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Abstract DyBa;CuzO7_5/YBayCuzO7_s multilayer thick
films were prepared on oxide-buffered Hastelloy substrates
by low fluorine metal organic deposition (MOD) process
with a thickness ranging from 0.7 um to 2.8 um. In the
thickness of 1.4 um sample, transition temperature (7;) and
critical current density (J;) are 91.2 K and 2.5 MA/cm? (at
77 K, self field) respectively. With increasing thickness, T,
drops as well as J.. Unfortunately, the critical current (/)
does not reach an ideal value when the thickness is 2.8 um
just only 365A/cm width as thickness is 2.1 um. Rough
surface structure, compressive, and tensile stress in the inter-
lamination and Ba-Cu-O mixed phase were found in layer
thickness of 2.1 um and 2.8 um are assumed to be the main
reason for the limitation of the current transport.

Keywords Coated conductors - DyBCO/YBCO
multilayer - MOD - Thick film

1 Introduction

Second-generation high-temperature superconducting wires
based on the REBa,Cu3zO7_5 (REBCO, Re = Y, Gd, Sm,
Dy, etc.)-coated conductors (CCs) have emerged as hot top-
ics due to power transport and device applications in high
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magnetic fields [1-3]. Among various approaches making
superconducting layer, the metal organic deposition (MOD) is
an attractive technique for low-cost, high-rate deposition of
REBCO CCs, applicable in atomosphere ambient pressure,
in comparison with other methods including PLD [4-11].

For the commercialization of CCs, there exist two critical
issues, i.e., the achievement of high production rate and the
improvement of J; properties. Therefore, major efforts are
made to optimize deposition processes, conductor architec-
ture, and material properties [12]. It is reported that critical
current density (J¢) values and flux pinning force density
can be improved by adding elements to YBCO samples [4,
5]. In particular, it is worthwhile to notice that RE doping
can result in a significant enhancement of J, for REBCO
superconductors [13, 14]. In MOD process, RE doping can
be easily realized, as the composition of the films can be
easily changed through chemical modification in the MOD
precursor solution.

In our previous work, it is observed that understanding
the dependence is important, as the thickness of the super-
conducting layer is one way to enhance the transport current
of coated conductors. We focus on the limitation of /. due
to structural changes with increasing YBCO thickness for
the case of the IBAD-MgO metallic substrate buffered by
LaMnO3 (LMO).

By studying the crystalline orientation, morphology and
surface quality, and critical current density, we attempt to
understand the main reason for the limitation of the current
transport on DyBCO/YBCO in low fluorine MOD process.

2 Experimental

Stoichiometric quantities of Y, Dy, and Ba acetates were
dissolved in de-ionized water with an excess stoichiometric

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s10948-016-3419-0-x&domain=pdf
mailto:cbcai@shu.edu.cn

1612

J Supercond Nov Magn (2016) 29:1611-1616

Fig. 1 SEM images of a

1.4 pum and 2.8 pum-thick films
showing the typical granular
structure of DyBCO/YBCO. b
Elongated a-axis grain are
marked with red arrows and
Ba-Cu-O impure phase are
marked with blue arrows

quantity of trifluoroacetic acid, Cu (Dy: Ba: Cu = 1: 2: 3.3;
Y: Ba: Cu = 1: 2: 3.3) acetate was dissolved in de-ionized
water with an excess of propionic acid to get the coating
solution. The next step in solution preparation was refin-
ing the solution by drying, and redissolving in methanol
several times. This process removed the excess acetic acid,
water, and other impurities from the solution. Finally, the
Y/Dy, Ba, and Cu solutions were mixed, evaporated, and
diluted in propionic acid to control the viscosity substrates
by dip-coating.

Next, Y/DyBCO precursor films are deposited on
Hastelloy/Al,03/Y,03/IBAD-MgO/LaMnOs3 substrate by
a coating process and various thicknesses are obtained by
changing the coating times. For a certain sample, each coat-
ing process is kept the same. The concentration of the used
precursor solution is 2.5 mol/L. Subsequently, continuous
heated treatment is applied including three steps: (1) low-
temperature paralysis; 2) high-temperature crystallization,
and (3) annealing oxygenization. The consuming time for
obtaining such as four times coated YBCO thick film is
about 5 h, which is reduced greatly compared with other
reports [15].

X-ray diffraction 626 scans and ¢-scans (Philips X’
Pert PRO, Cu Ka, A = 1.54185 A) are measured to eval-
uate the structure and the texture of the grown films. In
order to get the quantitative estimate of the a-axis/c-axis
volume fraction, we adopted the following procedure. After
a x rotation of about 57°, the (102) reflection intensity
is optimized with respect to w and 26. Then, a x-scan
in the range 15° to 70° is performed. The (102) planes
of (100)- and (001)-oriented grains show a different tilt
angle x. Therefore, the reflections due to a-axis grains
and to c-axis grains are completely separated. Raman spec-
troscopy (INVIA) is used to investigate residual stress in
the film. The surface and cross-section image is observed
with an scanning electron microscope (Ap0110300). The
critical current density (J;) of the YBCO-coated conduc-
tor is examined by inductive measurement using a Cryoscan
by Theva, and the voltage criteria for J. measurement
is 50 wv.
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3 Results and Discussion

3.1 Surface Morphology and Texture Analysis

A top view SEM image of 1.4 um and 2.8 um-thick films
are shown in Fig. 1. The typical structure of DyBCO/YBCO
with merging islands and pinholes are found for 0.7 um
and 1.4 pum-thick films (Fig. 1a). The island becomes larger
and more separated form each other with increasing film
thickness. The typical grain size increase from 0.3 um
(d=1.4 um)to 0.8 um (d = 2.8 um). This is also reflected
in the width of YBCO(OOI) peak in the 6-26 scans, where
the peaks get narrower with increasing thickness (data is
not shown). Elongated a-axis (marked with red narrows
in Fig. 1b) and Ba-Cu-O impure phase (marked with blue
arrows in Fig. 1b) are visible above 0.7 pum.

The separation and enlargement of the grains is also
evident in the RMS values and the average height of the sur-
face top-view graph obtained by AFM in 5 x 5 um? and
10x 10 um? scans (Table 1 and Fig. 2). The RMS value rises
from about 20 nm (d = 0.7 um) to 40 nm (d = 2.1 um). A
further distinct increase with thickness to a value of 70 nm
(d = 2.8 um) is only visible at the 10-um scale, due to
the emerging disoriented grains. The same applies for the
average height, providing more realistic values of the exten-
sion of vertical structures on the surface. On the local 5-pum
scale, the RMS and average height values are comparable
to the values measured at thinner films. We did not observe
indications of cracks or delamination, even in 2.8—um-thick
films.

Table 1 RMS values to be RMS values for various thick films

d (um) RMS (nm)
5 um 10 um
0.7 21 24
14 27 30
2.1 38 43
2.8 58 67
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Fig.2 AFM images of various thick films showing the typical granular
structure of DyBCO/YBCO in the scale of 5x 5 pum? and 10x 10 um?,
respectively

The XRD patterns of DyBCO/YBCO with thickness of
1.4 pm, 2.1 pum and 2.8 pm are shown in Fig. 3. The
scans show a pure c-axis oriented growth of YBCO up to a
thickness of 2.8 um. Additional peaks of (110)- and (103)-
oriented YBCO were observed in thicker films (in Fig. 3).
The intensity of the a-axis peaks (YBCO(200)) increase
further with thickness.

We found a little peak of BaF; in the sample with thick-
ness of 2.1um and 2.8 um, which becomes more dominant
in thicker films. The appearance of BaF, peaks in the thick
films is typical for our MOD films. They show a com-
mon phenomenon during the chemical reaction of chemical
vapor deposition (CVD); in the process of this reaction, F-
Ba process is complex and the chemical reaction time is
sharp; furthermore, which is intense, it is hard to avoid a
small amount of BaF, and other impure phase (such as
Ba-Cu-0) appearances.

Closed pores (marked by blue arrows in Fig. 4). Addi-
tionally, they might be a starting point for the growth of
disoriented YBCO. Therefore, a reduction of the size of the
particles could help to reduce the amount of pores, lower the
surface and prevent disorientations.

Energy dispersive X-ray spectrometry (EDS) elemen-
tal maps of the DyBCO/YBCO multilayer film are shown
in Fig. 5; elements such as Dy, Y, Ba, Cu, O, and Pt
were analyzed. As seen in Fig. 5, in the middle area of
DyBCO/YBCO multilayer film, almost the contact area
between the second and the third layer, there are some pores,
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Fig. 3 XRD patterns for the samples with the thicknesses of 1.4 pm,
2.1 pm and 2.8 um, respectively (a) linear vertical coordinate; b
logarithmic vertical coordinate

which are marked with the rectangular dotted line in Fig. 5,
the reason may be that during the low-temperature decom-
position, Cu element diffuses faster than other elements,
only left uneven distribution, and it is also possible that the

@ Springer



1614

J Supercond Nov Magn (2016) 29:1611-1616

Fig. 4 FIB-SEM images of a
cross section for 1.4 pum,

2.1 pum, and 2.8 pwm-thick film.
The inserts (d = 1.4 um,

d = 2.1 pm) are zoomed
according to the scale of the
2.8 um-thick sample. Pores
(short blue arrow) and Cu-rich
phase (short green arrow) can
act as disorientations of YBCO

d=2.1um

d=1.4um

11/6/2015 HV mag O | det
1:18:57 PM | 15.00kV | 50000x | ETD

decomposition of low temperature HF gas releases exces-
sive residual cavity. Dy, Y, and Ba elements were dispersed
homogeneously in the entire film. However, Ba dispersed
thickness was seen to be thinner than that with O and
Cu elements which were aggregated near the film surface
as oxides. These segregated precipitates can be considered
as non-reacted phases which could not transform to Y123
phase, which are marked with the circular dotted line in
Fig. 5.

Our measurements of the IBAD template show an in-
plane FWHM value of 8.3° for LMO (111) and the typical

Fig. 5 Energy dispersive X-ray
spectrometry (EDS) elemental
maps of the DyBCO/YBCO
multilayer film with thickness of
2.8 um
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FWHM values of 4.0° were found for the YBCO (103)
peaks. The dependence on the YBCO thickness is shown
in Fig. 6a for a number of samples. We found that the
peak width is slightly reduced with increasing thickness and
reaches a value of around 2.06° at d = 2.1 um. How-
ever, the peak width is rapidly increased to 2.96° when the
thickness reaches 2.8 um. The improved texture and the
increasing grain size indicate some kind of growth selection
mechanism, where unfavorable textured grains are over-
grown. On the other hand, also, the longer processing time
for thicker films may lead to an improvement of the texture

Ba LiEF
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Fig. 6 In-plane FWHM of the YBCO (103) peaks (a) and out-plane
FWHM of the YBCO (005) peaks (b) in dependence on the thickness
of the layer. Insert image are in-plane and out-plane FWHM

as there is more time for the atoms to find an energetic
favorable position.

In comparison, the out-of-plane alignment remained con-
stant within the uncertainty of the measurement, with
FWHM values of about 1° for YBCO (005), which is just
following the same change rule of decreasing as the thick-
ness increases from 0.7 um to 2.1 um, and then becomes
bigger as the thickness reach to 2.8 um.

3.2 Superconducting Properties

Figure 7a shows the inductive critical current density at
77 K under self field. In our sample, Jc reaches 3.0 MA/cm?
as a maximum local value and around as the highest aver-
age value in the thinnest sample (d = 0.7um). Clearly,
the critical current density (J;) values decreasing from 3.0
to 1.2 MA/cm? as the thickness increasing from 0.7.m
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Fig.7 Ciritical current density at 77 K and their thickness dependence:
a Inductive measurement of J; b Thickness dependence and contrast
to the other published

to 2.8 pum, which dropped quickly as soon as possible
(Fig. 7a). Nevertheless Ic is increasing strongly up to d =
2.1m. Above this thickness, Ic also cannot increase as the
thickness of the thick film, which may be due to the “thick
effect” that was observed in [16, 17]. This limitation is in
line with the appearance of disoriented YBCO grains and
large impure phase, as described above. Additionally, the
increasing volume fraction of pores and Cu-rich phase are
limiting the superconducting cross section and Ic.

4 Conclusions

In summary, we deposited DyBCO/YBCO multilayer thick
films with a thickness ranging from 0.7 um to 2.8 um on
IBAD-MgO substrate buffered by LMO substrate. We
observed the RMS of the thick surface becoming coarsened

@ Springer



1616

J Supercond Nov Magn (2016) 29:1611-1616

with an increasing of the thickness, as well as the appear-
ance of disorienting and impure phases for films thicker
than 2.1 pum. In-plane and out-plane texture decreases as
the thickness increasing, when the thickness reach a cer-
tain thickness (d = 2.1um) which will become bigger than
before. The YBCO film seems to be compressed in-plane
up to d = 2.1um leading to an increased c-axis lattice
parameter and higher Tc in thinner films. At 77 K, a Jc of
around 3.0 MA/cm? was measured in the thinnest sample
(d = 0.7um). As the film thickness increases to 2.8 um,
Jc drops to a value of 1.2 MA/cm?. We conclude that LMO
buffered IBAD-MgO can act as a sufficient template for
YBCO-coated conductors.
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