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Abstract

We have studied the effect of annealing atmosphere on the epitaxial growth process of La2Zr2O7 (LZO) thin films on different

substrates fabricated by metal-organic deposition (MOD) method. The structure, texture and morphology of LZO films were

investigated by X-ray diffraction (XRD) and atomic force microscopy (AFM). Our results show that the epitaxial growth process of

LZO thin film does not completely depend on the lattice mismatch degree between LZO and substrate, and it may be related to the

oxygen vacancy defects and the lattice ordering degree. Moreover, the decrease of the lattice oxygen vacancy defects may be beneficial to

suppressing the stress and strain relaxation within epitaxial film. The grain boundary concentration in epitaxial films is also related to

their strain relaxation process. These results are significant not only to improving the performance of coated conductors, but also to

developing other epitaxial oxide thin film on textured substrate.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

For second generation high-temperature superconduct-
ing coated conductors consisted of metallic substrate/
buffer layer/superconducting layer/protective layer, buffer
layer is a key functional layer [1–3]. A key issue in pre-
paration process of high-performance coated conductors is
the necessity to obtain buffer layer with perfect bi-axial
texture that induces the orientation growth of superconduct-
ing layer. During the last few years, lot of effort has been
made to study the factors influencing the texture growth
of buffer layer in coated conductors. In the Rolling-assisted
bi-axially textured substrates (RABiTS) route, epitaxial
growth of buffer layer on textured metallic substrate is very
important to realize the bi-axial texture of superconducting
layer. Therefore, the investigation of the factors influenc-
ing epitaxial growth of buffer layer is significant not only
to improving the performance of coated conductors, but also
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to developing other epitaxial oxide thin film on textured
substrate.
La2Zr2O7 (LZO) with pyrochlore structure appears to

display low oxygen diffusivity and high structural and
chemical compatibility with NiW and YBCO. Although
the lattice mismatch between LZO and NiW is much
higher, LZO thin film is still allowed good epitaxial growth
on textured NiW substrate [4,5]. A tilting mechanism is
believed to play an important for strain relief in this highly
strained system of LZO with respect to NiW (compressive)
[6]. The preparation procedures for LZO thin films on
single crystal substrates and textured NiW tapes by metal-
organic deposition (MOD) method are readily controllable
and rather mature [7–10]. Moreover, upon high-tempera-
ture or high-pressure situation, pyrochlore LZO easily
changes to a defect fluorite structure because of the cation
antisite defects formation energy [11]. Therefore, we
choose LZO as a model buffer material and prepare
LZO thin films with pyrochlore structure on single crystal
substrates with different lattice mismatch in reducing
and oxidation annealing atmosphere by MOD method.
rved.
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Fig. 1. Typical y–2y scans for LZO films grown on (a) YSZ, (b) LAO and

(c) STO single crystal substrates in Ar-4%H2.

Fig. 2. The relative intensity of LZO (400) peaks and their FWHM values

for LZO films obtained in Ar-4%H2 as a function of lattice mismatch

degree between substrate and LZO.
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Afterward, the effect of annealing atmosphere on the
epitaxial growth process of LZO thin films on different
substrates is explored by investigating texture and morphology
evolution of LZO films on different substrates fabricated in
different annealing atmosphere.

2. Experimental procedure

The CSD precursor solution was prepared in ambient
atmosphere. The reagents Lanthanum (III) 2,4- and Zirco-
nium (IV) 2,4-pentanedionate were used as received from
Strem. Stoichiometric quantities of Lanthanum 2,4-pentane-
dionate and Zirconium 2,4-pentanedionate were dissolved in
propionic acid and heated at 75 1C with continuous stirring to
obtain a stable yellow-colored LZO precursor solution with
0.3 M total cation concentration. Details of the preparation
process can be founded elsewhere [7–10]. This solution was
then spin-coated onto YSZ (l00), LAO (l00) and STO (l00)
single crystal substrates at 2500 rpm for 30 s, respectively. The
coating samples were heated treatment at 900 1C for 1 h in a
reducing forming gas atmosphere of Ar-4%H2 and air after-
wards, respectively. The samples were finally quenched to
room temperature with the same atmosphere.

The LZO films on the different single crystal substrates
were characterized by X-ray diffraction (XRD), which was
performed to carry out y–2y scan using CuKa radiation at
40 kV and 50 mA, for phase purity and texture. The lattice
parameters were determined from XRD patterns using the
MDI-JADE-6 program. The film thickness of LZO were
calibrated and determined by a-step apparatus. The micro-
structure and surface roughness of as-grown samples were
performed by a digital instruments nanoscope SRI3800-SPA-
400 atomic force microscopy (AFM) in contact mode.

3. Results and discussion

XRD y–2y spectrum for LZO films, whose thickness
calibrated by a-step apparatus are nearly 20 nm, deposited
on YSZ, LAO and STO single crystal substrates in
Ar-4%H2 atmosphere are shown in Fig. 1. From the
XRD patterns, it was found that all the LZO films on
single crystal substrates with different lattice mismatch
degree have completely crystallized to form a preferred
orientation along the (l00) direction. It should be pointed
out that there is a clear division of LZO (400) peak
epitaxially grown on LAO substrate. It may result from
partially relaxed stress within the LZO film with the
increase of LZO thickness. In other words, the partially
relaxed stress within the LZO film disturbed the surface
layer of LZO film, while the interface layer of LZO film is
still the complete strained film.

Fig. 2 shows XRD relative intensity of LZO (400) peak
in the samples fabricated in Ar-4%H2 (determined by
taking the intensity ratio of LZO (400) to the strongest
peaks of substrates) and FWHM of LZO (400) peak as a
function of the lattice mismatch degree between substrate
and LZO. The lattice mismatch degree f between substrate
and epitaxial film can be calculated by Eq. (1) [12].

f ¼
as�ae

ae

: ð1Þ

where as is the lattice parameter of substrate, and ae is the
intrinsic lattice parameter of epitaxial film. The lattice
mismatch degree between YSZ, LAO, STO and LZO is
�4.72%, �0.55% and 2.38%, respectively.
The relative intensity of LZO (400) peak of LZO film

deposited on LAO substrate is the weakest in all the
samples prepared in the same conditions, which may be
related to the division of LZO (400) diffraction peak on
LAO substrate. However, the relative intensity of LZO
(400) peak of LZO film on YSZ single crystal substrate is
larger than that on STO substrate. It illuminates that the
epitaxial growth of LZO thin film does not completely
depend on the lattice mismatch degree between LZO and
substrate, and it may be related to the oxygen vacancy
defects and the lattice ordering degree [11]. In fact, the
epitaxial growth of oxide film could be still realized under
certain conditions of the large lattice mismatch between
epitaxial film and substrate [13–15].



Fig. 4. Dependence of the relative intensity and FWHM values of LZO

(400) diffraction peaks for LZO film on (a) YSZ, (b) LAO and (c) STO

single crystal substrates prepared in air.
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The size of crystal grain was estimated using Scherrer’s
Eq. (2) [16,17],

D ¼
kl

Bcosy
: ð2Þ

where D is the particle diameter, l denotes the X-ray
wavelength, B is the full-width at half-maximum (FWHM)
of the X-ray diffraction peak, y is the diffraction angle,
and k is the Scherrer constant of the order of unity for
usual crystals. From Fig. 2, it can be seen that the FWHM
values of LZO (400) diffraction peaks of LZO films
deposited respectively on LAO, YSZ and STO substrates
decrease in sequence, which suggests that their crystal-
lization degree and the size of crystal grains increase
in sequence. Therefore, it can be considered that the
growth speed of LZO grains on the above-mentioned three
kinds of substrates increases in sequence, which results
in the decrease of the grain boundary concentration in
LZO crystallized film in sequence. The increase in FWHM
values of XRD peaks in thin films is related to the reduc-
tion of particle size, the increase in the grain boundary and
enhancement of lattice strain [18–19]. Moreover, it may be
associated with the worse orientation of LZO thin film on
LAO and STO substrates and the division phenomena of
LZO (400) diffraction peak on LAO substrate.

The typical XRD y–2y scan results of the as-grown LZO
thin films on YSZ, LAO and STO substrates obtained in
air are shown in Fig. 3. All the LZO films deposited on
these single crystal substrates prepared in air have com-
pletely crystallized to form the preferred orientation along
the (l00) direction. It should be pointed out that the
division phenomena of LZO (400) peak does not be
observed in the sample of LZO film deposited on LAO
substrate in air. It illustrates that the LZO film fabricated
on LAO substrate in air may be a complete strained film.
The epitaxial growth mechanism of LZO film on the same
substrate is not the same one in different heat-treatment
atmosphere. Moreover, the decrease of the lattice oxygen
vacancy defects may be beneficial to suppressing the stress
Fig. 3. XRD patterns for LZO films on (a) YSZ, (b) LAO and (c) STO

single crystal substrates annealed in air.
and strain relaxation. For the LZO films fabricated in air,
their thickness is almost the same as that prepared in Ar-
4%H2, in other words, the difference between the thickness
of LZO films prepared in air and that fabricated in Ar-
4%H2 could be ignored at the present test technique due to
the limited precision.
Fig. 4 illustrates the relative intensity and FWHM values

of the LZO (400) diffraction peak as a function of the
lattice mismatch degree between LZO and substrate. It
reveals that the relative intensity of LZO (400) peak of
LZO film on LAO substrate is the largest in the same
preparation condition, which suggests that LZO film
deposited on LAO substrate with smallest lattice mismatch
shows the best (l00) orientation. It is likely that texture of
LZO films on STO and YSZ substrates fabricated in air get
bad due to the growing population of lattice defects as a
result of the lattice mismatch [20]. In addition, the FWHM
values of LZO (400) diffraction peaks of LZO films on
YSZ, LAO and STO substrates decrease in sequence.
It indicates that the growth speed of LZO grains on the
Fig. 5. An x-section image on the LZO film on YSZ substrate deposited

in air.



Fig. 6. AFM images for LZO films on (a) YSZ, (b) LAO and (c) STO single crystal substrates fabricated in Ar-4%H2.

Fig. 7. AFM micrograph of LZO films on (a) YSZ, (b) LAO and (c) STO single crystal substrates prepared in air, respectively.
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above-mentioned three kinds of substrates increase at the
same preparation conditions in sequence, which leads to
the decrease of the grain boundary concentration of LZO
film in sequence. These results may be related to worst
orientation of LZO film deposited on STO substrate.

A cross-section image on the LZO film on YSZ substrate
deposited in air is shown in Fig. 5 and a sharp interface of
the LZO film and YSZ substrate could be seen. The LZO
film appears homogeneous in thickness and without obvious
macroscopic defects. The thickness of LZO film was deter-
mined to be about 20 nm.

Figs. 6 and 7 show AFM images for LZO films with the
same thickness on different single crystal substrates
annealed in Ar-4%H2 and air. Dense, crack-free and
homogenous surface morphologies are observed in all
samples except the LZO film on STO substrate prepared
in Ar-4%H2. Surface roughness increase according to the
sequence of LZO films on LAO, YSZ and STO substrates,
typical values observed increase from 3.08–3.80 and finally
to 18.45 nm at an annealing atmosphere of Ar-4%H2,
while the roughness values increase from 1.66–3.43 and
finally to 7.31 nm for the samples prepared in air. Average
grain size of LZO films on STO substrates are the biggest
whether fabricated in Ar-4%H2 or air. For the samples
annealed in Ar-4%H2, the average grain size of LZO film
on YSZ substrate is bigger than that on LAO substrate,
but the results obtained in air is just in opposition. It is
noted that the grain boundary concentration within epi-
taxial film increase as the decrease of average grain size of
film. In any case the surface roughness values of LZO film
on LAO substrate with smallest lattice mismatch degree is
the smallest in all samples whether annealed in reducing or
oxidation atmosphere.
According to above analysis, the lattice mismatch degree

with LZO film is the largest for YSZ substrate, while it is
smallest for LAO substrate. We have clearly seen that the
LZO film on YSZ substrate shows a better c-axial orienta-
tion than that on LAO substrates annealed in Ar-4%H2.
Hence a dependence of epitaxial growth of LZO films on
the lattice mismatch degree between LZO and substrates is
not confirmed. However, relative intensity and FWHM
change of LZO (400) diffraction peaks is very different in
the samples annealed in Ar-4%H2 and air, which may be
due to some changes of growth mechanism in different
annealing atmosphere [21]. In addition, the lattice ordering
degree of LZO may be destroyed in the high-temperature
annealing process. It suggests that both the oxygen vacancies
concentration and lattice ordering degree are the impor-
tant factors to the epitaxial growth of LZO films. For the
heteroepitaxial system, the stress and strain in epitaxial
film would change as the variation of the lattice mismatch
between epitaxial film and substrate. When the stain
energy in epitaxial film increases to a certain value, the
formation of misfit dislocation would lead to the decrease
of the whole system energy and the strain relaxation in
epitaxial film would results in the quality decrease of epitaxial
film. It can be considered that many factors including the
oxygen vacancy concentration and grain boundary concen-
tration in epitaxial film are related to the process of its strain
relaxation.
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4. Conclusion

In summary, we have successfully fabricated LZO thin
films with preferred c-axial orientation on YSZ, LAO and
STO single crystal substrates by MOD method in anneal-
ing atmosphere of Ar-4%H2 and air, respectively. The
effect of annealing atmosphere on the epitaxial growth
process of LZO films on different substrates has been
studied. The results showed that the lattice mismatch
degree between substrate and LZO, the oxygen vacancy
defects and lattice ordering degree have significant influ-
ence on the epitaxial growth of LZO thin films on textured
substrates. The decrease of the lattice oxygen vacancy
defects may be beneficial to suppressing the stress and
strain relaxation within epitaxial film. Moreover, the grain
boundary concentration in epitaxial films is also related to
its strain relaxation process.
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