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CHAPTER 4:

FABRICATION OF SUPERCONDUCTING TAPES BY

DEPOSITING NdBCO FILMS ON BIAXIALLY TEXTURED

NICKEL

4.1 Background

This chapter discusses the method used for fabricating rolling-assisted-biaxially-

textured substrates (RABiTS) by pulsed-laser deposition of oxides buffer-layers

on textured nickel. It also presents the results obtained by depositing NdBCO

and YBCO superconductors on RABiTS by PLD.

The deposition of a buffer layer is the first step required in deposition of a ceramic

superconductor on a metal substrate. Its role is mainly to overcome diffusion

problems between the substrate and the superconducting layer, and formation of

oxides at their interface. However, physical vapor deposition on a polycrystalline

substrate results only in an uniaxial orientation of the buffer layer along the

perpendicular to the surface, while the in-plane axes are randomly oriented.

Consequently, the superconducting layer deposited on top of the buffer layer

does not show biaxial texture. Biaxial texture of the buffer layer was achieved for

the first time by Iijima et al. [41] and Reade et al. [42] who independently used a

technique called ion-beam-assisted-deposition (IBAD). Such a technique consists
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of bombarding the growing film with an ion beam oriented along a specific angle

with respect to the substrate normal (54.7º in the case of YSZ), depending on the

ceramic’s crystal structure and the desired orientation. Channelling of the ions in

the specified lattice direction allows the growth of only one orientation, while the

crystallites having different orientations are ablated away as they grow. The

grains of the desired orientation grow faster than the others, and ultimately

shadow and extinguish completely the crystallites with different orientations

[43]. Since a predominant fraction of the material deposited is removed by the

impinging ions, this technique is limited by a very slow deposition rate and was

not generally considered as a promising, industrial-scalable approach when

proposed.

4.2 The second generation of HTS conductors: the RABiTS substrate

The superconductivity group of Oak Ridge National Laboratory has recently

developed a new approach for depositing HTS films on a metallic tape without

using an additional ion source during the growth process. The first step of this

method is to obtain a very sharp cube texture for Nickel tapes by thermo-

mechanical processing of the metal. A high purity (99.99%) polycrystalline bar of

Ni is cold rolled to total deformation greater than 90% and subsequently

annealed in vacuum (~10-6 Torr) in a wide temperature range for recristallization.

The result is the formation of a sharp biaxial cubic texture, with typical full-width-

half-maximum values for X-ray ω- and φ-scans of 6° and 7°. Polishing of the Ni

surface is avoided by controlling the surface conditions of the work rolls. In this

way it is possible to obtain very smooth surfaces (rms ≈ 10 nm) adequate for film

growth, with an average grain size of 100 µm. Calculations of the grain boundary
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misorientation angles are conducted at ORNL using backscattered electron

Kikuchi diffraction (BKD) [46]. The results of such analysis on Ni textured

substrates typically show that most of the boundaries have misorientation angles

in the range 1 - 5º and most of the substrate is percolatively connected within 5º.

The second step of this process involves deposition on the metal of a buffer layer

that is chemically and structurally adequate for subsequent growth of high

quality epitaxial superconducting films. The best buffer layers for YBCO film

growth are oxides, and these materials are normally deposited in the presence of

an oxygen background pressure. On the other hand, a Ni surface reacts very

easily with O2, forming a (111) textured NiO layer, the orientation of which is

unsuitable for fabricating high-Jc HTS films because many high angle boundaries

are present. This problem can be overcome by two methods. The first, which

employs deposition of less reactive noble metal layers on Ni to prevent NiO

formation, followed by deposition of oxides, will not be discussed in this work.

The second method, which has provided the best results, employs deposition of

oxides directly on Ni under reducing condition. Different vapor deposition

techniques (e-beam, sputtering, PLD, precursor YBCO method) are used at ORNL

to deposit both buffer layers and YBCO on Ni. The choice of deposition

technique is dictated by the film quality provided, but also by the optimization of

the deposition rate and the industrial scalability of the equipment. At present, the

best film properties in the case of complex materials like HTS are obtained using

PLD, while different techniques have been equally successful for depositing

oxide buffer layers.

The work presented here is focused on the use of PLD. Consequently, both

buffer layer architecture and the superconducting layer were deposited using this

technique, following a process previously optimized for YBCO. The purpose of

the buffer layer is to retard oxidation of Ni, to reduce the lattice mismatch
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between Ni and the cuprate superconductors, and to prevent diffusion of Ni into

YBCO. Previous experimental studies on the growth of epitaxial oxide buffer

layers on Ni indicated that CeO2 was a good candidate. Growth of CeO2 on Ni

results in the single (100) epitaxial orientation, when a particular procedure is

used in depositing the oxide. During the substrate heating phase, a mixture of

96% Ar and 4% H2 is introduced in the vacuum system. The flow is regulated to

obtain a total pressure [P(Ar) + P(H2)] of 100 - 200 mTorr. The presence of the

reducing gas protect the Ni surface from the formation of NiO. Since Ni surface

oxidation increases with temperature, the CeO2 is deposited at the relatively low

substrate temperature of 600 ºC. A former thin layer formed by 300 laser shots of

CeO2 is deposited in the same background mixture of Ar and H2, using a laser

energy of 300 mJ/shot and a repetition rate of 3 Hz. A subsequent layer formed

by nearly 500 shots is then deposited after the chamber is pumped out, in a

residual  vapor pressure of 10-6 Torr. In this way, the Ni surface is covered with a

400 Å thick film which prevents Ni oxidation during the rest of the process. At

this point, oxygen is introduced in the chamber to a pressure of 1 x 10-4 Torr, and

growth of the CeO2 layer is concluded by depositing a ~4600 Å thick layer at

Ts=600 ºC using the same laser beam energy and increasing the repetition rate to

the value of 10 Hz. The (100) oriented CeO2 layer provides a template for

subsequent epitaxial growth of another buffer-layer or the ceramic

superconductor. Although cerium-oxide is an optimal buffer layer for epitaxial

growth of HTS, the high oxygen diffusion through CeO2 could still lead to the

formation of NiO at the metal interface when depositing cuprate-oxides

superconductors that require background oxygen pressures of hundreds of

mTorr. Moreover, due to the stress created by the lattice mismatch and the

difference in the thermal expansion between substrate and buffer layer, the CeO2

layer has a high tendency to form cracks. A second buffer layer of yttria-
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stabilized-zircon (YSZ) 5000 Å thick is deposited in-situ right after CeO2 growth

at the substrate temperature of 710 ºC. YSZ is harder than CeO2, and more

resistant to the formation of cracks. In fact, besides providing a barrier to oxygen

diffusion, the YSZ layer seems to alleviate the cracks that are formed underneath.

This structure, formed by an epitaxial buffer layer suitable for HTS deposition on

the Ni textured substrate, is referred to as RABiTS, the acronym for rolled-

assisted-biaxially-textured-substrates.

Fig. 4.1. Field dependence of Jc for YBCO on SrTiO3 (STO) and YBCO on RABiTS

substrate of different configurations: CeO2/Ag/Pd/Ni (ML1), YSZ/CeO2/Pd/Ni (ML2),

YSZ/CeO2/Ni (ML3). For comparison, Jc field dependence for a Tl-1223 film and a Bi-

2223 OPIT sample are reported.

YBCO is the only cuprate-oxide that has been deposited on RABiTS structures
thus far. In fact, YBCO has been the widest studied superconductor since the
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discovery of High-Tc superconductivity, and so far seems to offer the best

performance for application at 77 K. Moreover, at present, high quality epitaxial
YBCO films are obtained at ORNL by using a method involving deposition of
precursor layers. This method has the advantage of depositing the
superconducting layer at low temperature, and, consequently, is more adequate to
an industrial developing of coated conductors technology. Figure 4.1 shows a

Fig. 4.2. In-plane and out-of plane texture for YBCO/YSZ/CeO2/Ni.
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comparison among the field dependence of Jc in YBCO on RABiTS samples (with

different architectures), the Jc field dependence measured for YBCO on SrTiO3,

an epitaxial Tl-1223 film on LaAlO3, and Bi-2223/Ag OPIT samples in which

additional pinning sites were introduced by proton irradiation.

A typical x-ray θ-2θ characterization of the YBCO/YSZ/CeO2/Ni structures

reveals that CeO2 and YSZ buffer-layers are (001) oriented with respect to the

surface normal. The rocking curves for the CeO2 (002) and YSZ (002) peaks

show typical FWHMs of 5.5 and 5, respectively. The out-of-plane texture of

YBCO shows a significant improvement with respect to the buffer layers with a

FWHM of only 1 for the rocking curve of the (005) peak. The in-plane texture

revealed by XRD φ-scan through orientations other than (00l) also indicates

excellent epitaxy of the buffer layers on the metal substrate (see Fig. 4.2). The in-

plane axes of CeO2 and YSZ are rotated 45º with respect to the Ni (001) axis,

while YBCO grows with a and b axes rotated 45º with respect to YSZ. The

normally cubic YSZ and CeO2 lattices show a small tetragonal distortion with a =

b = 5.41, c = 5.422 for CeO2, and a = b = 5.12, c = 5.162 for YSZ. The ratio

between the intensities of the CeO2 (111) peak and the CeO2 (002) peak in the x-

ray spectra is less than 10-2, indicating only a very small volume percentage of

(111) oriented oxide.

4.3 Deposition of NdBCO films on RABiTS substrates: a comparison

between NdBCO and YBCO

In the work presented here, for the first time we report the results obtained by

depositing a superconducting layer of NdBCO on RABiTS substrates. NdBCO

was deposited by PLD on a CeO2/YSZ/CeO2/Ni architecture. All three layers
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were deposited continuously in the same run, without breaking the vacuum

conditions. The first layer of CeO2 and the YSZ layer were deposited using the

procedure discussed in the previous paragraph. The only difference being that,

after increasing the substrate temperature to the value of 710 ºC, and before

starting to grow YSZ,  we deposited 150 Å of CeO2 at this temperature to

improve the epitaxial relation between the oxides. The final CeO2 cup layer is

introduced to avoid growth of two different in-plane orientations of the

superconductor on the YSZ layer, as sometimes is observed for YBCO on

RABiTS. In fact, it is known that YBCO can grow with two different epitaxial

orientations on YSZ: with <100> or <010> axes aligned with YSZ <100> axis, or

with <100> or <010> axes aligned with YSZ <110> axis. This layer was grown in

an oxygen background of 1x10-4 Torr, with a substrate temperature in the range

of 710 to 780 ºC and a thickness of nearly 100 Å. The NdBCO layers were grown

following the exact procedure used for NdBCO films on single crystals, at an

oxygen pressure of 0.8 mTorr and a substrate temperature of 780 ºC. The films

were cooled in the same oxygen partial pressure used for the deposition, and

oxygen was introduced in the vacuum chamber (up to a pressure of 500 Torr)

only after the substrate temperature had reached the value of 500 ºC. Because of

the differences in the phase stability relations between NdBCO and YBCO, the

NdBCO film is deposited using a background oxygen pressure nearly two orders

of magnitude lower than that used for YBCO. This significant difference is

interesting because the reduced oxygen pressure might be highly beneficial in

preventing the oxidation of nickel. The NdBCO films were formed by 6000 laser

shots at the repetition rate of 2 Hz and laser beam energy of 300 mJ/shot,

corresponding to a thickness of ~ 0.4 µm. The NdBCO films were shiny and

optically smooth like a typical good YBCO film on RABiTS. The nickel

substrates, fabricated at Oak Ridge National Laboratory, had dimensions of       
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10 x 10 mm or 3 x 20 mm, and a thickness of 125 µm  For comparison, YBCO films

were deposited on RABiTS substrates using the same buffer-layers growth

procedure and architecture, and the optimal growth conditions previously

determined for YBCO in the same deposition system.

Critical temperature was evaluated by measuring the resistance-versus-

temperature curve with the same four-probe technique discussed for films on

single crystals. In this case, the normal-state resistivity is not very meaningful, as

shorts between the superconducting layer and the Ni substrate are often present.

Tc0 values observed in YBCO films ranged between 88 and 89.5 K, while NBCO

films exhibited typical Tc0's of 92.5-93 K, in accordance with the values reported

for optimal NdBCO films on single crystal (see Fig 4.3). Thus, NdBCO films
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Fig. 4.3. Resistive transition for the NdBCO samples la062498Ni1 and la0624Ni4.

deposited on RABiTS, as well as on single crystals (LaAlO3), showed higher

critical temperature than YBCO films on the corresponding substrates.

Structural and morphological characterization.

Structural and morphological characterization of the NdBCO films on RABiTS

substrates was conducted using a scanning electron microscope (SEM) equipped

for performing backscattered electron diffraction.

When the incident beam electrons in a SEM strikes the surface of a specimen

under observation, a significant fraction of them re-emerge from the sample,

propagating in the same hemisphere as the original beam. These electrons are

called backscattered because they suffer one or more elastic scattering events in

which the electron trajectory is changed by more than 90º from the forward

direction of motion. The backscattered electrons provide an extremely useful

signal for sample characterization, giving at the same time information about

composition, local topography, morphology, and crystallography. The fraction of

backscattered electrons can be greatly increased by increasing the tilt angle,

which is defined as the complement of the angle between the beam and the

surface plane. At very high tilt angles (>70º), which correspond to grazing

incidence, the number of backscattered electrons approaches the number of

incident beam electrons. This behavior originates because of the higher

probability of scattering events resulting in small deviation angles. Therefore,

when the beam is set almost parallel to the sample's surface, most of the elastically

scattered electrons tend to propagate along trajectories near the surface and,
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consequently, can escape with less total angular deviation as the result of a much

more probable event. When the surface is tilted, the same tendency for forward

elastic scattering favors backscattering in the direction away from the incident

beam. Consequently, the angular distribution of the backscattered electrons,

which at 0º tilt follows a cosine low, becomes very asymmetrical, resembling a

highly elongated ellipse, with the long axis forming approximately the same angle

with the surface as the beam (see Fig.4.6) [47]. Among the electrons emitted,

particularly interesting are those that leave the surface promptly, after very few

scattering events, and in the immediate vicinity of the beam impact area. In fact,

φ = 0

φ = 80

ο

ο

Fig. 4.6. Comparison of the angular distribution of backscattered electrons for sample

tilts of φ = 0º and φ = 80º.
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these electrons, which retain almost all the initial energy, constitute a source of

high resolution local information about the sample. The fraction of these electrons

can be increased by taking advantage of the highly directional distribution

originated at high-tilt angles and placing an energy-filtering collector at a low

take off angle to the surface. The signal obtained in this way is very sensitive to

fine-scale details, with dimensions close to those of the focused probe, and retains

information from a thickness of only 10-20 nm from the surface.

Backscattered electron diffraction was used to study the microstructure of the

NdBCO film deposited on RABiTS, whose Jc dependence on H is reported in

Fig.4.4 (sample la062498Ni1). The measurements were performed by scanning

the electron beam over several macroscopic regions with a step size of 0.5 micron,

obtaining for each region a number of diffraction patterns greater than 200000.

The measurements were carried out continuously for several days in order to

acquire all the necessary data, after the absence of surface contamination was

determined by normal SEM imaging. Because indexing the diffraction pattern at

each location gives a unique measure of the three-dimensional crystallographic

orientation at that point, a large amount of information is obtained from this kind

of measurement, both on the local and macroscopic structure of the sample's

surface layer. Before starting diffraction pattern acquisition, observation of the

sample's morphology was conducted in the same microscope. SEM micrographs

of the sample's surface are reported in Figure 4.7. Figure 4.7 (a) was acquired with

the sample tilted at an angle of 70° and a magnification of 5 Kx. Many particles

are visible on the surface, but the film underneath looks very dense and smooth.

Figure 4.7 (b) is a lower magnification micrograph obtained with a sample tilt of

0°. The elongated particles oriented at 45º with respect to the substrate edge and
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perpendicularly to each other are a-axis oriented grains; these grains sometimes

are also observed in NdBCO films on single-crystal. Figure 4.7 (c) shows a higher

magnification of a region in Fig. 4.7 (b). Besides the a-axis grains, some Ba-Cu-O

particles (similar to those revealed on film deposited on single crystal) are clearly

visible on the surface. The film looked very dense and compact, and pin-holes

were completely absent. High magnification micrographs [Fig.4.7 (d) and (e)]
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(a)

(b)
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(c)

(d)
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(e)

(f)

Fig.4.7. SEM micrographs of sample la062498Ni1of different magnifications: (a), 5 Kx, φ
= 70°;(b), 1 Kx; (c), 5 Kx; (d), 50 Kx; (e), 100 Kx; (f),5 Kx.
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Fig. 4.8. Top view and perspective view of the surface of a high Tc and Jc NdBCO film on

LaAlO3 acquired by AFM.

revealed the presence of small, finely-dispersed precipitates. These small clusters

were also observed sometimes in films deposited on single crystal. For

comparison, an AFM image of a high Tc NdBCO film on LaAlO3 is reported in

Figure 4.8, showing a morphology very similar to that observed in the NdBCO

films on RABiTS. In particular, the particles observed here are characterized by a

lighter color because of their higher height with respect to the rest of the film.

However, an understanding of the nature of these precipitates will have to wait

transmission electron microscopy (TEM) analysis. Another relevant feature

observed in sample la062498Ni1 is the presence of some YSZ particles of large

dimensions (~ 5µm) on top of the surface [Fig. 4.7 (f)]. These particles originated

during the YSZ layer growth and the NdBCO film developed around them.

Fig. 4.9 (a) represents an orientation image micrograph of sample la062498Ni1

This image is not an SEM micrograph, but is the result of the electron diffraction

patterns acquired by using a technique known as backscatter Kikuchi diffraction

(BKD). Each point composing the figure is characterized by a different shade of

gray according to the quality and intensity of the diffraction pattern at that point.

Grain boundaries, as well as other crystallographic defects or particles on the

surface, show a poor diffraction pattern and, consequently, these regions appear

as darker points on the orientation map. It can be noticed that grain boundaries in

the Ni substrate are transferred through the buffer layers to the superconductor

structure, showing on the orientation map as darker lines. Black spots originating

from the film's particles are also clearly visible. Electron diffraction patterns were

acquired on a hexagonal grid with a spacing of 0.5 µm. The total number of

patterns obtained in the region of nearly 0.5 x 1 mm reported in Figure 4.9 was

231868. Indexing the pattern at each location gave a unique measure of the
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orientation at that point. In order to calculate the misorientation angle for each

grain boundary, a hypothetical hexagonal lattice with a grain size of 0.5 µm was

superimposed at each point from which a pattern was obtained. Thus, by

processing the data, it is possible to calculate the grain boundary misorientation

angles for all the resulting boundaries. In this way orientation maps are generated

showing misorientation angle values at each grain boundary and the regions

percolatively connected within a certain angle. Figure 4.9 (b) shows a

regeneration of Figure 4.9 (a) with the following grain boundaries criteria: green

boundaries have misorientation angles greater than 1° and less than 5°; yellow

boundaries have misorientation angles greater than 5° and less than 10°; and red

boundaries have misorientations greater than 10°. Figure 4.10 visualizes the

percolation of a current flow. In fact, Figures 4.10 (a), (b), (c), (d), and (e) have

been colored according to the criterion that a single color represents a contiguous

or percolative region of orientation less than 1°, 2°, 3°, 4°, and 5°, respectively.

As shown in Figure 4.10 (c), the NdBCO sample analyzed is well-connected by

boundaries less than 3º, and thus exhibits an excellent in-plane orientation. The

grain boundary misorientations get even smaller if we focus on a smaller region of

the sample, such as that depicted in Figure 4.11 (a). This figure is the orientation

image micrograph obtained from a region of 0.12 x 0.2 mm in size. Such a region

is percolatively connected within only 1°, as shown in Figure 4.11 (b). A

representation of the same region using criteria of percolation within 2°, 3°, and

4° is reported in Figure 4.12 (a), (b), and (c). Figure 4.12 (d) is a superimposition of

Figure 4.12 (c) and the grain boundaries lines, with the colors green, yellow, and

red having the same meaning as in Figure 4.9 (b).

The totality of the diffraction patterns acquired provides a complete

representation of the three-dimensional crystallographic structure of the sample

and contains all the information obtainable from the pole figures relative to all the
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crystal poles. In fact, the diffraction patterns collected can be used to generate the

pole figure for any one of the crystal planes families, providing all possible

(a) (b)
Fig. 4.9. Orientation image micrographs from a macroscopic region of sample
la062498Ni1, (a). In figure (b), different colors indicate different grain boundary
misorientation angles: between 1¡ and 5¡, green; between 5¡ and 10¡, yellow; and greater
than 10¡, red.
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(a) (b)
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(c) (d)
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(e) (f)

Fig. 4.10. Orientation image micrographs shown in Fig. 4.9 colored with the criterion that

a given color represent a percolative region within 1° (a),  2° (b), 3° (c), 4° (d), 5° (e).

Figure f is a superimposition of (e) and Fig.4.9 (b).
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(a) (b)

Fig.4.11. Orientation image micrograph obtained from 142250 diffraction patterns of a

macroscopic region of sample la062498Ni1 (a). The same orientation image micrograph

colored with the criterion that a given color represents a percolative region within 1° (b).
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(a) (b)
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(c) (d)

Fig. 4.12. Orientation image shown in Fig. 4.11 colored with the criterion that a given

color represents a percolative region within 2° (a), 3° (b), 4° (c). (d) the grain boundary

lines are superimposed to figure (c), with the usual color code: green for misorientation

angles between 1° and 5°, yellow for misorientation angles between 5° and 10°, and red

for misorientation angle greater than 10°.
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Fig. 4.14. Pole figure for the NdBCO (113) reflection. The color scale is a measure of the
intensity of the patterns

information about the macroscopic three-dimensional orientation of the sample.

The pole figures obtained by electron diffraction are analogous to the pole figures

obtained by X-ray diffraction scans with the sample rotating in turn around all

three Euler angles (φ, θ, and χ). The only difference is that, during backscattering

electron measurement, diffraction data are acquired simultaneously for all the

crystal poles, and only for a very thin surface layer (~ 20 nm). X-ray pole figures,

instead, provide the orientation of all the buffer layers, the superconducting layer,

and the Ni substrate. Consequently, in order to obtain information on the

orientation of all the sample's layers, an X-ray characterization of sample

la062498Ni1 was performed. The in-plane crystallographic alignment of the

epitaxial NdBCO/YSZ/CeO2/Ni structure was determined by φ-scans through the

NdBCO (113), YSZ (111), CeO2 (111), and Ni (111) planes. The out-of-plane
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texture was determined by the XRD rocking curves (θ-scans) through the

following peaks: NdBCO (006), YSZ (200), CeO2 (200), and Ni (200). For each

peak, two rocking curves were recorded by tilting the sample in the rolling

direction, and in the direction perpendicular to this (about the rolling direction).

The data for the (113) pole figure of the NdBCO layer also were collected.

A collection of the φ-scans for Ni (111), CeO2 (111), YSZ (111), and NdBCO (113)

for the peaks is reported in Figure 4.13. The FWHM values are 7.13, 7.23, 7.42,

and 8.64 respectively, showing a very good alignment. It can be noticed that the

cerium oxide grows with a 45° axis rotation with respect to the nickel substrate.

The YSZ film, in turn, grows with the <100> axis oriented along the CeO2 <100>

axis. The in-plane texture of the NdBCO film is reported in detail in Figure 4.14,

where we show the NdBCO (113) pole figure, which is a representations of a

collection of φ-scans, each acquired at a different χ-angle. The NdBCO axes are

45° rotated with respect to the YSZ axes and aligned with the Ni a and b axes.

However, because the NdBCO (113) reflection is, in turn, 45° rotated with respect

to the YSZ (111) reflection, the φ-scan and the pole figure of NdBCO appear 45°

rotated with respect to those of the Ni substrate.

The peak observed in the center of the pole figure is due to X-ray fluorescence,

while the feature present at one side of the figure that does not show a four-fold

symmetry is only an artefact of the equipment.

A collection of rocking curves for the peaks Ni (200), CeO2 (200), YSZ (200), and

NdBCO (006), in and about the rolling direction is reported in Figures 4.15 and

4.16. The alignment of the c-axis is always better in the rolling direction of the Ni

substrate,, where we find FWHM values of 7.72°, 6.65°, 6.63°, and 6.44° for the

Ni, CeO2, YSZ, and NdBCO peaks respectively.
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“about”.
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Transport critical current measurements and field dependence

The critical current Jc was evaluated through direct transport measurements. The

Jc dependence on magnetic field was measured with the field varying from 0 T to

the irreversibility field, which is measured as the lower-limit field value at which

the current flowing through the superconductor switches from a power function

of the voltage measured to a linear function and flux flow regime takes place. In

all NdBCO samples for which the Jc field dependence was measured, the

irreversibility field was higher than 6 T, indicating the presence of strong flux

pinning. Jc values of 200 KA/cm2 measured at 77 K and zero field were obtained

for NdBCO films on RABiTS. This value is comparable with the Jc values

measured for the YBCO films on RABiTS grown for this project, but is lower than

the optimal values (ranging around 1 MA/cm2) obtained at ORNL for

YBCO/RABiTS using the same technique.

Fabrication of high quality RABiTS substrate is not a trivial task, and phenomena

such as the presence of micro-cracks in the buffer-layer, recrystallization of the Ni

substrate during growth, interdiffusion between the substrate and buffer-layer, Ni

oxidation, or other type of structural defects, can often occur during deposition

and more or less seriously affect superconducting layer growth. The quality of the

Ni substrate is another important parameter for a good final result. Consequently,

more samples than those developed for this project need to be prepared to obtain

a more precise estimate of the critical current carried by NdBCO films on RABiTS.

The best YBCO films on RABiTS usually show a Jc value at H=0 lower than that

measured for films on single crystal, but Jc decreases less rapidly with the

magnetic field than it does in YBCO films on single crystal. Consequently, the

two Jc versus H curves (relative to YBCO/RABiTS and YBCO/single crystal)

often show a cross-over point, and, at high magnetic field (5-6 T), RABiTS
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Fig. 4.4. Jc dependence on magnetic field at 77 K for NdBCO and YBCO films deposited

on LaAlO3 and RABiTS substrates.

samples exhibit higher Jc than those on single crystal. This behavior is indicative

of the presence in RABiTS samples of a higher number of defects that act as

strong pinning sites when a magnetic field is applied. As regards NdBCO samples

on RABiTS, in spite of the not extremely high Jc(H=0), we observed high Jc

values in high magnetic field and a very high irreversibility field (Hirr = 8 T).

These results are consistent with the observation of an increased number of

pinning sites in RABiTS samples.
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A comparison between various Jc versus H curves for NdBCO and YBCO on

RABiTS and LaAlO3 substrates is reported in Figure 4.4. As can be noticed, the

best YBCO and NdBCO films obtained on LaAlO3 show very similar Jc(H)

curves. Moreover, NdBCO films appear to carry a slightly higher current than

YBCO films at high magnetic fields, and also show a higher irreversibility field

than YBCO. The NdBCO film on RABiTS shows a Jc at H = 6 T equal to the

value usually measured for YBCO films on single crystal, and exhibits a very high

Jc in the interval (6-8 T). We also observed that Jc in NdBCO/RABiTS samples

exhibits the same behavior with magnetic field as that reported for NdBCO on

single crystal, and no "peak effect" was revealed.
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Fig. 4.5. Angular dependence of Jc measured at H = 5 T for NdBCO films on RABiTS

and LaAlO3 (LAO) substrates.
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Figure 4.5 shows the Jc dependence on the angle between the magnetic field and

the film's c-axis, measured for samples other than those reported in Fig. 4.4, and

for an applied magnetic field of 5 T. We observe the reported enhancement in Jc

at high magnetic field for films on RABiTS compared to films on single crystal in

the region near to H//c. However, such enhancement is accompanied by a

suppression in the critical current in the region near to H//a,b. Such behavior has

also been reported for YBCO films on RABiTS substrates and is believed to

originate from the presence of some sort of strong-pinning extended defects in

RABiTS samples that would extend upward through the film, enhancing vortices

pinning in the configuration with H//c.

In conclusion, the NdBCO film on RABiTS considered above showed an optimal

structure: dense, characterized by well-connected grains, and with an excellent

epitaxy. Moreover, we did not observe any trace of microcracks that could cause

a suppression of Jc. Such a structure is revealed only by the best YBCO films on

RABiTS, that consequently exhibit very high Jc (> 1MA/cm2), and is not

consistent with a Jc of only 200 KA/cm2 measured for our sample. The reasons for

a Jc lower than that observed in NdBCO films on single crystal substrates,

deposited in the same conditions, is thus attributable to other causes. Since Ni

substrates and insulating substrates like LaAlO3 or SrTiO3 have a very different

thermal conductivity, it is possible that for a given heater temperature, during film

deposition, different substrates actually have different temperatures. According to

the study performed on NdBCO films deposited on LaAlO3, changing the

substrate temperature for film growth by 20 °C leads to a small difference in the

film's Tc, but a considerable suppression of Jc (almost one order-of-magnitude).

Consequently, in a situation in which all the other deposition parameters are

unchanged, substrate temperature difference is the most probable cause of the
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lower Jc observed for the samples on RABiTS. This hypothesis constitutes the

starting point for a future investigation to address the processing of NdBCO films

on RABiTS with very high Jc. At present, the result of an irreversibility field of 8 T

for a sample showing only a moderate Jc at H=0, in addition to a measured Tc0 of

93 K, is very interesting and encouraging for further research on NdBCO.
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CONCLUSIONS

The first aspect of the research presented here is a systematic investigation of the

superconducting properties of NdBCO films. Because of the existence of the

solid solution Nd1+xBa2-xCu3Oy, NdBCO film synthesis was very sensitive to

small variations in all the deposition parameters and required a significant effort.

The optimization of the superconducting transport properties of NdBCO films

was obtained by growing a considerable number of samples (about 100) and

studying the influence of numerous deposition and annealing parameters,

including background pressure, substrate temperature, laser energy, laser-target

distance, target composition, cooling paths, deposition rate, and duration and

temperature of the heat treatments. Such a study involved measurements of

samples' electrical and magnetic properties, composition, morphology, and crystal

structure, by numerous techniques.

The effect of the oxygen partial pressure during film growth was analyzed by

varying this pressure in a range of four orders-of-magnitude, for a substrate

temperature (Ts) range of 730 °C to 800 °C. The experiment was motivated by

results reported in the literature on bulk synthesis and considerations on the

YBCO P-T phase diagram. On this basis it was hypothesized that the

thermodynamic stability curve in the P(O2)-T phase-space for in-situ NdBCO film

synthesis would be shifted towards reduced oxygen pressure values relative to

the YBa2Cu3O7-δ (YBCO) curve (Hammond and Bormann line). Consequently,

deposition conditions appropriate for the growth of NdBCO films were expected

to differ significantly from those successfully used for YBCO. The results

obtained confirmed this hypothesis showing a clear dependence of films

superconducting properties on the oxygen partial pressure during growth. A plot

of the conditions [Ts, P(O2)] for optimal film synthesis in the log[P(O2)]-1/T phase-
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space determined a line almost parallel to the corresponding Hammond and

Bormann line for YBCO films, but shifted with respect to the Hammond and

Bormann line by about two orders-of-magnitude. The optimization of NdBCO

film growth resulted in the reproducible synthesis of samples with Tc’s of 93 K

and Jc’s above 2 MA/cm2.

The Jc dependence on magnetic field observed for NdBCO films was similar to

that reported for YBCO films. However, a smaller reduction of Jc with increasing

magnetic field, and a higher irreversibility field compared to YBCO were observed

in the best NdBCO films grown. Neither stoichiometric NdBCO films nor films

with presence of small amounts of Nd-Ba antisite defects showed the peak in the

Jc dependence on magnetic field that has been observed in bulk samples. This

behavior suggests that the critical current in epitaxial films is dominated by the

density of growth-induced structural defects that act as pinning centers. These

defects, such as dislocation and stacking faults originating from impurities and

imperfections on the substrate surface, have a much higher density in epitaxial

films than in bulk samples. Consequently, Jc(H) in epitaxial films is typically two

orders-of-magnitude higher than Jc in bulk samples, and a weaker field-activated

pinning mechanism, if present, can be easily masked.

The work conducted on NdBCO film growth on single-crystal substrates was a

precursor to a second aspect of this thesis that involved deposition of HTS films

on metallic substrates. Rolled-assisted-biaxially-textured-substrates (RABiTS)

were fabricated by depositing YSZ and CeO2 buffer-layers on rolled and

annealed Ni substrates by PLD. Subsequently, NdBCO and YBCO films were

deposited on the RABiTS using the parameters for optimal film growth previously

determined. The samples were characterized by electrical transport measurements,

X-ray diffraction, scanning electron microscopy and backscattered electron

diffraction. The in-plane and out-of-plane alignment of the NdBCO layer and the



- 39 -

YSZ/CeO2/Ni architecture were evaluated by acquiring φ-scans and rocking

curves for specific planes of the Ni, CeO2, YSZ, and NdBCO layers. The results

showed excellent epitaxy of the buffer-layers on the metal substrate and a very

good in-plane and out-of-plane texture, with FWHM values of the φ-scans for the

Ni(111), CeO2(111), and YSZ(111) peaks of nearly 7°, and FWHM values for the

rocking curves of the Ni(200), CeO2(200), and YSZ(200) peaks of nearly 6.5°.

The CeO2 a,b axes were rotated 45° degrees with respect to the Ni axes, while the

YSZ a, b axes were aligned with the CeO2 in-plane axes. The NdBCO layer

showed very good epitaxy with the in-plane axes rotated 45° with respect to the

YSZ axes. A rocking curve of the NdBCO (006) peak and a φ-scan of the

NdBCO(113) peak showed FWHM values of 6.4° and 8.6° respectively.

X-ray diffraction data give information on the macroscopic average of the

orientations of the sample's grains. Consequently, from X-ray FWHM data it is not

possible to extract a realistic estimate of Jc. More precisely, assuming a value of

8.6° for the grain-boundary misorientation angles would correspond to a Jc much

lower than that actually measured. In fact, the most important parameter for

obtaining high Jc values (106 A/cm2) is the local existence of small (< 5°) grain

boundary misorientation angles between adjacent grains, and the consequent

formation of a low-angle percolative path along the sample.

A study of the grain-boundary misorientation distribution was conducted by

backscattered electron diffraction. The results obtained by acquiring and

indexing a number of diffraction patterns close to 250000 for a macroscopic

sample region with dimensions of 0.5 x 1 mm, showed that the sample was

percolatively connected by misorientation angles lower than 3°. This value is

particularly good and typically correspond to Jc values of about 1 MA/cm2 in

YBCO films on RABiTS. However, transport current measurements on the

NdBCO/RABiTS samples gave a Jc of 200 KA/cm2, while Tc was in the range of
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92 to 93 K. The lower Jc with respect to the values measured for NdBCO films on

LaALO3 can be explained by considering that, for a constant heater temperature,

the actual Ni substrate temperature could differ significantly from the temperature

of an insulating single-crystal substrate. Such a difference could produce a

variation in the 123 stoichiometry of NdBCO, which is highly sensitive to small

composition changes, and thus suppress Jc. In spite of the relatively low Jc value

at 0 T (T = 77 K), Jc measurements in applied magnetic field showed a very high

irreversibility field (Hirr = 8 T). This result, combined with the optimal texture and

the high Tc, indicates that improving HTS wires performance by using NdBCO as

a superconducting layer is possible, and that further optimization of the

superconducting properties of NdBCO films on RABiTS substrates would be

worthwhile.
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