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a b s t r a c t

GdBa2Cu3O7−x (GdBCO) films have been deposited on LaAlO3 (LAO) (0 0 l) single crystal substrates by
trifluoroacetate metal organic deposition (TFA-MOD) method. The effects of oxygen partial pressure and
firing temperature on microstructure and critical properties of GdBCO films were discussed. The phase
formation, texture and microstructure of films were characterized by X-ray diffraction and scanning
electron microscopy. The oxygen partial pressure was considered to play a great role for formation of
ACS:
4.72.−h
4.78.Bz

eywords:
oated conductors
FA-MOD

impurity phase and a-axis oriented grains. The degree of c-axis orientation was also influenced by the
firing temperature. The highly c-axis oriented GdBCO film obtained at 815 ◦C under an oxygen partial
pressure of 100 ppm has a high performance critical current density Jc (77 K, self field) = 1.8 MA/cm2.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
dBa2Cu3O7−x

. Introduction

The trifluoroacetate metal organic deposition (TFA-MOD)
as been developed for the preparation of biaxially textured
Ba2Cu3O7−x (YBCO) layers for coated conductors. The solution-
ased method is well known as a low-cost process comparing
ith the physical vapor deposition methods [1,2]. REBa2Cu3O7−x

uperconductors with high critical current density (Jc) in high
agnetic field have been intensively researched for the applica-

ions of the second-generation superconducting wires. Especially,
igh quality GdBa2Cu3O7−x (GdBCO) films with high Jc in a
agnetic field were obtained by pulsed laser deposition (PLD)
ethod [3]. Thus people expect that GdBCO films prepared by
OD should also show strong flux pinning effect in fields. How-

ver, in contrast to the richness of the literature on YBCO films,
here has been little research on GdBCO films by solution-based
echniques.

Recently, Iguchi et al. reported that GdBCO films using the TFA-

OD process exhibited higher Tc and Jc in high magnetic fields

ompared to YBCO films [4]. Kaneko et al. fabricated GdBCO films
n SrTiO3 substrates by an advanced TFA-MOD method [5]. Naka-
ura et al. also prepared GdBCO films by MOD technique using

∗ Corresponding author at: Northwest Institute for Nonferrous Metal Research,
i’an 710016, PR China. Tel.: +86 29 86231079; fax: +86 29 86224487.

E-mail addresses: lhjin@c-nin.com (L.H. Jin), yflu@c-nin.com (Y.F. Lu).

925-8388/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2010.12.062
metal-naphthenates as precursors [6]. There is no more detail about
the effects of oxygen partial pressure and firing temperature on
the phase formation and texture of GdBCO films. So investiga-
tions are needed to reveal the orientation growth of GdBCO films
as the functions of firing conditions. In this study, GdBCO films
were deposited on LaAlO3 (LAO) (0 0 l) substrates using TFA-MOD
method. We investigated the effects of crystallization conditions
on the preferential orientation growth and superconducting prop-
erties of GdBCO films.

2. Experimental

The precursor solution for GdBCO films was prepared by dissolving the acetates
of Gd, Ba and Cu (Gd:Ba:Cu = 1:2:3) in de-ionized water with trifluoroacetic acid.
The mixture was continuously refluxed at 80 ◦C for 4 h and refined under a reduced
pressure to yield a blue dry gel. The gel was redissolved in methanol to obtain a solu-
tion with a total metal cations concentration of 1.5 mol/L. The solution was coated
onto LAO substrates with a spinning rate of 4000 rpm for 2 min. The spin-coated gel
films were annealed in two stages in order to produce superconducting films. The gel
films were calcined at the temperature up to 400 ◦C in 3.1% humidified oxygen atmo-
sphere to form oxygen-fluorides films. Subsequently, the GdBCO precursor films
were crystallized at various temperatures (805–835 ◦C) for 2 h in Ar–0.01% O2 with
4.2% humidity. The oxygen partial pressure was varied in the range of 20–700 ppm.
In the last stage the crystallized films were annealed at 450 ◦C for 4 h in a dry oxygen

atmosphere.

Thermal analysis (TA Q1000DSC) were performed under air flow. The phase
purity and the texture of GdBCO films were investigated by X-ray diffraction (XRD)
using Cu K� radiations (Rigaku D/MAX2000PC). The morphology of GdBCO films
was characterized by scanning electron microscopy (SEM JSM-6460). The critical
current density was measured by an inductive method at 77 K.
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Fig. 1. TG-DSC curves of dry GdBCO gel.

. Results and discussion

Fig. 1 gives the TG-DSC curves of dry gel of GdBCO precur-
or solution, in which the sample was heated at 20 ◦C/min in air.
n the temperature range of 250–330 ◦C, most of the weight loss
ccurs. We believe that the appearance of three exotherm peaks
re derived from the thermal partial decomposition of Cu(TFA)2,
d(TFA)3 and Ba(TFA)2, respectively. The result is similar to the

ecomposition behavior of TFA-YBCO gel reported by Dawley
t al. [7] and Obradors and co-workers [8]. Hence, the traditional
yrolysis process (less than 10 h) could be used to achieve the
ecomposition of GdBCO films.

ig. 2. (a) �–2� scans of GdBCO films prepared at 815 ◦C under var-
ous oxygen partial pressures: 20 ppm, 100 ppm, 380 ppm, 700 ppm. (b)
he intensity ratio of GdBCO dependent on oxygen partial pressure, (�)

GdBCO(0 0 l))/
∑

(GdBCO(0 0 l)) + BaCuOx).
Fig. 3. (a) �–2� scans of GdBCO films prepared at different temperatures under
100 ppm oxygen atmosphere. (b) The typical phi-scan of GdBCO (1 0 2) at the firing
temperature of 825 ◦C. (c) The FWHM values dependent on temperature.

It is equally important to optimize the crystallization param-
eters for the growth of GdBCO film, such as the oxygen partial
pressure and the firing temperature. The low oxygen partial pres-
sure is beneficial to produce a-axis free GdBCO films. The XRD
patterns for GdBCO films fired at 815 ◦C under the oxygen par-
tial pressures between 20 and 700 ppm are shown in Fig. 2(a).
It can be seen that all films have c-axis preferred orientations,
except that minor impurity phase BaCuOx peaks exist in the
films crystallized under high oxygen partial pressure (380 ppm,
700 ppm). On the other hand, weak (2 0 0) peak is observed in
XRD patterns of the film crystallized under 700 ppm oxygen par-
tial pressure. The (2 0 0) diffraction peak comes from the a-axis
oriented grains and the intensity of the (2 0 0) peak can be dras-
tically suppressed with decreasing the oxygen partial pressure.

The effect of oxygen partial pressure on the a-axis oriented grains
of GdBCO film is similar to that of SmBCO film [9]. Fig. 2(b)
shows the peak intensity ratio of GdBCO films crystallized at
815 ◦C as a function of oxygen partial pressure. The estimation of
peak intensity ratio was calculated by using the following equa-
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t different temperatures: (a) 805 ◦C, (b) 815 ◦C, (c) 825 ◦C and (d) 835 ◦C.
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Fig. 4. SEM images of GdBCO films on LAO (1 0 0) substrates fired a

ion: intensity ratio =
∑

GdBCO(0 0 l)/
∑

(GdBCO(0 0 l) + BaCuOx).
he intensity ratio values depend strongly on the oxygen partial
ressure and decrease in proportion to oxygen partial pressure

n the range of 100–700 ppm, indicating that the phase purity of
-axis orientation grains decreases with increasing the oxygen par-
ial pressure. Especially in case of 100 ppm, the amount of c-axis
riented GdBCO grains reaches a maximum.

Fig. 3(a) shows the �–2 � scans of GdBCO films fired at different
emperatures between 805 ◦C and 835 ◦C under 100 ppm oxygen
artial pressure. It can be seen that the patterns of all films consist
f GdBCO (0 0 l) peaks and no second impurity phase is observed.
he phi-scans of GdBCO (1 0 2) were carried out to characterize the
n-plane texture of the films. Fig. 3(b) shows one typical phi-scan of
he film at the firing temperature of 825 ◦C. As shown in Fig. 3(c), the
ull-width at half maximum (FWHM) values of in-plane textures
re 1.6◦, 1.51◦, 1.9◦ and 1.94◦ for the samples prepared at the fir-
ng temperatures of 805 ◦C, 815 ◦C, 825 ◦C and 835 ◦C, respectively.
he FWHM values do not vary significantly with temperatures in
he range of 805–835 ◦C. The FWHM values of the (1 0 2) peak are
lose to that of TFA-YBCO films grown on other perovskite buffer
ayers [10]. It can be confirmed that the sharpest texture of GdBCO
lm was obtained at 815 ◦C. Fig. 4 shows the SEM images of GdBCO
rystallized at various temperatures under 100 ppm oxygen par-
ial pressure. All the films show the crack-free surface without any
-axis oriented grains, while there are significant differences in
he surface morphology. The pores are observed in Fig. 4(a). The

icrostructure of GdBCO films becomes denser and the grains grow
argely with increasing the firing temperature.

The Jc values of GdBCO films at the firing temperatures are
hown in Fig. 5. The Jc reduces with the firing temperature from
15 ◦C to 835 ◦C. The trend is similar to the one of TFA-YBCO
eported by Jee et al. and TFA-SmBCO reported by Mitani et al.
11,12]. As the firing temperature increases, the Jc reaches a max-
mum value (1.8 MA/cm2) at 815 ◦C, and then decreases when the
ring temperature further increases. These results are correspond-

2
ng to the former results in Fig. 3. The Jc value is 1.62 MA/cm for the
dBCO film prepared at 805 ◦C, and it is slightly larger than the Jc of
.55 MA/cm2 for the sample prepared at 825 ◦C. It is seen in Fig. 3(c)
hat the FWHM value (1.6◦) of the film prepared at 805 ◦C is lower
han that (1.9◦) of the film prepared at 825 ◦C. This suggests that the
Fig. 5. The Jc values of GdBCO films fired at 805–835 ◦C.

change of Jc is partially related to the texture degree of the GdBCO
films. On the other hand, the film morphology is another factor to
influence the Jc for the films. We notice that the porous structure of
the fine grains for the sample prepared at 805 ◦C is apparently not
useful for the high Jc and the connectivity among the large plate-
like grains for the sample prepared at 825 ◦C should become worse,
resulting in the lower Jc as shown in Fig. 5. Based on the XRD pat-
tern and SEM images, we believe that the highest Jc value is due to
the formation of pure GdBCO phase and strong biaxial texture for
the sample prepared at 815 ◦C.

It has been proposed that the YBCO layer heteroepitaxially
nucleates at the substrate/precursor interface if the heat treatment
conditions are optimal. With increasing heat treatment time, the
thickness of the crystallized YBCO layer continues to increase with
new grains homoepitaxially nucleating on the underlying YBCO
grains and growing laterally [13]. Here the TFA-GdBCO film also
starts to nucleate and grow from the interface between LAO and

GdBCO layers. The nucleation and growth are influenced by the
oxygen partial pressure and the firing temperature. At a given
temperature, the low oxygen partial pressure promotes the c-axis
epitaxy and suppresses the formation of the impurities phase. This
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ehavior is accounted for the enhanced oxygen-vacancy-induced
ation diffusion process at low oxygen pressures [14]. However, the
-axis grains tend to form at high temperature at the constant of
xygen partial pressure (100 ppm). The thermodynamic behavior
f GdBCO grain formation is related to the heat treatment condi-
ions of the amorphous precursors. When the firing temperature
ncreases, the driving forces become larger than that in the low
ring temperature. The increased driving force at the high firing
emperature will lead to a faster growth of the a-axis grains due
o a larger growth rate of the a-axis grains than that of the c-axis
rains [15]. The texture of c-axis oriented grains becomes slightly
orse under a high driving force condition. At the same time, the

ery weak peak of a-axis oriented grains is observed in XRD pattern
f GdBCO films with increasing the firing temperature. Hence, the
exture degradation of c-axis oriented grains has a correlation with
he formation of a-axis oriented grains. It is difficult to completely
liminate the nucleation and growth of nanocrystals in the amor-
hous phase [14]. The nucleation and growth of a-axis grains may
appen in the amorphous phase. Once the a-axis grains are formed,
he texture and the Jc of GdBCO films become worse. Therefore, the
ring temperature window should be controlled to increase the
egree and percentage of c-axis oriented grains in the Gd-based
ystem.

. Conclusion

We have studied the effects of oxygen partial pressure and
ring temperature on microstructure and critical properties of
dBCO film prepared by TFA-MOD method. The low oxygen par-

ial pressure is required to successfully obtain GdBCO films without

mpurity phases and a-axis oriented grains. The texture degree of
dBCO film is also influenced by the firing temperature. High per-

ormance Jc (77 K, self field) = 1.8 MA/cm2 has been demonstrated
or the highly c-axis oriented GdBCO films obtained at 815 ◦C within
xygen partial pressure of 100 ppm.
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