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Abstract YBa2Cu3O7−δ (YBCO) films with BaTiO3

(BTO) nanostructures were prepared by using the precur-
sor solutions with different cationic molar ratios of Y:Ba:Cu
= 1.0:1.6–2.0:3.0 in the TFA-MOD process. These YBCO
films were deposited on (00l)-oriented LaAlO3 single-
crystal substrates using a spin coater. The high supercon-
ducting critical current density (JC) (77 K, self-filed) of
more than 10 MA/cm2 for the final BTO-doped YBCO
film was obtained. Moreover, the effect of different Ba/Y
molar ratios in the precursor solution on superconducting
properties of BTO-doped YBCO films was investigated.
Compared with the BTO-doped YBCO film deposited by
using the precursor solutions with Ba/Y molar ratio of 2.0,
an enhancement of JC in a magnetic field for the film from
the solution with Ba/Y molar ratio of 1.9 was achieved.
For Ba/Y molar ratios of 1.6 and 1.7, a reduction of JC
in a magnetic field occurred. The JC enhancement may
be mainly ascribed to the enhanced flux pinning by the
Y2Cu2O5 nanostructures with the optimal number dispers-
ing in YBCO matrix.
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1 Introduction

Over the past two decades, the remarkable progress has
been made in the production of YBa2Cu3O7−δ (YBCO)-
coated conductors with enhanced critical current densities
(JC) required for various practical applications such as low-
loss cable, generator, motor, and magnet [1]. JC values of
YBCO films have been greatly increased by overcoming
the grain boundaries (GBs) problem based on the epitaxial
growth techniques containing ion beam-assisted deposition
(IBAD) [2, 3] and rolling-assisted biaxial textured substrate
(RABiTS) process [4, 5]. Recently, these epitaxial growth
techniques have produced YBCO films with a grain misori-
entation in the range of 3◦–5◦ [6, 7], where the GBs problem
can be ignored. However, JC values of YBCO films decay
rapidly in a magnetic field, which is an obstacle for prac-
tical applications. The solutions to the problem have been
extensively studied by research groups worldwide [8–12].
These works have shown that the JC improvement in mag-
netic field can be achieved by introducing many types of
artificial defects as pinning centers into the YBCO matrix,
preventing vortices from moving by the Lorentz force.

There are several approaches for tailoring defects into
the matrix, including decoration of substrate by nanoparti-
cles [13, 14], addition of oxide nanoparticles [15, 16], mixed
rare-earth elements doping [17, 18], and an intentional devi-
ation from the 123 stoichiometry [19, 20]. Among these
approaches, the introduction of oxide nanoparticles, such
as BaZrO3 [21], BaSnO3 [22], BaTiO3 [23], BaIrO3 [24],
and BaHfO3 [25], is the most promising candidate for
the improvement of JC. Furthermore, Nakaoka et al. [20]

http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s10948-016-3437-y-x&domain=pdf
mailto:guhw@mail.iee.ac.cn
mailto:dingfazhu@mail.iee.ac.cn


1228 J Supercond Nov Magn (2016) 29:1227–1232

reported the effect of the deviation from the 123 stoichiom-
etry in the precursor solution on superconducting properties
of YBCO films which were prepared based on the TFA-
MOD method. They found that the Ba/Y molar ratios of
1.4–1.6 in the precursor solution could enhance the JC
values of YBCO films over 3 MA/cm2. However, the com-
bination of different approaches to enhance flux pinning in
YBCO films was rarely studied.

In this work, we prepared BaTiO3 (BTO)-doped YBCO
films based on the TFA-MOD process by simultaneously
adding titanium ion into the precursor solution and reduc-
ing the Ba/Y molar ratio. The effect of different Ba/Y molar
ratios in the precursor solution on superconducting prop-
erties of the BTO-doped YBCO films was discussed. The
high JC BTO-doped YBCO films were obtained by using
the precursor solution with the optimized Ba/Y molar ratio.

2 Experimental

Five kinds of precursor solutions with different Ba/Y molar
ratios for YBCO films were prepared by mixing yttrium,
barium, and copper acetates with molar ratios of Y:Ba:Cu =
1.0:1.6–2.0:3.0, trifluoroacetic acid (CF3COOH), deionized
water, and propionic acid (C2H5COOH). The additional
barium acetate and Ti acetylacetonate with a cationic ratio
of 1:1 were also introduced into these solutions. The Ti con-
tent and the total Ba/CF3COO− molar ratio of the solution
were 6 mol% and 0.5, respectively. The obtained solutions
were evaporated in a rotary evaporator under decompression
to remove most of the solvents. Then, the residue was dis-
solved in methanol. After repeating the evaporation under
decompression, the blue gel was re-dissolved in methanol
to obtain the final solutions. The total metal concentration

of all the solutions was 1.5 mol/L. The precursor solu-
tions were spin coated on 10 mm × 10 mm (00l)-oriented
LaAlO3 single-crystal substrates at a rotation speed of 3000
rpm for 30 s. Following this, the gel films were subjected to
a thermal treatment in a quartz tube within a horizontal fur-
nace. At the pyrolysis step, the samples were heated up to
the temperature of 650 ◦C at a heating rate of the 2 ◦C/min
and held for 30 min in a humid O2 gas atmosphere. Then,
the samples were treated up to 820 ◦C at a heating rate of
the 3 ◦C/min in a 200 ppm O2/Ar atmosphere. Finally, the
films were oxygenated at 500 ◦C for 90 min in a dry oxygen
atmosphere. For convenience, the final films which were
prepared by using the precursor with Ba/Y molar ratios of
1.6, 1.7, 1.8, 1.9, and 2.0 are denoted as Ba/Y-1.6, 1.7, 1.8,
1.9, and 2.0 films, respectively. The thicknesses of all the
films are about 200 nm.

The phase and texture of the as-grown film were charac-
terized by X-ray diffraction (XRD) using Cu-Kα radiation
in a Bruker D8 four-circle diffractometer. The surface mor-
phologies of the films were observed by a scanning electron
microscope (SEM). Magnetization hysteresis loops of the
films were determined by a vibrating sample magnetome-
ter in magnetic fields along the c-axis of YBCO films. The
critical current density (JC) was calculated based on the
extended Bean model [26]. Moreover, JC was also measured
by a JC-scan Leipzig system [23].

3 Results and Discussion

Figure 1 shows XRD θ–2θ patterns of the final YBCO films
prepared by using the precursor solutions with different
Ba/Y molar ratios. All the major diffraction peaks are cor-
responding to the YBCO (00l) reflections, which indicate

Fig. 1 XRD θ − −2θ patterns
of the BTO-doped YBCO films
deposited by using the precursor
solutions with Ba/Y molar ratios
of 1.6 (a), 1.7 (b), 1.8 (c), 1.9
(d), and 2.0 (e)
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that all samples are highly c-axis oriented. In addition, small
BTO (101) and BTO (200) peaks can be observed at 2θ =
31.49◦ and 45.38◦, respectively, in all the films. In our pre-
vious work, we prepared BTO-doped YBCO films by the
conventional TFA-MOD process [23]. The BTO nanostruc-
tures dispersed randomly within the YBCO matrix, with
some of them nucleating in the bulk of YBCO film and
others nucleating at the surface of the YBCO film. The
BTO nanocolumns and the YBCO matrix were not coher-
ent. Therefore, BTO nanostructures act as random pinning

centers. The sizes of BTO nanostructures are about 20∼100
nm. Moreover, Y2Cu2O5 can be obviously detected in the
Ba/Y-1.6, 1.7, 1.8, and 1.9 films, as shown in Fig. 1a–d.
Y2Cu2O5 (013) and Y2Cu2O5 (031) peaks appear at 2θ =
33.45◦ and 43.48◦, respectively. The intensity of Y2Cu2O5

peak enhances with decreasing Ba/Y molar ratio from 1.9
to 1.7. However, the intensity of Y2Cu2O5 peak becomes
weak in the Ba/Y-1.6 film, and CuO (202) is apparently
detectable. Y2Cu2O5 peak does not appear in the Ba/Y-
2.0 film. As revealed in several works [20, 27], Y2Cu2O5

Fig. 2 SEM images of the BTO-doped YBCO films prepared from the precursor solutions with Ba/Y molar ratios of 1.6 (a), 1.7 (b), 1.8 (c), 1.9
(d), and 2.0 (e)
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Fig. 3 JC mappings for the
BTO-doped YBCO films
deposited by using the precursor
solutions with Ba/Y molar ratios
of 1.6 (a), 1.7 (b), 1.8 (c), 1.9
(d), and 2.0 (e)

grains with submicron size are dispersed evenly in Ba/Y-
1.6, 1.7, 1.8, and 1.9 films, supporting the appearance of
Y2Cu2O5 peaks in XRD curves. It was believed that besides
BTO, Y2Cu2O5 grains might also act as pinning centers to
improve the superconducting properties of the YBCO films
[20, 23].

The surface morphologies of the BTO-doped YBCO
films are represented in Fig. 2. For all the films, the surfaces
mainly consisted of c-axis orientated YBCO grains, which
is in accord with the XRD patterns in Fig. 1. No obvious
difference can be found between SEM images of Ba/Y-1.8,
1.9, and 2.0 films. The size of pores is small, and the number
of pores is low in these films. However, it can be seen that
some needle-shaped grains exist on the surface of the Ba/Y-
1.6 and 1.7 films. This indicates that smaller Ba/Y molar
ratios in the precursor solution induce the texture deteriora-
tion which is due to a larger number of Y2Cu2O5 or CuO
nanostructures forming in YBCO composite films.

Figure 3 shows JC mappings at 77 K for the BTO-doped
YBCO films fabricated from the precursor solutions with
different Ba/Y molar ratios. One can see that the maxi-
mum JC value of 13 MA/cm2 was obtained for the Ba/Y-1.9
YBCO composite film, which is superior to that of the
Ba/Y-2.0 YBCO composite film. It means that the Y2Cu2O5

nanostructures may act as pinning centers to enhance JC
value. However, though Y2Cu2O5 nanostructures also exist
in the Ba/Y-1.6, 1.7, and 1.8 YBCO composite films, JC
values of these films are inferior to that of the Ba/Y-1.9

YBCO composite film. Combining with the XRD patterns
of the final YBCO films in Fig. 1, the enhancement of JC in
the Ba/Y-1.9 film is possibly connected with the appropriate
number of the Y2Cu2O5 grains. The relative low JC values
of Ba/Y-1.6 and 1.7 films are related to the greater quanti-
ties of CuO or Y2Cu2O5 nanostructures causing the texture
deterioration as shown in Fig. 3. The optimal Ba/Y ratios of
1.4–1.6 in the work of Nakaoka et al. [20] are displaced by
the Ba/Y ratio of 1.9 in the present work, and the reason is
that the BTO phase is introduced into YBCO matrix, which
changes the optimal Ba/Y ratio.

Fig. 4 JC-B curves of the BTO-doped YBCO films prepared by using
the precursor solutions with Ba/Y molar ratios of 1.6, 1.7, 1.8, 1.9, and
2.0 at 77 K, H // c
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Fig. 5 ρ − T curves of the BTO-doped YBCO films deposited from
the precursor solutions with Ba/Y molar ratios of 1.6, 1.7, 1.8, 1.9, and
2.0

TheJC-B curves of the BTO-doped YBCO films are
shown in Fig. 4. It can be seen that the JC value of the Ba/Y-
1.9 YBCO composite film is higher than those of other films
in self-filed at 77 K, which is consistent with the result mea-
sured by the JC-scan Leipzig system represented in Fig. 3.
The JC value of the Ba/Y-1.9 YBCO composite film drops
very slowly with increase of magnetic field as compared to
those of other films. At 77 K in 1-T field, the JC value of the
Ba/Y-1.9 YBCO composite film is enhanced by a factor of 2
in comparison with that of the Ba/Y-2.0 YBCO film. These
results strongly suggest that for a high magnetic field, the
enhanced flux pinning by Y2Cu2O5 nanostructures with the
appropriate number in the Ba/Y-1.9 YBCO composite film
has occurred.

The superconducting transition temperatures (TC) of the
BTO-doped YBCO films were measured using the stan-
dard four-probe method, as shown in Fig. 5. It can be seen
that TC,R=0 values of the films are almost consistent with
increasing the Ba/Y molar ratio and are around 89.5 K.
Moreover, the superconducting transition width (�T ) is less
than 1 K, indicating the high homogeneity within the films.

4 Conclusion

In this work, the BTO-doped YBCO films were fabricated
using the different precursor solutions (Y:Ba:Cu = 1.0:1.6–
2.0:3.0) by the TFA-MOD approach. The high JC value
(77 K, self-filed) of more than 10 MA/cm2 for BTO-doped
YBCO films from the precursor solution with Ba/Y molar
ratio of 1.9 was obtained, which was higher than those of
films from the solutions with Ba/Y molar ratios of 1.6, 1.7,

1.8, and 2.0. Moreover, the JC enhancement in a high mag-
netic field for films from the solution with Ba/Y molar ratio
of 1.9 was also achieved. The result may be mainly ascribed
to the enhanced flux pinning by Y2Cu2O5 nanostructures
with the optimal number dispersing in YBCO matrix.
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