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Abstract

GdBa,Cu30; ,-BaHfO; (GABCO-BHO) nanocomposite (NC) films containing 12 mol% BHO
nanoparticles were prepared by chemical solution deposition (CSD) following the TFA route on
SrTiO; (STO) single crystals and buffered metallic tapes supplied by two different companies:
Deutsche Nanoschicht GmbH and SuperOx. We optimized the preparation of our GdBCO-BHO
solutions with acetylacetone making the film synthesis very robust and reproducible, and
obtained 220 nm films with excellent superconducting properties. We show the structural,
morphological and superconducting properties of the films after a careful optimization of the
processing parameters (growth temperature, oxygen partial pressure and heating ramp). The
films reach critical temperatures (7;.) of ~94 K, self-field critical current densities (J;) of
>7MA cm ? and maximum pinning force densities (Fp) of ~16 GN'm 3at 77 K on STO and 7T,
of ~94.5K and J. > 1.5MA cm 2 on buffered metallic tapes. The transport properties under
applied magnetic fields are significantly improved with respect to the pristine GdBCO films. The
GdBCO-BHO NC films on STO present epitaxial c-axis orientation with excellent out-of-plane
and in-plane texture. The films are, in general, very dense with a low amount of pores and only
superficial indentations. On the other hand, we present, for the first time, a systematic study of
CSD-grown GdBCO-BHO NC films on buffered metallic tapes. We have used the optimized
growth conditions for STO as a reference and identified some limitations on the film synthesis
that should be overcome for further improvement of the films’ superconducting properties.
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1. Introduction

One of the most active topics in the field of applied super-
conductivity is the fabrication of second-generation super-
conducting tapes, called Coated Conductors (CCs). Those
tapes have a multilayer structure consisting of a metallic
substrate, buffer layers, the superconducting film and capping
layers [1 3]. From the first-generation tapes, they do not only
differ in the type of the high-temperature superconductor
(HTS) material but also in the fabrication method. The first-
generation tapes are prepared by the powder-in-tube (PIT)

technique and are based on BiySr,Ca, 1Cu, Oz, 4.y
(BSCCO) as HTS material, while in the case of the CCs,
REBa,Cu;0; , (REBCO, RE rare earth) compounds are used
for which the PIT technique is not applicable [4 6]. However,
it is still under debate which REBCO compounds are most
adequate for each application due to the necessity to accom-
plish certain requirements at different temperature and
magnetic field ranges.

Historically, most of the studies were focused on
YBa,Cu;0; , (YBCO or Y-123 phase), since it was the first
REBCO compound discovered with a critical temperature (7)
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higher than liquid nitrogen temperature (77 K) and it is rela-
tively easily prepared as bulk or thin film. Yet, there are other
REBCO compounds that could exhibit better properties, as it
has already been proven in the past [7 9]. Those differences
in the superconducting properties arise from the variations in
the electronic structures, valence states and, largely, the ionic
radii of the RE atoms within the structures [10 13]. Their
sizes determine the distances between different planes within
the structure and, therefore, the interaction between the
orbitals of different atoms which leads to a change in prop-
erties of the different compounds. Despite the fact that some
of these REBCO compounds present better performances than
YBCO, they are often more difficult to synthesize and,
therefore, not as often used as YBCO. These difficulties are
mostly related to the partial substitution of the Ba®" sites by
large RE ions and the low stability of the 123 phase in some
of the REBCO compounds [7, 10, 14, 15]. In the case of small
RE ions such as Yb’" and Lu’", the formation of single-
phase REBCO is impeded, because the ions do not fit prop-
erly in the according lattice site, and thus, it is likely that
vacancies on REFE sites exist [10, 15].

One of the REBCO compounds with a better perfor-
mance than YBCO is GdBCO. This compound presents 7,
values up to 95 K in bulk samples, single crystals and thin
films [7, 16, 17]. This higher T, value by roughly 3K is
linked with a shift of the irreversibility line towards higher B
and 7, which leads to an improvement of the in-field prop-
erties of GdABCO with respect to YBCO. In the past, GABCO
thin films were mainly prepared by in situ methods (where
in situ refers to the crystallization of the superconducting
phase): sputtering, pulsed laser deposition (PLD) or metal-
organic chemical vapor deposition (MOCVD) [18 22].
However, in the search for a scalable and low-cost technique
for the preparation of CCs, some researchers have focused on
the chemical solution deposition (CSD) as an attractive option
for thin film growth [23 26]. In general, most of this work
followed the well-known TFA-MOD-route [27]. This route
has already shown promising properties for GdBCO films
[17, 28 33], but still the effort is not comparable to YBCO
and so there is room for improvement, as we will demonstrate
in this work.

In order to improve the in-field performance, we introduced
secondary phases in our films creating GdABCO nanocomposites
(NCs). The insertion of different secondary phases for preparing
NCs has been extensively investigated by many groups showing
that the in-field properties of REBCO films can be vastly
improved by both the ‘in situ’ and the ‘ex sifu’ approaches
[34 39]. We have opted for the ‘in situ’ approach, in which the
nanoparticles (NPs) are spontaneously segregated in the super-
conductor matrix during the growth process, to include BaHfO;
(BHO) NPs in GdBCO films, a strategy that has already shown
excellent results in former works reported by our group [36].

We have also transferred our solution to buffered metallic
tapes. This is the final step at the lab scale before going to
long-length production. Previous studies with GdBCO or
GdBCO NCs deposited on buffered metallic tapes focused on
physical deposition techniques such as reactive co-evapora-
tion by deposition and reaction [40 42] and PLD [43 46]. In

contrast, CSD-grown GdBCO films on tapes have not been
investigated, to our knowledge, before this study.

2. Sample preparation and characterization
techniques

2.1. Synthesis of the precursor solutions

The method for the preparation of the TFA solution is based
on the one proposed by Erbe et al [30, 36]. The pristine
solutions (the ones that contain no secondary phases) are
made by mixing Gd, Ba and Cu acetates (purity > 99.99%,
Alfa Aesar) weighed out to give a stoichiometric 1:2:3 ratio of
the metal cations in deionized water. Then, an excess of tri-
fluoroacetic acid (TFAH, 99.5+%, Alfa Aesar) is added to
convert the acetates into trifluoroacetates. The remaining
water and other impurities are eliminated by a rotary eva-
porator obtaining a highly viscous residue that is re-diluted in
absolute methanol (99.9%). In order to further reduce the
undesired remaining water, methanol is evaporated again
several times in vacuum. The final concentration of
0.25moll ' in gadolinium is adjusted with anhydrous
methanol ending with a dark blue solution.

In the case of BHO-containing solutions, the procedure is
slightly changed from the previous works: the addition of the
required amount of hafnium(IV) 2, 4-pentanedionate
(Hf(acac)y) (974+%, Alfa Aesar) is not made at the end of the
process, but instead mixed with the other precursor salts to
achieve a 12 mol% BHO (‘12%BHO’ from now) concentra-
tion in the final films with regard to RE. This modified pro-
cedure increases the control and the flexibility of the solution
preparation and opens the possibility for future investigations
to increase the final concentration of BHO in the solution that,
in the other case, is limited to 12 13 mol% due to solubility
limitations of the Hf(acac), in the final solution.

2.2. Thin film preparation

The 220 nm GdBCO + 12%BHO films studied in this work
were prepared, firstly, by depositing the precursor solutions
on 10mm x 10 mm (100) oriented SrTiO; (STO) single
crystals or biaxially textured buffered metallic tapes (‘tapes’
from now) via spin coating (6000 rpm for 30 s for the STO
and 5000 rpm for 30s for the tapes). The subsequent ‘stan-
dard’ pyrolysis and growth processes are described in [30].
The modifications to the ‘standard’ growth process that lead
to the presented results will be discussed in depth later.

2.3. Thin film characterization

The properties of the solutions used in this work were ana-
lyzed by infrared (IR) spectroscopy on a Vertex 70 ATR IR-
spectrometer (Bruker). The microstructure and phase purity of
the films were investigated by x-ray diffraction (XRD) using a
Bruker D8 diffractometer with CuKa radiation. The surface
morphology and cross-sections of the films after pyrolysis and
growth were analyzed by a LEO 1530 scanning electron micro-
scope (SEM) with field emission gun by Zeiss. Cross-sections
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Figure 1. IR spectra of the pristine GdBCO and GdBCO + 12%
BHO solutions with different amounts of acac. Only the solution
with liquid acac additions shows additional bands marked by black
arrows, which can be attributed to the presence of acac.

were prepared by an Ar-ion cross-section polisher IB-19500CP
from JEOL. The field penetration was qualitatively investigated
by magneto-optical imaging using an Evico Magnetics micro-
scope. Self-field J. at 77.6 K, JCSf, was measured inductively with
a Cryoscan (Theva, 50 uV criterion), and T, (T.g, ie., the
temperature at which the resistance is 90% of the value above the
transition), AT, (Teoo Teci0), Jo(B) (1 uVem ! criterion of
transport J;.) and the J.. anisotropy of the films were studied with a
14-T Quantum Design Physical Property Measurement System.
The measurements were done on 10 20 ym tracks prepared by a
photolithography process and wet-chemical etching.

3. Results and discussion

3.1. Solution characterization

A thorough investigation of pristine REBCO solutions and the
role of acetylacetone (2, 4-pentanedione, ‘acac’ from now) as
a solution additive was carried out previously and can be
found in [30]. The conclusion was that acac coordinates at the
Cu cations, which causes a color change from dark blue to
dark green. Once the pristine GABCO solution was prepared,
this color change was similarly observed when Hf(acac), was
added to create the GdABCO + BHO solution [36]. However,
with the new solution preparation method used in this work,
the finally adjusted solutions have the same dark blue color as
the hafnium free solutions, even with Hf(acac), already
inside. This indicates that the acac from the Hf precursor is
removed during the purification process. Therefore, as a final
step, liquid acac (2, 4-pentanedione, Alfa Aesar, 99%) is
added to the solution in a final molar ratio of ~35% acac/RE,
which is similar to the amount reached when the acac comes
from the Hf precursor. Again, this addition changes the color
of the solution from a dark blue to a dark green color and has
an important impact on the performance of the films as
demonstrated in previous works [30].

In order to prove that acac is removed during the suc-
cessive evaporation steps in the rotary evaporator, we have
investigated several solutions by IR spectroscopy. Figure 1

compares the IR spectra of three solutions: pristine GdBCO
(black), GdBCO + 12%BHO with Hf(acac), added in the
beginning but without any liquid acac addition (Hf-acac, red),
and the solution used for preparing the films in this work,
GdBCO + 12% BHO with Hf(acac), added in the beginning
as well as liquid acac added as a final step to reach a molar
ratio of ~35% acac/RE (Hf-acac+liquid acac, blue).
Whereas the solutions of pristine GdBCO and GdBCO
with Hf(acac), show very similar IR spectra, the spectrum of
the GdBCO Hf-acac+liquid acac solution shows additional
bands (black arrows). This means, firstly, that these bands are
caused by the presence of acac in the solution and secondly
that the acac that is introduced in the solution by the addition
of the initial Hf(acac), salt is removed during the solution
preparation. Thus, with the new solution preparation method
our only source of acac is the liquid acac added as a final step.
So it is important to include this final addition of liquid acac
to still benefit from acac improvement in the final quality of
the films. The exact compounds that cause the extra bands in
the IR spectrum are unknown and under current investigation.

3.2. Optimization of growth processing parameters on STO

As mentioned, we have changed the solution preparation
method. This makes an optimization of the processing para-
meters of the film growth for these new solutions necessary.

3.2.1. Heating ramp. The heating ramp used during the growth
process to reach the final crystallization temperature can have
great importance for the final properties of the films as it can
influence the nucleation of the REBCO grains. Some studies
report optimized heating ramps in the range of 20 25°Cmin '
for pristine YBCO and YBCO NC films [24, 25, 47]. For
GdBCO films, there is not much information available.
Therefore, we have investigated the evolution of the structural
and superconducting properties of GdABCO + 12%BHO films
using heating ramps between 10 and 85°Cmin ' during the
growth process. These results are compared with YBCO + 12%
BHO films prepared in a similar way. For the growth of the
GdBCO + 12%BHO films we have maintained a growth (or
crystallization) temperature, Tgrowm, of 810 °C with an oxygen
partial pressure, p(O,), of 100 ppm. The YBCO + 12%BHO
films were grown at 770 °C with a p(O,) of 200 ppm.

The XRD patterns of the YBCO + 12%BHO and
GdBCO + 12%BHO films grown at different heating ramps
are compared in figure 2. The diffraction patterns of the
YBCO + 12%BHO films are all very similar, showing only
the reflections of (00)YBCO as well as the substrate
reflections and signs of BHO. However, in the case of the
GdBCO + 12%BHO films, there is a clear influence of the
heating ramp on the structure of the films. By the use of slow
ramps (10 or 20 °C min 1), the formation of misoriented
grains, as visible by an intense (103)GdBCO reflection, and
a b grains ((200)GdBCO and (300)GdBCO) is promoted, If
the heating ramp is increased to 85 °C min ', highly (001)-
oriented GdBCO is formed. In all GdBCO + 12%BHO
diffractograms, intermediate phases of the GABCO formation
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Figure 2. XRD spectra of (a) YBCO + 12%BHO films and (b) GABCO + 12%BHO films grown with different heating ramps. Reflections
indicated with * correspond to K reflections of STO.
reaction are visible, which means that the growth conditions REBCO+12%BHO
chosen for the growth are not, yet, optimal. —~ 64 o @ mmm e - 94
The different influence of the heating ramp on both § ]
compounds can also be perceived in figure 3 where the § 92
superconducting properties are represented as a function of < éu
the heating ramp. While 7, of both compounds stays more or @ L 90 =
less constant, J:T at 77.6 K behaves completely different. In %
the case of YBCO + 12%BHO, the values vary within a T e g8
range of 1 MA cm 2 around 3.5 MA cm 2 For GdABCO + 12% T

BHO they increase strongly from 0.5 MA cm % to 6.1 MA cm 2

with increasing heating ramp. This shows that the super-
conducting properties of the GdBCO + 12%BHO films
strongly depend on the heating ramp. This is directly linked
with the XRD patterns shown previously. The fact that the
YBCO + 12%BHO films have similar patterns for all heating
ramps without misoriented grains reflects in similar inductive J5'
values at 77.6 K. For GABCO + 12%BHO films, the misor-
iented grains can only be avoided by a large heating ramp and
therefore J5' at 77.6K shows a big improvement for the
85°Cmin ' heating ramp.

It is concluded that while the structure and super-
conducting properties of YBCO + 12%BHO films are not
very sensitive to changes of the heating ramp, the structure
and the superconducting properties of GdBCO + 12%BHO
films depend heavily on the used heating ramp. A low heating
ramp leads to the formation of misoriented and a b grains
which reduces drastically J.. For this reason, the ramp of
85°C min ' was used for the rest of the experiments.

This different effect of the heating ramp on both kinds of
films can be explained considering how the nucleation in
REBCO films occurs. Focusing in the case of the hetero-
nucleation, it is known that the c-axis nucleation is a
favorable event only at low values of supersaturation. At
high values of supersaturation, the probability of the c-axis,
a-axis and random nucleation is similar because the energy
barrier for each kind of nucleation becomes very similar. In
general, the higher the temperature is, the lower the super-
saturation (more specific details in [48]). Therefore, our aim

Heating Ramp (°C/min)

Figure 3. Dependence of the inductive JCSf at 77.6 K (black curves)
and 7. (red curves) of 12% BHO containing YBCO (squares) and
GdBCO (circles) nanocomposite films on the heating ramp during
growth process.

with the fast heating ramp is to arrive as fast as possible at
high temperatures to promote the c-axis nucleation and to
avoid staying too long at lower temperatures which would
promote a mixture of nucleation events. The differences in
the structure and superconducting properties between
YBCO + 12%BHO and GdBCO + 12%BHO films arise
from the fact that the energy barrier for multiple nucleation
events for GABCO + 12%BHO films is lower than for
YBCO + 12%BHO and, therefore, longer times at low
temperatures will promote more misoriented or a b grains
in the case of GABCO + 12%BHO films and, consequently,
lower heating ramps are very detrimental in this case.

3.2.2. Oxygen patrtial pressure and growth temperature. The
results above on varying the heating ramp have shown that by
using a Tgrownm Of 810°C and a p(O,) of 100 ppm epitaxial
GdBCO + 12%BHO films with 7, =93.7K and J5' at
776K = 6.1 MAcm '? were achieved for optimal heating
ramps. However, these films still contain some intermediate
reaction phases (figure 2), that may worsen the superconducting
properties. Thus, further optimization of Tgrown and p(O,) may
even lead to further enhancement of the superconducting
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Figure 5. SEM pictures of GdABCO + 12%BHO films grown at different Ty ou and p(O,).

properties. For this reason, we scanned a large range of the
Torown P(O,) parameter space searching for the optimum set
of parameters for maximizing 7, and J..

The optimum conditions of 810°C and 50 100 ppm
oxygen can be seen in XRD scans (figure 4), surface
morphology (figure 5), and superconducting properties
(figure 6). In the XRD patterns of several films grown at
different temperatures but constant p(O,) of 100 ppm, (00/)
GdBCO reflections can be seen for all Tgrouwm. However, in
most of the cases, this orientation coexists with misoriented
grains resulting in a polycrystalline microstructure. Purely
epitaxial growth is only achieved at 810 °C. The variation of

p(0O,), figure 4(b)), manifests a similar situation. Polycrystal-
line growth is observed at high p(O,) (>100 ppm) and only
by reducing p(O,) below 100 ppm purely epitaxial growth is
achieved. The XRD patterns at 50 and 100 ppm are quite
similar, with slightly more intermediate reaction phases
visible for 100 ppm.

The dependence observed in XRD is confirmed by the
SEM pictures in figure 5. Clearly, the areal density of a b
grains (white needle-shaped structures forming 90° between
each other) and other misoriented grains (white needles
oriented in any possible direction) increases at 1ow Tiyoym and
high values of p(O,). At high Tyowm (>810°C) and low
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values of p(O,) (<100 ppm) the films do not present any
misoriented grains but the porosity increases slightly with
respect to optimum temperature (810 °C). If we keep constant
these high T, but increase the p(O,) above 100 ppm, a b
or other misoriented grains appear again. Furthermore, the
films grown at 810 °C and 50 and 100 ppm do not show a b
grains at all. On the other hand, the porosity is very low for all
the films and the films are very dense with only superficial
indentations.

Finally, the superconducting properties of films grown at
different temperatures and p(O,) are compared (figure 6).

J¥ at 77.6 K (MA/cm?)

=

Figure 7. Left half of magneto optical images showing dendritic flux
penetration at 16 mT of (a) a film grown at 810 °C and 100 ppm and
(b) a sample grown under optimized conditions (810 °C and 50 ppm)
at 16 mT.
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Figure 8. Texture measurements of an optimized GdBCO + 12%
BHO film showing (a) the ¢ scan of (103)GdBCO and (b) the (005)
GdBCO rocking curve.

Figure 6(a) indicates that the best values of JCSf at 77.6 K are
achieved only in a very narrow region around 810 °C and
between 50 and 100 ppm. Outside this region, the J. values
decrease very rapidly. The maximum J. value is reached at
810 °C and 50 ppm of oxygen, conditions that correspond to
purely epitaxial and very dense films. It is remarkable that,
according to our results, the growth of GdABCO + 12%BHO
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Figure 9. Cross section SEM images of (a) a pyrolyzed GdBCO + 12%BHO film taken on secondary electrons mode, (b) grown
GdBCO + 12%BHO film taken on backscattered electrons mode and (c) zoom of image (b) showing the presence of BHO NPs (blue
arrows). The GdBCO + 12%BHO film was prepared using the optimized conditions.

films should be carried out with p(O,) < 200 ppm because in
other cases the values of J5' at 77.6 K are almost negligible.
The window for optimal T, figures 6(b) and (c), is somewhat
larger. The T, values remain more or less constant with a
variation of ~2 K. The maximum values of around 94.3 K are
reached at 810 °C 830°C and 50 150 ppm. The lowest T,
values are found at low temperatures and high p(O,), where
also the porosity is larger. The transition width AT,
figures 6(c), is in the range of 1K in most of the studied
area, and only at high temperatures and high p(O,) the values
deteriorate, indicating that the homogeneity of the films is
degraded.

Regarding structure, surface morphology and super-
conducting properties of the GdBCO + 12%BHO films, the
best results are achieved at a p(O,) of 50 ppm, at much lower
values than reported for YBCO films (always >150 ppm).
This behavior is supported by the phase diagram of GdBCO,
since the stability line is shifted towards higher temperatures
and lower oxygen partial pressures with respect to YBCO
allowing the growth at lower p(O,) [17, 49, 50]. The fact that
the best properties are found at the lowest possible p(O,) with
respect to the phase stability has been observed in YBCO
films grown by the BaF, process previously [51] and has been
explained as an effect of the large amount of oxygen
vacancies on the oxygen sublattice at low partial pressures
promoting cation diffusion and therefore structure ordering'.

The field penetration behavior also depends strongly on
the phase formation conditions even when the resulting J; is
very similar, as illustrated in magneto-optical images in
figure 7. The figure compares (a) a film grown at 810 °C and
100 ppm and (b) a sample grown under optimized conditions

(810°C and 50 ppm) with slightly higher J. (figure 6(a)).
Figures 7(a) and (b) depict how the flux penetrates both films
when the field is set at 16 mT. Due to a higher JS' (there is a
difference of ~1 MA cm 2 at 77.6 K between both films) the
magnetic field penetrates the optimized film to a smaller depth
(the black area of zero magnetic field is larger in the
optimized film (b) than in film with lower J. (a)). Similar
features were observed in YBCO and YBCO NC films
[52 54]. With these images we confirm the higher values of
J. in films grown at optimized conditions.

3.2.3. Measurements on optimized films. The GdBCO + 12%
BHO films on STO for the analysis in the following section
were grown at the optimum conditions: a heating ramp of
85°Cmin ', a Tgrowtn Of 810 °C, and an oxygen partial pressure
p(O,) of 50 ppm.

High-quality in-plane and out-of-plane orientation is
observed for these films, as shown in figure 8. The (102)
GdBCO pole figure shows a 4-fold symmetry and sharp peaks
indicating fully epitaxial growth with cube-on-cube relation-
ship. The FWHM values of (102)GdBCO, A¢, as well as of
the (005)GdBCO rocking curve, Aw, are around 1.12° and
0.34°, respectively (figures 8(a) and (b), respectively),
comparable to the values obtained for films prepared by
physical methods indicating the high-quality of our films [55].

The microstructure of the optimized films was checked
by SEM on their cross-sections and is shown in figure 9. After
the pyrolysis, homogeneous films of 400 nm thickness with
very smooth surfaces are obtained, figure 9(a). After the
complete growth process (figure 9(b)), the films are
approximately 220 nm thick and very homogenous and dense
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Figure 10. Transport measurements on an optimized

GdBCO + 12%BHO film (NC in the legend, red curves) in
comparison with a pristine GABCO film (black curves) showing
(a) the J. dependence with the magnetic field at 77 K (squares), 65 K
(circles) and 30 K (triangles), (b) pinning force density (Fp) at 77 K
(squares) and 65 K (circles) and (c) F;, at 30 K.

with nearly no pores, which is in accordance with the
observations in the top-view SEM images, figure 5. The BHO
NPs, marked with blue arrows in figure 9(c), are homo-
geneously distributed within the film and have a size of
15 20nm. These results are similar to the previous work
published by our group [36].

Figure 10 illustrates the strong improvement in J.(H) (a)
and F,(H) (b) for all magnetic fields at several temperatures,
77, 65 and 30K of an optimized GdBCO + 12%BHO NC
(red curves) in comparison with a pristine GABCO film (black
curves). The in-field improvement is also clearly seen in the
inset, showing the normalized field dependence, J.(H) /JCSf, at
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Figure 11. J.(#) at 3T and 5T and 77 K for a GABCO + 12%BHO
film (red curves) in comparison with a pristine GdBCO film (black
curves).

77K. The large values of J5' that were obtained are
noteworthy: 73MAcm 2 at 77K, 145MAcm ? at 65K
and 36.8 MA cm 2 at 30 K. These values are the highest ever
reported for CSD-grown GdBCO films and among the highest
for REBCO films. The excellent in-plane and out-of-plane
texture, the absence of impurity phases, the high density with
nearly no pores and the homogeneous distribution of NPs
within the films are the origin of such high values of JS'.
Close values were reported for YBCO + 10%BZO films with
similar thickness to the films presented in this work [34, 35].

We also obtained large maximum £}, values, Fpn,x, at the
measurement temperatures: 16.0 GN m 3@2T) at 77K and
56.5GNm ° (5T) at 65K, which are also the highest ever
reported for CSD-grown GdBCO films and among the highest
in the literature for CSD-grown REBCO films. Only the
above mentioned YBCO + 10%BZO films report similar
values [34, 35]. By the use of a physical growth techniques,
PLD, slightly higher F, values were reported for GABCO
films with BHO [44, 56] and BaSnO; [57] nanocolumns but
only for B||c, i.e. on cost of anisotropy.

As can be seen in figure 11 showing the angular
dependence of J. with regard to sample orientation, J.(6), for
two magnetic fields at 77 K, J. is increased in the whole
angular range by the addition of BHO NPs. Furthermore, the
J.. anisotropy ratio, J.(H//ab)/J.(H//c) is decreased con-
siderably in the GdBCO + 12%BHO NC. For instance, at 3 T
the ratio observed in our pristine GdBCO film is ~3.6
whereas in the NCs it is only ~1.5.

The anisotropic behavior of the NC films can be
characterized by a field-independent anisotropy parameter,
75, when the anisotropic Ginzburg Landau scaling behavior
of J.(0, H) at fixed temperatures is studied. As proposed by
Blatter ef al [58] and first applied to REBCO films by Xu et al
[59], the isotropic and anisotropic contributions to J.(0, H)
can be extracted from a plot of the effective field
H.g; = e(0)H, where £(0) = [cos*(0) + ¥ zsin2(9)]1/ 2 and y
is the mass anisotropy ratio [60]. In the case of the
GdBCO + 12%BHO NC films studied here, it is concluded
that scaling can only be achieved with an effective ~; value of
~1.6 instead of the expected +y ~ 5 7 value for pristine
REBCO films. For this reduction in v; by the addition of NPs,
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several explanations can be found in literature which all might
contribute to some extend: geometrical effects for sufficiently
small particles [61], dirty-limit scattering and a change in
coherence length anisotropy (discussed especially for PLD-
grown films) [62] and a change in the pairing mechanism due
to strain fields around the NPs (especially in CSD-grown
films) [34, 35].

The ab-peak at 90° of the NC film is broadened
compared to pristine films. This is attributed to the higher
density of short stacking faults that are effective pinning
centers for fields nearly parallel to the a b plane as observed
previously in other CSD NC films [34, 37].

3.3. NC films on buffered metallic tapes

Due to the excellent superconducting properties of
GdBCO + 12%BHO obtained on STO, the deposition para-
meters were transferred to the system of tapes. Tapes supplied
by two different companies (Deutsche Nanoschicht GmbH
(D-Nano) and SuperOx) with different layer architectures
were studied. The D-Nano tape is a fully CSD-buffered
RABITS tape consisting of a top thin layer of CeO, on three
layers of ~100 nm LayZr,O; (LZO) that are, in turn, depos-
ited on top of a biaxially textured Ni-W alloy substrate
(CeO,csp/LZO0csp/Ni-Wrapits) [63]. The SuperOx tape is
an IBAD-based substrate with the following stacking
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deposited on the two different tapes and grown at different
temperatures.

sequence: PLD-grown 100 200 nm thick CeO, on a magne-
tron-sputtered 30 50 nm LaMnO; (LMO) on 5 7nm IBAD-
MgO on 30 50 nm Y,0O3 or LMO and 50 nm Al,O3 deposited
on a ~60 ym thick non-magnetic Hastelloy C276 substrate
(Ce0,/LMO/IBAD-MgO/Y,05(LMO)/Al,03/Hastelloy
C276) [41]. For the film growth on tapes, we used the opti-
mized heating ramp (85°Cmin ') and oxygen partial pres-
sure (50 ppm) obtained on STO. However, the crystallization
temperature should in general be lower on tapes than on
single crystals in order to avoid structural instabilities induced
at too high temperatures due to the different heat conduction
and capacity properties. Therefore, Toowm has been scanned
again.

The XRD patterns of the two temperature series,
figure 12, show that a high degree of (00/) texture of GdBCO
is achieved on both tapes in the whole temperature range
studied. Only some traces of misoriented grains, characterized

by the presence of (103)GdBCO and (h00)GdBCO is detected
at the lowest growth temperature of 760 °C on both tapes. The
BHO NPs are also formed on tapes as evidenced by the BHO-
related reflections. Moreover, for all growth temperatures
BaCeO; (BCO) peaks appear in the diffractograms. This
points to reactivity between the GdBCO precursors and the
CeO, layer during the GdBCO formation reaction, a
phenomenon previously reported for YBCO growth on
RABITS tapes [64]. Most likely, the BaF, that is generated
during the intermediate reactions reacts with CeO, to
form BCO. The formation of BCO takes place at the
Ce0,/GdBCO interface and hinders the epitaxial growth of
GdBCO, if BCO is formed prior to the nucleation of GABCO.
In that case GABCO has to grow on top of BCO, and since
BCO has a large mismatch to GdBCO, unlike CeO,, this
contributes to the generation of GABCO misoriented grains.
On the other hand, if the heteroepitaxial nucleation of
GdBCO at the CeO, layer occurs before the BCO formation,
the BCO generation is not as severe, because large areas of
the interface are covered with the GdBCO nuclei and BCO
does not disturb the epitaxial growth of GABCO. Our system
tends towards the second case because no misoriented grains
are visible except for 760 °C and the intensities of BCO
reflections are quite low.

Nevertheless, it is always preferable to avoid this reac-
tivity entirely by choosing the most appropriate growth con-
ditions. The ratio

1(200)BCO
1(200)CeO, + 1(200)BCO

is a measure for the amount of BCO formed for a certain
CeO; layer thickness. These two peaks were chosen because
for BCO the (200) peak varies the most with temperature and
for CeO, the (200) peak is the most intense one. For the
D-Nano tapes, (200)CeO, coincides with (400)LZO, so the
measured intensity comes from both phases. However, we
assume that the possible changes in intensity only come from
variations in the CeO, film while the LZO remains stable for
the temperatures studied here and, therefore, the ratio is still
meaningful. Additionally, the intensity of the (005)GdBCO
reflection (normalized to the most intense peak of the temp-
erature-stable templates, i.e. the Ni-W for D-Nano and
(002)CeO, for SuperOx) reveals the growth temperature
dependence of the c-axis texture quality.

As the (200)BCO/(200)CeO; ratio in figure 13 indicates,
the interface reactivity increases for both tapes with temper-
ature similarly strong (factor 4 between 760 °C and 820 °C).
Regarding reactivity, the optimum growth temperature would
therefore be the lowest. However, the (005)GdBCO peak
intensity shows a different behavior. It reaches a maximum
value at medium temperatures around 780 °C 790 °C. As
demonstrated in the previous sections, the epitaxial growth of
the GdBCO is not favored at low temperatures. On the other
hand, high temperatures (>790°C) deteriorate the buffer
layer surfaces and lead to enhanced BCO formation which
affects the GABCO growth. Therefore, an optimum growth
temperature of around 780 °C 790 °C is found, which reflects
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Figure 15. Cross section SEM images on backscattered mode of (a) a pyrolyzed GABCO + 12%BHO film and (b) a grown GdBCO + 12%

BHO film (790 °C, 50 ppm) both deposited on D Nano tapes.

nicely in the growth temperature dependence of the inductive
JCSf at 77.6 K, figure 13. The results achieved, especially on
D-Nano substrate, with 7, = 94.5K (even slightly higher
than optimized on STO) and J5' at 77.6 K = .6 MAcm 2,
are the highest in the literature for CSD GdBCO-based films
on tapes. The values of the films on SuperOx tape are com-
parable to the D-Nano tapes at the same processing condi-
tions, yet with 1.1 MA cm 2 and 92.7 K somewhat lower.

Although the superconducting properties of the
GdBCO + 12%BHO NCs deposited on tapes are promising,
the J.. values are still far below the values achieved on STO.
This is partially due to the grain-boundary networks in the
films on tape [65]. Besides that, other defects strongly con-
tribute to the J. reduction, as seen in figures 14 and 15.
Figure 14 depicts SEM images of the surface morphology of
different GABCO + 12%BHO films grown at different tem-
peratures on both tapes. In general, the films present a high
degree of porosity whereas the films around 790 °C show the
most homogeneous surfaces, well corresponding to the
maxima in (005)GdBCO intensity and J.. At lower growth
temperatures, the density of pores is higher and the films
contain a large amount of misoriented grains. At higher
temperatures, the formation of misoriented grains can be
avoided but the porosity is still present. As it is well-known,
the porosity can be reduced by increasing the temperature
favouring sintering processes. However, on tapes the increase
in temperature causes the opposite effect. For both tapes,
porosity as well as inhomogeneities are strongly increased.
This is attributed to the fact that at high temperatures the
buffer layer surfaces of the tapes start to lose the structural
integrity degrading the growth of GABCO and causing these
highly porous areas.

As discussed in detail in [30] and [47], the presence of
porosity strongly degrades J.. The pores reduce the cross-
section and hinder the current flow. Cross-sectional SEM
images in figure 15 show a pyrolyzed film and a film grown at
optimum temperature (790 °C). The only-pyrolyzed film is
macroscopically homogeneous in its volume (400 nm thick),
however, with a much larger thickness variation than films on
STO. It contains a large number of small pores which is
typical for CSD films after the pyrolysis step as observed
previously in YBCO films deposited on single crystals [66].
On the other hand, the crystallized films (220 nm thick)
contain large pores and trenches (red arrows), in some cases
even extending all the way from the interface to the film
surface. This is in contrast to the STO case in which the films
present a very dense microstructure without any pores. For
further enhancement of J. on tapes in follow-up studies the
pores and trenches have to be avoided, most likely by mini-
mizing the thickness variation of the pyrolyzed films by
additionally scanning heating rate and oxygen partial pressure
and other parameters again. The BHO NPs (blue arrows in
figure 15(b), however, show very homogenous size and
density distributions throughout the film thickness leading to
the good superconducting properties (T, = 94.5K and J:' at
776K = 1.6 MA cm 2). The high 7 with a small transition
width of 1 K indicates high phase homogeneity. Therefore, by
reducing the porosity of the films it should be possible to
obtain much higher J.. values in future. The fact that keeping
the structural integrity of the buffer interface calls for lower
crystallization temperatures for GABCO film growth than
actually required makes it necessary to look for alternative
approaches. One way might be the acceleration of the growth
in order to inhibit the reaction with the interface. With that, it
should be possible to obtain epitaxial GdBCO films at



standard GdBCO temperatures and therefore with reduced
porosity.

4. Conclusions

We have studied the influence of different processing para-
meters in the growth of GABCO + 12%BHO films deposited
on STO single crystals and on tapes. The operation window
for achieving good superconducting properties in this kind of
films is very narrow on both types of substrates. The optimum
conditions we found for the growth on STO are a heating
ramp of 85 °C min I a crystallization temperature Tgrowem Of
810°C and an oxygen partial pressure p(O,) of 50 ppm.
Under these conditions, excellent fully epitaxial super-
conducting films are achieved and large values of JSf
(73MAcm > at 77K, 145MAcm > at 65K and
36.8 MA cm * at 30K) and Fypax (16.0GNm * at 77K and
2T as well 56.5GNm * at 65K and 5 T) are reached being
among the highest ever reported for CSD REBCO films. The
growth on tapes is more challenging due to their limitations to
avoid buffer degradation. Despite this, we have obtained films
that present promising superconducting properties and that
open the possibility for further optimization to finally achieve
values closer to those on single crystals.
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