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Abstract High-performance YBa2Cu3O7−z (YBCO) super
conducting films have been prepared on single-crystal sub-
strate by fluorine-free polymer-assisted metal organic depo-
sition (PA-MOD) method. The introduction of polymers
into the precursor solution can make the coating solution
more homogeneous and stable. And, the novel high tem-
perature partial melting process can enhance the epitaxial
growth of the precursor films. The influence of partial melt-
ing time on the texture, microstructure, and properties was
thoroughly investigated. The results indicate YBCO film
melting for 5 min has biaxial texture, smooth and dense
microstructures, as well as high critical current density
(77 K, 0 T) over 3 MA/cm2.

Keywords YBa2Cu3O7−z · Fluorine-free PA-MOD ·
Superconductors · Thin films · Partial melting

1 Introduction

In recent years, the second-generation YBa2Cu3O7−z

(YBCO) high-temperature superconducting tapes or wires,
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i.e., coated conductors, attract much attention worldwide
[1, 2]. YBCO-based coated conductors are promising in
applications such as transmission cables, motors, gener-
ators, and magnetic energy storage system, due to the
high critical current density and large irreversibility filed
[3, 4]. However, the high vacuum deposition approach such
as pulse laser deposition [5, 6] with high cost limits the
large-scale commercial applications of the coated conduc-
tors. As we know, the chemical solution deposition (CSD)
[7, 8] method can offer versatile and cost-effective process-
ing routes with controlled stoichiometry and microstruc-
tures. In view of the real situation, the CSD method has
been proposed to prepare the YBCO super layer, which is
especially significant to improve the performance of the
coated conductors. In the past 10 years, high properties
YBCO film has been obtained with the critical current den-
sity over 1 MA/cm2 by different kinds of CSD methods
[9, 10]. Among these methods, the trifluoroacetates metal
organic deposition [11, 12] has been frequently reported
for the fabrication of YBCO film with high critical cur-
rent density on single-crystal substrates, IBAD substrates,
and rolling-assisted biaxial-textured substrates [13–15]. But
for the intricate process of fluorine removal and the com-
plicated reactor designs in fluorine-containing method [9],
non-fluorine approaches attract more attention recently.

In this work, a self-developed polymer-assisted metal
organic deposition (PA-MOD) method [16, 17] has been
used to prepare the YBCO films on single-crystal substrates.
Compared to the conventional synthesis process of the coat-
ing solutions, the introduction of polymers can not only
effectively adjust the viscosity of the coating solutions but
can also form the covalent bond between the metal cations
and polymers. It means the metal cations will be con-
strained by the polymers, thus making the coating solutions
homogeneous and stable. In addition, the high-temperature
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Fig. 1 a TGA/DTA analysis of the dried gel from the PA-MOD coat-
ing solution under Ar and O2 mixture gas. b SEM micrograph of
YBCO precursor film quenched from the partial melting temperature
of 815◦

partial melting process for a short time has been newly intro-
duced to fabricate the high-performance YBCO films. This
new heat treatment process can enhance the epitaxial growth
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Fig. 2 Typical θ–2θX-ray diffraction patterns of YBCO films with
different melting times

of the YBCO precursor films. The results indicate YBCO
films possess biaxial texture, dense and smooth microstruc-
tures, and high critical current density (77 K, 0 T) over
3 MA/cm2.

2 Experimental

YBCO films were prepared on LAO (00l) single-crystal
substrate by F-free PA-MOD method. The precursor solu-
tion was synthesized by dissolving yttrium, barium, and
copper acetates in propionic acid with stoichiometry to
obtain a transparent green solution. Then amount of poly-
mer polyvinyl butyral (PVB) was incorporated into the
precursor solution with being subsequently subjected to
continuous stirring. After stirring for several hours, the coat-
ing solution was prepared with homogeneity and viscosity
as expected. A spin coater was used to coat the films on
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Fig. 3 The (103) phi scan (a) and (005) omega scan (b) rocking
curves of YBCO films with a melting time of 5 min. The FWHM
values are shown in the figure
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LAO substrate, and the coated films were dried at 100–150◦
for 10 min.

The wet gel films were treated with three stages in order
to fabricate the superconducting films. Firstly, the wet gel
films were dried in dry Ar gas, then decomposed by heat-
ing them to 500◦ with a ramp of 0.5◦/min in humidified
Ar and O2 mixture gas to achieve amorphous matrix with
nanocrystallines of the Y, Ba, and Cu oxides. Secondly, the
pyrolysed films were partially melted at a high temperature
above 810◦ for several minutes in the dry Ar and O2 mix-
ture gas. Then the films were subjected to the YBCO phase
conversion and crystal growth process with dwelling at 770◦
for an hour. Finally, oxygenation annealing was performed
in dry O2 gas at 450◦ for an hour to obtain the supercon-
ducting YBCO films. The humidified ambient was obtained
by passing dry gas through a reservoir of water, in which the
humidity can be controlled by the water temperature, i.e.,
dew point of water.

The heating process of the metal organic precursors
was determined by means of differential thermal analy-
sis/thermogravimetric analysis (DTA/TGA) measurements
on dried powders. A Philips X’Pert MRD diffractometer
with CuKα radiation was used to record the θ–2θXRD
patterns, which characterized the phase purity of the as-
grown film. The texture analyses including ϕ scan and ω

scan were performed using a Philips MRD equipped with
a fourcrystal monochromator, delivering a pure CuKα1 line
of wavelength λ = 0.15406 nm. The microstructure analy-
ses as well as the cross-sectional investigation of the YBCO
layer were performed by using a scanning electron micro-
scope (SEM, Quanta 200, FEI) equipped with an energy dis-
persive spectrometer (EDS). Superconducting transition and
magnetic hysteretic loops were measured by using a SQUID
magnetometer (Quantum-Design XL7). The inductive crit-
ical current density Jc was determined with the extended
Bean model [18] from the M-H loops.

3 Results and Discussion

Figure 1 a shows the TGA/DTA analysis of the dried gel
from the PA-MOD coating solution under Ar and O2 mix-
ture gas. More than 50 % weight loss is between 200 and
450◦ and most of the weight loss is due to the decompo-
sition of the organic compounds. However, an endothermic
peak has been detected around 805◦, which means the hap-
pening of melting reaction in the powder system. The SEM
micrograph of YBCO precursor film quenched from the
partial melting temperature of 815◦ (dwelling for 5 min)
is shown in Fig. 1b. The grain edges become very blunt

Fig. 4 The SEM
microstructures of YBCO films
with different melting times: a
2 min, b 5 min, c 15 min, and d
the cross-sectional micrograph
of the film melting for 5 min
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and some of the grains even melt together without clear
grain boundaries, indicating the existence of partial melting
reaction during this high-temperature treating process.

To further investigate the partial melting process, the typ-
ical θ–2θX-ray diffraction patterns of YBCO films with
different melting times are shown in Fig. 2. It can be seen
all the films have pure (00l) single-crystal diffraction peaks
except the peaks of LAO substrate. With increasing the par-
tial melting time from 2 to 5 min, the diffraction intensity of
the YBCO films gradually increase. However, the diffrac-
tion intensity begins to decrease as the partial melting time
further increase to 15 min. Accordingly, YBCO film partial
melting at 815◦ for 5 min has better c-axis orientation than
other films.

Besides the good c-axis grain alignment, YBCO film
with the melting time of 5 min also has enhanced biaxial
texture, as shown in Fig. 3. The full width at half maxi-
mum (FWHM) of (103) phi scan is 1.2◦ (Fig. 3a), indicating
a good in-plane texture. And the FWHM of (005) omega
scan is 0.2◦ (Fig. 3b), indicating a good out-of-plane tex-
ture. The results show the film treating at 815◦ for 5 min
possesses excellent biaxial texture, which may be attributed
to the improved wetting ability between the YBCO precur-
sor film and the substrate under this high-temperature partial
melting treatment.

The SEM micrographs of YBCO films with different
melting times are shown in Fig. 4. It can be seen in Fig. 4a
that the film melting for 2 min has few c-axis-oriented
grains and many disordered polycrystalline grains. With
increasing the melting time to 5 min, the film has dense and
crack-free microstructures indicating better grain connec-
tivity, shown in Fig. 4b. The thickness of the film is about
330 nm, as shown in Fig. 4d. However, the film with a melt-
ing time of 15 min in Fig. 4c displays lots of disordered
polycrystalline grains, and the grain connectivity declines
obviously. The results demonstrate that the effect of melting
time on the texture and microstructures is of great impor-
tance. The proper melting time can generate few liquid
phase in the precursor film and increase the wetting abil-
ity between the precursor film and substrate, thus enhance
the epitaxial growth of the precursor film. In addition, the
liquid phase generated under the proper melting time can
close part of the microholes in the precursor film. While
the short melting time cannot produce enough liquid phase,
much liquid phase due to the long melting time may destroy
the homogeneity and stability of the film. This is the reason
for worse texture and microstructures of the films with short
and long melting time.

Figure 5a shows the temperature dependence of mag-
netic moment for YBCO films with different melting times.
The superconducting transition temperature about 90 K and

a narrow transition width have been obtained for all the
YBCO films, indicating the good superconductivity of the
films. However, the film with melting time of 5 min has
the highest diamagnetic signal, demonstrating purer YBCO
superconducting phase. Figure 5b shows the field depen-
dence of critical current density (Jc) for YBCO films with
different melting times. As can be seen, the film with a
melting time of 5 min has the largest Jc values in the
magnetic fields at 77 and 50 K. Compared with the film
melting for 5 min, the Jc values of other two films reduce
more quickly in the magnetic fields. Especially, the film
with melting times of 2 and 15 min has the irreversibil-
ity field of 1 T at 77 K, while the irreversibility field
of the film with a melting time of 5 min is above 3 T
at 77 K. The results demonstrate that the film with a
melting time of 5 min has better properties than other
films, which is due to the better c-axis texture and grain
connectivity.

20 40 60 80 100 120

-3000

-2000

-1000

0

T
c

= 90 K

M
 (

e
m

u
/c

m
3
)

T (K)

2 min

5 min

15 min

YBCO

H= 10 Oe

(a)

0 1 2 3

0.01

0.1

1

B (T)

J
c

(M
A

/c
m

2
)

2 min

 5 min

 15 min

YBCO

50 K

77 K

(b)

Fig. 5 a Temperature dependence of magnetic moment and b mag-
netic field dependence of critical current density for YBCO films with
different melting times
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4 Conclusion

The TGA/DTA analysis of the dried gel from the PA-
MOD coating solution demonstrates that there is a melting
reaction about 805◦ in the powder system. And the grains
of the precursor film quenched above this temperature has
become blunt and even melted together without clear grain
boundaries, which further proves the happening of the melt-
ing reaction. The results show that the films melting for
different times have different structures and performance.
The film melting for 5 min possesses better c-axis tex-
ture and denser surface microstructure than other films.
Additionally, the film melting for 5 min has larger dia-
magnetic signal and higher in-field Jc values at different
temperatures, indicating better properties.
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