chelating agent and as a plasticizer. The final non-

fluorine precursor solution was an HEC-nitrate-PEG-sucrose solution with a cation ratio of Y: 

Ba: Cu = 1: 2: 3.     

The HEC-nitrate precursor solution was used to produce films with > 1 MA/cm2 critical 

current densities and thicknesses over 400 nm. c-axis (001) textured YBCO was detected in 

XRD, along with barium cuprate second phases. Thermal analyses were done to determine that 

decomposition of nitrates and organics took place in the films before 400ºC, and that the nitrogen 

was no longer detected by XPS at temperatures above 400ºC. An intermediate decomposition 

heat treatment was developed based on the thermal analyses of the reactions taking place in the 

precursor film as it was heated up. This intermediate decomposition step yielded smooth, 
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uniform, surface defect-free, robust films that could be scribed before being placed back in the 

furnaces for the high temperature conversion to YBCO. However, intermediate films thicker than 

~2.5 μm still tended to have surface defects. Additional in-depth thermal analysis (including 

DSC, higher resolution DT/TGA) would further show how these defects develop, and 

adjustments to the decomposition process could be made accordingly. This in-depth thermal 

analysis could illuminate additional thermal reaction peaks that were not quite detected in the 

thermal analyses done here.   

An in-depth study of the microstructural evolution of the precursor film by cross-

sectional and high-resolution plan-view TEM is of interest. This microstructural evolution can be 

compared with those for other processes that have produced higher performance coated 

conductors of higher thicknesses. These comparisons will be very helpful in directing further 

ways of improving the performance of YBCO films obtained from this polymer-nitrate precursor 

solution.  
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