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ABSTRACT 

The properties of superconducting YBa2CU307-<'i thin films have been studied. 

Films have been prepared by multilayer deposition followed by ex situ furnace 

annealing. Deposition consists of a combination of dc triode sputtering from metalIic 

targets of Y and Cu and thermal evaporation from a BaF2 source. Superconducting 

and structural properties of the films strongly depend on the annealing conditions. 

Several heat treatment cycles were investigated, as well as different compositions. Best 

results were obtained for films deposited on (100) SrTi03 substrates, exhibiting 

Tc{onset) as high as 92 K and zero resistance by 85 K. 

The second part of this dissertation examines the properties of ceramic 

Nd2_xCexCuOH and NdI.S5CeO.15{CUl.~I1y)04..s bulk samples. Superconducting properties 

are examined as a function of x and y. Accurate (± 0.001 A) lattice parameter 

calculations are performed from experimental x-ray diffraction data. Comparisons with 

previous zinc-doping studies in the hole superconducting material LaI.85SrO.l5Cu04-<'i are 

made. Theoretical implications and the question of electron-hole symmetry in the 

copper oxide superconductors are also discussed. 



CHAPTER 1 

INTRODUCTION 

The first copper oxide superconductor was discovered by Johannes Georg 

Bednorz and Karl Alexander Milller in 1986.1 They reported superconducting 

transition temperatures in the 30-K range for metallic, oxygen-deficient compounds of 

the La-Ba-Cu-O materials. This historic event triggered a torrent of research 

throughout the world in a new field called High-Temperature Superconductivity, 

bringing a sequence of frenetic discoveries on new superconducting materials. 

15 

Most of the high-temperature superconducting materials found so far (1992) are 

oxides. Although superconductivity has been found2.3 near 30 K in the copperles!> 

oxide Bal _xKxBi03..5 compounds, most high-temperature superconducting compounds 

contain the crucial transition element copper. In addition, other transition elements 

such as lanthanum,! yttrium,4 or other rare earths5,6 are also contained in each 

compound, defining a superconducting system. Table 1.1 lists some of these copper

oxide superconducting systems. 

This dissertation examines two different copper-oxide superconducting systems. 

The methodical approaches used for each of these two systems are completely 

different, having the necessity of dividing the work in two almost non-related sections. 

In the first part, Chapters 2-5, the superconducting YBa2CU30 7..5 system is studied, 
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with samples fabricated in a thin film form, and with an emphasis in the sample 

preparation and the experimental control. In the second part, Chapters 6 and 7, 

studies on ceramic bulk Nd2-xCexCu04-<j materials are performed, with emphasis on its 

unique electron-carrier nature, and motivated from a theoretical point of view. 

There is a tremendous interest in developing techniques to fabricate high 

temperature superconducting thin films. The development of this thin film technology 

is fundamental for the practical use of the superconductors, principally in 

microelectronics applications. The huge background of knowledge and experience 

already gained with the traditional superconducting systems creates a large potential 

for the use of the new copper-oxide materials. The unique nature of superconductivity 

in microelectronics performance, such as7 high switching speed, low power dissipation, 

extremely high sensitivity, extended frequency response to infrared, etc., makes the 

Table 1.1 

I 

Most common copper-oxide superconducting systems and their 
superconducting transition temperature Te-

System 

II 
Tc(K) 

II 
Reference 

I 
Ba-La-Cu-O 30-35 1 

Y-Ba-Cu-O 90-95 4 

Bi-Sr-Ca-Cu-O 105-120 5 

TI-Ba-Ca-Cu-O 110-125 6 
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superconducting systems the device of choice. In addition, the use of superconducting 

interconnects in advanced semiconductor circuits8
,9 creates the possibility of a 

convergence of technologies that may determine new directions for the next 

generation in microelectronics. Furthermore, the reduction of the refrigeration cost 

with the use of the copper-oxide superconducting materials that perform at liquid 

nitrogen temperatures (77 K) may accelerate the introduction of the superconducting 

devices for practical use on a commercial basis. 

However, such a commercial introduction has not been as successful as 

expected. Copper-oxide superconductors are materials that are hard to work with, 

making the commercial production process difficult. Copper-oxide superconductors are 

ceramic materials that are very brittle and environmentally unstable. In additioll, the 

method of preparation becomes critical for the determination of the superconducting 

properties. Superconductivity in these materials is not achieved until several 

conditions during the fabrication are properly satisfied, such as correct stoichiometry, 

purity in the crystal structure and chemical phase, stability, and proper oxygen 

content. This dependence on preparation conditions has attracted the attention of 

material scientists and chemists worldwide to investigate these issues. 

Complication increases when these materials are produced in a thin film form, £I 

form that is required for the superconducting device applications. The fabrication of 

High Te superconducting thin films is more difficult to produce than their bulk ceramic 

form, not only because the complexity of the copper-oxide compounds, but also due to 

interactions of the superconducting film with the substrate during the required high 

temperature (800-900 0c) heat treatment needed during the fabrication. In addition 
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the harmful reactions with the environment due to the instability of the copper-oxide 

compounds makes the high-Te superconducting thin film production difficult to follow. 

Several techniques have been improved during the past five years to overcome 

the problems found since the early days (1987) of high-Te superconductivity. Extensive 

research has being carried out in developing techniques to fabricate the high-T, 

superconducting thin films, understand the experimental parameters that are critical 

during the fabrication process, improve the control and the reproducibility, and solve 

the technical difficulties that have limited the large-scale production of these films. In 

Chapter 2, I present a survey of the extensive existing deposition techniques that are 

used to produce YBa2Cu30 7..5 thin films. By using the tremendous number of 

published articles in scientific journals, I have statistically estimated the relative use of 

the most common deposition techniques to fabricate YBa2Cu30 7..5 thin films. Even with 

such a dramatic interest shown with the vast variety of deposition techniques reviewed 

in Chapter 2, there are still too many problems not solved for the fabrication of these 

copper-oxide superconducting thin films. Thus, also in Chapter 2, I contribute to the 

solution of this film-production problem with the introduction of a peculiar deposition 

technique, consisting of a multilayer deposition followed by an ex situ annealing. lo
•
11 

I have found that the superconducting and structural properties of my 

fabricated films strongly depend on the annealing conditions. I have characterized 

these films and correlated the results with the fabrication parameters. Most of my 

work with these thin films involves the identification of chemical and structural phases 

presented in the post-annealed films. Thus, details on these phases are presented in 

Chapter 3. In Chapter 4, I describe details of the characterization techniques I used to 
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test the films. Finally, in Chapter 5, I conclude the fabrication of superconducting thin 

films by presenting my results on the effects of heat treatment on the superconducting 

and structural properties of the films. Annealing studies were performed on both 

stoichiometric and non-stoichiometric films, and the optimization parameter values I 

found are reported therein. These studies were the key to our success in prod ucing Y

Ba-Cu-O thin films fabricated with our multilayer deposition technique that show 

superconductivity at liquid nitrogen temperatures. 

1.2 Electron Superconductors 

One interesting copper oxide-superconductor is the Nd2-xCexCu04..5 system.12 

Although its superconducting transition temperature is relatively low compared with 

the previous copper-oxide superconductors listed in Table 1.1 (Te = 20-25 K), it has 

attracted the attention of theoreticians due to the nature of its electrical carriers. The 

copper-oxide superconductors Nd2-xCexCu04..5 are particularly interesting because the 

charge carriers involved in superconductivity seem to be electrons, rather than holes, 

that reside in the conducting CuOz planes. An extensive summary on the physical, 

chemical, and crystallographic properties of the Nd2-xCexCu04..5 is given in detail in the 

introductory sections of Chapters 6 and 7. 

These copper-oxide electron superconductors give a chance to point new 

constraints on the search for high-temperature superconductivity theory. Both 

experimental similarities and differences between these electron-superconductors and 

the previously discovered hole-superconductors will help elucidate the mechanisms for 

high Tc superconductivity. Not only that, it may even result in the discovery of new 
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compounds with superior superconducting properties. 

I present in Chapters 6 and 7 studies on electron superconductors. As part of a 

collaboration involving the Material Sciences, the Optical Sciences, and the Physics 

departments of the University of Arizona, and leaded by Professor S. Mazumdar of the 

Physics department, we succeeded in the fabrication of electron-doped copper-oxide 

superconductors.13 In Chapter 6, I present my results on experiments made on bulk 

Nd2-xCexCu04..5 samples, as prepared at the Material Sciences department by Professor 

S. H. Risbud and his student C. Barlingay. I characterized the superconducting and 

structural properties of these samples as a function of the cerium content x. Details of 

my accurate (± 0.001 A) lattice parameter calculations as determined from experimental 

x-ray diffraction data are also given.14 

In Chapter 7, I present our results on Zn substitution studies. Motivated by a 

theoretical model proposed by Professor S. Mazumdar of the Physics Department,15 

where a large number of explicit, testable experimental predictions were previously 

made for the Nd2-xCexCu04-8 system,16 we started a series of experiments on this 

system, concluded by our studies on zinc substitution. Zinc-substituted compounds 

Nd1.85CeO.15(Cul_~ny)04..5 also were synthesized at the Material Science department. 

My contribution to this project was to conduct the experiments for the determination 

of the superconducting and structural properties of these samples as a function of the 

zinc content y. In Chapter 7, I present the results of these experiments, as well as their 

theoretical implications and the question of electron-hole symmetry in the copper-oxide 

superconductors. 



CHAPTER 2 

FABRICATION OF YBCO THIN FILMS 
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In the following four chapters, I describe a technique used to produce and 

characterize Y-Ba-Cu-O (YBCO) s~perconducting thin films. In this chapter, I report 

details of a multilayer deposition technique that uses a combination of sputtering and 

evaporation, followed by an ex situ furnace annealing. In the next Chapter, I present 

powder-diffraction calculations used to analyze my experimental work. In Chapter 4, I 

describe several techniques to characterize the thin films. Finally, in Chapter 5, I 

present results of my studies on the effect of heat treatment on the superconducting 

properties of the films. 

In order to provide a motivation for my work, as well as to introduce the 

terminology I use, I first give a general survey of the different deposition techniques 

used to date to produce copper-oxide superconducting thin films. Although this 

survey is limited to the YBCO-system, almost all the techniques reviewed here also 

have been applied to other high-Te copper oxide superconducting systems, such as the 

bismuth systemp·18.19.20.21 the thallium system,22.23.24.~ and the electron-

superconductor cerium system.2h
•
27

•
28 
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2.1 Most Common Deposition Techniques 

Copper-oxide superconducting thin films now can be produced by practically all 

known deposition techniques. From the beginning of this field, thin-film research has 

made rapid progress in the development of applications of the new copper-oxide 

superconductors. As an example, within only two weeks of the official announcement 

in 1987 of the discovery of the YBCO superconductor by the Alabama/Houston team, a 

group at IBM already had made a superconducting thin film.29 By the summer of 

that year, researchers had made films with an extensive variety of techniques. 

Now, five years later, progress in producing higher quality high T, 

superconducting thin films is still being made. The literature is now so extensive that 

it is impossible to detail all reported variations of deposition techniques that produce 

these high-Tc superconducting thin films. Furthermore, the large number of published 

conference proceedings makes almost impossible to survey all the available literature. 

It is believed that the total number of publications in the High-T, Superconductivity 

field has already exceeded the 20,000 mark.30 

I have made a statistical sampling of 8490 papers on high-T, 

superconductivit/l (from January 1987 to December 1991) to quantitatively estimate 

the relative percentage in the use of the different deposition techniques. From this 

sample, 2018 publications report research in thin films. These numbers indicate that 

roughly 24% of the research in high-T, superconductivity has been focused on the 

fabrication, characterization, and/or applications of the thin films. Nearly all the 

familiar deposition techniques were found in this survey, and some unusual were 
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found too. The most popu1ar is sputtering, followed by thermal evaporation and laser 

ablation. Figure 2.1 reports the different deposition techniques found in this 2018-

report sample. It is important to mention that each of the techniques is present in at 

least several variations, and that various combinations of the techniques are also 

reported. Reviews of these variations and combinations can be found elsewhere in the 

Ii te ra ture .32,.33,34,35,36,37,38,39,40,41,42,43 

With such a dramatic interest in producing high Te superconducting thin films, 

classification of the existing techniques shou1d be of interest. A properly devised 

classification scheme shou1d help understand the efforts for the fabrication of high T( 

Evaporation 

Laser Ablation 

Solution Deposited 

CVD:4% ~ I 
Ion-Beam Deposition: 3% 

Sputtering 

\ \ "Metallo Organic: 1 % 
L Plasma Sprayed: 2 % 

Other Techniques: 3 % 

Figure 2.1 Relative use (from 1987 to 1991) of the most common deposition techniq ues 
to fabricate high-Te thin films. 



thin films, the advances that have been achieved to increase the quality of the films, 

and the technical difficulties that have limited the large scale production for practical 

uses. Also, this classification may help avoid repetitive work in the future, point to 

ways to improve existing techniques, and give insight into new directions for high-T, 

film production. Below are discussed several useful classification schemes. 
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As in any survey classification, the existing deposition techniques can be sorted 

in different ways according to various aspects of the fabrication. Such aspects may 

include: (1) the type of vacuum environment needed; (2) the number of processing 

steps required; (3) the number of sources used; (4) the deposition style used; (5) etc. 

The complexity of both the chemical composition and the thin film production leads to 

many possible types of classification. 

One of the ways to categorize these techniques is according to the technology 

required for the deposition of the films.33 Roughly speaking, film fabrication can be 

either based on vacuum deposition processes, or on non-vacuum deposition 

techniques. Methods that don't require a vacuum environment include the sol-gel 

processes,H screen printing,45 and spinning methods.46 Processes that require a 

vacuum technology include sputtering,47 electron beam or resistive heating 

evaporation,48,49,50,51 molecular beam epitaxy,52 and laser evaporation or 

ablation.53,54,55 

Another way to classify the deposition techniques is by the number of sources 

used. Since the chemical composition of the superconducting YBCO is rather complex, 

several geometries and combinations for the source materials have been used. 

Different sources, such as BaO, BaCu021 Ba2Cu3, Y2Cu205' etc., have been appropriately 
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used to produce the same composition in the final product Yt Ba2Cu30 7-e for the 

fabricated films. A "single-source deposition" uses only one stoichiometric compound, 

or a compound with a particular desired composition. A "multi-source deposition" uses 

two or more elements, compounds, or alloys. Table 2.1 shows just a few typical 

examples of sputtering from a single stoichiometriCX' and non-stoichiometri~7 

targets, as well as from two58,59,60,61,62 and three targets.63 Similar variety in the 

selection for the sources can be found for the other deposition techniques.32 

Different ways to classify all these techniques is by the deposition-system 

geometry, by the deposition style, etc. For example, with multi-source sputtering, the 

deposition styles used to produce YBCO thin films are co-deposition from multiple 

targets,6-I,65,66 or multilayer deposition from separate targets.67,6S,69 A 

"multilayer deposition" is used to produce different layers of the target materials, while 

Table 2.1 Some examples of sputtering from single- and multiple-source to produce 
YBa2Cu30 7-e thin films. 

NUMBER 

I I OF SPUTTERING TARGETS REFERENCES 
SOURCES 

1 YBa2Cu30 7-e 56 

1 YBa3.2Cu3.90 x 57 

2 Y and Ba2Cu3 58,59 

2 Y 2CU20S and BaCu02 60 

2 YCu (or YCu3) and BaCu (or Ba) 61,62 

3 Y, Cu, and Ba2Cu03 63 



26 

in a "co-deposition", the depositions of the starting materials take place simultaneously 

from the various sources. Stoichiometry is controlled by adjusting the thicknesses of 

the different layers in multilayer deposition, and by adjusting the individual deposition 

rates in co-deposition. In addition to the preparation of superconducting copper-oxide 

thin films, multilayer deposition techniques also have been and are being currently 

used for the study of Artificially Layered Superconductors (ALS)?O 

Another way to classify the deposition techniques is according to the processing 

steps required to produce the desired superconducting film?l "Post-annealed" or ex 

situ films, are made in a two-step process, first with deposition as described (lbove, and 

then crystallizing and oxygenizing the films in an external annealing furnace. With 

"Single-step" or ill situ films, on the other hand, all these processes (deposition, 

crystallization, and oxygenation) take place in the deposition apparatus, either during 

or immediately after deposition. 

hi situ techniques have the advantage of producing better films,72,73 at least to 

date. These techniques simplify the film growth process, and have the advantage of 

avoiding unnecessary exposure of the films to the atmosphere. This approach 

produces higher quality, more homogeneous films, with smoother surfaces th(ln those 

annealed ex situ. The effects of post-annealing are particularly severe at the surface of 

the high-Te films, which is precisely where optimum properties are critical to device 

performance.74,75 

Some techniques necessarily require a post-deposition annealing process in 

oxygen to produce superconducting thin films. Such techniques include those that use 

a multilayer deposition,76 those that use BaF2 as a source,77,78 or those that use both 



of these.lO Furthermore, although the techniques that use BaF2 complicate the 

subsequent post-deposition annealing procedure,78,79 they have the advantage of 

better chemical stability of the starting material, and therefore give better 

reproducibility in the thin film production. 
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The classifications schemes presented above are not exhaustive. There are still 

other ways to regroup this large set of deposition techniques, and the need of new 

classifications increases as new techniques are introduced.so There are still many 

problems that are open for the high-Tc film production, so that new techniques need 

to be developed to solve them.81 In the remainder of this chapter, I present details of 

the technique that I have used to contribute to the solution of this film-production 

problem,10 as well as to understand the experimental conditions for the formation of 

the superconducting phase. ll 

2.2 Experimental Motivation 

In this section, I give the reasons behind the decision to use the particular 

technique chosen to produce superconducting thin films for my research. The 

technique consists of a multilayer deposition produced by a combination of dc 

sputtering and a thermal evaporation, followed by an ex situ furnace annealing. 

Sputtering is the most common deposition technique used to produce 

superconducting thin films. As shown in Figure 2.1, 38% of the high-Te thin film 

papers to date have made use of the sputtering technique. Basically, the sputtering 

process consists of using ions of an inert gas, usually argon, to remove the atoms from 

a target. The removed atoms are then collected on a substrate to form the thin film. 
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Figure 2.2 schematically shows the sputtering process. This deposition technique 

requires a high vacuum system with a base pressure of typically 10..(,-10-7 torr. 

Several variations of the sputtering technique have been used to produce 

superconducting thin films. As described in the previous section, sputter deposition 

can be made from either a multi-source or a single-source system; can be used to 

produce multilayered as well as co-deposited films; and can be used to produce ill situ 

annealed films, as well as films ready for an ex situ heat treatment. 

Although such variations of sputtering can produce superconducting thin films, 

reproducibility becomes a problem wheR elemental barium/2 barium oxide (baria),Ol or 

barium alloys82 are used as sputtering targets. Barium is a very active material that 

• - Argon Ions 

• = Target A toms 

_____ Substrate 

r.-u-'-""""-"'-.-"'-""""-""-(P-W-.-if-.-;;-iJ-,m-,-""-,,,-j-,.-t*P-.-' 

· ... · • o. ~ Thin Film 

\tl
O 
\l/O e\ L/ 

Target_ 

I I 

Figure 2.2 Schematic representation of the sputtering process to produce thin films. 
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readily reacts with water. Even a slight exposure to moisture or humidity makes this 

element hard to work with. More difficulties arise from the fact that barium also 

reacts very easily with O2 and CO2 in the ambient.83 This dependence on the 

environmental conditions results in additional impurity phases that degrade the 

superconducting properties of the films, as well as making the fabrication process hard 

to reproduce. 

A great improvement was achieved with the use of barium fluoride instead of 

pure barium.77
,79 Barium fluoride is relatively inert to the ambient environmental 

conditions, and doesn't require special handling. Furthermore, it doesn't significantly 

contribute to outgassing in the deposition chamber. Barium fluoride has the 

advantage that its interaction with water produces barium oxide, as explained in the 

following chemistry reaction formula: 78 

----> BaO(s) + 2HF(g) (2.1 ) 

The product BaO helps the formation of the superconducting phase in the copper 

oxide YBCO superconductor. Finally, it is the BaF2 property summarized in the 

reaction (2.1), that is used to decrease the post-annealing times when water vapor is 

deliberately introduced during part of the heat treatment cycle (see Chapter 5). 

Unfortunately, barium fluoride is an insulator and so cannot be deposited with dc 

sputtering. The magnetically-enhanced dc triode sputtering system I used to obtain the 

results presented here requires the use of conducting targets. Although some alloys of 

barium, such as Ba2Cu3, are metallic and conducting, BaFz is not. Therefore, sputter

deposition from a barium-fluoride source requires rf sputtering. 

An alternative way to use barium fluoride as a deposition source is in a thermal 
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evaporator. The thermal evaporation process consists of heating the material source to 

evaporate its atoms and deposit these atoms onto the substrate. In general, the 

material is placed in a holder that is electrically conducting. A high electrical current is 

passed through this holder, heating it and therefore heating the source material to 

increase its vapor pressure. 

2.3 Experimental Setup 

For my work, a sputtering system with two magnetically-enhanced dc triode 

sputtering guns84,85 was augmented with a thermal evaporation source. to Figure 2.3 

shows the unmodified sputtering system. The two dc sputtering guns contain separate 

metal targets of 99.9% yttrium86 and 99.999% copper}7 respectively. 

The sputter deposition is controlled by fixing the voltage and the currents that 

are used on the yttrium and copper targets. Using constant values for the base 

pressure and the partial pressure for the inert gas used (argon), the deposition rate is 

given as a function of the current target and voltage target. 84,85 This rate depends also 

on the height of the substrates with respect to the sputtering targets. The two 

sputtering sources are independently electrOnically regulated to maintain sputtering 

rates constant to within 0.3%. Table 2.2 shows typical values for the sputtering 

parameters. By fixing the target voltages and current targets to the values indicated in 

Table 2.2, and always using the same height of 12.7 cm for the placement of the 

substrates, calibrations indicate that deposition rates are 3.11 ± 0.01 Nsec for the 

sputtered yttrium and 2.85 ± 0.01 Nsec for the sputtered Cu. 

The position of the evaporation source is also shown in Figure 2.3. Figure 2.4 
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Figure 2.4 
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Schematic diagram of the sputtering chamber. Y and eu are sputtered 
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shows details of the evaporator. The thermal evaporation holder, or canoe, made from 

molybdenum, contains 99.99% pure barium fluoride.88 The thermal evaporation is 

controlled by resistively heating the Mo canoe that holds the BaF2. A current of 160 

amperes passes through the conducting holder when 1.1 volts AC is applied from a 

variable (0-5 V) power supply. The deposition of the BaF2 is observed by monitoring 

the evaporation rate using the frequency shift of a quartz oscillator. A quartz crystal 

monitor89 (or QCM) is located 14 cm above the resistively heated source (see 

Figure 2.4). Deposition rates are monitored and keep constant by manual feedback to 

the power supply. An occasional adjustment keeps the evaporation rate constant to 

within approximately 1 %. Calibration is done by measuring the time of the deposition 

and using optical interferometry to determine the thickness deposited. These indicate 

that a deposition rate of 4 Nsec can be produced when working with the currents and 

voltages indicated above. 

The evaporator just described is relatively easy to control when working alone, 

i.e., when operating without the sputtered targets. However, it considerably 

Table 2.2 Sputtering deposition parameters. 

GUN TARGET TARGET TARGET SPUTTERING 
SOURCE VOLTAGE CURRENT RATE 

(Volts) (Amps) (NSec) 

1 yttrium 200 ± 1 1.00 ± 0.01 3.11 ± .01 

2 Copper 203 ± 1 0.75 ± 0.01 2.85 ± .01 



complicates matters when the 5 mTorr of argon is used to sputter the copper and 

yttrium. Presence of the argon reduces arrival rate at the substrate by two orders of 

magnitude due to scattering of the atoms. Furthermore, removing the argon 

atmosphere damages the crystal for the QCM, mostly due to the excessive heat 

generated by the evaporator. 
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However, the sputtering system and the evaporator are now able to 

satisfactorely perform for simultaneous deposition of Y, BaF2, and Cu. Values for the 

evaporation deposition parameters given above are typical values taken with both 

sputtering guns in normal operation in a pure argon environment at a partial pressure 

of 5.3 ± 0.1 mTorr. The base pressure prior to the experiments is in the low 10-7 torr 

range. 

2.4 Multilayer Deposition 

The three sources are placed in a triangular configuration on a base circle 33 cm in 

diameter. The sputtering guns are placed 1090 apart. The evaporator is placed 1660 

from the yttrium gun and 850 from the copper gun. All three sources operate 

simultaneously and all deposition rates are keep constant during each deposition_ This 

configuration allows the formation of multilayers of sputtered yttrium, sputtered 

copper, and evaporated barium fluoride. 

Substrates are placed at a height 12.7 cm above each sputtering source and 10 cm 

above the evaporative source, and are rotated by a servo-controlled motor to pass 

across the deposition cone of each of the sources. As the substrate is passing over 

each source, a layer of material formes onto the substrate. By repeatedly passing the 
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substrates over the sources, multilayers of the three materials are then formed. 

The longer the substrate takes to pass over each individual source, the larger 

the number of atoms that are deposited and therefore the thicker the film which is 

formed onto the substrate. Consequently, by adjusting the angular velocity of the 

substrates over each of the sources, it is possible to control the individual thicknesses 

of each of the deposited layers. Furthermore, by adjusting the relative velocities, it is 

possible to control the relative composition, and hence the average stoichiometry of the 

elements in the formed multilayered film. In Chapter 4, I describe how Rutherford 

backscattering data is used to determine the stoichiometry. Here, I just show the 

results. I have found that the desired 1:2:3 stoichiometry for Y:BaF2:Cu in the overall 

film composition is obtained when 1:4:1.06 is used for the thickness ratios (assuming 

bulk atomic densities in the RBS analysis). 

2.5 Post-Deposition Annealing 

After deposition, films are transferred to a conventional annealing furnace where 

they are heat treated in an oxygen atmosphere. I have found, however, that the 

superconducting and structural properties of the films fabricated by the deposition 

technique just described are strongly dependent on the annealing conditions. A 

complete chapter is devoted to study this dependence (Chapter 5). In order to have a 

better understanding of the deposition and annealing processes and their control, films 

are characterized and the results correlated with the fabrication parameters. Chapter 4 

describes details of characterization techniques to test these films, and Chapter 5 

describes the effects of the annealing parameters on their structural and 
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superconducting properties. 



CHAPTER 3 

STRUCTURAL PHASES 
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The structural properties of the copper oxide superconductors are sensitive to 

the sample preparation. Inadequate preparation conditions results in multiphase 

samples that makes not only difficult the identification of each of the phases presented 

in the fabricated materials but also affects the superconducting properties. One of the 

major tasks in my work is the identification of the phases present in Y-Ba-Cu-O thin 

films and the search for a correlation with the experimental parameters during the 

sample preparation (Chapters 4 and 5). Another correlation in search for is one that 

occurs between the analyzed phases and the superconducting transition profiles. 

Thus, phase identification becomes the kernel of my work on Y-Ba-Cu-O thin films. 

In order to be able to recognize the phases present in the fabricated Y-Ba-Cu-O 

materials, it is required the creation of a phase diagram for this system. Several 

experimental works on the construction of such a diagram have been reported in the 

literature. There, stoichiometric compounds are isolated, and, although the results 

depend on the particular sample preparation, the stable YxBayCu:Ow are 

lis ted. 90,91,92,93,94,95,96,97,98,99,100,101,102,1 03,104,105,106,107 I have taken 

those stable phases to numerically generate their respective x-ray diffraction patterns. 

In this Chapter, I present powder patterns for the Y-Ba-Cu-O phase diagram simulated 
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by using the MICRO-POWn program.lOS This computer program calculates the 

integrated intensities for a hypothetical powdered sample in random orientation placed 

in an x-ray beam and simulates a diffractometer trace from which it extracts the peak 

intensities. All x-ray powder diffraction patterns are calculated for Cu Ka) radiation (). 

= 1.5406). The data base reported in this chapter will be used in subsequent chapters 

to analyze my experimental work. 

3.1 Pseudo Ternary Phase Diagram 

The YBa2Cu30 7-<; has a quaternary structure. The Y-Ba-Cu-O system is 

commonly represented in the literature90
•
107 not as quaternary, but as a pseudo-ternary 

phase diagram. There, the oxides Y203' BaO, and CuO are used instead of the most 

common Y, Ba, Cu and ° constituents. 

The phase diagram of the pseudo-ternary Y20 3-BaO-CuO system is illustrated 

in Figure 3.1. The end-point oxides Y015, BaO, and CuO are represented as apices of a 

regular triangle. Any stoichiometric value x:y:z in YxBayCu: are given as linear 

combinations of the end-point oxides. The pseudo-binary oxide compounds, such as 

BaCu02 (011) or Y2Ba04 (210), are located on the edges sides, and their stoichiometric 

values are given in the diagram as proportional coordinates respect with to their 

adjacent end-point oxides, whose values are taken as unit at the respective apices. The 

pseudo-ternary oxide compounds, such as the superconducting YBa2Cu307-<; phase 

(123) or the insulating Y2BaCuOs "green" phase (211), are located in the interior, and 

the stoichiometric values in the diagram are given as proportional coordinates respect 

to the projected points on the left and right triangle edges, with all three points lying 
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CuO 

YO 1.5 ...... ---..... ------...... -BaO 
210 

Figure 3.1 Pseudo-ternary phase diagram of the Y 203-BaO-CuO system. Several 
stable stoichiometric compounds are indicated. 

on the same horizontal line. 

3.1.1 End-Point Oxides 

The end-point oxides Y20 3, BaO, and CuO x-diffraction patterns are calculated 

from their crystallographic data. Table 3.1 summarizes the lattice parameters and the 

symmetries for these end-point oxides obtained from published crystal structures, as 

determined by single-crystal x-ray and neutron studies.109,llO,111 The calculated x-

ray powder diffraction patterns are shown in Figure 3.2 
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Crystallographic data used to calculate the end-point oxides Y203' BaO, and 
CuO x-diffraction patterns. 

Crystal Space ~~~ Reference 
Symmetry Group 

bcc Ia3, 10.604 109 
T7 

h 

fcc Fm3m, 5.5393 110 
os., 

monoclinic Cl21CL 4.653 3.41 5.108 111 
(6 = 99S) C6 

2h 

End - Poin t Oxides 

350 

280 
Y203 I I 

210 

140 BaO I I I 

70 

0 
CuO II I I I 

10 20 30 40 50 60 

2 e (degrees) 

Calculated x-ray diffraction pattern for the end-point oxides of the 
pseudo-ternary phase diagram of the Y20 r BaO-CuO system. 



3.2 Stoichiometric 123 Phases 

The discovery and confirmation of superconductivity in the Y-Ba-Cu-O 

system4
,l12,113,114,115 brought a lot of confusion regarding its crystal structure. 

Since the quaternary Y-Ba-Cu-O phase diagram is rather complex, it was not clear in 

the early days (spring 1987) which one of the phases was the responsible for the 

occurrence of superconductivity in this system. In addition to the confusion of the 

stoichiometry, several incorrect structures were given at that time. Examples of 

incorrect structures were those116
,1t7 that suggest that superconducting Y-Ba-Cu-O 

phase was related to the well known La3Ba3Cu60 14 structure previously proposed by 

Er-Rakho.llS 
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Most of the confusion came from the difficulty to isolate the superconducting 

phase during the sample preparation. Interesting details on historical events for the 

identification of the crystal structure of the first Y-Ba-Cu-O materials are presented in 

the guidebook given by R. M. Hazen.119 Soon after the discovery, the phase 

responsible for the 90 K superconducting transition was found to have a stoichiometric 

value of 1 :2:3 in the Y:Ba:Cu ratio. Electron and x-ray diffraction studies showed that 

the identified structure is being related to a cubic perovskite 

s tru cture. 120,121,122,123,124,125,126,127,128,129,130 

The YBa2Cu30 x structure, nicknamed the 123 structure, presents two lim.iting 

crystal structures. For x ::::: 0, a tetragonal phase is obtained, whose electrical properties 

are semiconducting. For x ::::: I, on the other hand, a orthorhombic and 

superconducting phase is obtained. Studies on structures and properties of 



YBa2Cu30 7..5 with intermediate oxygen contents have also being carried out for the 

many research groups to understand this double phase transition: the tetragonal-to

orthorhombic131 and the semiconducting-to-superconducting132,133,13-! phase 

transitions. 

3.2.1 Orthorhombic Phase 

41 

The crystal structure for the superconducting compound YBa2Cu30 7..5 is 

orthorhombic. This structure is related with the cubic perovskite arrangement with 

ordered Ba and Y cations. Figure 3.3 shows the orthorhombic YBa2Cu30 7..5 unit cell. 

Ba-planes are fully occupied by oxygens, as denoted by 0(2) in the figure, while there 

Figure 3.3 

c 

b 

""-----~ a 

eu 
Orthorhombic YBa2Cu307..5 unit cell. 

0(3) 
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is a total absence of oxygen for the Y-planes. Between Y and Ba layers, there are CuO 

layers with fully occupied oxygen sites, which are denoted by 0(3) and 0(4) along the 

b and a axis, respectively. Basal planes, i.e., planes between Ba-Iayers, have an oxygen 

vacancy and there is a partially occupied oxygen, denoted by 0(1) in Figure 3.3. 

Figure 3.4 shows the calculated x-ray diffraction pattern for the orthorhombic 

3.2.2 Tetragonal Phase. 

The semiconducting compound YBa2Cu30 6 has a tetragonal structure. This 

compound is an oxygen-deficient form of the high temperature superconductor 

YBa2Cu30 7..5 where the basal planes contain no oxygens at all; i.e., the YBa2Cu30(, unit 

cell is similar of that shown in Figure 3.3, with the oxygens 0(1) missing. Figure 3.5 

shows the calculated x-ray diffraction pattern for the tetragonal YBa2Cu30 6 structure. 

Table 3.2 summarizes the lattice parameters and the symmetries used for the 

Table 3.2 Crystallographic data used to calculate the x-diffraction patterns of the 
tetragonal YBa2Cu306 and the orthorhombic YBa2Cu30 7..5 phases. 

I 
Phase 

I 
Space ~~~ Reference 
Group 

YBa2Cu306 P4/mmm, 3.8594 11.814 135 
014h 

YBa2Cu30 7..5 Pmmm, 3.829 3.886 11.694 136 
Dl2h 
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Calculated x-ray diffraction pattern for the superconducting orthorhombic 
YBa2Cu30 7.c phase. 
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calculations, as obtained from single-crystal x-ray studies for the tetragonal135 as well 

as for the orthorhombic structures.l36 

3.3 Impurity Phases 
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One of the mayor difficulties in the study of the physical properties in the 

copper-oxide superconductors is to be able to distinguish between purely physical 

properties from metallurgical and chemical effects. This is particularly true in the 

resistance measurements of Y-Ba-Cu-O thin films (see Chapter 4), where the presence 

of non-superconducting phases, normally called impurity phases, increases the width 

of the superconducting transition. Most interesting is the fact that small fractions of 

some of the impurity phases are not enough to close all the superconducting 

percolation paths of YBa2Cu30 7..5 films, making the films still superconducting. 

Furthermore, some of the impurity phases can be used as precursors for the formation 

of the superconducting phase when appropriate parameters in the thin film fabrication 

procedure are used, such as the annealing conditions (see Chapter 5). Thus, the 

identification of impurity phases in the Y-Ba-Cu-O films plays an important roll for the 

fabrication of superconducting samples. 

Several impurity phases were investigated. Although x-ray diffraction pattern 

calculations for more than 20 impurity phases were performed, only 4 of them are 

enough for most of the discussion in Chapter 5 in my study of post-annealed films. 

Table 3.3 gives a list of these phases, along with the respective crystallographic 

data. 137,13S,J39,140 Figure 3.6 shows the calculated x-ray diffraction patterns. 
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Table 3.3 Crystallographic data used to calculate the x-diffraction patterns of several 
impurity Y-Ba-Cu-O phases. 

Phase 

YzBaCuOs 

BaCuOz 

BaCuzOz 

CuY02 

360 
. 
~ 210 
cd 

'-' 

180 

90 

o 

Crystal Space a(A) b(A) c(A) 
Symmetry Group 

Ortho. Pnma, 12.181 5.658 7.132 
D16 

2h 

Cubic Im3m 18.27 

Tetra. 14/amd, 5.72 10.06 
D19 4h 

Hexa. P6/nmc, 3.521 11.418 
D\h 

Impuri ty Phases 

Y2BaCuOs 

BaCu 20 2 

10 20 30 40 50 

2 e (degrees) 

Figure 3.6 Calculated x-ray diffraction for four impurity phases. 
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CHAPTER 4 

CHARACTERIZATION OF YBCO THIN FILMS 
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The preparation of superconducting YBCO thin films is more complicated than 

expected. Films are required to have specific properties, such as: correct chemical 

composition, purity in the structure, stability, high superconducting critical 

temperature, and sharp transition. The desired properties in the films seems to be clear 

enough. However the procedure to follow to obtain these properties is not an obvious 

one. On one side, the deposition of an 123 thin film is not a trivial operation because 

of the complexity in its chemical composition (see Chapter 3). On the other hand, the 

necessity to intake excess oxygen at high temperatures complicates matter (see Chapter 

5). 

In search of the above desired properties in mind, I describe in this chapter 

several techniques to characterize the films. In Section 4.1, I describe the Rutherford 

Backscattering technique and its use in analyzing composition, stoichiometry and 

purity in the as deposited films. In Section 4.2, I describe the X-ray diffraction 

technique and how it is used to determine the crystal structure of the post-annealed 

films, their orientation, and the chemical phases that are presented. Finally, in Section 

4.3, I describe the resistance-measurement technique to determinate the 



47 

superconducting properties as well as the quality of the films. 

4.1 Rutherford Backscattering Spectrometry (RBS) 

Rutherford backscattering spectrometry, or RBS for short, is an extremely useful 

technique for determining areal densities in thin filmsl4l. In particular, RBS is a very 

powerful tool to accurately measure the average stoichiometry ratios Y:Ba:Cu in the 

YBCO thin films. RBS allows also to determine impurity levels in the superconducting 

thin films;)42 and, if the film density is known, it can measure film thicknesses. 

Figure 4.1 schematically shows the basic concept of the RBS technique. A beam 

containing Q (number) 4He ions with analysis energy Eo are sent into the sample film. 

The 4He ions rebound from the film ions and are intercepted by a detector of solid 

angle n for energy analysis. The 4He ions impinge on the detector with a 

backscattered energy E) that is characteristic of the mass of the struck particle. That is, 

the value E) identifies the atoms presented inside the film. Furthermore, as the 

incident 4He ions pass into and out of the film, they loss energy, impinging on the 

detector with energies close to but lower than the value E). Thus, each element 

present in the film yields backscattered ions with a characteristic range of energies. 

For a film of uniform composition, almost flat-topped "peaks" are obtained. 

Figure 4.2 schematically shows the production of the backscattering spectrum of a 

hypothetical three-element compound film. Each film element may be identified by the 

value of the backscattered energy E) of the high-energy side of the peak. These 

energies are represented in the figure as (E)j' where i (i = a,b,c) identifies the i-th 

element. Table 4.1 shows typical channel number values for most of the elements of 
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Basic concept of the RBS technique. 4He ions are incident on the film with 
an analysis energy Eo. Backscattered ions with energy EJ are intercepted 
by the detector. 
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Schematic representation of the production of a RBS spectrum. The values 
(El)i identify the elements present in the film, and Ai quantify the atomic 
areal densities. 
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interest worked in this dissertation. The heavier the element into the film, the larger 

the channel number. Therefore, in principle, almost all peaks in YBCO films can easily 

resolved. However, the thicker the film, the broader the "peaks" are obtained; and 

then peaks may overlap when the films are not thin enough. Substrates upon which 

films are deposited also contribute to the backscattering spectrum, and the choice of a 

low-mass substrate may avoid peak overlap of the substrate signal with the signals 

from the film. The effect of the substrate is represented on the left side of the 

Table 4.1 Channel numbers for several elements using three different incident beam 
energies Eo (1892, 3776, and 4700 KeV). Bulk densities (needed for 
thicknesses) are also listed. 

I Element I 
Channel Bulk 

Atomic Number Density 
Mass (xl 022 

1892 KeV 3776 KeV 4700 KeV . atm!cm3) 

C(99) 12 257 257 260 -

C(1) 13 289 287 291 -

0 16 372 368 372 -
0 17 397 391 396 -
0 18 419 413 418 -
F 19 440 434 439 -

Cu 63 804 786 794 8.45 

Y 89 866 846 854 3.03 , 

Y 90 868 848 856 -
Ba 137 923 901 909 1.54 

Ba 138 924 901 910 -



spectrum in Figure 4.2. For all the results presented in this dissertation, as-deposited 

carbon substrates -without any heat treatment- were used for RBS analysis, although 

Al20 3 substrates -with and without heat treatment- were sometimes used for 

comparison. Table 4.1 shows that carbon is the least massive element in this list, 

making carbon be a most preferred substrate for YBCO thin film analysis. 
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Energy analysis of the backscattered 4He ions is used to quantitatively 

determine the areal densities of the film. Areal densities (Nt)j are directly related with 

integrated peak count Aj (see Figure 4.2). For Q incident analysis ions, the areal 

densities (given in atoms/cm2
) are given by 

(Nt)j = (4.1 ) 
(Qna)j 

where n is the detector solid angle and a j is the cross section of the i-th element into 

the film. Areal densities can be obtained as accurately as ± 3%, and variations in the 

concentrations across the film are detected as the variations in the "flatness" of the 

peak signals in the RBS spectrum. Although RBS does not measure thicknesses of the 

films directly, physical thicknesses can be obtained from the areal densities. If the film 

density is known, thicknesses (given in A) are given by 

(Nt); 
(4.2) 

where Nj is the film density (given in atoms/cm3
). In general, film densities are 
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different from bulk densities. A first approximation is to assume bulk densities for the 

film. Table 4.1 shows bulk density values for the elements of interest in this 

dissertation. Other useful value for the bulk density is the one for the BaFy being 1.68 

RBS is a very powerful technique to measure the average stoichiometry ratios 

Y:Ba:Cu in the YBCO thin films. Average stoichiometry ratio for the i-th element 

respect to the j-th element is given by 

(Nt); 
i-element: j-element = (4.3) 

Stoichiometry ratios depend only on the ratio of the integrated peak counts, A;I Aj' and 

on the ratio of the cross sections, a;laj ; but do not depend on the Q incident analysis 

ions, nor on the detector solid angle.n. Therefore, accuracy is improved in the 

stoichiometry ratios, and may be obtained up to ± 0.1 %. 

All the RBS results presented in this dissertation were obtained at the lOll Beam 

Analysis Facility at the University of Arizona.143 4He beams are produced with a 6 

Table 4.2 Relevant experimental parameters pertaining to RBS data. 

Backscattering Angle: 
Detector Solid Angle: 

Analysis Energies: 
Detector Resolution: 

Substrate Sizes: 

0 Lab = (170.5 ± 0.5)0 
.n = (0.78 ± 0.02) msr 
Eo = 1892, 3776, and 4700 kev 
11 = 14 kev 
S = Yzl! X Yzl! 
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MV Van de Graaff accelerator. Table 4.2 shows some relevant parameters used during 

the RBS experiments. 

4.1.1 Barium-Fluoride Evaporation. 

As mentioned in the previous chapter, evaporating BaF2 is relatively easy to 

control when working alone, but it considerably complicates matters when the 5 mtorr 

of argon is used to sputter copper and yttrium. In order to assure control during a 

relatively long (15-45 min) period of time, new BaF2 crystals are used each time a new 

deposition occurs, and are uniformly melted before argon is introduced in the 

deposition chamber to start sputtering from Y and Cu. Melting is produced by 

applying relatively large currents (see Chapter 3) to the evaporator without burning 

the BaF2• The QCM detector is covered in this part for protection against heat and 

overexposure; substrates are placed 180 degrees apart from the evaporation source to 

avoid BaF2 bufferlayer production. After a uniform BaF2 melted source is obtained, 

multilayered films are produced with the evaporated source (BaFz) and the two 

sputtering guns (Y and Cu) working simultaneously. 

Figure 4.3 shows partial RBS spectra for a (- 2100 A) film deposited on carbon 

consisting of 8 multilayers of Y/BaF2/Cu. Although all other RBS signals (such as the 

Y and Cu signals) were well obtained, only the Ba signal is shown for discussion. RBS 

was run with an incident energy of 4700 Ev. Table 4.1 shows that the channel 

numbers for barium at this incident energy are 909 and 910, for mass 137 and 138 

respectively. The right side of the RBS signal in Figure 4.3 occurs at these channel 

numbers, and represents the Ba atoms near the surface of the film. The RBS barium 
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signal shows a pronounced peak on its left side, where there Ba atoms closest to the 

carbon substrate are represented. Besides this pronounced peak, the barium signal 

seems to be more or less flat. From this profile, it appears that pure Ba (or pure BaF2 

for being more precise; see below) was deposited on the substrate until about 1/3 of 

the total film thickness was deposited.l44 Similar results (see below) were obtained 

each time the substrates were introduced into the deposition chamber before the 

melting process was done (see below). I conclude that this buffer layer is produced 

due to the BaF2 melting process during the initial setting for the multilayered 

deposition. 

2000 
4700 keY 4He 

1600 ... 
IZl 
~ 1200 909 = ~ inner . . ... ····1 0 

. .. . 
800 ----"7. . .. . . 

U atoms surface 
~ 

400 Ba atoms 
. . . 

0 
... . . . . .... -

850 870 890 910 930 950 

Channel Number 

Figure 4.3 Partial RBS spectrum of a (- 2100) Y/BaF:lCu multilayered film. Carbon 
substrates were used and introduced into the deposition chamber before 
the BaF2 melting was done. 
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The sample just discussed is not thin enough to analyze the fluorine content. 

All RBS results on our multilayered Y/BaF2/Cu films show the presence of oxygen, 

possibly due to the direct interaction with the atmosphere during the transfer from the 

deposition chamber at our labs to the Ion Beam Analysis Facility for the RBS analysis. 

RBS signals for oxygen and fluorine are very close as their consecutive mass numbers 

give close values in their channel numbers. Unless samples are thin enough (thh1ner 

that 1500 A), 0 and F signals overlap. 

Figure 4.4 and Figure 4.5 show RBS spectra for a thinner (- 930 A) film. Only 3 

multilayers of Y/BalF2/Cu were deposited this time to make the films thinner and to be 

able to resolve the fluorine signal. Deposition parameters were changed (i.e., 

thicknesses for individual layers are different from the previous case), and the 

substrates were introduced into the deposition chamber after the BaF2 melting was 

performed to avoid the BaF2 bufferlayer on the films produced during the BaF2 melting 

in the evaporator. The analysis energy of 1892 eV is enough to separate the signals of 

the oxygen (channel number at 372) and the fluorine (channel number at 440), as seen 

in Figure 4.4. With thinner samples, it is possible to estimate the average stoichiometry 

in the separate barium and fluorine for the barium fluoride evaporation. Figure 4.5 

shows the peak signal for Ba (channel number at 923). Areal densities for this film, in 

units of 1015 atoms/cm2
, are 116 ± 3 and 230 ± 8 for barium and fluorine, respectively, 

as determined from their integrated peaks and Equation 4.1. Equation 4.3 gives the 

stoichiometric value of (1.00 ± 0.01):(1.98 ± 0.01) for the Ba:F ratio. 

This result, close to the 1:2 stoichiometric value, suggests that the thermal 

evaporation, with the simultaneous operation of both sputtering targets, may produce 
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Backscattering spectra of a thin (- 930 A) Y/BaF2 /Cu film deposited on C 
substrate. 

2500 

2000 

1500 

1000 

500 

0 
800 

1892 keV 

850 

, ... . ' .' .. 

Ba: 923 

.~ 1 .. , 
" " .. ... . .. ' " 

. . 
: . .. 

900 950 

Channel Number 

1000 

Barium RBS peak signals for the same sample of Figure 4.4. Both spectra 
were taken using a 1892 kev incident 4He beam. 
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molecular deposition on the carbon substrate without altering the BaF2 stoichiometry. 

Note however that both F and Ba signal peaks are not uniform, and that the profile 

shapes are not similar. Therefore, the 1:2 result is valid only as an average across the 

film. Furthermore, we have found that some of the fluorine of other multilayered 

films is replaced by oxygen,145 making accurate profile analysis hard to follow. Even 

so, subsequent depositions in thin films (thickness less than 1500 A) show similar 

values in the average 1:2 stoichiometry, within a 6% discrepancy. Similar results have 

been found by others78
,146 confirming that the barium fluoride thermal evaporation 

produces molecular deposition. I consider this a relevant result for the fabrication of 

superconducting thin films. I suspect that preferential evaporation, instead of 

molecular evaporation, could bring problems related with reproducibility. For example, 

if barium were deposited at a higher rate that fluorine does, as-deposited films may 

become hygroscopic, as it is the case when single barium or barium alloys are used as 

source materials for the deposition. In our case, molecular deposition brings stable 

films that are relatively inert to the atmospheric condition, making this fabrication 

technique more reproducible. 

4.1.2 Yttrium/Copper Sputtering. 

Sputtering deposition profiles for a thin (- 1100 A) film are now analyzed. 

Figure 4.6 shows the yttrium, barium, and copper RBS signals for a multilayered 

Y/BaF2 /Cu thin film deposited on carbon substrate. Channel numbers for copper and 

yttrium are 786 and 846, respectively (Table 4.1). Areal densities for this film (in units 

of las atoms/cm2) are 182 ± 6 and 56 ± 2 for Cu and Y, respectively, as determined 
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from the integrated peaks and Equation 4.1. Equation 4.2 gives the stoichiometric ratio 

of (3.25 ± .01):(1.00 ± .01) for Cu:Y. 

Physical thickness (A) of the individual layers of this sample can be obtained 

from the RBS results (Figure 4.6). Estimated thickness per-layer are 61 A for Y, and 72 

A for Cu, as calculated from Equation 4.2 and assuming bulk elemental density values 

for Y and Cu into the film (Table 4.1). Analysis of the Ba and F peaks together (only 

the barium peak is shown in Figure 4.6) gives an estimated individual barium fluoride 

thickness of 212 A, assuming molecular deposition and using bulk densities for the 

barium fluoride. 
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Figure 4.6 Backscattering spectra of a thin (- 1100 A) Y/BaF2/Cu film deposited on C 
substrate. 
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4.1.3 Thick films. 

For a relatively thin Y/BaF2/Cu film (thickness about 1500-3000 A), Y, Ba and 

Cu signals can be separated with 4He analysis energy of 3776 keY. For thicker 

Y/BaF2/Cu films (thickness about 3000-7000 A), 4700 keY 4He analysis energy is 

required for the analysis. Using higher-energy 4He beams reduces the RBS peak width 

since the energy loss of 4He beams in materials decreases with the 4He enf'rgy. 

Figure 4.7 shows a RBS results as a function of the 4He analysis energy. A 

relatively thick multilayered Y/BaF2/Cu (- 4100 A) film was used here. RBS 

experiments were performed at the analysis beam energies of 1892, 3776, and 4700 keY, 

as indicated in the figure, in an effort to resolve the peak signals and be able to 

determinate the stoichiometry for this thick sample. Using the lower analysis energy, 

the Cu, Y, and Ba signal peaks completely overlap, producing a very broad signal peak 

from channel number 700 to channel number 910. 

Higher analysis energies resolve the Cu peak. At 3776 keY, the Cu signal at the 

channel number 786 is slightly separated, but still the broad signal for the Y (channel 

number at 846) overlaps on its both sides with the Cu (left side) and Ba (right side). At 

4700 keY, however, the Cu signal (channel number 794) separates from the continuous 

RBS spectrum, and the Y and Ba peak signals slightly separate, as noticed by the 

"structure" around the channel number 850. Reduction in the RBS peak width as a 

function of the 4He analysis energy is more clear when computer deconvolution 

programs are used. Figure 4.8 shows the computer deconvolution of eu (left), Y 

(center), and Ba (Right) signals for the three experimental spectra of Figure 4.7. The 
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reduction in the experimental RBS width as the analysis energy increases improves the 

separation of the deconvoluted peaks. Using the deconvoluted data, the areal densities 

for this film (in units of lOS atoms/cm2
) are 1217 ± 64,423 ± 17, and 198 ± 24 for Cu, 

Y, and Ba, respectively, as determined from the integrated peaks and Equation 4.1. 

Equation 4.2 gives the stoichiometric ratio of 1:0.47:2.87 for Y:Ba:Cu. 

The film used for Figure 4.7 and Figure 4.8 is so thick that 0 and F signals 

cannot be resolved. The oxygen and fluorine completely overlap for all these three 

energy experiments (not shown), so fluorine composition cannot be analyzed in thick 

samples. In addition, cross sections for backscattering of 3776 and 4700 keY 4He beams 

by 0 or F are strongly non-Rutherford (i.e., Coulomb's Law doesn't apply) and must 

be measured.H7,148 This is not the case for the 1892 keY analysis beam, where the 

cross section for scattering of 4He on F and 0, and all elements in general, are nearly 

Rutherford and may be calculated. Y, Ba, and Cu peaks, on the other hand, also 

overlap for thick samples, as shown in the three spectra of Figure 4.7, but can easily be 

separated for each of the three experimental profiles with the aid of computer 

deconvolution programs. Furthermore, the cross sections for scattering of 1892, 3776, 

and 4700 keY by the Cu, Y, and Ba elements (and in general by all elements more 

massive than Ar) remain Rutherford, and the use of calculated cross sections makes 

RBS an absolute method to determine Y:Ba:Cu stoichiometries that does not require 

the use of standards. 
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4.1.4 1:2:3 Stoichiometry. 

In order to obtain the chemical composition required for the formation of the 

superconducting phase in my films, experimental parameters are adjusted during the 

deposition. All deposition rates are keep constant during each multilayered Y/BaF2/Cu 

deposition. Arbitrary values are then set for the angular velocities that the substrates 

have when moving over each of the sources. The corresponding deposited Ba:Y and 

Cu:Y ratios are measured by RBS, using the corresponding areal densities found from 

the spectrum and using Equation 4.3 for the stoichiometric values. Corrections to the 

angular velocity ratios are then calculated to give the desired 1 :2:3 stoichiometry in 

subsequent depositions. 

Figure 4.8 shows an example of a films far from the 123 stoichiometry. Ba:Y 

values there are 0.47:1.00, which is 77% off of the desired 2:1 value. An apparent 77% 

correction to the angular velocity that the substrate have when moving over the 

barium fluoride source may give the desired 1:2:3 stoichiometry. However, two other 

important factors must be considered to reach this goal. First, the use of thick (- 41(0) 

films for RBS analysis requires the use of computer deconvolution programs that, 

although accurate, are not precise enough to increase the resolution in the (Nt)-values. 

Areal densities for Y and Cu can be determined within a 4-6% precision, but for Ba, 

resolution can be as bad as 15-20%, primarily due to the non-uniform thermal 

evaporation. The use of thinner (1500-3000 A) films for RBS solves this problem. 

Second, the required BaF2 melting produces a BaF2 bufferlayer that should be 

considered during the angular-velocity corrections. The introduction of substrates into 
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the deposition chamber after the the BaF2 melting works out this second inconvenien t. 

Figure 4.9 shows a typical RBS spectrum for a thin (- 2400 A) film. Angular 

velocity ratios were adjusted to get the desired 1:2:3 stoichiometry in Y:Ba:Cu. The 

higher-than-usual 4He analysis energy of 3776 keV was required to separate the Y, Ba 

and Cu peaks. Although different kinds of substrates were used during this 

deposition, carbon substrates were used to resolve the depth profiles of Y, Ba and Cu 

in a typical Y/BaF2/Cu multilayered thin film. Analysis of these data indicates average 

stoichiometry YxBayCu. with x = 1.03 ± 0.01, Y = 2.03 ± 0.01, and z = 2.94 ± 0.01. 

Figure 4.9 
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4.2 X-Ray Diffraction 

Superconducting YBCO thin films are required to have purity in the crystal 

structure. Having the correct 1:2:3 stoichiometry ratio of Y:Ba:Cu is a necessary 

condition for the superconducting phase formation into the film; but still not a 

sufficient condition. The superconducting properties of a copper-oxide superconductor 

also depend on the oxygen content in the composition; and the oxygen content, at the 

same time, is strongly correlated with the crystal structure. Hence, films have to be 

analyzed for their structural properties. Further, the ternary phase diagram of Y 203' 

BaO, and CuO is rather extensive, with insulating or semiconducting phases 

surrounding the 90 K superconducting phase. Therefore, fabrication of 

superconducting YBCO thin films also requires the study of the phases that can be 

formed into the films. 

One of the most common techniques for studying structure and the phases 

presented into the materials is the X-ray diffraction.149
,150 The X-ray diffraction 

spectrum of a chemical phase present in the materials is unique, making the X-ray 

diffraction a powerful technique for identification of the phases formed into the thin 

films. Further, analysis of X-ray diffraction spectra can give structural information, 

including crystalline orientation, lattice spacings, crystallite size and strain. Several x

ray diffraction techniques can be used to examine the crystal structure of the YBCO 

thin films, but for the experimental results presented in this dissertation, a Bragg

Brentano geometry was enough to obtain high angle (10-60 degrees 26) x-ray 

diffraction spectra, where there is almost all the information regarding the 

superconducting YBCO phase. 
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A standard 6-26 Bragg-Brentano diffractometer consists in a geometry for 

which the scattering vector is always perpendicular to the film sample. This geometry 

only gives information in the growth direction of the films. Sample and detector move 

together to scan at different incident angles 6 of the x-ray beam. The x-ray source for 

all of these measurements was CuK" radiation (A = 1.541838 A). An IBM AT personal 

computer takes control of the motors that move the sample/detector, and receives data 

from an analog-to-digital converter connected to the detector electronics. 

A typical Bragg-Brentano x-ray diffraction pattern obtained from a post-

annealed YBCO film deposited on SrTi03 is shown in Figure 4.10. As deposited 
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Figure 4.10 X-ray diffraction pattern for a post-annealed YBCO film deposited on 
SrTi03· 



multilayered films are amorphous (i.e., no x-rays peaks), but start showing structure 

once they are crystallized with the annealing process. This x-ray pattern shows that 

this film crystallizes into the orthorhombic Y1Ba2Cu30 7.c structure, when compared 

with its calculated x-ray spectrum already shown in Figure 3.4. The extra reflections in 

this experimental x-ray spectrum are due to the aluminum of the sample holder in the 

diffractometer, as indicated in the Figure 4.10. The signals coming from the SrTi03 

substrate are also indicated. Note that not all peak signals are detected for the 

orthorhombic structure, but only those that are for the (00/) reflections. Note also that 

the calculated (003) peak at 28 = 22.79, and the calculated (006) peak at 28 = 46.56 

coincide with the SrTi03 signals from the substrate, and therefore can not be directly 

detected with the Bragg-Brentano geometry. Since this x-ray pattern is dominated by 

the (00/) reflections, the film has preferential orientation, with the c-axis of the film 

perpendicular to the surface of the substrate. 

Stoichiometry for the previous x-rayed sample (Figure 4.10) is dose to the 

desired value 1:2:3 in Y:Ba:Cu. This film has an average stoichiometry YxBayCu: with x 

= 1.03 ± 0.01, Y = 2.03 ± 0.01 and z = 2.94 ± 0.01, as determined from RBS analysis 

on multilayered films deposited on carbon substrates (see Figure 4.9). RBS analysis 

was also made on films deposited on SrTi03 substrates, but the results are not as 

accurate as those from the carbon substrates, primarily because the Sr RBS signal 

coming from the SrTi03 substrate overlaps the Cu RBS peak. 

Phase identification for the previous x-ray diffraction pattern was immediate. 

This is not the case when films are out of stoichiometry, or when the crystallinization 

during the annealing is not properly performed. Chapter 5 is completely devoted to 
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study these properties. 

4.3 Resistance Measurements 

Resistance-v.s.-temperature measurement, or RvsT, is the principal technique 

employed to determine when a material becomes superconducting. The transition 

temperature manifests itself by a sharp drop in resistivity to zero. Although a 

susceptibility-v.s.-temperature measurement is a better thermodynamic indicator of the 

superconducting state, resistance-v.s.-temperature can be a better guide for 

applications. RvsT is easier to measure, making it the most popular characterization 

technique reported in the literature to determine the critical temperature and the 

sharpness of the transition. Most resistivity determinations are made with the four

probe technique. 

4.3.1 The Four-Probe Technique. 

The four-probe measurement technique has been one of the standard tools for 

measuring resistance. It has the advantage over the most-common two-probe 

technique of eliminating errors in the readings due to the resistance of the electrical 

leads and the resistance of the contacts to the sample to be measured. Basically, the 

four-probe technique consists in connecting four electrical wires to the sample to be 

tested. Figure 4.11 illustrates how connections are made in (a) a bulk sample of 

parallelepiped shape, and (b) in a thin film. Two of the wires are used to pass a 

current I. The other two are used to measured a voltage drop V. The four-probe 

resistance is then given by 
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R = VII. (4.4) 

Although the four-probe method minimizes the effects of lead resistances, other 

factors can affect resistance measurement accuracy. Thermal emf's, electrochemical 

and other effects can add an extraneous DC offset voltage Voffset to the measured 

voltage. For example, connection to the sample will inevitably cause a thermocouple to 

form; in other words, the junction of dissimilar materials (the sample test and the 

electrical leads) will produce thermal voltages due to the thermal gradient across the 

junction. 

b) I 

J---{ V }-----I 

J----{ V }-----t 

I 
) 

Figure 4.11 Schematic representation of the four-probe technique for (a) a bulk sample; 
(b) a thin film. In each example, two of the wires are used to pass a 
current I, and the other two to measure the voltage drop V. 



To cancel this offset, AC signals are used. Since the thermal voltages are DC, 

they are rejected from the measurements. The problem, however, with using AC 

signals is the errors caused by stray inductance and capacitance in the system. These 

stray effects can become significant unless very low frequency AC signals are used. 

For my work, a quasi-DC technique was used. A voltage measurement V + is 

first taken with positive test current. Then, the current is reversed and another 

voltage measurement V. is taken. If both measurements are taken before thermal 

gradients change, the thermal voltages cancel in the final calculation. For a positive 

current, the resulting voltage is: 
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V + = + 1 R + V ollsel (4.5) 

For a negative current, the voltage across the device becomes: 

V. = - I R + V ollsel 

The sample resistance is then given by 

R = (V + - V.) / 21 

(4.6) 

(4.7) 

The DC offset voltage is effectively canceled as long as it remains comparatively steady. 

If the offset voltage varies, it may be advantageous to take a number of such readings 

and average them. 

Resistivity values (in .a-cm) can be deduced from the resistance values (in .a) 

and the geometry of the sample.151 For example, for thin films, the van der 

Pauw15
2,153 technique may be used. If the sample is a circular disk, a four-point 

collinear probe can then be used.l54 In any case, special care has to be done in both 

contact size and placement. In addition, dimension of the samples (areas, thicknesses, 

etc) have to be extremely precise. In this section, I am interested only on the 
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superconducting transition temperatures of the samples, so the results presented here 

are on resistance measurements. 

4.3.2 Experimental Setup. 

Figure 4.12 shows a schematic of the resistance measurement device. Two 

current leads and two voltage leads are connected to the sample. Voltage drop across 

the sample is measured with a Hewlett-Packard HP3456A digital voltmeter and the 

current applied is measured with a Keithley 181 nanovoltmeter. A 12 DC volt battery 

is used as the current source, and a 10 ± 0.1 n resistor is connected in series with the 

HP 3456 A voltmeter 

sample 
battery 

switch box 

HP 3488 9 V 

10(2 

Figure 4.12 Schematic representation of the experimental set-up for the resistance 
measurements. 
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current leads. Current is then determined by measuring the voltage drop across this 

resistor. To regulate the current, a voltage divider is connected to the terminals of the 

source battery. Typically, a 1.00 ± 0.01 rnA current is used in all the measurements. 

To control the polarity of the current, a directional switch is connected on the 

current leads. A Hewlett Packard HP3488 digital switch box is used to control all 

directional switches, as well as controlling the configurations of current and voltage 

contacts to the sample. Up to 8 configurations for the current polarity and up to 4 

voltage configurations for voltage measurements can independently be addressed with 

this system. This system allows the measurement up to 4 samples simultaneously, 

requiring 2 current configurations and 1 voltage configuration per sample. 

Resistances are measured as a function of temperature. A 21SC Cryodyne™ 

Cryocooler closed-cycle refrigerator is used to carry out the measurements from room 

temperature (297K) down to 7.5 K. A Lakeshore ORC-81C temperature controller 

controls the temperature at a set point to approximately ± 0.05 K for temperatures 

above 100 K and ± 0.01 K for temperatures below 100. 

Data acquisition is completely automated with a IBM PC-XT. All devices are 

connected to an IEEE-488 interface bus, which is controlled by the computer. A 

program written in Microsoft™ BASIC selects the temperature set point in the 

temperature controller, selects the polarity for the applied current using the switch box, 

reads the current I with the nanovoltmeter (by reading the voltage drop across the 

constant 10 ohms resistor), reads the sample voltage drop V + with the voltmeter, and 

reads the temperature T in the temperature controller. The program then uses the 

switch box to change the polarity of the current to get a second reading V_. 
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Resistance at that temperature is then given by Equation 4.7. 

4.3.3 Electrical Contacts. 

Making good contacts with the sample is the major problem in making the 

resistance measurements in the copper oxide superconductors. Bulk samples are easier 

to work with, and silver print on the leads is enough to get good electrical contact 

with the sample. The only disadvantage is the rapid evaporation of the solvent in the 

silver print, but this problem may overcome with a little practice to allow electrical 

contacts effective during long periods of time (48 hrs or more). Thin films, on the 

other hand, are more difficult to work with. Silver print not always adhere to the film 

surface, making measurements very noisy and inaccurate. Most of the problem comes 

from oxidation on the surface of the film, as seen as a very thin whitish overiayer, 

possibly formed during the last step of the annealing. Polishing the parts of the 

surface where the leads are placed helps the electrical contacts, but in general it 

damages the film for future use. In addition, once electrical contacts are made, sample 

leads tend to fall off as soon as the temperature is decreased. 

Another technique used to make contacts is the lithography. Post-annealed 

films are masked to expose only their surface corners. Samples are placed into the 

sputtering system to deposit 5000 A of pure copper. After samples are removed from 

the deposition chamber, electrical leads are directly soldered over the copper pads. In 

principle, any metal can be deposited to make the pads, but I have chosen copper to 

avoid any contaminant that can degrade the superconducting properties into the film. 

I have also used silver pads in similar films for comparison, and I have not found any 



appreciable change in the superconducting transitions, nor in the resistance profiles. 

Talvacchio155 has made a comparative analysis of different materials deposited to 
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make the electrical pads, including gold and silver. My experience with this pad 

technique indicates that it is the most effective to make the best electrical contacts, but 

it has the disadvantages that the copper pads cannot be removed from the surface of 

the films. 

Mechanical contacts are another alternative. It consists of using springs that 

press directly on the sample. Although good contacts can be achieved, mechanical 

contacts requires relatively large areas to work with, and the small l/4"-by-l/4" size of 

the substrates make this technique very difficult in practice. In addition, resistance 

measurements become very noisy as the temperature is decreased, possibly due to the 

different thermal expansion coefficients in the contact device and the sample itself. 

A successful technique I was able to implement consists in using small pieces of 

indium (99.999% pure). A bulk piece of indium is first pressed over the film. The 

electrical lead is placed just above the indium, and another bulk piece of indium is 

placed above the lead to make a "sandwich contact". All this sandwich is firmly 

pressed against the sample to make a good contact with the film. Contact resistance is 

found to vary from a few ohms to several hundred ohms. No thermal soldering is 

made at all, so the sample is not exposed to harmful heat that can break it, as it 

usually happens with the pad technique. In addition, indium residues are relatively 

easy to remove, making this technique very useful in a continuous practice. 
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4.3.4 Results. 

Figure 4.13 shows the resistance v.s. temperature of a YBCO thin film. This 

sample has a stoichiometry close to the desired 1:2:3 value (see Figure 4.9) and presents 

a crystallographic orthorhombic phase (see Figure 4.10), with the c-axis perpendicular 

to the surface of the film. Electrical contacts for the four-probe measurements were 

made on the corners of the film (see Figure 4.11 b). Therefore, the resistance 

measurements for this sample are made parallel to the ab planes of the Y\Ba 2Cu30 i ..5 

structure. 
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Figure 4.13 Resistance v.s. temperature for a post-annealed YBCO thin film deposited 
on SrTi03• 
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This sample shows superconductivity at temperatures above the liquid nitrogen. 

Resistance starts dropping at the temperature Tc(onset) = 92 ± 0.1 K, and it goes 

completely to zero at Tc(zero) = 80 ± 0.1 K. The 92 K onset value is an indication of 

the presence of the superconducting orthorhombic phase YBa2Cu30 7.o' RBS data (123 

stoichiometry), the x-ray data (orthorhombic structure), and the zero resistance below 

80 K confirm this. Although the zero resistance occurs above the liquid nitrogen 

temperature (77 K), it still can be improved with an appropriate setting on the 

annealing parameters (see Chapter 5). The profile in the RvsT data also gives 

information on the quality of the films. A linear decrease is observed in the resistance 

as the temperature decreases from room temperature to 92 K. As described in Chapter 

2, this "metallic behavior" is an indicator of enough oxygen content in bulk samples, 

that is, the 5 values in the YBa2Cu30 7.o formula is close to O. This evidence suggests 

that my annealing procedure gives superconducting samples with oxygen content close 

to 7, although a quantitative measurement should be done. 

I didn't measure the oxygen content in my fabricated films. First of aLi, films 

deposited on carbon not only crack or flake off when annealed at high temperatures, 

but also contaminate the annealing furnace with carbonates, degrading the 

superconducting properties of the films in subsequent annealings. Second, post

annealed films on SrTi03 can not be used for RBS analysis since the oxygen signal in 

YBa2Cu30 7.o overlaps with the oxygen RBS signal from the SrTi03. The same happens 

in other common substrates for high-T, films, such as MgO, Al20 3, and YSZ (yttria 

stabilized zirconia). Although Si substrates could be preferred since the signal from 

substrate oxygen blends continuously with that from film oxygen, it has the same 
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inconvenience of carbon substrates when heat-treated at high temperatures. The only 

estimate for the oxygen content was from the normal state profile in the resistance-v.s.

temperature measurements. Most of the thin films samples deposited on SrTi03 that I 

measured show a metallic behavior, even in most of the out-of-stoichiometry cases. 

4.4 Comments 

The multilayered technique described in Chapter 3 can produce 

superconducting thin films on SrTi03. For stoichiometry values in Y:Ba:Cu that are 

doser to the 1:2:3 value, post-annealed films have a single orthorhombic YBa 2CU 30 i ,5 

phase and show superconductivity above liquid nitrogen, with a metallic behavior in 

its normal state. The multilayer structure in the as-deposited films is destroyed during 

the annealing step of the fabrication process, to crystallize into the chemically stable 

phase. For films out of stoichiometry, the multilayered structure is also destroyed, but 

the formation of the orthorhombic phase not always occurs. Furthermore, even if 

sections of the film recombine to form the orthorhombic phase, other sections will 

recombine in other stable phases to compensate the total number of atoms inside the 

film. Those additional phases are a consequence of the ternary phase diagram of Y20 3, 

BaO, and CuO. In general, the phases surrounding the 1:2:3 phase are either 

semiconducting or insulating. Therefore, the presence of these phases in the film will 

degrade its superconducting properties. In the next Chapter, studies on films out of 

stoichiometry will be given to discuss the formation of impurity phases into the film 

and the effects on the resistance profiles, as well as to study the effects of the heat 

treatment in their structural and superconducting properties. 
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CHAPTER 5 

ANNEALING STUDIES IN YBeo THIN FILMS 

As deposited films made by our sputtering/evaporation technique are not 

superconductors. Multilayered films of Y/BaF2 /Cu are insulating, even at low 

temperatures. To get the desired superconducting phase, films have to be heat treilted 

to crystallize into the perovskite-type structure. Both superconducting ilnd structural 

properties strongly depend on the annealing conditions. In this chapter, I conclude the 

fabrication of superconducting thin films by presenting my results on the effects of the 

heat treatment on the superconducting and structural properties of the films. 

5.1 Experimental Set Up 

5.1.1 Annealing Furnace 

As deposited films are heat treated in a conventional annealing furnace l56
• 

The set up consists of an asbestos cylinder (17" diameter X 15" long), with electrical 

cables wiring the inside of the cylinder to produce the heat needed. A variable power 

supply feeds the cables, as controlled by a Variace. A 2" diameter orifice along the 

cylinder is used to place a 22" long Vyco~ (96% silica) tube. All of the samples 

reported here were heat treated inside this Vyco~ tube. 

Figure 5.1 schematically shows a complete diagram for the experimental set up. 
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Inside the Vyco~ tube, two 6 rom o.d. VycorC pipe lines were installed. One of them 

is used to place a K-type thermocouple, connected to a digital temperature display with 

aloe resolution. The thermocouple end of this pipe line is sealed to avoid 

contamination inside the Vycore tube, and is used for insertion and retrieval of 

samples inside the furnace. 

The other Vycore pipeline is used to provide the oxygen needed during the 

annealing (gas line in Figure 5.1). A manual regulator controls the flow rate of the 

oxygen, which is 99.99% pure. Oxygen feeds the Vycor@ tube either as "wet" when 

bubbled through de-ionized water before being introduced to the furnace, or <IS "dry", 

when connected directly to the furnace. A manual valve selects one of these two 

~ thermometer 
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/ 
wet/dry gas line 
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plate I 01==/====\==tr=J==~=:::=-:~;:-'-) 

Figure 5.1 
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choices for the oxygen condition, as indicated in Figure 5.1. The vessel containing the 

de-ionized water for the "wet" line is kept at a variable temperature T w' as controlled 

by a hot plate, from room temperature up to 90 0c. A standard thermometer is used 

measure the temperature Tw of the water. 

An additional orifice at one of the ends of the Vycore tube is also needed. This 

is used as an exhaust for the oxygen and any other gasses generated during the 

annealing. As indicated in Figure 5.1, a flow meter is connected to this escape line, 

and the output line of the flow meter is directly connected to a second vessel. This 

also contains de-ionized water and is used to capture possible harmful gasses 

(particularly HF) that are released during the removal of the fluorine. 

5.1.2 Furnace Control. 

The variable power supply feeds the heating element inside the cylinder to produce 

the desired heat inside the quartz tube. A typical 100-103 volts can produce stable 850 

± 2 °C in the middle of the quartz tube when "dry" oxygen is used. Higher voltages 

produce higher temperatures, and in all cases temperatures are stable in the middle of 

the furnace. To produce the same stable temperature when "wet" oxygen is used, the 

power supply has to be adjusted depending on the temperature Tw of the water that 

wets the oxygen. For example, for Tw = 60°C, 110 volts are required in the power 

supply to produce the 850 °C in the middle of the furnace. In all cases, the 

temperatures at the ends of the Vycore tube are lower than the values at the mjddle, 

and intermediate points have gradually different temperatures. l56 Samples are 

introduced into the Vycore tube from the front end. Samples are then heated by 
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pushing them along the tube, allowing a rapid warm up in a time tp until the samples 

are finally placed at the middle of the furnace, where the temperature gradient is 

minimum. Typical values for tp are 10 to 15 minutes. It is in this position where the 

samples are annealed, with controllable temperatures Ta between 800 and 950 C, as 

determined by the power supply. For a fixed value of the annealing temperature Ta, 

samples can be heat treated for different annealing times ta, from 20 minutes to several 

hours. Wet oxygen is used only during the initial part of the annealing, for a lapse 

time t.v from 1 to 30 minutes. After this time t.v, oxygen line is switched to the dry line, 

and the oxygen flow is adjusted. Dry oxygen is used throughout the remaining 

portion of the annealing cycle. 

For the reasons explained below, after the samples are heated at a particular 

temperature Ta for a time ta, they are cooled to a dwell temperature Td in a lapsed time 

tr by manually decreasing the voltage on the power supply. In order to be systematic 

in all the experiments, samples are not moved at all in this cooling phase, but remain 

in the middle of the furnace tube where the temperature profile is constant. Once the 

temperature Td has been reached, a manual feedback on the power supply is then used 

to keep this temperature Td fixed and stable for a time td. Figure 5.2 shows a typical 

annealing profile, with the annealing temperature Ta and the soak at Td indicated. To 

produce a 1 °C/minute cooling from Ta = 870 C to Td = 550 C in a dry oxygen 

atmosphere, the power supply is decreased 4.0 volts every 25-30 minutes during tr = 5 

hours, going from 110-112 volts to 75-78 volts. A faster cooling of 5.0 °C/minute can be 

achieved between those two temperatures by turning off the power supply for tr = 60 

minutes and then restarting at 75-78 volts. 
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DESCRIPTION 

I 
TEMPERATURE DURATION 

Annealing Ta ta 

Dwelling (oxygenation) Td td 

Wet oxygen environment Tw ~ 

Heating ramp (push in) --- tp 

Cooling from T a to T d --- tr 

Cooling to room temp. --- tc 
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After the second stage at the temperature Td has been completed, samples are 

cooled to room temperature in a lapsed time te' Turning off the power supply at 75 

volts can produce a relatively slow cooling from Td = 550°C to room temperature (25-

30°C) in approximately te = 12 hours. Initial cooling rate is 1.5-1.8 °c/min and final 

cooling rate is 0.25 °C/minute. Once the samples have reached room temperature, they 

are kept inside the furnace with a dry oxygen atmosphere until they are removed for 

immediate analysis. 

Table 5.1 summarizes all the annealing parameters just described. A schematic 

representation of a typical annealing cycle and its parameters was presented in 

Figure 5.2. Additional parameters used (and kept constant from run to run) are the 

following: the oxygen regulator pressure (less than 10 psi, for both the wet and the 

dry line), the oxygen flow (0.5-0.8 fil/hr when wet, and 1.5-1.8 fil/hr when dry), and 

the heating-up time tp (12 minutes). Values for each annealing parameter in Table 5.1 

is discussed next. 

5.2 Annealing Parameters. 

The growth of the superconducting phase from a multilayer structure requires 

a thorough understanding of the processes involved during the heat treatment. It is 

my experience that a successful annealing schedule should be able to promote: 1) the 

complete removal of fluorine; 2) the nucleation and growth of the perovskite phase; 

and 3), the proper diffusion of oxygen into the lattice. In addition, the following things 

must be avoided: 1) harmful condensation on the surface of the film; 2) contaminants 

inside the film, such as carboxides or hydroxides; and 3), substrate-film interaction and 
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interdiffusion. With a careful handling of the samples, appropriate setting of the 

annealing parameters, and using x-ray analysis and resistance measurements as a 

feedback, all the above characteristics can be achieved to produce superconducting thin 

films. 

5.2.1 Sample Transfer. 

Special care is taken every time a sample is annealed. After the multilayered 

Y/BaF2 /Cu films have been fabricated, the deposition chamber is vented with argon. 

Samples are removed from the deposition chamber and placed in a desiccator which is 

backfilled with argon. Transfer is done also in an argon environment to avoid reaction 

of the films with the atmosphere. 

Before transfer to the furnace is performed, the annealing furnace is prepared 

for operation. As the furnace is heated, continuous "dry" oxygen is being flushed 

through the closed Vycore tube for several hours to remove contaminants. As soon as 

the furnace is ready for operation, the oxygen line is switched to the "wet" line. A 

systematic waiting period of 2 hours is then used before the samples are introduced. 

This is done to reach stable Ta temperatures in the middle of the furnace, as well as to 

produce the same humidity conditions every time a sample is introduced. This 

systematic procedure allows us a control on the "atmospheric conditions" during the 

initial part of the heat treatment. 

Once everything is ready for operation, samples are introduced into the furnace 

for heat treatment. The Vycore tube (Figure 5.1) is momentarily opened and a transfer 

bag, filled with argon, is used to close the path between the furnace and the desiccator. 



The sample is then placed at the entrance of the furnace tube, which is immediately 

closed to avoid contamination. The sample is then pushed to the middle of the furnace 

in a systematic 12 minute period (tp), as sample temperature, "wet" oxygen flow, timers, 

and water temperature readings are taken. Once the sample has reached the middle of 

the furnace, at a stable temperature Ta, all timers are reset. The annealing time ta and 

the time for the "wet" oxygen ~ readings are taken with respect to this point 

(Figure 5.2). 

5.2.2 Substrates. 

Most of the results presented here were obtained on single-crystal (100) SrTiO] 

substrates.157 Strontium titanate has been the substrate of choice since it seems to 

fulfill best the combination of lattice matching, minimum reaction between film and 

substrate when heat treated at higher temperatures (800-950 0c), and good matching 

for thermal expansion between the film and the substrate.158 SrTi03 is not a perfectly 

inert substrate materiaI159
,160, and although its ferroelectric properties could be 

unsuitable in many applications161,162, it has been shown that it produces the 

highest Te in practically all the deposition techniques I surveyed at the beginning of 

Chapter 3. 

Sapphire substrates were also used.163 Due to their lower cost, sapphire 

substrates were used to optimize Ta on films with stoichiometry close to the 123 value. 

However, due to the poor results obtained with sapphire substrates, all other 

annealing parameters were tested on the more expensive SrTi03 substrates. 
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5.2.3 Annealing Temperature Ta' 

In a first attempt to find the optimum value for Ta on multilayered films with 

stoichiometric composition close to the 123, I used the relatively inexpensive sapphire 

substrates. Working within a range of temperatures Ta from 800 to 950 C, I was able 

to produce superconducting YBCO thin films in these substrates, although zero 

resistance transitions were very low, below 10-15 K. In all the experiments, a constant 

ta = 20 minutes was used, followed by a slow cooling down to room temperature for 

approximately 20 hours (no Td at all in all these experiments, resulting td = 0 and tJ + 

tr + tc = 20 hours). Wet oxygen bubbled through de-ionized water at room 

temperature (Tw = 25-28 C), was used during all the annealing cycle (i.e., tw = 20 

hours). All other parameters were fixed to see only the effect of T
J

• 

Best results in the superconducting properties were obtained when the 

temperature Ta = 850°C was used. Figure 5.3 shows a normalized resistance liS 

temperature for YBa2Cu30 7..5 films deposited directly on sapphire and sapphire with a 

Ag (1500 A) buffer layer. The sample on plain sapphire shows a "semiconducting 

behavior" in the range 83-300 K, with an increase in the resistance values as the 

temperature is lowered. At Tc(onset) = 83 K, resistance suddenly drops, showing the 

presence of a superconducting phase in parts of the film. However, a change in the 

slope of the transition suddenly appears at 70 K to drastically reduce the zero 

resistance value down to Tc(zero) = 11 K. Most of the annealed samples deposited on 

plain sapphire show the same feature, a semiconducting behavior followed by a long 

"double" transition before reaching zero resistance, if ever. Some other samples only 
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showed the semiconducting behavior, without any transition at all. Worst cases were 

those where the samples were insulating. Highest Tc(onset) and Tc(zero) values are 

found when the annealing temperature Ta = 850°C is used, as shown in Figure 5.3, 

and results were never improved when some other parameters, such as ta, Td , td , Tw ' or 

~, were later used when working with these sapphire substrates. 

I believe that aluminum, coming from the single crystal Al20 3 substrate, 

diffuses into the film to degrade the superconducting properties. I also believe that a 

reaction may occur at the film-substrate interface due to the chemical incompatibility. 

It has been found that aluminum has a deleterious effect when small doping levels are 

Figure 5.3 
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used in bulk samplesl64,l65,l66. This could be the case of my films deposited on 

plain sapphire, where diffused aluminum drastically reduces the Te down to 11 K. In 

order to create a barrier between the substrate and the films and avoid this possible 

diffusion, as well as to reduce the possible chemical reaction at the interface, I tried a 

1500 A silver buffer layer, deposited by sputtering. Films become metallic in this case, 

as shown in Figure 5.3. The onset for the superconducting transition remains at 

Te{onset) = 83 K, which is the same as films deposited on plain sapphire, showing 

again that the superconducting phase is present in parts of the films. The transition 

does not have the shoulder found in samples deposited on plain sapphire, although 

there is still a long tail before resistance values reach zero at Te(zero) = 11 K. 

87 

The annealing temperature Ta = 850°C seems to be the optimum value. Using 

annealing temperatures higher than 900 °C on Y/BaF:!Cu films deposited on 

Aglsapphire produces metallic samples with no transition at all. For annealing 

temperatures lower than 850°C, samples are insulating. Only those annealed within 

the window 850-900 °C show a metallic behavior followed by a long tail before 

reaching zero resistance values. Best results are obtained when Ta = 850°C are used, 

producing the highest Te values, both onset and zero-resistance. This value for the 

annealing temperature Ta also gives the best results for films deposited on plain 

sapphire substrates. Furthermore, this annealing temperature produces the same 

values of Te{onset) and Te{zero) in both plain sapphire and sapphire with a silver 

buffer layer, as shown in Figure 5.3. 

Annealing temperature Ta was fixed to 850°C in subsequent experiments. All 

other annealing parameters were then tested. This time, however, the expensive 
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SrTi03 substrates were used. 

5.2.4 Removal of the Fluorine. 

The introduction of wet oxygen during a portion of the annealing cycle is used 

to promote the chemical reaction into the YBa2Cu30 7-e product. As discovered by 

Mankiewich et al./9 a small amount of water vapor in the post-deposition anneal 

greatly shortens the time required for the removal of fluorine and the conversion of 

the as-deposited materials into the perovskite phase. The decomposition of BaF:!1 

however, is more important than expected, as it determines both the reaction path and 

ultimate products of the process.167 

The reduction and subsequent oxidation of BaF2 to form BaO has been 

considered the rate limiting step?8,168 Basically, there are four chemical reactions that 

have to be considered. The first of them involves the disassociation of the barium 

fluoride into its components, that is 

BaF2 (solid) ----> Ba (solid) + F2 (gas). 

The second basic reaction is the disassociation of the water vapor used during the 

annealing 

H20 (gas) ----> H2 (gas) + Y2 02 (gas). 

(5.1) 

(5.2) 

Once both dissociations are done, products in each reaction recombine to get the last 

two reactions: 

H2 (gas) + F2 (gas) ----> 2HF (gas), (5.3) 

and 

Ba (solid) + Y2 02 ----> BaO (solid). (5.4) 
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Overall reaction is then summarized as 

----> BaO (solid) + 2HF (gas). (5.5) 

Removal of the fluorine is an important factor for the synthesis of the 

superconducting phase. The presence of water vapor promotes to the BaO formation, 

which then starts reacting with other oxides formed, such as Y203 and CuO, to 

develop a ternary phase diagram. Many reactions may occur, and the one we desire to 

occur is, of course, the one that produces the superconducting phase, that is 

YzY20 3 (solid) + 2BaO (solid) + 3CuO (solid) 

(5.6) 

However, this is not the only reaction that can occur from the mixture of the oxides. 

The ternary phase diagram indicates that many other phases can be produced. 

However, the impurity phases, such as BaCu20 2t BaCu02t CuY02, and the "green 

phase" Y2BaCuOs, degrade the superconducting properties of the films. In <lddition, 

other reactions can take place due to the presence of carbon dioxide and the moisture 

in the atmosphere. A particularly detrimental one is proposed by the Bellcore group;iS 

YzY20 3 (solid) + 2BaO (solid) + 3CuO (solid) + IlH20 (gas) + mC02 

------> individual carbonates and hydroxides. (5.7) 

An ideal case will be the production of thin films in which the re<lction given 

by Equation 5.6 takes place, without the production of the reaction given by Equ<ltion 

5.7. The use of wet oxygen during a portion of the annealing cycle helps the 

formation of the superconducting phase, as the fluorine is removed to form BaO. 

However, subsequent use of wet oxygen can produce impurity phases that will not 

only affect the surface of the film, but also the superconducting properties <IS they <Ire 



degraded by the presence of carbonates and 

h ydroxides.169,170,171, 172, 173,174,175,176 
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An interesting thing about these two reactions is the fact that the detrimental 

one most probably occurs at room temperature. To prove this, a thermodynamic 

analysis is required. Several thermodynamic properties have been already measured or 

calculated for these two reactions. For example, the standard enthalpy at room 

temperature measured by a solution method177 seems to be -143 kJ/mole on the 

desired reaction (Equation 5.6), and -498 kJ/mole on the detrimental one (Equation 5.7). 

Therefo.re, the use of water vapor during the portion of the annealing close to the 

room temperature must be eliminated to avoid carbonates and hydroxides into the 

films. 

It is my experience that keeping the oxygen wet during all the annealing cycle 

produces harmful condensation on the surface of the samples. X-ray spectra don't 

show the presence of impurity phases such as carbonates or hydroxides, but the 

complication comes when samples are tested for superconductivity. Resistance 

measurements are hard to measure as the test leads don't readily attach to the surface 

of the film. The film surface had to be scratched in these cases, and several methods 

for making electrical contacts were then studied, as discussed in section 4.3.3. 

I have noted, however, that it is not necessary to use water vapor during all 

the annealing cycle. Similar results have been found by others I7S,179,lSO,181,lS2 to 

produce superconducting thin films when wet 02 is used only at high temperatures, 

where the YBa2Cu30 7-1i is the most stable phase. In my case, a ~ = 20 minutes during 

the initial high temperature soak cycle is enough to completely remove the fluorine, as 
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determined from x-ray data on samples with stoichiometry close to the 123. For 

samples rich in BaF2I larger times ~ with wet oxygen are required, but still only during 

a short part of the annealing cycle. Following this ~, the input gas line in the 

annealing furnace is switched to dry oxygen, and it is kept there for the remaining of 

the annealing cycle. 

5.2.5 Oxygenation of the Films. 

Once the fluorine has been removed and the perovskite structure has been 

nucleated and grown, the proper diffusion of oxygen into the lattice is required to 

produce YBa2Cu30 7..5 thin films with 8 values close to zero. These materials are oxygen 

deficient in the sense that some or many of the crystallographic lattice sites allowed to 

oxygen are vacant. Oxygen atoms associated with these sites can be readily removed 

and reintercallated. High temperature annealing with a dry oxygen atmosphere can 

promote the oxygen diffusion into the lattice. However, long annealing times can 

produce reaction between the film and the substrate, as well as producing diffusion at 

their interface, degrading the superconducting properties of the film. Therefore, 

oxygenation must occur without interference from the substrate. 

The cooling down step on the annealing cycle seems to be a determining factor 

on the superconducting properties of the films. As it improves the oxygenation of the 

samples, a slow cooling (i.e. 1 °Clminute) has been used in most of the deposition 

techniques I reviewed in Chapter 3. An alternative to the slow-cooling approach is the 

use of a fast cooling rate (i.e. 5°C/minute) until the dwelling temperature Td = 550 0
( 

is reached, doing a soak at Td for a variable period of time td, followed by a final 
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cooling down to room temperature in tc = 12 hours. 

I have used both approaches. I have found, however, that using the dwelling-

temperature approach gives better results, as determined by the critical temperature T, 

in the resistance measurements. Figure 5.4 shows resistance-vs-temperature profiles of 

samples heat treated with the two approaches just described. All samples are YBCO 

thin films with stoichiometries close to 123 and deposited on SrTi03 substrates. To see 

only the effects on the cooling step, all samples were annealed at the same To = 850°C 

for ta = 20 minutes, with ~ = 20 minutes for the wet oxygen duration. The slow-

cooling approach produces superconducting samples with Tc(zero) = 56K, and a 
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Te(onset) = 80 K, as shown at the upper part of Figure 5.4. Better results in the 

superconductivity properties were obtained when using the dwelling-temperature 

approach. Using the same Td = 550°C, the effect on the superconducting properties of 

td, for td = 0, 30 minutes, and 2 hours, is shown in the lower part of Figure 5.4. Both 

Te(onset) and Te(zero) values systematically increase as the parameter td is increased. 

Best results are obtained when td = 2 hours are used, producing a Tc{onset) = 92 K 

and Tc(zero) = 80 K. 

Although these results may suggest that Te could increase with larger values of 

the dwelling time td, I didn't find any appreciable improvement when the time td was 

increased up to 15 hours. When larger values than 2 hours are used in td, resistance 

profiles (not shown) are very close to that of Figure 5.4 with td = 2 hours. The effect 

of td on the superconducting properties seems to increase the Te until a optimum value 

is reached at 2 hours. This is the case for samples deposited on SrTi03 that have 

stoichiometries close to the 123 value. Similar results on the optimization for td have 

been found by Siegal, et. al. 182 Although their experiments are done with LaAl03{OOl) 

substrates, both results may be used to confirm the existence of an optimum value in td 

for the full oxygenation of the films: 2 hours in our case. This value, however, seems 

not to be valid when the samples are out of stoichiometry. These require larger values 

of td (up to 15 hours) to improve the full oxygenation on the films. Samples out of 

stoichiometry have to be treated differently by from the 123 films, and details on 

annealing conditions of these samples are explained below. 
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5.3 Samples with stoichiometries far from 123. 

5.3.1 "Standard" Annealing. 

Table 5.2 summarizes the values I have used for the annealing parameters 

described in the last section. I use the term "standard" to refer such a heat treatment 

that uses these parameters. All samples with stoichiometries close to 123 and heat 

treated with this "standard" annealing cycle show a metallic behavior with onset 

transition temperature at 92 K. The best of these samples have a zero resistance at 80 

K, as shown in Figure 5.4. 

I have also found superconductivity in samples that are out of stoichiometry. 

Using the "standard" annealing cycle on samples that have stoichiometric values far 

Table 5.2 Parameter values used for the "standard" annealing cycle. 

TEMPERATURE DURATION 

Annealing Ta = 850°C t = a 20 min. 

Oxygenation Td = 550°C td = 120 min. 

Wet oxygen environment T = w 60°C ~= 20 min. 

Heating ramp (push in) -- t = 12 min. p 

Cooling from T a to T d -- t = 1 hour r 

Cooling to room temperature -- t = 12 hours c 



95 

from the desired 123, I was still able to produce superconducting thin films, although 

their transition temperatures are drastically reduced. Figure 5.5 shows 4 samples with 

different stoichiometric values in the Y:Ba:Cu ratios but all heat treated with the same 

"standard" annealing. Normal state resistance profiles show a metallic behavior in all 

four samples, and both onset and zero critical temperatures are reduced when the 

compositions are shifted from the 123 value. Their reduction however do not follow 

the same order. Tc{zero) for samples a, b, c, and d in Figure 5.5 decreases in the logical 

order d-c-b-a, but Tc{onset) decreases in the order d-b-c-a. No direct relationship is 

found between the Tc values and the compositions. Best results in the 

superconducting properties are obtained when the samples have stoichiometries close 

to the 123 ratio, as it is shown in sample d in Figure 5.5 that is poor in both copper (by 

5%) and barium (by only 1.5%), producing a Tc{onset) = 92 K and T,{zero) = 80 K. 

Other samples annealed with the "standard" cycle are insulators. I have found 

that when samples are very rich in BaF2 (i.e. an excess of approximately 40%), the 

"standard" annealing results in whitish samples that are insulators. 11 Figure 5.6 shows 

x-ray diffraction data for a film deposited on SrTi03 and heat treated with the 

"standard" annealing. RBS analysis on carbon substrates deposited during the same 

run shows that the SrTi03 sample of Figure 5.6 is rich in both barium (with an excess 

of 42%) and copper (with an excess of 20%) when compared to the desired 1 :2:3 

stoichiometric value in Y:Ba:Cu. The annealing time ta = 20 minutes and the duration 

for the "wet" oxygen, ~ = 20 minutes, is not long enough to disassociate the large 

amounts of BaF2 in the sample and remove the fluorine from it. X-ray peaks from 

crystalline BaF2 at 24.87' and 51.01° (Figure 5.6) are detected after the sample is heat 
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Figure 5.5 Superconducting transition profiles for several films with different 
compositions and all annealed with the same "standard" procedure. Inset: 
stoichiometric values for each sample. 

treated, in contrast with the amorphous characteristic found before the treatment (i.t? 

no x-ray signal peaks before the annealing). The large excess of BaF2 in this sample 

prevents the "standard" annealing from producing superconducting black films in the 

10-300 K range, producing instead whitish insulating samples. I have determined 

however that these BaF2-rich samples become black and superconducting when some 

of the annealing parameters in the "standard" cycle are modified. ls3 Modifit:d 

versions of the "standard" annealing and the results produced are discussed later in 

this chapter. 

Other phases are also detected. As indicated in Figure 5.6, the impurity CuYO;! 
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phase is detected at 20 = 37.78° as a consequence of the excess of copper, the relatively 

low annealing temperature Tal and/or the short annealing time tao A broad and 

unidentified signal around 16°, indicated by an "U" in Figure 5.6, indicates that the 

sample is not completely crystallized, and larger annealing times may be required. 

Signals coming from the Y20 3 are also detected as a consequence of the inability of the 

"standard" annealing to completely remove the starting phases in the ternary phase 

diagram. 

Thus, samples that are out of stoichiometry complicates phase identification 

when the "standard" annealing is used. Starting phases Y20 3, Cu031 and BaO (or BaF~ 

Figure 5.6 
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are detected in some other samples that are rich in yttrium, copper, and barium, 

respectively. Impurity phases, such as BaCu20 21 BaCu021 CuY021 Y2BaCuOs, are 

detected in most of the cases, and their formation is strongly dependent on the 

particular compositions, although I have not found a direct relationship between the 

phases presented and the stoichiometry of the samples. The superconducting, 

orthorhombic, YBa2Cu30,-<s phase shows up when samples have composition close to 

the 123 value; but it can also be detected for other stoichiometric values, coming 

accompanied in that cases with the superconducting, tetragonal, Y2Ba4Cug02U~i phase, 

discussed next. 

5.3.2 The 248 phase. 
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During the course of my efforts to produce YBa2Cu30 7-<s ("123") thin films, I also 

found indication for the formation of the Y2Ba4Cug0 20-<s ("248") phase. First identified 

by the Stanford group,IM,ISS the "248" superconducting phase is believed to be an 

ordered defect structure with a unit cell approximately twice that of the 

superconducting "123" compound. It is thought to posses a value of 2:4:8 in the 

stoichiometric ratio Y:Ba:Cu per unit cell, and hence the proper name for "248" instead 

of the arithmetically equivalent "124" but with a different geometrical meaning. 

The "248" phase has several structural differences with the "123" phase. The 

"248" structure has tetragonal symmetry unlike the orthorhombic symmetry of the "123" 

structurel86
,187. In addition, the "248" structure has two layers of CuO chains 

between each layer of Y atoms, whereas the "123" structure has only one such layer of 

CuO chains. Thus, the "248" structure has a larger maximum separation between 



Cuo2 planes than does the "123" structure. 

In spite of these structural differences, the superconducting transition 

temperature of a pure "248" structure is only about 10 K below that of the pure "123" 

structure. The "248" structure is believed to be related to the structures of 

Bi2CalSr2Cu20S which has transition temperatures of 75-85 K and Tl2CalBa2Cu20g 

having a transition temperature of 125 Kelvin. l88 
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Figure 5.7 and Figure 5.8, show x-ray diffraction patterns for two of the YBCO 

thin films deposited on SrTi03 and heat treated with the same "standard annealing" 

procedure. Both samples were independently deposited and annealed on different 

runs, and the only appreciable difference is in their chemical compositions, primarily 

their yttrium content. Sample A (Figure 5.7) is 5% yttrium poor and 11 % copper rich 

when compared with the 123 stoichiometry. In contrast, sample B (Figure 5.8) is 37.3% 

yttrium rich, although its copper composition is close to that in sample A, being 12.4% 

copper rich. The "standard" annealing procedure on both samples, which have the 

same barium content, results in similar x-ray spectrums, consisting of a mixture of the 

two superconducting phases "123" and "248", and other minor impurity phases. The 

YBa2Cu30 7.o structure gives only the (OOl) reflections, labeled as "123" in the figure, 

indicating again that this phase still grows with its c-axis perpendicular to the plane of 

the substrate. The Y2Ba4CuS0 20..5 also grows with its c-axis in this direction, but only 

multiples of the (002) reflection are shown. Similar results are obtained in other 

samples that are Cu rich and are heat treated with the same "standard" annealing. 

Same x-ray results, showing a mixture of the "123" and the "248" phases, have been 

found by others?S,l68,l88 
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X-ray scan for another sample, heat treated with the same "standard" 
annealing but having a different composition, shows again a mixture of the 
"123" and "248" phases. Peak signals are labeled as in Figure 5.7. 
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The resistance profiles for these two samples are shown in Figure 5.9. The 

transport measurements show a large difference between the two samples, in contrast 

to the x-ray measurements. Sample B shows a higher zero resistance transition, but in 

both cases the onset transition occurs at 80K. Sample A shows an interesting 

"shoulder" around 60K. This suggests that sample A could be a mixture of the 80 K 

"248" phase and the 60 K "123" phase, instead of the 90 K "123" phase. Longer 

oxygenation during the annealing (i.e., larger td values) could improve the transition 

for this film. As a partial proof of this, a different sample with the same composition 

as sample A was annealed increasing the time td from two hours to three hours. As a 
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result, the zero resistance transition increased from 35K to 50 K, although the onset 

transition remained at SOK. X-ray spectra of this sample was similar to that of sample 

A. 

5.3.3 Modified Annealing Cycles. 

The "standard" annealing procedure previously discussed produces 

superconducting samples with transition temperatures that are strongly dependent on 

the stoichiometry values. For all the different stoichiometry values examinated in this 

work, this annealing cycle produces the highest T, on samples with stoichiometric 

values close to 123. 

I have found, however, that both the superconducting and structural properties 

of samples with stoichiometries far from the "123" can be improved by an appropriate 

modification on the "standard" annealing. Annealing temperatures TJ can be raised to 

remove the starting and/or impurity phases and increase the superconducting regions 

of the film. Annealing times ta can be varied to help crystallization. Duration for the 

"wet" oxygen ~ can also be increased to help the removal of the fluorine. 

Oxygenation can also be improved by increasing the time td' Table 5.3 summarizes the 

annealing parameters used in several annealing cycles, referred to as annealing cycles 

A, B, C, and D. Parameters for the "standard" annealing are also indicated in TClbie 5.3 

for comparisons. All other parameters, such as TWI Td l tpl trl and t, were left constClnt 

as in the standard annealing (Table 5.2). Several samples with compositions shifted 

from the stoichiometric value 123 were heat treated using some of the different 

annealing cycles, and comparisons were made for those samples with the same 



stoichiometry. In general, all samples heat treated with the "standard" annealing are 

insulating. 
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As a first experiment, several samples with the same stoichiometry were 

annealed with different schedules. All samples are 33% Y poor and 20% Cu rich, and 

basically have the same barium content, within only a 3% difference between them. 

The "standard" annealing on these samples produces insulating samples, although not 

necessary whitish as occurred with the barium rich ones. From the other annealing 

cycles summarized in Table 5.3, only cycles A, Band C were tried. Figure 5.10 shows 

the x-ray spectrum for a film treated with cycle A. For the annealing cycle A, the same 

ta = 20 minutes from the "standard" annealing was used, but Ta was increased from 

850°C to 900 °C to improve crystal integrity. Wet oxygen was used as in the 

"standard" annealing for ~ = 20 minutes. To increase the oxygenation on the films, td 

was increased from 2 hours to 6 hours. Although this sample is out of stoichiometry, 

Table 5.3 Parameter values for different annealing cycles. 

BBBB td (hours) 

Standard 850 20 20 2 

A 900 20 20 6 

B 900 90 30 15 

C 870 90 30 15 

D 870 210 30 15 



104 

Cycle A: Til - 900°C, t. - 20 min, t" - 20 min 
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Figure S.10 X-ray diffraction for a sample annealed with cycle A. Sample is 33% Y 
poor and 20% Cu rich respect to the 123 stoichiometric value in Y:Ba:Cu. 

it is surprising to see that its x-ray spectrum (Figure 5.10) shows signals coming from 

the YBa2Cu30 7-.5 structure, indicating that the 90 K superconducting phase forms in 

parts of the film. Furthermore, as occurs with samples with stoichiometries close to 

the 123 value, the superconducting regions growth with the c-axis perpendicular to the 

surface of the substrate, as indicated by the appearance of only the (OOl) lines. 

Annealing for ta = 20 minutes is not enough to completely remove the fluorine, as 

noticed by the broad signal at 28 = 51 degrees coming from not-well crystallized (i.e. 

broad signal) BaF2• Also, there are several impurity phases present in the film as a 

result of the discrepancy to the 123 stoichiometric value. The same results were 

obtained in several samples with the same composition and heat treated with this 
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annealing cycle A. 

From the results obtained with the annealing cycle A, different parameters for 

subsequent annealing cycles were proposed to improve the crystallization of films with 

the same composition. Annealing cycle B is an example of these proposed annealing 

cycles. Annealing cycle B uses the same temperature Ta = 900, but the annealing time 

is increased up to ta = 90 minutes to improve crystallization. Duration the wet oxygen, 

~, was systematically raised in increments of 5 minutes to improve the removal of the 

fluorine. Best results are obtained when ~ = 30 minutes or larger. Annealing cycle B 

is only one of those cycles, when the lower limit of ~ = 30 minutes is used. In 

addition, oxygenation is helped in the annealing cycle B with the increase of ttl up to 

15 hours. Figure 5.11 shows the results on the phases presented in films annealed 
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Figure 5.11 X-ray diffraction scan for a sample annealed with cycle B. Labels for the 
signals are described in the text. 
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with cycle B. An improvement is obtained on the structural properties, as noticed by 

the sharpness of the peak signals. The (001) reflections coming from the YBa2Cu30 7-.5 

phase are still present, indicated with an "It" in the figure, showing again that some 

regions of the films are superconducting, with a growth in the c-axis direction, 

perpendicular to the surface of the film. Also, the previous signal at 20 = 51 0 

(Figure 5.10) due to BaFz is considerably reduced in Figure 5.11, suggesting that tw = 30 

minutes (which represents an increment of 50% in the value used in the "standard" 

annealing) may be enough to completely remove the fluorine in these samples. 

The removal of fluorine in cycle B, however, brings additional reflections that 

come from the formation of impurity phases. Once the BaF2 is converted to the BaO 

starting phase, competing reactions start occurring with Y 203 and CuO to form the 

ternary phase diagram. The fact that the samples are 20% Cu-rich and 33% Y-poor 

favors the formation of Ba-Cu-O phases (no yttrium) once the fluorine is removed, 

such as the BaCuOz phase, indicated with a "B" in Figure 5.11. Only one reflection 

coming from this BaCu02 is detected with cycle A, as previously indicated in 

Figure 5.10. There, most of the barium still remains in the barium fluoride, suggested 

by the BaFz signal at 20 = 51 degrees, as a consequence of the short value for tw of 

that cycle. With Cycle B, on the other hand, at least 5 BaCu02 reflections are detected 

(Figure 5.11), which is the effect of the association of part of the 20% excess of copper 

with the "free" barium already disassociated. Note also that there is still some copper 

that remains into the film, as indicated by the CuO signal at 20 = 32.7 degrees, 

represented with a "C" in Figure 5.11. Increasing the annealing time ta may facilitate 

the removal of this starting phase and improve crystallinization for the YBa2CU30 7..5' 
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but the high annealing temperature value at 900°C may affect the superconducting 

properties as substrate interface reaction and substrate interdifussion may occur. 

Moreover, the 20% excess of copper may help the crystallization of CuD, Cu20, andJor 

CU40 3 with longer annealing times. Although sample is 33% yttrium poor, the 

preferential formation of BaCu021 CuO, and YBaZCU307..5 phases in this sample with 

the cycle B makes yttrium available to form the yttrium-rich "green" phase Y 2BaCu05. 

This green phase is seen on samples annealed with cycle B, as it is shown in 

Figure 5.11 from the 3 reflections detected and indicated with a "G". Thus, annealing 

cycle B does improve crystallinization, but it produces impurity phases as the samples 

were out of stoichiometry. 

Some interesting things were observed when the annealing temperature was 

lowered. Several values of Ta between 850°C and 900 °C, in increments of 10 degrees, 

were used in other samples that have the same composition as those heat treated with 

the annealing cycles A and B. Neither the structural nor the superconducting 

properties were greatly improved, as some impurity phases are removed, and some 

additional one generated to keep the superconducting transition temperatures, Tc(zero), 

almost constant (see below). We find samples annealed with cycle C show the 

formation of the superconducting "248" phase. Figure 5.12 shows a typical x-ray 

diffraction scan for these samples. In addition to the YBaZCu30 7-.5 growing in the (00/) 

direction, indicated by an ",." in the figure, YZBa4CuSOZO..5 is also present in the film, as 

indicated by "248" in the same figure. Furthermore, the same (002i) reflections 

identified in Figure 5.7 and Figure 5.8 are present in Figure 5.12. This is a very 

interesting result, confirming that both superconducting phases grow with their c-axis 



108 

perpendicular to the surface of the film, and that "248" phase is more stable at lower 

temperatures. In our case, no "248" signals are obtained for cycles A and B where high 

annealing temperature of Ta = 900°C are used. Note however that the samples are 

out of stoichiometry, and the 20% excess of Cu will allow the Ta = 870°C of cycle C to 

be "low enough" for the creation of the "248" phase. Other phases are also indicated in 

Figure 5.12, such as BaCu02 (indicated with a "B") and Y2BaCuOs (indicated with a 

"Gil). In addition, three more signals (indicated with "U") show at 15.51°, 31.50°, and 

49.50°. No phases were identified for these three reflections. However, some other 

sample~, with a different stoichiometry but annealed with the same cycle C, 

Cycle C: T. - 870°C. t. - 90 min. tw - 30 min 
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Figure 5.12 X-ray scan for a sample off of stoichiometry (33% Y -poor and 20% Cu-rich) 
annealed with cycle C. Sample presents a mixture of the "123" and "248" 
phases, as well as other impurity phases. 



systematically show the same three reflections (see for example Figure 5.15). This 

suggests that the three reflections could belong to a single phase. 

Superconducting properties for cycles A, B, and C are also interesting. 
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Figure 5.13 shows typical resistance profiles for samples treated with the three 

annealing cycles discussed. Annealing cycle A produce the lowest Tc(zero), at SDK, 

which is expected from the poor crystallinization of the film and the remaining fluorine 

in the form of BaF2 (Figure 5.10). Superconducting properties are improved with 

annealing cycles Band C, producing similar resistance profiles. Although zero 

resistance occurs at 70K in both cases, I believe the processes involved on the transport 

properties are different on samples annealed with cycle B than those annealed with 

cycle C. Cycle B produces only 90K-I123" superconducting regions, surrounded by 

insulating impurity phases (Figure 5.11), competing each other to reduce the onset 

down to 85 K. Cycle C, on the other hand, produces both superconducting phases 

90K-1123" and 80K-I248", but connected each other by insulating phases (Figure 5.12), 

giving an effective onset at 80K. Further work is being done on these samples, and 

SEM (scanning electron microscopy), TEM (transmission electron microscopy) and 

AFM (atomic force microscopy) analysis may confirm my speculations.189 

A work on bulk samplesl90 reports that the "248" phase can act as a precursor 

to the "123" growth and improve the superconducting properties. This could be the 

case in my samples as annealed with these three different cycles. Although being out 

of stoichiometry, structural and transport properties are improved as the annealing 

time is increased to ta = 90 minutes (cycle B). Working at Ta = 870 K clearly allows 

the 248 phase formation, but ta = 90 minutes (cycle C) may not be enough to make the 
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Figure 5.13 Superconducting properties of samples annealed with 3 different cycles. 
All samples have the same stoichiometry, and are 33% Y poor and 20r}'o Cu 
respect to the 123 value in Y:Ba:Cu. 

complete conversion to the "123" phase formation. 

Further work can be done on variations of cycle C. For example, working at Ta 

= 870 °C but with longer times ta (such as the cycle D, Table 5.3), could allow the "248" 

to form first during the inial part of the 90 minutes (as soon as the fluorine has already 

removed), becoming "123" as soon as it is thermodynamically favorable. However, 

special attention has to be considered on the composition of the samples. All samples 

heat treated with annealing cycles A, B, and C have the same composition that is 33% 

yttrium poor and 20% copper rich. The "248"-to-"123" formation may bring additional 

impurity phases to the 90K-superconducting phase, such as the BaCu02 found when 
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working with cycle B. Therefore, samples have to be only slightly Cu-rich enough to 

stimulate the "248" formation without the formation of additional Cu-phases. In the 

next section, considerations in deposition, composition and annealing conditions are 

made to improve the superconducting properties of the films. 

5.4 Optimization of the Fabrication Parameters. 

From the results discussed in the previous sections, it seems that samples out of 

stoichiometry cannot produce onset transition at 92K. Furthermore, highest TJzero) 

presented so far is 80 K and on a sample with stoichiometry close to the 123 

(Figure 5.5). In an effort to improve the superconducting properties on samples out of 

stoichiometry, four annealing cycles were studied (standard, A, B and C), and best 

results were obtained when cycle B was used, giving superconducting thin films with 

zero resistance at 70K (Figure 5.13) 

In order to improve the superconducting properties of the films produced by 

our multilayered deposition, several modifications can be made in the deposition, 

composition, and the heat treatment. As a consequence, zero resistance transitions can 

be found at 85K, with onset values at 92K (see below). So far, these are the best 

results obtained with our technique. 

5.4.1 Deposition. 

I have found a layer-thickness dependence on the superconducting properties 

of my films. When using the same annealing cycle, I have found better results for Te 

as well as smoother data for the resistance profiles when decreasing the thicknesses of 



the individual layers. The number of layers is proportionally increased to keep 

constant the total thickness of the films. I attribute this to the mobility of the atoms. 

The thinner the layers (e.g. - 15 A) during the deposition, the better the interlayer 

diffusion during the annealing, and therefore the easier it is to form the correct 

superconducting phase. 
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However, making thinner layer creates technical difficulties during the 

fabrication of the films. Angular velocities of the substrates during the multilayered 

deposition have to be increased, and samples have to be properly held to avoid being 

throw out of the sample holder. In addition, control on the deposition rates of all 

three sources have to be adjusted in shorter periods of time, as the substrates spend 

less time over each of the deposition fluxes each time the substrates rotate around the 

sources. Making thinner layers is pOSSible, although it requires practice to overcome 

the high stress suffered during the fifteen-minute run of each deposition. 

Deposition parameters were adjusted to make individual layers thinner. 

Multilayers were deposited by reducing their thicknesses by a factor of 4, increasing 

the number of tri-Iayers up to 32 (for a total of 3x32 = 96 single layers). Angular 

velocities for the substrate table during the deposition were adjusted to create samples 

that were only 9.7% rich in copper to stimulate the "248" formation and use it as a 

precursor for the "123" formation without the interference with impurity phases 

created, as discussed in the previous section. In addition, several BaF2 layers are 

deposited before the multilayer deposition starts. It has been found that BaF2 can be 

used as a buffer layer create a barrier between the substrate and the deposited film to 

avoid interaction as well as diffusion191.192. Barium-fluoride buffer layer tried on my 
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films was adjusted in such a way that together with the multilayered deposition gives 

total composition that is 43% BaFz rich. For reference, all samples deposited under 

these conditions are named type-II samples, in contrast with the type-l samples 

discussed in the section 5.3. 

5.4.2 Annealing Cycles. 

Three different cycles were used on type-II samples. From the five cycles listed 

in Table 5.3, only cycles B, C, and D were tried. Figure 5.14 shows a schematic 

representation of these three cycles. Basically, they are variations of the same 

B 
r---------, · i · • • • • • • • • • • • • • • • • • • • • 

c 

------, 
\ 
\ 
\ 
\ 

~\ D 
\ 
\ 
\ 
\ 

Time 
Figure 5.14 Schematic representation of the annealing cycles tried on type-II samples. 

Cycles Band D are variations of the annealing cycle C, when either Ta or 
ta are increased. 
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annealing cycle when either the annealing temperature Ta is raised (cycle B) or the 

annealing time ta is incremented (cycle D). All other annealing parameters are left 

constant in the three cycles. When working with heat treatments, it has been always a 

dilemma to decide which parameter should be increased or left constant, as both 

approaches seem to be equivalent. This is not the case when my multilayered thin 

films are heat treated, so both approaches were tried to see their effects. 

Figure 5.15 shows the phases present in a typical type-II sample heat treated 

with cycle C. Signals coming from the (00/) reflections of the "123" phase are clearly 

shown in the figure, indicating the presence of the 90-K phase. Impurity phases are 

also present, primarily BaCuOz (indicated with "B"), and Y zBaCuOs (indicated with "C"). 

Three more reflections (indicated with "U") are detected at 15.51°, 31.50°, and 49.50°, as 

found by a deconvolution of the peak signals. No phases were identified with these 

three signal peaks. These reflections occur at exactly the same positions (within a 0.5% 

resolution) of those unidentified peaks found on type-I samples (Figure 5.12), and the 

similarity of their relative intensities in both cases may suggest that all three signal 

come from a single unidentified phase. 

The "248" phase may also be presented in the films. Although the X-ray 

spectrum of Figure 5.15 does not show appreciable reflections coming from the "248" 

phase, resistance data (see below) may suggest its presence. The 20 positions where 

some of those signals may occur are indicated in Figure 5.15 with the standard "248" 

label. This was not the case on type-I samples, were the "248" signals were more 

visible (Figure 5.12). Note, however, that the "123" signals seem to be sharper in 

Figure 5.15. The scales in the intensity axis are the same in both scans (Figure 5.12 and 
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Figure 5.15 X-ray diffraction for a type-II sample annealed with cycle C. Sample is 
9.7% Cu rich and 43% BaF2 rich respect to the 123 stoichiometric value in 
Y:BaF2:Cu. 
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Figure 5.16 Resistance transitions for type-I and type-II samples annealed with cycle C. 



Figure 5.15), for a maximum of 500 counts/sec. The ratios of the "248"(0010)-to-the

"123"(002) signals are drastically decreased by at least 90% in type-II samples, if the 

"248" is present. Therefore, it is expected that the "123" domains are much more 

dominant in type-II samples, shiftLng the Tc(onset) closer to the 90 K value. 
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Figure 5.16 shows resistance profiles on samples annealed with cycle C. Both 

type of samples are shown in the figure. Improvement on the superconducting 

transition temperatures is obtained on type-II samples, which always show an onset 

transition at Tc(onset) = 89 ± 1 K, with a zero resistance value at Tc(zero) = 74 ± 1 K. 

In contrast, type-I samples annealed with cycle C have Tc(onset) = 79 ± 1 K and 

Tc(zero) = 70 ± 1 K. The Tc(onset) value close to the 90 K value in the type-II samples 

proves that these samples are dominated by the superconducting "123" rather than the 

superconducting "248" phase, if it is present. The broad transition allows the resistance 

profile to show a second transition at 82 K, as determined by a 37% change in the 

slope. Double transitions were also observed in Figure 5.9 (the 5%-Y-poor sample), 

with a X-ray diffraction pattern (Figure 5.7) showing the mixture of these two 

superconducting phases. Note, however, that the "shoulder" at 60 K, may suggest that 

in that case the "123" phase is oxygen deficient (60 K phase). This "double" transition 

could not be seen in type-I samples as their Tc{onset) were close to the 80 K values and 

the Tc{zero) was above 60 K (Tc{zero) = 70 K in Figure 5.15). The double transition 

seen in type-II samples could support the speculation that the sample presents a 

mixture of the two superconducting phases, the 90-K "123" and the 80-K "248". This 

also could be an indication that the "248" phase is formed and indeed precurses to the 

"123" formation, as the superconducting properties are improved in type-II samples. 
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This suggest that the superconducting properties may still be improved by increasing 

the annealing temperature (cycle B) or by increasing the annealing time (cycle D). 

Cycle B seems to have the same effect on the superconducting properties on 

both type of samples, but not on the structural properties. Increasing the annealing 

temperature up to 900°C and using the same annealing time used in the cycle C, ta = 

90 minutes, helps crystallization in the films. Figure 5.17 shows a x-ray scan for these 

samples. Most of the peak signals are sharp, well defined, and of high intensity (note 

the 2000 counts/sec scale). This is not the case when cycle B is used on type-I samples 

(Figure 5.11), or when the same type-II samples are used but annealed with cycle C 

(Figure 5.15). A few unidentified broad lines (marked with an "U") appear in 

Figure 5.17. In addition to the (001) signals coming from the "123" phase (marked with 

an "*"), other impurity phases seems to be present in the films (marked with "B" or 

"Gil), which is expected as the samples are 43% BaF2 rich, as well as 9.7% Cu rich. 

Resistance profiles are shown in Figure 5.18. R-vs-T data is shown for both type of 

samples annealed with cycle B. Tc values, as well as their resistance profiles, seems to 

be practically the same. Therefore, cycle B gives the same results with both type of 

samples, without any improvement of the type-II as when cycle C is used. 

Best results are obtained when cycle D is used. The other approach tried on 

type-II samples, as mentioned, was to increase the annealing time ta from 90 minutes 

up to 210 minutes, and keeping the annealing temperature Ta at 870 K. Figure 5.19 is a 

plot of the resistance vs. temperature for a type-II sample heat treated with cycle D. 

This sample shows a resistive transition onset of 92K and zero resistance at 85 K, so far 

the best results obtained in our labs. No type-I samples with the same stoichiometry 



118 

,-... 
2000 Q 

~ 
f'-I s * S 
"-
f'-I 
~ 1500 = = 0 
Q 1000 '-" B,G 

>-
~ .""" 500 f'-I 

= ~ 
~ 

= 0 ...... 
B\t 

* 
* 

* U 
U U GJ \1\ \...A.. 

10 20 30 40 50 60 

2 e (degrees) 

Figure 5.17 X-ray scan for a type-II sample annealed with cycle B. 
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Figure 5.19 Resistance vs. temperature for a type-II sample heat treated with cycle D. 

used on cycles A, Band C were annealed with this cycle, so no comparison can be 

made. However, other stoichiometries were tried, as explained in the next section. 

5.4.3 Other substrates and other compositions. 

Other type of samples were also tried with the annealing cycle D. A study of 

the substrate effects with the same composition of the type-II samples discussed before 

was used. Figure 5.20 shows the resistance profile of three different substrates, but 

having the same composition and heat treated with the same annealing cycle. Best 

results are obtained on (lOO)-oriented SrTi03 substrates, although superconducting 

transitions were also found on (lOO)-oriented MgO and (lOO)-oriented YSZ (yttria 
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Figure 5.20 Normalized resistance transition of type-II films deposited on (a) 
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Figure 5.21 Superconducting transitions profiles for several films with different 
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stabilized zirconia). 

Samples with different compositions were also tried. Both type-I and type-II 

were tried. Figure 5.21 shows the resistance data for three type-Il samples with 

different compositions, and one type-I sample. All samples were annealed with the 

same cycle D. Again, best results are obtained when type-II samples are 43% barium 

rich and 9.6% copper rich. 

5.5 Discussion 

The effect of increasing the annealing temperature (cycle B) or increasing the 

annealing time (cycle D) is reviewed in Figure 5.22. As a reference, a resistance profile 
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Figure 5.22 Effect of the annealing temperature Ta and the annealing time ta on type-II 
samples. 
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obtained with cycle C is also shown in this figure. Only type-II samples are 

considered. The annealing temperature Ta seems to affect the Tc(onset), without 

appreciably altering the Tc(zero) (see Figure 5.22, curves B and C). Using the same 

annealing time of ta = 90 minutes, Tc(onset) increases from 85 ± 1 K (cycle B) to 89 ± 1 

K (cycle C), keeping the Tc(zero) practically unchanged at 74 ± 1 K. Thus, best results 

are obtained when the annealing temperature is kept at Ta = 870°C. 

Keeping Ta at 870 K, the annealing time ta seems to affect the Tc(zero), with a 

minimum change in the Tc(onset). Tc(zero) increases from 74 ± 1 K (cycle C) to 85 ± 1 

K (cycle D). As speculated at the end of section 5.3, best results are obtained when the 

annealing time is increased to ta = 210 minutes, fixing the annealing temperature at Til 

= 870 C, giving Tc(onset) = 91 ± 1 K. 

Although x-ray data don't show indications for the "248" phase formation on 

the type-II samples when annealed at 870 C for any of the two annealing times tried, 

resistance data suggest that the "248" phase may be present in the samples annealed 

with cycle C. All of these samples have a broad superconducting transition, between 

74 K and 90 K. In the middle of the transition region there is an appreciable change in 

the slope of their profiles, as shown on figure Figure 5.22 and discussed in the last 

section. Numerical analysis of the data shows that at the temperature 82 ± 0.5 K, 

there is a change of 37% in the slope of the resistance v.s. temperature curve. Thus, 

these samples show a zero resistance at 74 K, with a superconducting onset transition 

at 90 K, followed by a change in the slope at 82 K during the transition. This double 

transition may suggest that type-II samples when annealed with cycle C result in a 

mixture of "248" and "123" phases. Therefore, when type-II samples are heat treated 
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with longer times at the same temperature Ta = 850 C (cycle D, Table 5.3), it may be 

concluded that the "248" starts forming first during the inial part of the 90 minutes (as 

soon as the fluorine has been removed during the initial ~ = 30 minutes), requiring 

then longer times to become "123", as soon as it is thermodynamically favorable. This 

is the case of samples annealed with cycle D, as seen from Figure 5.19, keeping the first 

transition at 90 K, and increasing the zero transition temperature up to 85 K as a 

consequence in the increase of the annealing time up to ta = 210 minutes. 



CHAPTER 6 

ELECfRON SUPERCONDUCTORS 
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This and the following chapter describe experiments on the electron-doped 

superconducting Nd-Ce-Cu-O system. Results on experiments made on these electron

doped (or n-type) superconductors are presented here, in contrast with the hole-doped 

(or p-type) superconducting Y-Ba-Cu-O system examined in Chapters 3,4 and 5. The 

analysis in this chapter is more theoretical than in previous chapters in that emphasis 

is not on experimental parameters for the sample preparation. Another difference from 

other chapters is that the samples discussed are bulk ceramic materials, rather than in 

the form of thin films. 

6.1 Introduction 

With the discovery of the electron-doped superconductors in early 1989,12 a new 

dimension was added to research in the field of high-temperature superconductivity. 

The electron-doped superconductor Ndz.xCexCu04.Ji is particularly interesting because it 

was the first example of high Te copper-oxide superconductors in which the charge 

carriers involved in superconductivity seem to be electrons, rather than holes. 

Prior to 1989, all known copper-oxide superconductors were hole carriers. With 

these superconductors, excess of positive charge was generated in the Cu02 layers by 
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substitution of a trivalent metallic ion with divalent one. In the new system, excess of 

negative charge can be created in the Cu02 1ayers of R2Cu04 materials (R = rare 

earth) with the so-called T' phase, as discovered by Tokura et al. 12 Tokura's team 

discovered that electron-doped superconductors can be fabricated by substitution of a 

tetravalent R for the original trivalent R in the semiconductor. 

It is not completely resolved clear yet whether the charge carriers are indeed 

electrons. Table 6.1 summarizes some of the typical experiments performed on 

Nd2-xCexCu04..'i to determine the charge carrier type. Although there is a considerable 

Table 6.1 Summary of several experiments to determine the electric charge carriers 
in the Nd1.8sCeo.lsCu04..5 system. 

I 
EXPERIMENT 

II 
RESULTS 

I 
REFERENCE 

Hall coefficient Carriers are electrons. 199 

Thermopower Supports, but does not prove, 200 
ll-type transport and 
superconductivity. 

X-ray Replacing Nd3+ with Ce4+ 193, 194 
photo emission introduces electron doping on 
spectroscopy (XPS) the Cu sites. 

XPS No evidence for the Cu 3d1O
• 195 

X-ray absorption Cu1+ increases with Ce doping. 196 
spectroscopy (XAS) 

XAS No evidence for the Cu 3d1O
• 197 

Electron energy- No indication of Cu1+. Also, 198 
loss spectroscopy observation of ° 2p holes. 
(EELS) 
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uncertainty regarding the nature of the charge carriers,193,194,195,196,197,198 Hall 

coefficientl99 and thermopower measurements200 seem to indicate that electrons, 

and not holes, are the charge carriers in the Nd2-xCexCu04..s material. In the remainder 

of this chapter, I refer to this material using the most commonly used term in the 

literature, that is, "n-type" or "electron-superconductor". However, it should be 

understood that this may not be rigorously appropriate. Another more appropriate 

term which I also use is ''T' -phase", referring its crystal structure (see below). 

6.2 Comparison Between Phase Crystal Structures 

Electron-doped superconductors Nd2-xCexCu04..s have a distorted K2NiF4 

structure, best known as the T'-phase structure. Figure 6.1 schematically shows the 

Figure 6.1 

Nd Sr 

o 
o o 

T T' 

Crystals structures of the (a) the T-phase, (b) the T' -phase, and (c) the T'
phase. The Cu coordination in Cu02 layers are highlighted, 



three K2NiF4-related structures, each containing isolated sheets of either (a) 6-fold (T

structure), (b) 4-fold (T' -structure), or (c) 5-fold (T'-structure) Cu-O coordination. 

The T-phase R2Cu04 (R = La, only) consists of perovskite-like sheets of 

elongated Cu06 octahedra.201,202 These sheets share corners in the (001) planes and 

]27 

are separated by rock-salt-like Lil-O layers (see Figure 6.la). Here, La is 9-fold 

coordinated by oxygen. It is important to note the location of the oxygens with respect 

to the 6-fold coordination copper in Cu06• Four of the oxygen atoms of each 

octahedron are in the Cu02 plane. The remaining two, called apical oxygen, locate 

above and below the Cu atoms. The presence of apical oxygens in the T-phase 

structure is of significant importance in the next chapter for our discussion of the Jahn

Teller effect. 

Another of the K2NiF4-related structures is the T' -phase. In contrast to the T

phase, the T'-phase R2Cu04 (R = Pr, Nd, Sm, Eu, or Gd) is composed o{Cu-O square 

sheets only.203 There are no apical oxygen atoms in this structure (see Figure 6.1b). 

Two-dimensional square-planar Cu02 sheets share corners in (001) planes in this 

structure, and they are separated by Nd02 fluorite-type layers. Here, the R cations 

have a coordination number of eight, compared to nine for the large La cations in the 

T-structure. 

A "combination" of the T and T' phases is the T'-phase structure. The T'-phase 

La(Prh-x.}{xSr(Ba,Ca)yCu04 (R = most rare earths) is formed by CuDs square-pyramid 

sheets.204
,205 These sheets share corners in (001) planes and are separated along the 

[001] direction by alternating R-O rock-salt and R02 fluorite layers (see Figure 6.1c). 

Copper in the CuDs is 5-fold coordinated, with oxygen atoms occupying both the 4d 
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(apical oxygen) and 4e (fluorite-type oxygen) sites.2D6 Two crystallographic 

independent rare-earth ion sites are created: a 9-fold coordinated "T-site" and an 8-fold 

coordinated "T' -site." 

Table 6.2 contains a synopsis of the three structures. One of the differences we 

are interested in is the charge carriers in the respective superconducting phases. The 

superconductors with the 1* or the T structure are p-type, i.e., the carriers are 

holes.207 In contrast, the superconductors with the T' structure are l1-type, i.e. the 

carriers are electrons.12 This result could be related to the missing apical oxygen ions 

in the T' -phase structure. 

6.3 Preparation on Bulk Ndz.xCeXCu04..s Samples 

We have succeeded in the fabrication of bulk samples of the electron-doped 

Table 6.2 Differences between some K2NiF4-related structures. Coordination number 
w of Cu is given in CuOw' second column; and the nature of the charge 
carriers is given in column four. 

PHASE Cu-O CHEMICAL R EJ STRUCTURE SHEETS FORMULA 

T-phase CU06 R2Cu04 only La p 
octahedra 

T'-phase Cu04 R2Cu04 Pr, Nd, Sm, 11 

squares Eu, or Gd 

T'-phase CuOs La(Prh.x.yRxSr(Ba,Ca)y most rare p 
pyramids Cu04 earths 



copper-oxide superconductors. A series of compounds Ndz.xCexCu04..5 with different 

Ce concentration levels were fabricated/lls and superconducting and structural 

properties determined. 

All samples were prepared by the so-called solid state reaction method. 
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Stoichiometric mixtures of high purity (99.999%) rare earth metal oxides (Nd20 3 and 

Ce00 and CuO were used. The mixed powders were calcined in alumina crucibles at 

1000 °C for 40 hours in air and then slowly cooled to room temperature in the furnace. 

X-ray diffraction and optical microscopy were used to determine the uniformity of the 

resulting materials. The grinding and firing operations were repeated to ensure 

complete homogeneity of the samples. Pressed pellets were then sintered in air at 100 

°C for 18 hours and quenched to room temperature. The samples were reduced by 

annealing in a stream of flowing nitrogen at various temperatures (800, 900, and 1000 

0c) for different times. As shown below, the best results, as determined by the 

superconducting properties, single-phase characteristics, uniformity, and appearance, 

were obtained when 36 hours annealing at 800 °C was used. 

Nine Ndz.xCexCu04..5 (x = 0-0.20) .compounds were prepared using the above 

procedure. Resistivity as a function of temperature was measured using the standard 

four probe method for bulk samples, as describe in Chapter 4. All samples were 

approximately 1.6 mm x 0.8 mm x 7.6 mm rectangular pieces. Figure 6.2 shows 

resistivity data for several Ce doping levels. We found that superconductivity is 

confined to a very narrow Ce concentration range; results that are in agreement with 

those reported by Tokura et alY and others.209,210 Highest Te is obtained in the 

Nd1.SSCeo.lsCu04..5 compound, which has an onset superconducting Te of 22 K, in 
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agreement with published dataP A weak tendency for the resistivity drop at ::::::21 K 

All Nd2-xCexCu04..s compounds have similar x-ray diffraction patterns. A typical 

diffraction spectrum of the superconducting Nd1.85Ce0.1SCuOH compound is shown in 

Figure 6.3 This spectrum matches that of the Nd2Cu04 standard diffraction pattern 

aCPDS pattern #24_777211). All other samples show the same lines, except that the 

peak positions are somewhat shifted. Lattice parameters were carefully determined 

from the x-ray scans, using the procedure explained in detail in the next section. 
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6.4 Lattice Parameter Calculations 

6.4.1 Graphical method. 

One of the procedures for the accurate determination of lattice parameters from 

x-ray powder diffraction data is the graphical method.212 Although the process itself is 

a very indirect one, high precision of better than 1 part in 4000 is easily obtainable, and 

in favorable cases as high as 1 part in 50,000.217 Briefly, the graphical method consists 

of removing the systematic errors, i.e., those errors that are a function of the Bragg 

Figure 6.3 
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X-ray powder diffraction spectra of the superconducting NdI.85CeO.lSCu04..5 
sample. 
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angle 0 and that are methodically obtained during the acquisition of the experimental 

data. The function of 0 depends on the apparatus used, but all systematic errors are 

minimum at 0 = 90°. A review of the systematic errors involved in the most common 

x-ray diffraction techniques have been classified by Bradley et aI.,212 as arising from 

radius errors, film shrinkage, sample eccentricity, specimen absorption, and beam 

divergence. 

The graphical method is used in most cases to solve cubic systems, that is, to 

find only one lattice parameter in systems with a = b = c. In a few cases, the 

graphical method can also solve non-cubic systems when the system to be measured 

allows reflections of the type hOO, OkO, and 001, and several of these reflections can be 

obtained in the range of measurement. 

The graphical method consists of two straightforward steps. First, a preliminary 

value for the lattice parameter a is obtained using Bragg's formula from each of the 

reflection lines occurring at the observed 0 obs. Second, estimated values aesl are plotted 

against a particular function fn(0) (called the error jU1lctio1l, which also depends on the 

apparatus used), and extrapolated to a value ao at 0 = 90° (where the systematic errors 

are minimum). The lattice parameter a is given by this extrapolated value. 

The graphical method is an error-study procedure. Systematic errors, which are 

proportional to the slope of the extrapolation line, are eliminated by selection of the 

proper error function fn(0). On the other hand, random errors (given as deviations 

from the extrapolation line) are reduced by the extrapolation of aesl to ao due to the 

slow variation of sin 0 with 0 in Equation 6.1 at angles close to 90°. Thus, the 

graphical method provides a convenient way to minimize both experimental errors. 



Formalized treatments of the source of errors, their trigonometric variations, and the 

analytical expression for fn(0) are given in Klug and Alexander,213 in Nelson and 

Riley,214 and in Cullity.215 

6.4.2 Cohen's method for cubic, tetragonal, and orthorhombic systems. 
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Analytically almost equivalent to the graphical extrapolation method is Cohen's 

method.216 A derivation of the Cohen's method valid for cubic systems only is given 

in Cullity.215 Here, we present a simultaneous derivation for the three systems: cubic, 

tetragonal and orthorhombic. Details on the error bar analysis are also given here.H 

The cubic system is the easiest one that can be solved with this method. 

Cohen's procedure for cubic systems makes use of a single linear regression analysis 

(also called two-dimension linear regression, or standard x-y least square method) to 

analytically fit the error function fn(0) to the observed sin2 0 0bs values directly,217 

rather than to the estimated acsl values. The advantage of Cohen's method is that it 

can be generalized to a multiple linear regression in order to solve non-cubic systems. 

This is particularly useful for our analysis to solve tetragonal systems (three-dimension 

linear regression, with two parameters to be found, i.e., a = b '" c) as well as for 

orthorhombic systems (four-dimension linear regression, with a '" b '" c different). 

The kernel equation for the Cohen's method is the relationship between the 

observed and the true value of sin2 0. The difference between these two quantities is 

given by a delta quantity, as Asin2 0. This difference appears, in part, due to the 

presence of the systematic errors, and therefore this delta quantity is a function of the 

Bragg angle 0. Hence, the experimental values are written as 



sin2 0 = sin2 0 + .£lsin2 0 obs true 

The true value of sin2(0) is given by the first-order Bragg's relationship 

between the crystallographic plane distances d and the x-ray wavelength 1: 

2 d sin(0)true = 1 

where d is related to the Miller indexes for the different systems as follows: 

orthorhombic: = 

tetragonal: = 

cubic: = 
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(6.1). 

(6.2). 

(6.3a). 

(6.317), 

(6.3c), 

The second term in Equation (6.1) is directly derived from the above Bragg's formula, 

by using 

.£lsin2 0 = - 2 (.£ld/d) sin2 0 (6.4), 

which is obtained by taking the logarithms of each side of Bragg's law (Equation 6.2), 

followed by differentiation. Here, the quantity (.£ld/d) gives the deviation from the true 

value of the crystallographic plane distances d. It includes, in addition to a constant 

factor, the error function fn(0), which depends on the apparatus used and the 

experimental conditions during each of the x-ray diffraction scans. For the results 

presented here, the same diffractometer described in Chapter 4 was used for the x-ray 

diffraction data. This time, however, bulk samples were grated to produce powder 

specimens. Powder was needed to uniformly fill the well-shape sample holder, 

previously designed for square thin films (1/2" x 1/2" x 1/16"), to avoid misalignment 

due to irregularities and/or lack of flatness of the bulk material surfaces. Even with 
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powder samples, the surface obtained is not perfectly flat, producing a displacement of 

the specimen from the diffractometer axis. Using simple geometric considerations on 

the diffractometer, it can be shown that the error function for this systematic error is 

given by 

(/ldld) = - K cos2 8 I sin 8 == - K fn(8) (6.5). 

where K is a constant factor, given by K == D/R, where D is the specimen displacement 

parallel to the reflecting-plane normal and R is the diffractometer radius. The largest 

source of error during our measurements is the displacement of the specimen from the 

diffractometer axis. Only Equation 6.5 is used for our systematic error analysis. In 

addition to this displacement, other important sources of systematic error in d can be 

considered,t4 but were made negligible by proper alignment, calibration, and parameter 

adjustment during the data acquisition. 

Substituting Bragg's relations (Equations 6.2 and 6.4), the error function 

(Equation 6.5), and the system-dependent Miller index relations for the plane distances 

(Equations 6.3) into the Cohen kernel equation (Equation 6.1), we obtain: 

a) Orthorhombic system: 

. 28 
Sill Mobs = Aa + BB + Cy + Do 

where a == /z2, B == fl, y == [2,0 == 10 sin2(8) fn(8) 

b) Tetragonal system: 

= Ea + Cy + Do 

(6.6a), 

(6.6b), 

(6.6c). 

(6.7a), 



c) Cubic system: 

sin2 0 0bs 

where a == 1z2 + Jc2, "f == 12,8 == 10 sin2(0) fn(0) 

and E == >.2/4a2, C == >.2/42-, D == - 2K/10 

= Fll+D8 

where II == 1z2 + Jc2 + [2, 8 == 10 sin2(0) fn(0) 

and F == >.2/4a2, D == - 21</10 
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(6.7b), 

(6.7c). 

(6.8a), 

(6.8b), 

(6.8c). 

In these three systems, fn(0) is given by Equation (6.5). For other sources of errors, or 

for different x-ray apparatus, a different error function fn(0) must be used. The factor 

of 10 in the constant D and in the variable 8 was introduced to facilitate convergence 

during the computer calculations (see below). 

These equations were used to accurately determine the lattice parameters. 

Given a measured x-ray spectrum composed of back-reflection lines occurring at their 

respective Bragg angle 0, the previous equations linearly correlate the observed sin2 0 

values with the reflection indexes (in the form of lz2, Jc2, and 12), and with the source of 

error (in the form of fn(0) sin2 0). By doing a multiple linear regression analysis on 

these correlated quantities, the lattice parameters are directly obtained from the 

correlation constants. Correlation constants (A, B, etc.) are obtained by solving the 

following sets of simultaneous equations:218 

a) Orthorhombic system: 

= A 2: a2 + B 2: aB + C 2: ay + D 2. a8 (6.9a) 



2. 6 sin2 0 

2'. y sin20 

2'.8 sin2 0 

b) Tetragonal system: 

2'.0 sin2 0 

2'. y sin20 

2'.8 sin2 0 

c) Cubic system: 

2'. 11 sin2 0 

2'.8 sin2 0 

= 

= 

= 

= 

= 

= 

= 

= 

A 2'. 6a + B 2'. 62 + C 2'. 6y + D 2'. 68 

A 2'. ya + B 2'. y6 + C 2'. y2 + D 2'. y8 

A 2'. 8a + B 2'. 86 + C 2'. 8y + D 2'. 82 

E 2'. c? + C 2'. oy + D 2'. 08 

E 2'. yo + C 2. y2 + D 2'. y8 

E 2'. 80 + C 2. 8y + D 2'. 82 

F 2. 112 + D 2. 118 

F 2. 811 + D 2. f} 
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(6.9b) 

(6.9c) 

(6.9d) 

(6.10a) 

(6.10b) 

(6.1 Dc) 

(6.11a) 

(6.11 b) 

In all sets of simultaneous equations, 2'. represents the sum of all the diffraction 

lines obtained in the x-ray spectrum. For example, 

(6.12) 

where N diffraction lines have been taken into account. 

Thus, a multiple regression analysis is used to accurately determine the lattice 

parameters. Figure 6.4 schematically shows a synopsis of this method. An x-ray 

diffraction scan is obtained for a particular sample (Figure 6.4a). Accuracy is 

determined by a previous calibration of the diffractometer, using Ce02 powder as a 

reference. Accuracy of the diffractometer was verified each time a sample was 

unloaded, after all diffraction lines for that sample had been obtained. The goniometer 

in the diffractometer has a resolution in the 20 readings of ± 0.01 degrees (half of this 
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value can be used as an error bar for 20). For each of the computer-acquired 

diffraction peaks, numerical fitting is used to increase the precision in determining the 

Bragg angle position (Figure 6.4b). Best results are obtained when the diffraction peaks 

are fitted to modified Gaussian functions (Lorentz functions). Most of these peaks give 

an accuracy in the 20 diffractometer angle of ± 0.002 degrees, with a full-width half-

maximum determined within 0.075 ± 0.005 degrees. 

The process is repeated for each of the diffraction lines. After all peaks have 

been characterized, accurate Br<l:gg angles 0 and Miller indexes (Iz,k,/) are used to fit the 

data to a particular system (see Figure 6.4c), solving either of the equation sets (6.9), 

Figure 6.4 

It~ . 
29 

Schematic diagram of a lattice parameter calculation. The complete process, 
including experimental conditions and error analysis, is explained in the 
text. 
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(6.10), or (6.11). Lattice parameters are obtained from the correlation coefficients, using 

either (6.6c), (6.7c), or (6.8c), where 1C is the x-ray wavelength generated by the Cu x

ray tube in our diffractometer (A = 1.540562 for Ka l radiation, and A = 1.544390 for 

tca2 radiation). The method was repeated for all the tested samples, which have a 

different composition or doping level (see Figure 6.4d). 

6.4.3 Numerical analysis of the Cohen's method. 

Equations in Cohen's method get more complex as the number of different 

lattice parameters increases. Thus, the orthorhombic system is more complicated to 

solve than the tetragonal one. In addition, fitting the experimental data to the 

orthorhombic system reduces the accuracy to below that obtained when the same data 

is fitted to the tetragonal system. Also, as the number of unknowns increases in the 

orthorhombic system, error propagation in the calculations reduces the precision 

obtained for this system. Finally, Cohen's linear regression analysis requires the 

calculations of the sums for Jz2, 12, and [2. This is not numerically favorable for those 

crystallographic systems where the indexing of the lines give preferred larger values 

for one of the three Miller indexes and preferred lower values for any of the other two 

indexes. In other words, the nature of the values in the Miller indexes will affect the 

calculated accuracy and precision of the lattice parameters. This is particularly the case 

in the Nd-system, where larger values in [, and relatively lower values of k are 

obtained in the indexing of the x-ray reflection lines. Using the index numbers of the 

x-ray diffraction data of the scan illustrated in Figure 6.3, the contribution to the sums 

of Jz2, 12, and [2 are 23, 5, and 214, respectively. With the lack of homogeneity in the 



data (Iz, k, and [ ranges are different), as well as the large difference between their 

square sums in the Nd-system, Cohen's method does not allow us to calculate the 

lattice parameters in a non-discriminatory basis. 
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We have developed an alternative solution to overcome these difficulties. A 

statistical treatment of the experimental data is done prior to application of Cohen's 

method to avoid preferential numerical calculation. Our improvements also have the 

advantage of increasing accuracy as well as precision of the final results for the lattice 

parameters. 

Our treatment consists of two direct steps. First, average values <x> are 

calculated for each of the "independent" x-variables of the linear regression, i.e., for ex == 

1z2, B == ~, y == [2, and 5 == 10 fn(0) sin2 0 for the orthorhombic system (Equation 6.6b), 

and so on for the tetragonal (Equation 6.7b) and the cubic (Equation 6.8b) systems. 

Average values <y> are also calculated for the "dependent" y-variable in the linear 

regression, i.e., for y == sin2 0 0bs for all the three systems. All "independent" and 

"dependent" data are modified by subtracting their average values from the original 

data. 

Second, subtracted data is normalized to homogenize their values to a common 

range. Normalization is performed by dividing the data with the respective diagonal 

elements of the so-called variance-covariance matrix.218 The two steps just mentioned, 

subtraction and normalization, are described in the following relations: 

x 

y 

where 

---> (x - <x»!V(Sx!(N-1» 

---> (y - <y»!V(Sd(N-1» 

(6.13) 

(6.14) 



2 (X_<X»2 

for each of the "independent" variables, and 

for the "dependent" variable y. 

Multiple linear regression is then done on these new scaled quantities. 

141 

(6.15) 

(6.16) 

Subtraction has the advantage of removing additive constants in the correlation that 

are not considered in the error function. That is, it removes constant systematic errors 

(such as zero-calibration), improving accuracy in the results. Normalization has the 

advantage of statistically homogenizing the data to the common [O,I]-range, equalizing 

preferred and discriminated calculations, and improving precision in the results, as 

noticed by a reduction in the error bars for the lattice parameters (see below). 

6.4.4 Results and conclusions. 

We have use our modified Cohen's method to fit our x-ray data to a tetragonal 

structure. This was done for each of the fabricated Nd2-xCexCu04-<'i samples to 

determine the lattice constants as a function of Ce concentration level. Figure 6.5 and 

Figure 6.6 show the lattice parameter calculations for a and c, respectively. Four

dimension linear regression used here can give a precision of ±0.001 A and ±0.003 A 

in a and c, respectively. These represent a resolution of 0.025% for both parameters, 

which cannot be obtained without our combined substraction/normalization 

improvements. Without our modifications, precision in a is reduced by a factor of 10, 

although resolution in c remains the same. 

As observed in Figure 6.5 and Figure 6.6, we find a increases and c decreases 
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linearly as the Ce concentration x increases from 0 to 0.2 in Nd2-xCexCu04-6' This linear 

relationship, known as Vegard's law, also has been observed in the parent 

superconducting Gd2-xCexCu04 system.219 Furthermore, we find the lattice volume 

decreases as cerium content increases. This result can be seen from Figure 6.5 and 

Figure 6.6, since c decreases at a faster rate than a increases. This effect on the lattice 

parameters can be readily observed from the x-ray diffraction peaks. Detailed 

examination of the 117 measured diffraction peaks (nine samples, each with thirteen 

peaks in the common 20°_60° range for the 20 angle) reveals that the (103) line moves 

to higher angle and the (110) line to lower angle as the Ce concentration increases 

from 0 to 0.20. Figure 6.7 shows the evolution of these two diffraction peaks located at 
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-320 as the cerium concentration is varied. These peaks systematically move toward 

each other as the cerium increases, from an initial separation of 28 = 0.4550 for th~ 

undoped sample, to a closer separation of 28 = 0.296 for the sample with highl.'r 

cerium concentration level. Using only Equations 6.2 and 6.3b, it easily can be shown 

that the simultaneous shift in these peaks indicates a contraction in the c-axis and an 

expansion in the a-axis as x increases. Furthermore, numerical values indicate that the 

cia ratio gets closer to 3, as cerium concentration increases. This is shown in 

Figure 6.8. Here, cia ratios were directly calculated from the lattice parameter values 

obtained with the modified Cohen's method, and therefore error bars include all the 

error sources previously analyzed. 

The above structural information also can be used to determine the effective 

valence of Ce; that is, 11 in Ce"+ during the Ce-doping. As seen in Figure 6.1b, Nd(Ce) 

atoms are located along the c axis in the T' structure. The observed decrease in both c 

and lattice volume with increasing x suggests that the dopant Ce must have a sma[Jer 

ionic radius than the one for Nd. Ionic radius for CeH , Nd3+, and Ce3+ are 0.97 A, 1.12 

A, and 1.14 A, respectively.220 Therefore, it can be suggested that the Ce4+ ions, and 

not the Ce3+, are present in Nd2-xCexCu04..5. In work by one IBM group,221 detailed 

x-ray analysis was used to calculate the average ionic radius and the effective valence 

from Nd2-xCexCu04..5 samples, resulting in 0.998 A and +3.84, respectively. 

Thus, x-ray diffraction has been used to characterize our Nd2-xCexCu04..5 

samples. All samples have the same single-phase (Nd2Cu04)-type structure. Lattice 

parameter calculations of the undoped and doped T' structures have been presented. 

Both the structural data and the superconducting results are in agreement with 
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CHAPTER 7 

DOPING EXPERIMENTS 
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This chapter continues with the Nd-Ce-Cu-O system introduced in Chapter 6. 

Here, I present our results on the effects of Zn substitution for Cu on the 

superconducting and structural properties of the electron superconductor (or II-type) 

Nd1.8sCeo.lSCu04..5.13,222,223,224 Detailed comparisons with previous225
,2Jh results 

of similar substitution studies in the single-CuOz-layer Lal.SSSrO.lSCu04..5 are also made 

in order to ascertain which features of the hole superconductors (or p-type) persist. 

Theoretical implications and the question of electron-hole symmetry are also discussed. 

7.1 Introduction 

Substitution studies have provided essential repercussions to the copper oxide 

superconducting material research. One of the greatest insights is that it has improved 

the strategies to find new oxide superconductors.227 Substitution studies done on 

known compounds have been a powerful tool to use to answer important crystal

chemical questions.228 New substitutions may even result in the discovery of new 

compounds with superior superconducting properties than the materials now in hand, 

and may be more suitable for technological applications.229 Chemical substitution 

may also bring clues to the quest for a high temperature superconductivity theory. 



The effects of elemental substitution of chemical doping on the properties of high Te 

superconductors are an important way to elucidate many features of the underlying 

mechanism for superconductivity.230 
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Electron-doped high Te superconductors provide an opportunity to place new 

constraints on the development of a theory of high temperature superconductivity. A 

general and successful theory of superconductivity for the copper oxides must be able 

to include both hole- and electron-doped systems; and the symmetric/antisymmetric 

behavior (if any) of the physical properties when the respective substitution is made 

must be properly accommodated.ls Furthermore, substitution studies made on the 

electron-doped high Te superconductors have important implications when they are 

used to test those viable theoretical approaches that in a natural way are able to make 

experimental predictions on this system.16 

7.2 On the Question of The Electron-Hole Symmetry 

As suggested in Chapter 6, an electron-hole symmetry may take place in both 

p- and ll-type materials. This is particularly true, at least qualitatively, in the 

occurrence of the insulator-metal transition, magnetism, and superconductivity in the 

hole-doped23I
,232 La2-xSrxCu04..5 and electron-doped233

,234 Nd2-xCexCu04..5 systems 

as a function of the concentration x of the charge carriers in the Cu02 planes. With 

increasing electron or hole concentration, both systems 

(1) evolve from insulating to metallic, 

(2) suppress their Cu2+ antiferromagnetism, 

(3) become superconductors. 



Although superconductivity induced in both materials occurs at different dopant 

concentration ranges, both systems show a maximum Te and a maximum flux 

expulsion (Meissner effect) at the same x ::::: 0.015. Therefore, it appears to be a 

qualitative symmetry between doping the Cu02 planes with electrons and holes. 
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Differences between the n-type and p-type materials have also been observed. 

Detailed comparison of crystal structure is included in Chapter 6. Other physical 

properties that significantly differ on both systems are explained as follows. 

7.2.1 Superconducting window. 

The dopant concentration range x within which superconductivity occurs in the 

electron carrier Nd2-xCexCu04-C is much narrower than that of the hole-doped 

La1.xSrxCu04-8 system. Superconductivity in the n-type material is limited to the Ce 

concentration rangel2,235 0.14 :::; x :::; 0.17. In contrast, the occurrence of 

superconductivity in the p-type material231 extends over the broad Sr regime, 0.07 :::; x 

:::; 0.25. This difference may be related to the remaining of Cu-Cu antiferromagnetic 

correlations to higher dopant concentrations in the ll-type material compared to the p

type compound. 

7.2.2 Pressure dependence. 

Measurements of Te as a function of the hydrostatic pressure P already has 

been determined in the hole-doped superconducting Lal.85SrO.15Cu04..5 system,236,237 

as well as in the electron-doped superconducting Nd1.85CeO.15Cu04..5 compound.23s In 

the p-type superconductor, there is an increase of Te with P. In sharp contrast, dTe/dP 



149 

is negative in the electron superconductors. For a successful theory of 

superconductivity in the copper oxides that includes both systems, the antisymmetric 

pressure dependence of Tc must be introduced. 

7.2.3 Electrical resistivity. 

Normal state resistivity measurements made on n-type superconductors also 

differ from those obtained from the hole-doped superconductor. As presented in 

Chapter 6, the ceramic Nd1.SSCe0.1SCu04..5 material presents a semiconducting behavior12 

in its normal state, in contrast with a metallic behavior obtained in the hole-doped 

LaI.SSSrO.lSCu04..5 material in its normal state. Most notorious are the results obtained 

from single crystals. The temperature dependence of the electrical resistivity in the 

basal plane for Ndl.SSCe0.1SCu04..5 single crystals exhibits a metallic behavior239,24o (a 

surprising result showing the anisotropic superconducting properties in these 

materials), with a qualitatively different behavior from that of the hole-doped 

superconductor. Although it is not clear yet, these results may suggest that the 

electron-doped superconductor Nd1.S5Ceo.1SCu04..5 may have a pronounced anisotropy 

in its electronic structure and in other transport properties. 

7.2.4 Other properties. 

Neel temperature TN has also been determined in both systems. La2-xSrxCu04-<'i 

presents a TN that goes to zero241 for x > 0.03. In contrast, Nd2-xCexCu04..5 shows242 

(old ref. 8) TN = 210 K for x = 0.1. Furthermore, it has been reported that saturation 

solubilities of dopants are also different.12,243 
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All of these differences are considered relevant in at least one theoretical 

framework. IS,16 In order to arrive at the true theoretical model for the superconducting 

oxides, it is extremely important to ascertain which features of the hole 

superconductors still persist in the electron-doped materials. Substitution studies on 

the electron-doped superconductor Ndt.8SCeo.tsCuOH) and the comparison with those 

made on the hole-doped superconductor La1.SSSrO.ISCU04..5 may bring more clues to this 

puzzle. 

7.3 Substitution Experiments 

Substitution studies can help elucidate the mechanism of high temperature 

superconductivity. It has been believed that superconducting quasi-particles or Cooper 

pairs are associated with the cu-o layers. Therefore, doping on the Cu02 planes may 

verify or disprove this belief. The most obvious substitutions are Ni and Zn, which 

respectively subtract and add one conduction electron/atom, although the magnetic 

moment of Ni is larger than Zn. Furthermore, a theoretical model has already been 

proposed by Mazumdar et. ai.,IS and a large number of explicit, testable experimental 

predictionsl6 were previously made for the Nd(Ce)CuO system. In particular, 

predictions of experiments involving zinc substitution were made. 

Therefore, being motivated by all of this, we have conducted several 

experiments. We have studied the effects of zinc substitution on the superconducting 

and structural properties of Nd1.8sCeo.JS(Cul.yZIly)04..5 as a function of the concentration 

level y. 
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7.3.1 Sample preparation. 

Zinc substitution was selectively done with Ndl.ssCe0.1SCu04-/i as the starting 

material. The value of x = 0.15 in the formula Nd2-xCexCu04..5 was deliberately chosen 

as this composition gives the highest Te for this electron superconducting system, as 

previously shown in Figure 6.2. However, our primary intention in choosing this 

starting composition was to directly compare our results with the previous Zn-doping 

studies225
,226 of the single Cu02 layer hole superconducting material La1.85SrO.1SCu04..5' 

which also gives a highest Te at the value x = 0.15. 

Ceramic bulk samples were prepared using the procedure described in Section 

6.3. The zinc-substituted compounds NdI.SSCeo.1s(Cu1.yZI1y)04..5 were synthesized244
,13 

with the following y concentration levels: 0.0, 0.005, 0.01, 0.015, 0.02, 0.03, 0.04, and 

0.05. These values are exactly the same Zn concentration values that were used by 

Xiao et. al. 225 in their study of the hole superconductor. This was done so direct 

comparisons could be made. 

7.3.2 Structural properties. 

X-ray diffraction was made on powder samples, as described in Section 6.4. 

Figure 7.1 shows the powder x-ray diffraction patterns for the undoped (y = 0.0) and 

two of the Zn-substituted samples (y = 0.005 and 0.02). All samples are single phase, 

with the same (NdzCu04)-type structure. As noted in the figure, no appreciable 

differences are found in the X-ray peaks. This suggest that the crystal structure may 

be unmodified as the zinc substitution is made. 

In order to confirm that the structure indeed remains unaltered, x-ray data 
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were numerically analyzed. I performed lattice parameter calculations from all the x-

ray diffraction peaks, as described in Section 6.4, to fit the experimental data to a 

tetragonal structure. This was done for each of the zinc-doped samples. Figure 7.2 

and Figure 7.3 show the lattice parameters calculations for a(A) and c(A), respectively, 

of the tetragonal T' structure as a function of the zinc concentration level y. An 

apparent parabolic behavior is observed in a as the Zn doping level varies (Figure 7.2). 

However, special care must be taken with the interpretation of this apparent variation. 

Complete and detailed error bar analysis that includes both experiment and numerical 

calculation (included in the error bars displayed in each of the two figures) reveals that 

Figure 7.1 
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such parabolic variation in a is within our experirnentaVnumerical resolution; and if 

such variation exists, it is less than 0.05% (Figure 7.2). Similarly, variations in C as-a 

function of Zn are less than 0.08% (Figure 7.3). Thus, within our limitations, both 

lattice parameters remain unaltered. 
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X-ray data also was fitted to an orthorhombic structure. Searching for a 

possible tetragonal-to-orthorhombic transition in our samples,245 x-ray experimental 

data was also fitted to find up to three possible parameters aortho' bortho! and Cortho! in 

distinction with the previously shown calculations for only two parameters atetra and 

Ctetra of the tetragonal structure (Figure 7.2 and Figure 7.3). Using the orthorhombic 

lattice parameter calculation described in Section 6.6, similar values to the tetragonal 

calculation (Figure 7.3) are obtained for the corlho axis. For the base-plane lattice 

parameter calculation, values obtained remain practically identical, i.e. a orlho = bortho 

(within our current resolution of ± 0.05%), and practically are the same values as 

those obtained for atetra in the tetragonal calculations (Figure 7.2). Therefore, tetragonal 

T' structure also remains unchanged, and no transition to any orthorhombic structure 

is found. 

Thus, detailed x-ray analysis shows, within our combined experimental and 

numerical resolution, that: 

1) all zinc-doped samples are single phase, with a (Nd2Cu04)-type structure, 

2) the tetragonal T' structure remains unaltered on Zn substitution, 

3) as the zinc doping concentration level is varied, the lattice parameters a and C 

stay virtually unchanged. 
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7.3.3 Cation Substitution. 

Although not confirmed experimentally, we believe that Zn enters into the Cu 

sites. We base this assumption on a comparison of the ionic radius of the dopant with 

fourfold coordinated Znz+ (0.74 A). Copper coordination within the CuOz planes is 

four-fold for the T' phase (in contrast with the five-fold coordination found in the 123 

phase and bismuth n = 2 phase, or the six-fold coordinations in the T-phase of the 

bismuth n = 1 phase). Fourfold coordinated Cu2+ has an ionic radius of 0.71 A, which 

it is about the same as that for Zn2+. On the other hand, Nd3+ has an ionic radius of 

1.25 A, meanwhile Ce4+ has 1.11 A. Those values may indicate that Zn enters into the 

Cu sites. The above structural data as well as the invariance of the latti~: parameters 

are consistent with this assumption. In addition, previous work based on neutron

diffraction studies in the Zn substitution in LaSrCuO and YBaCuO, indicates that Zn 

enters the Cu sites selectively. Based in all of this, we assume that the same is true for 

the Zn doping into the T'-phase Nd1.8SCeo.lSCu04-<5' 

7.3.4 Superconducting properties. 

Four probe resistivity measurements were performed with the technique 

described in Section 4.3 for bulk samples. Figure 7.4 shows the normalized resistivity 

vs. temperature for various zinc-substituted compounds Ndl.8SCeO.lS(Cul_j:Ily)04-<5' The 

undoped material (y = 0) fabricated during the same batch of doped samples shows 

the expected semiconducting behavior followed by an onset superconducting Te of 22 K 

(trace g). This result, and the single phase x-ray analysis, confirms that the sample 

preparation during the making of the zinc-doped samples (y ~ 0) still reproduces the 



same results described in Chapter 6 for the x = 15 and superconducting 

Nd1•xCexCu04-c5 sample (see Figure 6.9). 
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All other zinc-doped samples also show a semiconducting behavior, although 

with a lower superconducting critical temperature. As clearly shown in Figure 7.4, 

there is a rapid drop in Te with increasing doping level y, followed by the 

disappearance of Sc. The dependence of Te as a function of the zinc level 

concentration y is shown in Figure 7.5. No indication of superconductivity is found in 

the 8-300 K range measured for all the y > 0.02 materials, which are weakly 

semiconducting. A strong semiconducting behavior, with an activation energy nearly 

the same as in antiferromagnetic Nd2Cu04, is seen for the y = 0.05 sample (not 

shown). 

Thus, resistivity measurements in the 8-300 K temperature range indicates that 

1) zinc has a detrimental effect on the superconducting properties of the 

substituted compound NdI.8SCe0.1S(Cul.yZI1y)04-c5' 

2) critical temperature decreases as the zinc doping level y increases, 

3) Te goes to zero at the concentration level of y = 0.02. 



..-.. 
t"-o 
0\ 
~ 
~ 

Q.. 
....... 
..-.. 
E-4 
~ 

Q.. 

Figure 7.4 

..-.. 
~ 
'-" 

~ 

0 
fIj 

= 0 
u 

E-4 

Figure 7.5 

157 

12 

6 

0 

b·············· ............ ................ a 
....................................... 

c........ . ............................................ . 

Ij/~;~~~;;;;;;f~~~:~~~;~~~~~~~~:::::::::::;;:~·:;;;;;;;~;;::~ ~ ~ ~~~~. 
d :.:: ........ ......... . ..... . 

e :~1 ! ................... ::::: :::::::: :::::::::::: .. 
f···· g/ 

0 20 40 60 80 100 

Temperature (K) 

Normalized resistivity vs. temperature of Nd1.85CeO.15(CUl_yZ~)04..s samples 
with y values: (a) 4%; (b) 3%; (c) 2%; (d) 1.5%; (e) 1 %; (f) .5%; and (g) 0%. 

28 

24 

20 

1 6 

12 

8 
0.0 O.S 1.0 1.5 2.0 

Zn content (at. %) 

Critical temperature dependence on the zinc doping level y. 



158 

7.4 Comparisons with the Hole Superconductor 

Structural and superconducting results we obtained from the ll-type 

Nd1.ssCeo.1s(Cu1.yZl1y)04.c material are compared now with those previously reported for 

the p-type La1.8SSr0.1S(Cul.yZl1y)04.c system. Particularly, we have taken the results 

obtained by the Johns-Hopkins groUp.225,226 

7.4.1 Structure Effects. 

One of the differences we have found between the two systems is the effect on 

their structural properties. In contrast with the invariance of the lattice parameters in 

the T'structure of the Nd1.8sCeO.lS(CUl.yZl1y)04.c samples, both lattice parameters in the 

T structure in La1.8SSrO.lS(Cu1.yZny)04.c change up to 0.1 %, as the zinc-doping-Ievel y 

changes from 0 to 0.04. Furthermore, in the T structure, the a axis increases with Zn 

composition, while the c axis decreases. 

The effect of both variations in the T-structure material was explained in terms 

of the Jahn-Teller effecf!6,247. In pure Cu2+ systems, the Cu2+ ions exhibit a strong 

Jahn-Teller effect. In particular, in the single CuO compound, the octahedron around 

Cu2+ is elongated along the c axis (making the apical Cu-O bonds longer) and 

contracted in the a-b plane (making the layer Cu-O bonds shorter). Consequently, in 

La1.85SrO.lSCu04' whose structure consists of alternately displaced octahedra with axes 

parallel to c, see Figure 7.6, the length of the cu-o bond (2.948 Pt.) along the z direction 

is much longer than that of the Cu-O bond (1.894 Pt.) in the plane.248 Substitution for 

Cu with Zn, however, will have a tendency to equalize the bond lengths, because the 
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octahedron around Zn2+ is not distorted (Zn2+ has a 3d10 configuration). Therefore, 

doping the Cu sites with Zn will reduce the local Jahn-Teller distortion, and hence 

reduce the c axis and increase the a axis. 

The Jahn-Teller effect is also consistent with the Zn doping into the T' 

structure. There is no Jahn-Teller distortion in Nd1.SSCeo.1SCu04-c5' and so doping the 

Cu sites with Zn will not modify the a and c axis. The Jahn-Teller effect is not 

expected in this system because its structure, the T' -phase structure, is only composed 

of Cu-O square sheets (see Figure 6.1). There are not apical oxygens in this phase, so 

there are not Cu-O bonds along the c axis, in contrast to the T-phase structure with 

Figure 7.6 
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Cu-O octahedra (or to the TO-phase structure with Cu-O pyramids, see Figure 6.1). In 

addition, the Nd3+ _Cu2+ linkage in the T'-phase structure is ionic. Therefore, the 

absence on Cu-O bonds along the c axis in Nd1.SSCe0.15Cu04.o bypass the Jahn-Teller 

effect in the undoped material, and subsequent doping with zinc will also bypass this 

Jahn-Teller effect, keeping the a and c axis unmodified. 

7.4.2 Superconductivity Effects. 

In contrast to the different effects on the lattice parameters found in 

NdI.85CeO.t5(Cul.~I1y)04.o and La1.85SrO.15(CU1.~I1y)04.o' the effects on their 

superconducting properties seems to be the same. In the T-phase material, it was also 

found that the value of Te decreases rapidly with Zn content. Furthermore, for Zn 

doping above 2%, samples are no longer superconducting, but remain metallic. Those 

are the same results we found in doping the T' -phase superconductor. 

What is noticeable is the coincidence in the Zn doping level values for the 

disappearance for superconductivity. Superconductivity vanishes at exactly the same 

Zn concentration13.2:5 in the electron-doped materials as in the hole doped 

La1.SSSrO.15(CU1.yZI1y)04.o' Although our resistivity measurements were not made below 

7.0 K, and although magnetic field screening and expulsion measurements (Meissner 

Effect) were not performed, our results may be an indication that the same Zn doping 

level of 2% decreases the Te down to zero in both electron- and hole-superconductors. 

We note that this result was predicted by a theoretical model proposed by Mazumdar16 

(see below). 
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7.5 Theoreticallrnplications 

The strong detrimental effect of Zn substitution on the Te of the electron 

superconductor Ndt.85Ce0.15CU04~ and the hole superconductor Lat.85SrO.15Cu04~ brings 

more limitations to the development of a theory for the high Te superconductors. 

These results are not easy to explain within the existing models. Barlingay et al.,13 for 

example, have reviewed several of the previously offered plaUSible arguments to the 

doped hole superconductor. These arguments reviewed include: 

1) the suppression of Te due to structural disorder 

2) the creation of oxygen vacancies due to Zn 

3) magnetic pair breaking due to local immobile Zn 

Barlingay et at. also have pOinted out that these arguments seem to contradict 

themselves when they are used explain the properties on the electron-superconductor 

case. 

Mazumdar, on the other hand, has proposed a different theoretical model. 15 In 

this model, a dopant-induced valence transition mechanism is proposed in which a 

first-order valence transition, such as Cu2+ _Cu1+, accompanies the antiferromagnetic 

to superconductor transition in the copper oxides for both hole- and electron-doped 

materials. The ionization energy of closed shell Cu1+ is unusually large, and only the 

large Madelung energy gives a Cu2+ configuration in the undoped semiconductors. 

Doping reduces the Madelung energy and drives the valence transition, generating a 

large number of 0 1-. Observation of 0 1- in the electron superconductors249,2S0 is 

then expected. 
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Based on this theoretical mechanism, a large number of explicit, testable 

experimental predictions16 were made for the normal state of Nd(Ce)CuO. In 

particular, predictions of experiments involving chemical substitution were made. 

Unlike Cu, Zn is most stable in its closed shell bivalent Zn2+ state. Even a minute 

quantity of Zn2+ converts neighboring 0 1. in the superconductors to 02- and increases 

the Madelung energy again. This then drives a reverse valence transition Cu1+ _Cu2+, 

destroying superconductivity. 

Within Mazumdar's model, it was also predicted16 that Zn should have the 

same deleterious effect on the superconducting properties on both superconducting 

systems. Furthermore, it was predicted that the disappearance of SC should occur for 

the same y doping level in both La1.8SSrO.1S(CU1.yZIly)04..5 and Nd1.ssCeO.lS(CU1.yZIly)04..s. 

Our resultsp,222 together with the results obtained by the Johns-Hopkins group,225,?2f., 

seem to confirm Mazumdar's predictions. Although our experimental work certainly 

does not prove the validity of his model, it is suggestive that Zn has the same 

detrimental effect on the superconducting properties and that the critical Zn concentra

tion is the same for both systems. 



CHAPTER 8 

CONCLUSIONS 

8.1 Thin Films 
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In this dissertation I have demonstrated that superconducting YBa2CU30 7-.'i thin 

films can be fabricated using a multilayer deposition technique that uses a combination 

of sputtering and evaporation, followed by an ex situ furnace annealing. Y and Cu are 

sputtered from separate metallic targets and Ba is thermally evaporated from a BaF2 

source. Average stoichiometry is controlled by adjusting the thickness ratios of the 

individual layers and is measured by the Rutherford Backscattering Spectrometry 

technique on Y/BaF!Cu multilayered samples deposited on carbon substrates. 

As-deposited multilayered films, mostly on SrTi03 substrates, are insulating and 

amorphous, but crystallize into a superconducting phase when the samples are 

properly heat treated. Heat treatment is performed in an oxygen atmosphere in a 

conventional annealing furnace, destroying the multilayered structure of the films and 

building a complex multi-phase structure. The highest temperature in the annealing 

cycle, Ta, helps the nucleation and growth of the perovskite phase, and the dwelling 

temperature Td helps the diffusion of the oxygen into the lattice. The small amounts of 

water vapor that are introduced during the first part of the annealing cycle helps the 

removal of the fluorine from the samples and promotes the chemical reaction to form 



the YBa2Cu30 7..5 product. The dry oxygen used in the remaining part of the heat 

treatment avoids the formation of carbonates and hydroxides in the films, as well as 

avoiding harmful condensation on the surface of the films. 
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Five approaches were performed during the annealing studies with Y-Ba-Cu-O 

thin films. First, Y/BaF/Cu films, with average composition close to the desired 1:2:3 

value, were heat treated under different annealing conditions to systematically study 

the effect of each of the annealing parameters. Best results in the superconducting 

and structural properties on these films are obtained when the "standard" annealing 

cycle is used. Second, the "standard" annealing cycle was fixed to see its effects on 

samples with different stoichiometries. Best results are obtained in this case when the 

films have stoichiometric compositions close to the 123 value, demonstrating that there 

is a self conSistency between these two approaches. The "standard" annealing on 123 

films produces superconducting samples that show a metallic behavior in their normal 

state, as determined by temperature-dependent resistance measurements. These films 

show a preferential growth of the orthorhombic and superconducting YBa2Cu30 7..5 

phase with its c axis perpendicular to the plane of the film, as determined by x-ray 

diffraction analysis. For films out of stoichiometry, the "standard" annealing cycle can 

still produce superconducting samples, at best with a reduction in their transition 

temperatures, and in the worst case insulators. Special cases of out of stoichiometry 

samples under the "standard" annealing cycle are those that show a mixture of the 

"123" and the "248" phases. 

Third, samples with stoichiometries far from the 123 value were heat treated 

under different annealing cycles. The "standard" annealing cycle tried on type-I 
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samples, which are made by 8 tri-Iayers of Y/BaF:lCu, with an average composition 

that is 33% Y-poor and 20% Cu-rich with respect to the desired 123 value, produces 

amorphous and insulating samples. Both superconducting and structural properties 

are improved by an appropriate modification of the "standard" annealing cycle. Three 

cycles (A, B, and C) were tried on these samples, observing the formation of the 

superconducting "248" phase when the annealing temperature of 870 °C is used. With 

this third approach it is demonstrated that out-of-stoichiometry samples can become 

superconducting with an appropriate choice of the annealing parameters. 

Fourth, modifications on deposition, composition, and heat treatment were 

performed to increase the transition temperatures. Type-II samples, consist of 32 tri

layers of Y/BaF:lCu but with the same total thickness of the type-l samples tried in the 

other three approaches. A BaF2 bufferlayer is used in this approach, serving as a 

barrier between the substrate and the film to avoid both interaction and interdifussion 

during the heat treatment, giving an overall composition that is 43% BaF2 rich with 

respect to the 123 value. In addition, samples were fabricated 9.7% Cu rich to stimulate 

the "248" formation and use it as a precursor for the "123" formation. Several annealing 

cycles (B, C, and D) were performed for this approach. The annealing temperature Ta 

seems to affect the Tc(onset), without appreciably altering the Tc(zero), and the 

annealing time ta seems to affect the Tc(zero), with a minimum change in the Tc{onset). 

Best results are obtained with cycle D, producing an improvement in the 

superconducting transition temperatures. 

The fifth approach used other substrates and compositions with annealing cycle 

D. For fixed composition used in the fourth approach, the best results are obtained on 
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(100)-oriented SrTi03 substrates, although superconducting transitions were also found 

on (100)-oriented MgO and (100)-oriented YSZ (yttria stabilized zirconia). For the 

SrTi03 substrates, best results are obtained with cycle D for the composition of the 

fourth approach (43% BaF2 rich and 9.7% Cu rich), always producing an onset 

transition at Te(onset) = 92 K, with zero resistance values at Te(zero) = 85 K, so far the 

best results obtained in our labs. 

8.2 Electron Superconductors 

In this dissertation, I have also presented results on studies on electron-doped 

superconductors. We have succeeded in the fabrication of bulk samples of the 

electron-doped copper oxide superconductors. Resistivity measurements as a function 

of cerium content x was performed on Nd2-xCexCu04.o compounds. Superconductivity 

is confined to a very narrow Ce concentration range, in agreement with published 

data. Highest Te is obtained in the Nd1.8sCe0.1SCu04.o compound, which has an onset 

superconducting Te of 22 K. Detailed x-ray analysis was performed on those 

compounds. All samples have the same tetragonal (Nd2Cu04)-type structure. Lattice 

parameter calculations from the experimental x-ray data were performed, obtaining a 

precision of ±O.OOI A and ±O.003 A in a and c, respectively. A Vegard's law is 

observed in the lattice parameters as a function of the Ce concentration x from 0 to 0.2, 

that is, a increases and c decreases linearly with x. The observed decrease in both c 

and the lattice volume with increasing x suggests that the CeH ions, and not the Ce3+ I 

are present in the Nd2-xCexCu04.Q compounds. 

The effects of Zn substitution were also presented. Zinc substitution was 
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selectively done with Nd1.8sCe0.1SCu04..5 as starting material, as this composition gives 

the highest Te as well as allowing us to compare our results with the previous Zn

doping studies in the hole superconducting material La1.8SSr0.1SCu04..5' which also gives 

a highest Te at the value x = 0.15. Detailed x-ray analysis indicates that the tetragonal 

T' structure remains unaltered on Zn substitution, with the lattice parameters virtually 

unchanged (within the limit of our experimental resolution, which is less that 0.08%). 

This is not the case in the previously studied hole-doped Lal.8SSr0.1SCU04..5 material, 

where the a axis increases with Zn composition, while c axis decreases. Both results of 

the effects of the zinc substitution in the T and T' structure are explained within a 

Jahn-Teller effect framework. Resistivity measurements, on the other hand, seem to 

present similar effects on both systems. For our electron-doped materials, 

measurements in the 8-300 K temperature range indicate that zinc substitution for 

copper in the Ndl.8sCe0.1SCu04..5 system has a detrimental effect on the superconducting 

properties, decreasing Te as y increases, and reducing Te to zero at the y = 0.02. The 

same results were previously reported with the zinc substitution for copper in the 

Lal.SSSr0.1SCu04..5 system. Our results on the electron superconductors, together with 

the results on the hole superconductors obtained by the Johns-Hopkins group, were 

previously predicted by Mazumdar within a theoretical model consisting of a dopant

induced valence transition mechanism. 
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