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Abstract

The critical current density (Jc) dependence on an applied magnetic field was studied for a
prototype REBCO with Zr doping content coated conductor fabricated by metal-organic chem-
ical vapor deposition (MOCVD). The study revealed that different rare-earth (RE) cations
were incorporated into the superconducting film to form RE2O3 and BaZrO3 (BZO). RE2O3
nanoparticles had a stronger pinning effect on magnetic flow along the direction of the a-b
plane of films. With the increase of RE content, many RE2O3 nanoparticles effectively in-
hibited the precipitation of Ba-Cu-O heterophase, and when RE/Ba ≥ 0.65, the increase of
coarse Ba-Cu-O phases wrecked the continuity of matrix and crystal quality of films, causing
a decrease on Jc (90◦). After excessive RE elements (RE/Ba = 0.70) were doped in film,
RE2O3 phases were changed from granular to lamellar and cut off the continuous growth of
BZO along the c-axis, reducing Jc (0◦) of films.

K e y w o r d s: rare-earth barium copper oxide (REBCO), RE2O3, BZO, rare-earth (RE),
critical current density (Jc)

1. Introduction

REBa2Cu3O7−δ ((REBCO), RE = rare earth el-
ements), which is called the second-generation high-
-temperature superconducting tape, has great po-
tential applications in power transmission, energy
storage, high energy physics, and military industry
fields [1–3]. Compared with the first-generation high-
-temperature superconducting materials (bismuth se-
ries), REBCO has the obvious advantages of less
anisotropy, higher irreversible magnetic field, and crit-
ical current density [4–6]. Electronic and structural
anisotropy has been recognized as a vital source, ac-
counting for this phenomenon: critical current density
(Jc) values vary with the applied magnetic field. In
an angular dependence measurement system, the a-
b plane of lattice in a coated conductor is normally
parallel to the film/substrate interface or film surface.
The magnetic field angular dependence of Jc maxi-
mum, denoted as a-b peak, which is produced by a
combined effect of layered defects, intrinsic pinning,
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and electronic mass anisotropy, has been reported for
REBCO films prepared by some techniques such as
sputtering [7], metal-organic deposition (MOD) [8],
pulsed laser deposition (PLD) [9], and metal-organic
chemical vapor deposition (MOCVD) [10–12]. Among
them, MOCVD is a very popular method in the field
of nano-thin film preparation because of its capa-
bility for stoichiometric transfer from target to sub-
strate surface and relatively high deposition rates
(200–500 nmmin−1).
MacManus-Driscoll et al. [13] found that a type

of heteroepitaxial addition BaZrO3 (BZO) in REBCO
superconducting film had a magnetic flux pinning abil-
ity, which was crucial for a greater enhancement in
Jc. The structural and superconducting properties of
MOCVD-derived REBCO films are sensitive to these
parameters: deposition temperature, deposition rate,
deposition pass, and film thickness. BZO nanoparti-
cles parallel to the c-axis depend on correlated defects
such as RE2O3 nanoparticles, and these deposition pa-
rameters are based on the experiments.
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This paper aims to find a relationship between tar-
get density, coating characteristics, and related super-
conducting performance. To enhance the effect of flux
pinning, Zr and RE (Y, Gd) were incorporated into
multilayer superconducting films to form BZO and
(Y,Gd)2O3 nanoparticles extended nearly parallel to
the c-axis and a-b plane, respectively. The results of
the present study optimize the manufacturing tech-
nique of superconducting films and provide a theoret-
ical basis for improving the Jc of films.

2. Experimental procedure

2.1. Target preparation

REBCO films with Zr doping under study were de-
posited by MOCVD on an ion beam-assisted deposi-
tion (IBAD) MgO template that had a multilayer film
structure of LaMnO3/homoepitaxial-MgO/IBAD-
-MgO/Y2O3/Al2O3/Hastelloy C276 substrate. The
details of film preparation were as follows: In brief,
a precursor delivery system with precision metering
pumps delivers Y, Gd, Ba, and Cu precursors at a
constant flow rate. Then, the liquid precursor flashed
in a constant temperature carburetor. The evaporated
precursor was heated and injected into the hot sub-
strate surface in the form of carrier gas (such as Ar)
by the rectangular nozzle and then chemically reacted
with oxygen to form REBCO film; after that, a pro-
tective Ag layer of 4 µm was deposited on the mul-
tilayer film by magnetron sputtering. Subsequently,
they were annealed in flowing pure oxygen at 500◦C
for 3.5 h so that the formed REBCO tetragonal phase
could absorb oxygen fully and be transformed into a
high-performance REBCO superconducting film.

2.2. Composition optimization of film

In this study, the Zr doping amount of films was
5 mol.%, the Cu/Ba value was 1.1, and the RE/Ba val-
ues were 0.55, 0.60, 0.65, and 0.70, respectively. The
baseband of Hastelloy C276 alloy with a thickness of
65 µm, width of 12 mm, and multilayer oxide buffer
structure was selected. All the film samples were pre-
pared in the same production process, and the spe-
cific process parameters were as follows: the cavity
pressure was 2.0 Torr, the partial oxygen pressure was
0.60 Torr, and the argon flow rate was 1.2 SLM. An in-
ductively coupled atomic emission spectrometer (ICP-
-AES) was used to detect the chemical composition of
samples, and the results are shown in Table 1.
With one pass of deposition, the deposition tempe-

rature was 870◦C, and the growth rate was
0.15 µmmin−1 for the superconducting layer, respec-
tively. The Zr:REBCO film thicknesses were all about
0.9 µm, measured by transmission electron microscopy

Ta b l e 1. Chemical composition test results of REBCO
films with different RE/Ba (wt.%)

RE/Ba Zr:Gd:Y:Ba:Cu Zr:Gd:Y:Ba:Cu
(In the chemical source) (In the film)

0.55 0.05:0.55:0.55:2.00:2.20 0.04:0.58:0.58:2.00:2.20
0.60 0.05:0.60:0.60:2.00:2.20 0.04:0.61:0.61:2.00:2.20
0.65 0.05:0.65:0.65:2.00:2.20 0.04:0.66:0.66:2.00:2.21
0.70 0.05:0.70:0.70:2.00:2.20 0.04:0.71:0.71:2.00:2.20

(TEM). The film sample was bonded to the silicon
wafer with the prepared glue. After the bonding, the
sample was fixed with a fixture and then placed on a
heating table for curing treatment. The heating tem-
perature was 140◦C, and the holding time was 1.5 h.
The bonded sample was fixed with paraffin wax before
grinding it with sandpaper. When the sample thick-
ness was reduced to half of the original thickness, turn
over and continue grinding until the thickness was
about 50 µm. The operating temperature of the ion
thinning instrument was thinned and set at –150◦C,
and the energy was 5 keV by the ion thinning meter.
It was important to note that the arrays of aligned
BZO and (Y,Gd)2O3 nanoparticles formed in the di-
rections nearly parallel to the c-axis and the a-b plane,
respectively.

2.3. Liquid nitrogen temperature critical
current test

REBCO films with Zr doping were measured
at liquid nitrogen temperature using the four-probe
method. The main measurement steps were as fol-
lows: two groups of wires were drawn on the surface of
film samples, one group of wires was connected to the
program-controlled DC current source, and the other
was connected to the acceptor voltmeter. Because of
high critical current values observed at lower tempera-
tures, 50 µm × 500 µm samples were cut by Nd-YAG
(yttrium aluminum garnet) laser for Jc measurement
at 77 K in fields up to 3 T to avoid harmful Joule heat-
ing and overstressing. Meanwhile, the critical current
measurement system was tested in the –180◦C–180◦C
range, and the samples were immersed in liquid nitro-
gen to make them superconducting. Then, an increas-
ing current was introduced using a DC current source
under the control of a set program when 1 µV cm−1 on
another set of wires was used as the blackout criterion
of the film by a nanovoltmeter.

3. Results and discussion

3. 1. Structure properties of film

The microstructures and typical buffer layer of
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Fig. 1. TEM section microstructures and typical buffer layer of films: (a) RE/Ba = 0.55, (b) RE/Ba = 0.60, (c) RE/Ba =
0.65, and (d) RE/Ba = 0.70.

films are observed by TEM, as shown in Fig. 1. It
is observed from the figures that these films are com-
posed of Hastelloy layer (baseband layer), buffer layer,
Zr:REBCO film layer, and metal Ag protective layer.
Many columnar structures are formed in films in the
thickness direction of the Zr:REBCO layer. Combined
with TEM observation results on the surface, it can
be determined that these columnar structures are
mainly self-assembled BZO nanocolumns, as shown
in Figs. 1a–c. It can be observed from Fig. 1d that
RE2O3 lamellae cut the BZO growing along the c-
axis into two sections, which indicates that excessive
RE elements (RE/Ba = 0.70) destroy the continuous
growth of BZO nanocolumns and shorten their effec-
tive length.
The comparison of cross-sectional-view TEM mi-

crostructures and the corresponding length statis-
tics of BZO nanocolumns are shown in Fig. 2. For
Zr:REBCO films, a large number of slender and
smaller BZO nanocolumns which only nucleate on the
surface of the film, are uniformly distributed along
c-axis (Figs. 2a,b). With the gradual increase in
RE/Ba content, the deposited atoms have enough en-

ergy to move to the region with low mismatch and
continue to grow, making the length of BZO larger,
and the length of BZO nanocolumns gradually in-
creases, and the arrangement is orderly (Figs. 2c,d).
When RE/Ba content is up to 0.70, a large amount of
lamellar RE2O3 truncates the BZO along the c-axis,
affecting their continuous growth and weakening the
pinning effect of BZO nanocolumns.

3.2. Surface morphology of Zr:REBCO film

Figure 3 presents SEM surface morphologies of
films with different RE/Ba. As can be seen from the
figure, Zr:REBCO films as a whole have mainly two-
dimensional lamellar growth patterns, accompanied
by local three-dimensional islands of Ba-Cu-O phases.
A large number of coarse Ba-Cu-O phases (∼ 0.5 µm)
can be observed on the film’s surface (Fig. 3a), re-
sulting in the poor crystallization quality of the film.
When RE/Ba = 0.60, the precipitate amount of Ba-
Cu-O phases is significantly reduced because the for-
mation of RE2O3 nanoparticles effectively inhibits the
precipitate of Ba-Cu-O impurity phase (Fig. 3b). The
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Fig. 2. Comparison of cross-sectional-view TEM microstructures and the corresponding length statistics of BZO
nanocolumns of films: (a), (b) RE/Ba = 0.55; (c), (d) RE/Ba = 0.60; (e), (f) RE/Ba = 0.65; and (g), (h) RE/Ba =

0.70.
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Fig. 3. SEM surface morphologies of films with different RE/Ba: (a) RE/Ba = 0.55, (b) RE/Ba = 0.60, (c) RE/Ba =
0.65, and (d) RE/Ba = 0.70.

precipitation amount of coarse Ba-Cu-O phases in-
creases with increasing of RE/Ba (Figs. 3c,d), which
may be the result of the increasing size of RE2O3
nanoparticles, and they cannot inhibit the precipita-
tion of Ba-Cu-O phases.
Figure 4 shows the TEM surface morphologies of

films with different RE/Ba. It is found that with
the increase of RE content, the diameter of BZO
nanocolumns does not change significantly, and their
distribution is uniform, which indicates that the
change of RE element content has little influence on
the diameter and distribution of BZO. However, the
number of BZO, which becomes the effective pinning
center, decreases significantly when RE/Ba = 0.70
(Fig. 4d).
Deposited atoms are more likely to nucleate and

grow at sites with less lattice mismatch. Therefore,
when the BZO phases nucleate in the matrix during
the deposition of films, it can continue to grow at the
nucleated point in a self-composed manner, and its
growth direction is mainly related to the mismatch
degree (f).

f =
a− a′

a′
× 100%, (1)

where a represents the lattice constant of the BZO
phase, and a′ is the lattice constant of the Zr:REBCO
matrix. The larger lattice constants of BZO and ma-
trix in the c-axis direction of the film affect their lat-
tice mismatch because part of Ba atoms occupies the
positions of RE atoms in the film, and the radius of
Ba atoms is larger than that of RE atoms [14–17].
Figure 5 shows the formation mechanism of pin-

ning defects in Zr:REBCO film samples with dif-
ferent RE/Ba. When RE/Ba = 0.55, some BZO
nanocolumns, RE2O3 particles and coarse Ba-Cu-O
phases occur in the film (Fig. 5a), and the precipi-
tation of Ba-Cu-O phases can be effectively inhibited
by the increasing of granular RE2O3 particles in the
film (Fig. 5b). When RE/Ba increases to 0.65, RE2O3
phases gradually change from granular to lamellar,
but they do not affect the continuous growth of BZO.
In this case, RE2O3 nanoparticles and BZO are dis-
tributed along the a-b plane and c-axis of the film to
form a two-dimensional pin array, as shown in Fig. 5c.
When RE/Ba = 0.70, BZO nanocolumns grow along
c-axis into two sections, cut by RE2O3 lamellae, and
more RE elements can destroy the continuous growth
of BZO and shorten their effective length (Fig. 5d).
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Fig. 4. TEM surface morphologies of films with different RE/Ba: (a) RE/Ba = 0.55, (b) RE/Ba = 0.60, (c) RE/Ba =
0.65, (d) RE/Ba = 0.70.

Fig. 5. Influence of RE/Ba on the formation mechanism of pinning defects in Zr:REBCO film: (a) RE/Ba = 0.55, (b)
RE/Ba = 0.60, (c) RE/Ba = 0.65, and (d) RE/Ba = 0.70.
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The inherent layered structure and anisotropy of
Zr:REBCO superconducting material made the a-b
plane larger and the c-axis smaller, which were also
presented by Kwak et al. [18]. To obtain high Jc,
the out-of-plane grains are oriented along the c-axis,
and the in-plane grains are neatly arranged along the
a-axis and b-axis, thus forming excellent biaxial tex-
tures [19, 20]. For this reason, RE2O3 particles in
Zr:REBCO film aligned along the a-b plane are proved
to have an effective three-dimensional pinning defect
only when the direction of the applied magnetic field
is parallel to the a-b plane of the Zr:REBCO film and
this film has a large Jc. However, due to its strong
anisotropy, once the direction of the applied mag-
netic field deviates from the a-b plane, Jc decreases
rapidly. Therefore, the only way to obtain the excel-
lent current-carrying capacity of films is to effectively
reduce the influence of anisotropy without reducing
the direction conductivity of the a-b plane.

3.3. Superconducting performance of
Zr:REBCO film

Figure 6 reveals the change of Jc (77 K, 0 T) with
RE/Ba. After the applied magnetic field is carried out
on the B//a-b plane (i.e., the angle is 90◦) and the
B//C axis (i.e., the angle is 0◦), Jc varies with RE/Ba.
Since pinning by correlated disorder always reduces
the system energy, vortex lines incline to align them-
selves parallel to extended defects that act as effec-
tive pinning centers, such as those granular or lamellar
RE2O3 nanoparticles occur in a-b plane while colum-
nar BZO form along c-axis. Depending on the applied
magnetic field, one factor can be dominant while an-
other or others may be small.
When the direction of the applied magnetic field

is parallel to the a-b plane, the coarse Ba-Cu-O
makes the crystal quality of the film poor, result-
ing in a smaller Jc (90◦). With the increase of RE
content, a large number of RE2O3 nanoparticles ef-
fectively inhibit the precipitation of Ba-Cu-O het-
erophase, which causes a significant increase of Jc
(90◦). When RE/Ba ≥ 0.65, the amount of coarse
Ba-Cu-O phases increases significantly, and a possi-
ble explanation is that the increasing size of RE2O3
nanoparticles makes it difficult to play a strong
magnetic flux pin in the a-b plane of film. Mean-
while, coarse Ba-Cu-O phases wreck the continu-
ity of the matrix and crystal quality of films, caus-
ing a decrease in Jc (90◦). It should be emphasized
here that the higher Jc (0◦) is attributed to the
stronger magnetic flux pinning ability generated in
the c-axis direction of the film (RE/Ba = 0.65) be-
cause of the continuous growth of BZO nanocolumns.
After excessive RE elements (RE/Ba = 0.70) are
doped in the film, RE2O3 phases are changed from
granular to lamellar, and the continuous growth of

Fig. 6. Jc (77 K, 0 T) changed with RE/Ba.

BZO is cut along the c-axis, reducing the Jc (0◦)
value.

4. Conclusions

This work studied the prototype REBCO with
Zr doping content coated conductor fabricated by
metal-organic chemical vapor deposition (MOCVD)
on buffered flexible metal Hastelloy C276 substrates.
The main conclusions are as follows:
1. The Zr:REBCO films are deposited on buffered

flexible metal Hastelloy C276 substrates by metal-
organic chemical vapor deposition (MOCVD), adding
RE/Ba varied from 0.55 to 0.70. RE2O3 nanoparti-
cles in films mainly grow along the direction of the
a-b plane, so their pinning effect on magnetic flow is
stronger in the direction of the a-b plane of films.
2. With the increase of RE content, many RE2O3

nanoparticles effectively inhibit the precipitation of
Ba-Cu-O heterophase and cause a significant increase
of Jc (90◦). When RE/Ba ≥ 0.65, the increase of
coarse Ba-Cu-O phases wrecks the continuity of ma-
trix and crystal quality of films, causing a decrease
in Jc (90◦). The stronger magnetic flux pinning abil-
ity generated in the c-axis direction of the film
(RE/Ba = 0.65) is due to the continuous growth of
BZO nanocolumns.
3. After excessive RE elements (RE/Ba = 0.70) are

doped in film, RE2O3 phases changed from granular to
lamellar, affecting their pinning effect and cutting off
continuous growth of BZO along the c-axis, reducing
Jc (0◦) of films.
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