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Abstract—GdBa;CuzO7 s (GdBCO) superconducting thin

films, grown by Pulsed Laser D(eiposition (PLD) on MgO(100) sin-
gle crystals are oxygen annealed using two different approaches:

in-situ (oxygen annealing in PLD chamber) and ex-situ (oxygen
annealing in tubular furnace). Their structural and transport
properties are investigated in relation to annealing time (¢.,,,) at
450 °C. In-situ annealed GdABCO thin films require at least 15 min
of annealing to achieve high in-field critical current densities (/.),
while ex-situ annealed samples achieve high in-field /. already after
5 min of oxygen annealing at 450 °C and 1 bar of oxygen pressure.

Index Terms—GdBCO, oxygen annealing, pulsed laser depos-
ition, thin films.

1. INTRODUCTION

REBayCu307_5(REBCO, RE=Rare Earth) is one of the
promising superconducting material classes with a great poten-
tial to revolutionize many aspects of modern society. In recent
years, coated conductors (CC) containing a REBCO supercon-
ducting layer were successfully demonstrated to significantly
improve characteristics in large scale applications such as mo-
tors, generators, cables and magnets, and moreover, to reduce
the amount of material and infrastructure needed. Nevertheless,
despite of numerous advantages, many issues remain both during
production of such technologies and in the materials part of
REBCO-based superconductors.

Flux lines interact with defects present in the REBCO matrix,
which defines the critical current density (J.). Therefore, for
further enhancement of transport properties and characteristics
of technologies based on high temperature superconductors, it is
necessary to understand what type of defects is efficient for flux
pinning, what concentration of defects is the optimum and how
are they affected by the preparation parameters of REBCO-based
superconducting thin films.

In a recent study J. P. F. Feighan et al. [1] have shown that
various applications imply different temperature and magnetic
field operation regimes and, thus, the pinning morphologies have
to be readjusted accordingly. Since it was shown by Y. Yamada
et al. [2] and A. Goyal et al. [3] that secondary phases can form
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columnar defects in REBCO-based superconducting thin films
and that these defects can result in 2-5 fold increase of J. [3],
[4], the main strategy of improving transport properties has been
the introduction of such secondary phases in various amounts.
Additionally, in pristine REBCO thin films and the ones with
artificial pinning centers (APC), deposition parameters such
as substrate temperature (7,1,) and deposition rate (vgep) [5],
[6], [7] control the defect morphology and final J.. However,
every REBCO thin film preparation method includes oxygen
annealing, which may be considered as one of the most important
steps since it is required to introduce additional atoms of oxygen
to create the superconducting phase.

Over the last decades, various aspects of oxygen annealing
such as oxygen diffusion in single crystals and thin films [8], [9],
[10], [11], dependence of the diffusion coefficient on tempera-
ture and its anisotropy [12], [13], [14], [15], [16], and correlation
between oxygen content and critical temperature [17], [18], [19]
have been thoroughly investigated. However, no correlations
among oxygen annealing, the resulting defect morphology, and,
thus, the transport properties have been established yet. There-
fore, in a series of studies we are going to shed light on this
issue. This work focuses on the influence of the annealing time
(tann)~

II. EXPERIMENTAL PROCEDURES

Thin film deposition: Pristine GdBayCu3O7_s films have been
grown on MgO (100) single crystals by pulsed laser deposition
(PLD) using a 3" harmonic (A = 355 nm) Nd: YAG laser. Laser
pulses of 80 mJ were focused onto a spot of 2mm diameter
to achieve 2.5 Jem ™2 laser fluence. 6000 pulses have been used
for each sample to obtain 220-250 nm thick films. The optimum
growth conditions in such experimental setup have been found
to be Tsup = 800 °C, f= 10 Hz and pO5 = 0.4 mbar.

Oxygen annealing: To study the influence of the oxygen
annealing time, two approaches have been implemented. For
in-situ annealing (in the PLD chamber), after the deposition all
films were cooled to 450 °C in 0.4 mbar oxygen and the samples
were annealed at 450 °C and 0.4 bar. The annealing time (fann)
was varied between 5 and 60 min. For ex-situ annealing (in a
tubular furnace), the films were cooled to room temperature (RT)
in 0.4 mbar oxygen in the PLD chamber. Afterwards, they were
placed in the tubular furnace, where they were heated to 800 °C
in argon atmosphere, cooled to 450 °C in a mixture of oxygen
and argon and then annealed at 450 °C and 1 bar of oxygen with
a flow of 2 L./ min.

Characterization: Phase purity and microstructure of the
GdBCO thin films were investigated by X-ray diffractometry
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ex-situ annealed GABCO thin film at 7,,,, = 15 min.
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TABLE I

100 120

0-20 scans of in-situ annealed GdABCO thin film at #,,,,;, = 30 min and

EX-Situ ANNEALED GDBCO THIN FILMS

in-situ, taypn, Min ex-situt, tann, Min T, K c-axis, nm
5 71.8 1.175
15 84.4 1.174
30 92.7 1.173
60 91.9 1.172
5 93.4 1.172
15 93.3 1.172
30 93.1 1.172
60 93.2 1.172

(XRD) using a Bruker D8 with Cu K, radiation. After ini-
tial characterization, the films were patterned into 1 mm long
and 40—50 um wide bridges using photolitography and wet-
chemical etching with subsequent gold contacts deposition for
transport property measurements. Critical temperatures (7¢),
field dependence of the critical current density (J.) and its
dependence on the orientation of magnetic field have been
measured resistively using four-probe method on a Physical
Properties Measurement System with magnetic fieldsupto 14 T.
A criterion of R(T)/R(100K) ~ 10~7 was used to define T, and
1wV /em for calculating J.

III. RESULTS

0—20 XRD patterns of in-situ and ex-situ annealed GABCO
thin films (Fig. 1) show (00) reflections of GABCO and (200)
and (345) reflections of Gd3O3. Compared to in-situ, ex-situ
annealed GdBCO thin films have an additonal (211) reflection
of Gdy0s3. T . and c-axis lattice parameters of in-situ annealed
GdBCO thin films (Table I) show that, except the sample an-
nealed for 5 min, all GABCO thin films exhibit insignificant
changes of the c-axis lattice parameter and have an optimum
oxygen content compared to literature [20]. The behavior of
T. does not follow the same pattern. The maximum of 92.7 K
is reached for t,,, = 30 min, while 7T, for f,,, = 5 min and
15 min are harshly reduced.

Field dependence of J. of in-situ annealed GdABCO thin films
(Fig. 2) shows that, similar to the situation of 7., the highest
in-field and self-field J.(0 T, 77 K) = 3.2 MAcm 2 are achieved
for the sample annealed for 30 min. The sample annealed for
5 min has a T. below 77K, thus, no J. is measured. The
sample annealed for 15 min has the strongest dependence on
magnetic fields at 77 K. At 10K the trends are similar with
the exception that J. for the sample annealed for 5 min is
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Fig. 2. Field dependence of J. of in-situ annealed GdABCO thin films.
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Fig. 3. Field dependence of J. of ex-situ annealed GdBCO thin films.

now detectable and shows the strongest dependence on the
magnetic fields. Compared to in-situ, ex-situ annealed GdBCO
thin films do not show drastic changes, neitherat 77 Knorat 10 K
(see Fig. 3). However, the sample annealed for 15 min exhibits
slightly higher in-field J. compared to the other samples. All
ex-situ annealed GdBCO thin films exhibit somewhat similar
self-field J. equal to J. (0 T, 77 K) = 3.7 MAcm 2. Self-field J..
achieved for both oxygen annealing approaches fall well into the
range that was previously reported for pristine REBCO based
superconducting thin films [7], [20]. Additionally, comparing
high field J. for in-situ and ex-situ annealed samples, one may
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Fig. 4. J .(0) characteristics of in-situ and ex-situ annealed GABCO thin films
at 1T and 77 K.

notice that by changing the oxygen annealing procedure, it is
possible to increase J. drastically.

The dependence of J. on magnetic field orientation (Fig. 4),
shows a large peak in c-direction, a peak in ab-direction, and
barely visible shoulders for in-situ annealed GABCO thin films
for 30 min. The sample annealed for 15 min exhibits a nearly
flat area around the c-direction with barely visible peak in ab-
direction. Compared to in-situ, ex-situ annealed GdABCO thin
films possess similar shapes of the anisotropy behavior. Ex-situ
annealed GdBCO thin films are characterized by a peak in c-axis
direction, a dip around the ab-direction and a large shoulder
between 235 ° and 270°.

IV. DISCUSSION

The presence of an additional (211) reflection of Gd2O3 for
the ex-situ annealed samples on Fig. 1 indicates that heating
to 800 °C in argon leads to a partial decomposition of Gd123
into Gd,O3, Gd163 and liquid phases, according to the phase
stability diagram proposed by J.-W. Lee et al. [21]. This induces
the formation of additional Gd»O3 nanoparticles (NPs).

The harsh reduction of T, for in-situ annealed GABCO thin
films, while c-axis lattice parameters remain nearly constant,
may be attributed to strain effects, which are possibly caused
by large defects such as stacking faults (SF) and Gd-oxide NPs.
Comparison of c-axis lattice parameters and 7. shows that in-situ
and ex-situ oxygen annealing approaches possibly have different
oxygen activation rates, according to P. Cayado et al. [22].
Additionally, one may assume different oxygen in-diffusion
rates for both approaches. The diffusion coefficient depends on
the concentration of oxygen, which in the tubular furnace is
continuously supplied, while in the PLD chamber it remains
constant. Another important feature that may be affecting the
final structural and superconducting properties is the presence of
additional oxygen in- and out-diffusion steps for ex-situ annealed

GdBCO thin films. According to previous studies on YBCO
thin films [11], introduction of additional steps results in a faster
oxygen intake.

Similar to the strong reduction of 7, for t,,,, =5 and 15 min,
self-field and in-field J. of in-situ annealed GdBCO thin films
vary significantly over z,,,,. In addition to the features mentioned
above, it is possible that in case of oxygen annealing in the
PLD chamber a temperature gradient is present as well, which
may affect the superconducting properties. In the PLD chamber,
450 °C is kept on the heater itself, while the surroundings
have a temperature gradient. Considering the dependence of
the diffusion coefficient on temperature and concentration of
oxygen molecules, the oxygen intake during in-sifu oxygen
annealing may be much slower. Compared to the in-situ case,
during annealing in the tubular furnace oxygen is permanently
supplied. Moreover, an insulation and all-side heating in the
tubular furnace provides a better temperature uniformity during
ex-situ oxygen annealing. Therefore, the combination of all
these features results in such immense differences in 7, c-axis
lattice parameters, and in-field J,. for in-situ and ex-situ oxygen
annealed GdBCO thin films.

Large peaks in c-direction (Fig. 3) for both oxygen annealing
approaches appear due to flux pinning on threading dislocations
(TD) and domain walls formed by them [23]. TDs in pristine
REBCO-based superconducting thin films appear during the de-
position due to island-type growth of the film and misorientation
present in the growth island. When such islands coalesce, they
form low-angle grain boundaries, which lead to the formation
of dislocation threading through the whole film [24]. In pristine
REBCO thin films, the density of TDs can reach up to 10'!
lines/cm?. In case of ex-situ annealed GdBCO thin films in
addition to a large peak at 180 °, a large shoulder between 235 °
and 270° appears due to competitive flux pinning at SF and
Gd2O3 NPs [25]. Small variations of J. across all magnetic
field orientations may be caused by slow diffusion processes at
450 °C. According to our model of tailoring the defect morphol-
ogy in GdBCO thin films, which will be published elsewhere,
Gdy03 NPs are decomposing at 450 °C and 1 bar of oxygen
pressure. This NP decomposition combined with the “healing
effect” during long exposure to 450 °C and 1 bar, which reduces
the density of O-dimensional defects such as oxygen vacancies,
results in “shifts” of J.(6, B) curves in Fig. 4.

V. CONCLUSION

Pristine GABCO superconducting thin films were in-situ and
ex-situ annealed at 450 °C and 0.4 bar or 1 bar of oxygen
pressure, respectively. The variation of t,,, between 5 and
60 min has shown that during in-situ oxygen annealing samples
require at least 30 min of exposure to the oxygen atmosphere to
achieve high in-field J.. Compared to in-situ, ex-situ annealed
GdBCO thin films have shown higher self-field and in-field J.,
which implies that J. can be further enhanced by changing
the oxygen annealing procedure, and implementation of such
oxygen annealing procedure may reduce the production time of
coated conductors.
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