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Abstract

Previous work on YBa2Cu3Ox (YBCO) thin films deposited by fluorine-based sol–gel synthesis has been extensively

reported. To further develop grain-textured YBCO thin films for conductor development, we deposited, via a fluorine-

free sol–gel synthesis, YBCO thin films on single crystal substrates of yttrium-stabilized zirconia (YSZ) and LaAlO3

(LAO). Sol–gel-derived films on the YSZ and LAO substrates exhibited epitaxial growth. This result was confirmed by

both X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). A transport Jc above

105 A/cm2 has been reached at 77 K and zero magnetic field. Experimental details are reported on the sol–gel synthesis,

XRD and HRTEM characterization of the YBCO thin films. Also discussed is the underlying crystallization mecha-

nism of the YBCO phase on these substrates. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In large-scale applications of superconductors,
the conductors are required not only to carry high
critical current density at respectable magnetic
fields, but also to possess high ductility, mechanical
strength, and stability. To improve the transport
properties of high-temperature superconductors,
extensive experimental investigations have been
carried out in developing highly textured thin

films on a variety of substrates [1–5]. The fabri-
cation of YBa2Cu3Ox (YBCO) films by epitaxial
deposition on rolling assisted biaxially textured
substrates (RABiTS) has proved to be success-
ful in the conductor development for large-scale
applications [1,2]. The RABiTS technique uses
well-established, industrially scaleable, thermo-
mechanical processes to impart a high degree of
grain texture to a base metal. Buffer layers are then
deposited to yield chemically and structurally
compatible surfaces. Epitaxial YBCO films are
grown on such a surface, resulting in a critical
current density at 77 K on the order of 106 A/cm2

[1,2]. This approach has shown a promise for
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developing long conductors for industrial appli-
cations.

In our previous work [4,5], we have shown the
possibilities of obtaining c-axis grain orientated
YBCO thick films on silver alloy substrates via
high-temperature melt processing. Such a thick-
film approach may serve as an alternative to the
vapor deposition methods. The advantages of this
approach includes: (1) YBCO is in direct contact
with the metallic substrate that serves as a stab-
lizer; (2) it can be readily scaled up into long-
length conductors; (3) the large cross-sectional
area of the thick film can potentially carry high
engineering Jcs; (4) no buffer layer is needed, so
that the processing is straightforward and simple;
and (5) the cost is much less than for the vapor
deposition methods.

Based on the knowledge and experimental data
from the deposition of YBCO thick films on me-
tallic substrates, we attempted to develop another
viable approach to fabricating coated conductors.
We selected a non-fluorine, sol–gel method be-
cause of the difficulties with HF evolution from F-
containing systems [6–15]. To study the sol–gel
chemistry of YBCO, in this work, we deposited the
YBCO films on single-crystal substrates of yttrium-
stablized zirconia (YSZ) and LaAlO3 (LAO). In
this study, we present the experimental results of
sol–gel synthesis and characterization of the
YBCO thin films.

2. Experimental

There have been extensive reports on fluorine-
based sol–gel process for the deposition of YBCO
films [6–14]. Our non-fluorine-based sol–gel YBCO
solutions were developed in-house. For the pre-
cursor solution, stoichiometric (1:2:3) yttrium
trimethyl acetate, barium hydroxide, and copper
trimethyl acetate powders (ALDRICH, 99.99%)
were dissolved in a mixture of propionic acid/
amine solvent with an oxide concentration be-
tween 0.1 and 0.5 mol/l. The addition of amine was
important because it greatly improved the solu-
bility of the precursor powders in propionic acid.
The stock solution was stable in air with a shelf life
longer than two years. Xylenes of alcohols were

used for dilution and for controlling solution vis-
cosity at 10–100 cP. The films on YSZ and LAO
were deposited by spin coating at 3000–3500 rpm
and were dried at 200–250 �C for several minutes.
This process was repeated to build up the desired
film thickness (0.3–0.6 lm). The films were heated
at 800–920 �C under controlled atmosphere and
further O2 annealed at 400 �C for 24 h. The sub-
strates used in this experiment were commercial
YSZ and LAO single crystals with the (0 0 1) ori-
entation. Both YSZ and LAO single crystals had
dimensions of 12 � 12 � 1 mm3 and were pur-
chased from MTI Company. One side of the single
crystal was polished as-purchased.

A Philip X-ray diffractometer with CuKa radia-
tion was used to carry out the texture investiga-
tions. The X-ray wavelength was 1:54 �AA with a
beam size of 3 mm. Scanning electron microscopy
(SEM) experiments were performed on a Hitachi
2000. Some specimens were also examined by SEM
in a JEOL JSM 5400 microscope that was operated
at 10 kV. No conductive coating was applied. The
high-resolution transmission electron microscopy
(HRTEM) experiments were performed on a JEOL
JEM 4000EX TEM. Transport resistivity and
current density measurements were carried out
down to liquid-helium temperature at zero mag-
netic field using a standard four-probe method.

3. Results and discussion

The YBCO sol–gel solutions were deposited on
both YSZ and LAO substrates via spin coating.
Using the heat-treatment procedures described in
the experimental details, we obtained well-textured
YBCO thin films on both of these substrates. The
X-ray diffraction (XRD) analysis of the film on
YSZ and LAO are shown in Fig. 1. As can be seen
in Fig. 1a, all of the (0 0 l) peaks of the YBCO on
YSZ indicate a well-textured, c-axis oriented grain
structure. A similar XRD pattern can be seen in
Fig. 1b for the YBCO film on LAO. These are
quite typical XRD patterns observed from most of
sol–gel films on YSZ and LAO in our experiments.
In Fig. 2, SEM image shows, from a top view, that
the YBCO film appears to have a multi-grain
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structure, but is quite dense with sharp irregular
edges rather than the typical platelets.

The textured structures in these sol–gel films
were confirmed by HRTEM. Fig. 3 shows the in-
terface lattice structure of the YBCO film on YSZ.
In this figure, the YBCO film is on the top, right,
with coherent lattice with the YSZ substrate, in-
dicating that the growth of YBCO film is clearly
epitaxial at the interface. In Fig. 4, we show the
interface and diffraction patterns of sol–gel YBCO
film on YSZ. Fig. 4a is similar to Fig. 3, however,
shown here are its diffraction patterns (Fig. 4b–d).
Fig. 4b is the Fourier transformation of image 4a
showing two sets of diffraction patterns. The cir-
cles are for visual aid and indicate the size of mask
for the filtered images in Fig. 4c and d. The thick-
lined circles are of YBCO and thin lines are of
YSZ. Fig. 4c is a filtered image using the indicated
masks. The arrows indicate the lattice mismatch-
ing at about every seven lattices (1 1 0) of YSZ.
Fig. 4d is another filtered image using indicated
masks. The (0 0 3) plane of YBCO is tilted about 5�
from the (0 0 1) plane of YSZ (Fig. 4b–d).

Fig. 5 shows an SEM image of the YBCO film
on LAO, with a smooth and dense microstructure.
The textured grains are also confirmed by rocking-
curve results shown in Fig. 6. The rocking curves
shown in Fig. 6 are clear indications that the
YBCO film has a well-aligned grain orienta-
tion. Fig. 6a shows the rocking curve of the LAO

Fig. 2. SEM photo micrograph, showing the top surface of

YBCO film on YSZ.

Fig. 3. HRTEM image showing the interface lattice structure

of YBCO on YSZ.

Fig. 1. XRD spectra of YBCO films on (a) YSZ and (b) on

LAO.
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substrate with the (0 0 1) orientation. In Fig. 6, the
(0 0 5) peak of YBCO rocking curve exhibits a full
width at half maximum of 0.18� indicating an ex-
cellent c-axis orientation of the grains. The epit-
axial nature of the YBCO on LAO can be clearly
seen from the HRTEM interface image shown in
Fig. 7. Similar to Fig. 3, the lattice structures of
YBCO and LAO form a coherent interface as
shown in Fig. 7.

Epitaxial growth of YBCO thin films on both
YSZ and LAO are expected since the substrates
are single crystalline. With controlled deposition,

the YBCO phase crystallizes according to the ori-
entation of the substrate. However, in previous
reports [6–16], a BaZrO3 (BZO) buffer layer often
forms at the interface in fluorine-based sol–gel
films. In contrast, in well-controlled temperature
range below 810 �C, we did not observe any BZO
layer in our sol–gel films on both YSZ and LAO.
It should be noted that, however, as the tempera-
ture was increased to above 810 �C, BZO layer did
form in the non-fluorine-based sol–gel films. Fig. 8
shows the bright-field TEM image of YBCO/YSZ
interface. As shown in this figure a BZO buffer

Fig. 4. HRTEM image showing the interface structure and diffraction pattern of YBCO film on YSZ: (a) interface lattice structure;

(b) the Fourier transformation of the image; (c) the filtered image using the indicated masks, and (d) additional filtered image using

the indicated masks.
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layer exists at the interface. The EDS analysis of
the YBCO film, the BZO layer, and the LAO

substrate is shown in Fig. 9 confirming the identity
of the BZO buffer layer.

The oxygenated films on all substrates were
characterized by four-probe measurement. The
results are shown in Figs. 10 and 11. Both films on
YSZ and LAO exhibit sharp Tc values near 90 K.
The effect of heat-treatment temperature on
transport Tc is also shown in Fig. 11. From this
figure, we can see that the superconducting tran-
sitions are sensitively affected by the heat-treat-
ment temperature. At 790 �C, the normal state
exhibits a semiconducting behavior that is im-
proved by increasing the temperature to 800 �C.

Fig. 6. XRD rocking curves of (a) LAO substrate (0 0 1) and

(b) YBCO film (0 0 5) on LAO.

Fig. 8. Bright-field TEM image of YBCO/YSZ interface

showing a BZO buffer layer at the interface.

Fig. 7. HRTEM image showing the interface lattice structure

of YBCO on LAO.

Fig. 5. SEM photo micrograph showing the top surface of

YBCO film on LAO.
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However, further increasing the temperature to
810 �C causes the normal resistivity to increase sig-
nificantly. Therefore the optimum heat-treatment

temperature is only within a narrow window of
<20 �C. As noted above, BZO buffer forms above
810 �C. Therefore, the optimization of processing
parameters has been conducted below this tem-
perature.

Preliminary measurements on the transport
critical current density were performed using the
four-probe method using a 10�6 V/cm voltage
criterion. The sample dimensions were 15 � 3�
0:0004 mm3. As shown in Fig. 12, the transport Jc

has been determined as a function of temperature
in zero field for YBCO on LAO. At 77 K, the
transport Jc of YBCO on LAO has reached a
value above 105 A/cm2 at 77 K and zero magnetic
field. However, this value is expected to be im-
proved as the processing parameters are opti-
mized.

Fig. 9. The EDS analysis of the interface area in the YBCO/

YSZ film: (a) the YBCO film; (b) BZO buffer layer; and (c) the

YSZ buffer.

Fig. 11. Resistivity versus temperature for the YBCO films on

LAO at heat-treatment temperatures indicated.

Fig. 10. Resistivity versus temperature for the YBCO film on

YSZ single-domain substrate.
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4. Summary

In summary, we have deposited YBCO thin films
on YSZ and LAO substrates using a fluorine-free
sol–gel approach. Both XRD and HRTEM results
have shown that the sol–gel YBCO films on both
YSZ and LAO exhibit the c-axis grain orientation
with coherent epitaxial interface structures. Above
810 �C, a BZO buffer layer forms at the interface in
the YBCO film on LAO. All films exhibit sharp Tcs
near 90 K. A transport Jc above 105 A/cm2 has been
obtained in the YBCO film on LAO.
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