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All chemical YBa2Cu3O7 superconducting multilayers: Critical
role of CeO2 cap layer flatness
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New advances toward microstructural improvement of epitaxial CeO2 films grown by
chemical solution deposition and their use as buffer layers for YBa2Cu3O7 (YBCO) films
are presented. We demonstrate that the degree of epitaxy and the fraction of (001)
atomically flat surface area are controlled by the incorporation of tetravalent (Zr4+) or
trivalent (Gd3+) cations into the ceria lattice. The degree of epitaxy has been investigated
by means of Rutherford backscattering spectroscopy-channeling and reflection high-
energy electron diffraction. In addition, we use a new methodology to quantify the
fraction of (001) atomically flat area from atomic force microscopy images. Results are
further correlated with the superconducting properties, microstructure, and texture of
YBCO films grown by the trifluoroacetate route. A comparison with pulsed laser
deposition and YBCO films grown on the same ceria layers is also presented. This growth
procedure has allowed us to obtain all chemical multilayer films with controlled
microstructure and critical current densities above 4 MA cm�2 at 77 K.

I. INTRODUCTION

The production of affordable YBa2Cu3O7 (YBCO)
coated conductors (CC) is an extremely challenging is-
sue for electric power applications.1,2 Great effort is
being devoted to finding simple multilayer architectures,
which simultaneously satisfy an effective oxidation pro-
tection for the metallic substrate, an effective chemical
barrier to cation diffusion, and a good lattice matching
with a substrate and superconducting layer. Physical va-
por deposition (PVD) techniques can certainly produce
high-quality YBCO CC using numerous oxide buffer
architectures where Jc values of several MA cm�2 at 77
K are routinely achieved.3–5 However, the major goal
now for CC technology to be competitive is to demon-
strate the suitability of low-cost deposition techniques,
such as chemical solution deposition (CSD) in which
YBCO is grown by the trifluoroacetate route (TFA)6,7

and buffer layers by metalorganic decomposition
(MOD).8–10 MOD- SrTiO3 and MOD- CeO2 have
capitalized the attention of the researchers for its high
potential as cap layers. Indeed, attractive Jc values
[�1 MA/cm2 (77 K)] have been obtained using MOD-
(Nb-doped) SrTiO3 as single buffer layer on Ni-rolling-
assisted biaxially textured substrates (RABiTs),11 MOD-
CeO2 on MOD-La2Zr2O7 buffered Ni-RABITs,12 or
MOD-CeO2 on ion-beam-assisted deposition (IBAD)-
stainless steel13; however, they are far from the target
value of 3–4 MA/cm2 at 77 K. So far the great potential
of CeO2 on Ni-RABiT has been limited to medium low-
cost approaches10,14–16 mostly because of the complexity
to obtain highly textured MOD-CeO2 under reducing
atmosphere to match the criteria protection of the metal-
lic substrate. Detailed studies on the growth mechanism
and microstructure evolution of nanostructured MOD-
CeO2 on (001)YSZ single-crystal substrates revealed
that under reducing atmospheres, carbon impurities from
metal organic precursors decorate grain boundaries
inhibiting the epitaxial grain growth.17 More recently
this main drawback has been overcome by modifying
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the kinetics of CeO2 growth by the incorporation of
dopant agents18,19 or by using nitrate-based ceria precur-
sor.20 However, the fabrication of all-chemical YBCO
multilayered structure based on CeO2 cap layer remains
the largest challenge.

It is known that the properties of buffer layers can
dramatically affect the final properties of the YBCO
film. Most of the studies have focused on improving in-
plane texture of both YBCO and buffer layers; however,
to approach this issue it is also important to have a tight
control of the interface quality. It was recently demon-
strated that it requires a fine control of the surface
morphology of the cap layer,21–23 in particular, it is
necessary to consider the percentage of flat area beyond
the traditional root mean square (rms) roughness.24 This
parameter can be controlled by postannealing treat-
ments, processing atmosphere, temperature, or chemical
composition, depending on the nature of the oxide buff-
er.23,25 The next step to obtain high quality all-chemical
YBCO-CeO2-based multilayer is to fully understand the
influence of MOD-CeO2 surface quality on the micro-
structure and critical current densities of YBCO film.

The main goal of this work is to assess the role of the
surface flatness of MOD-CeO2 films on YBCO critical
current densities grown by two different routes: TFA and
pulsed laser deposition (PLD). In Sec. III. A we report a
systematic study of the influence of composition (doping
by Zr4+ or Gd3+), and processing atmosphere on the MOD-
CeO2 properties, focusing on the surface quality. Then, in
Sec. III. B we analyze the influence of the surface quality
of the doped CeO2 layers on the TFA- and PLD-YBCO
films microstructure and critical current densities. For
all-chemical multilayer structures we have proved that
highly crystalline and atomically flat CeO2 surfaces
(>70%) promote epitaxial TFA-YBCO films with critical
current densities above 4 MA/cm2. These optimal surfaces
can be achieved, both by the incorporation of dopants,
such as Gd3+ and Zr4+, or under oxidizing atmospheres.
For PLD-YBCO films grown on MOD-CeO2 cap layers,
a less restrictive situation has been observed where
good quality multilayers can already be achieved on
CeO2 films with a flatness of about 30%.

II. EXPERIMENTAL DETAILS

Precursor solutions were prepared by dissolution
of stoichiometric amounts of gadolinium acetylaceto-
nate [Gd(CH3COCHCOCH3)3, 99.9% from Aldrich,
Milwaukee, WI] or zirconium acetylacetonate [Zr
(CH3COCHCOCH3)3] (Aldrich), in 1 mL of propionic
acid (Aldrich) and 1 mL of anhydrous isopropanol
(Aldrich). The solution was stirred and heated to 40 �C
for 20 min, followed by the incorporation of cerium (III)
acetylacetonate hydrate [Ce(CH3COCHCOCH3)3 � H2O,
99.9%, Alfa Aesar, Ward Hill, MA], and then stirred for

another 20 min at 60 �C obtaining a yellow and transparent
solution. Ten percent of dopant concentration was used
throughout this work and the total metal ion concentration
was adjusted to 0.25 M. The final precursor solution was
kept in sealed vials for several months. The solution life-
time was controlled by measuring its viscosity at room
temperature (3 MPas) using a rheometer.

CeO2 films were grown by depositing 15 mL of
the precursor solution onto 5 mm � 5 mm (001)-cut
Y-stabilized ZrO2 (YSZ) single-crystal substrates, previ-
ously cleaned for 10 min in acetone and 10 min in
methanol using an ultrasonic bath. Deposition was per-
formed with a rotation speed of 6000 rpm, rotation time
of 2 min, and an acceleration of 3000 rpm s�1. After
spin-coating, samples were heated in a tubular furnace
at 1500 �C/h up to 700–900 �C, then held for 8 h to
allow completion on the epitaxial transformation of the
precursor, and finally cooled to room temperature. Film
growth was carried out under Ar/5%H2 or O2 atmos-
phere. These deposition and growth conditions yielded
films with a final thickness of �30 nm.

The preparation of YBCO films were carried out by
two different techniques. With the first technique,
YBCO films were prepared from an anhydrous trifluor-
oacetate solution, details about this preparation can
be found elsewhere.26 The concentration of TFA solu-
tions used in this work was 1.5 M and the film thick-
nesses investigated were in the range 200–250 nm. The
pyrolysis process that followed after the solution deposi-
tion process was performed with a fast thermal profile
lasting for 2 h, which has been described in detail in
Ref. 27. After pyrolysis, a high temperature annealing
was performed at 750 �C under a wet nitrogen atmos-
phere with PH2O = 40 mbar and PO2 = 0.2 mbar for 3 h.
Finally, a standard oxygenation process was performed
at 450 �C for 3 h. All these parameters have been opti-
mized for the growth on MOD-CeO2 cap layer based on
a previously reported study of TFA-YBCO growth on
single-crystal substrate.28

With the second technique, high quality 300-nm-thick
YBCO films were prepared by PLD in standard geome-
try using a KrF-excimer (Lambda Physik LPX305i,
Göttingen, Germany) laser running at 5 Hz with a depo-
sition rate of about 1 Å/pulse. The deposition was car-
ried out in an oxygen atmosphere, PO2 = 0.3 mbar with a
substrate temperature of 810 �C. After deposition the
samples were cooled in 400 mbar O2.

29

Structural properties and surface morphology of the
films were investigated by Rutherford backscattering/
channeling (RBS/C), x-ray diffraction (XRD), reflection
high-energy electron diffraction (RHEED), and atomic
force microscopy (AFM). RBS/C measurements30 were
performed to determine the crystal quality and degree
of epitaxy of CeO2 layers using a 2 MeV He+ beam.
The backscattered particles were detected at 165� with
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respect to the beam direction. AFM images were meas-
ured in tapping mode. The images were processed with
the software package WSxM from Nanotec Electronica
S.L. (http://www.nanotec.es)31 and PicoScan Version
5.3.3 Molecular Imaging. XRD measurements were car-
ried out using Bruker-AXS GADDS (Berlin, Germany).
This system is equipped with a two-dimensional (2D)
XRD detector and allows the examination of a wide
range of reciprocal space and allows us to easily infer
the coexistence of textured and randomly oriented crys-
tallographic phases. A wide range of materials, including
thin films and powder, have successfully been analyzed
by this instrument.32,33 RHEED patterns were obtained
with a Staib Instruments system (Germany) using an
electron beam of 30 kV, a beam current of about 50 mA,
and an incidence angle of less than 2� with respect to the
substrate surface. The incidence directions were parallel
to the h100i of the YSZ. The microstructure and local
chemical composition of the samples were characterized
by cross-sectional low magnification and high-resolution
transmission electron microscopy (TEM and HRTEM)
using a JEOL 2010 FEG electron microscope (Tokyo,
Japan) operated at 200 kV (point-to-point resolution 0.19
nm) equipped with a Gatan Image Filter 2000 EELS
spectrometer with an energy resolution of 0.8 eV. Thin
foils for TEM observation were prepared by the conven-
tional cutting, gluing, and grinding procedures, followed
by a final milling step with Ar ions down to perforation.

Critical current density (Jc) of our YBCO films was
measured with a Quantum Design SQUID magnetometer
(San Diego, CA) provided with a 5.5 T and 7 T super-
conducting coils. The Jc was determined inductively
from hysteretic magnetization measurements based on
the critical state model as applied to thin films.34

III. RESULTS AND DISCUSSION

A. MOD-CeO2 films

We describe four CeO2 films with different surface
morphology purposely modified: pure CeO2, Gd-doped
CeO2 (noted CGO), Zr-doped CeO2 (noted CZO) all of
them grown under reducing atmospheres, and Zr-doped
CeO2 film grown under oxygen atmosphere (noted CZO
O2). All of these samples were prepared using the same
deposition parameters and heating profile.

RBS in random and channeling geometries were per-
formed to quantitatively measure the crystal perfection
of these sets of samples. When a sample is channeled,
the rows of atoms in the lattice are aligned parallel to the
incident He ion beam. When imperfections or impurities
in the lattice exist, backscattering signal will increase.
By measuring the reduction in the backscattering signal
when a sample is aligned along a preferred direction
from a nonaligned sample it is possible to quantitatively

measure the crystal perfection of a sample. The ratio
between the yield for aligned and random directions is
named wmin. In our experimental conditions, the wmin for
YSZ single-crystal substrate aligned along the h100i axis
is �7%.
RBS random and the h100i channeled spectra for YSZ

single crystal (reference spectrum) and CeO2, CGO,
CZO, and CZO O2 samples are shown in Figs. 1(a)–1(e),
respectively. Arrows indicate the energetic positions
for backscattering from Zr(Y) and Ce(Gd) atoms at
the surface. Note that mass resolution is not enough to
separate the Zr–Y and Ce–Gd signals. The wmin for Ce
atoms leads to 46% for the pure film, 24% and 22% for
CGO and CZO films, respectively, and in the case of
CZO O2 wmin was 12%. Accordingly, CeO2 crystalline
quality appears to improve with the incorporation of
a dopant obtaining better crystallinity in oxygen atmos-
phere.
Figures 2(a)–2(d) show a series of 2 mm � 2 mm AFM

topographic images for each CeO2 sample. First,
undoped CeO2 film [Fig. 2(a)] presented a surface mor-
phology dictated by rounded grains. By the incorpora-
tion of dopant agents, Zr4+ or Gd3+, round-shaped
grains transform into terraces, and are larger in the case
of trivalent cation [Figs. 2(b) and 2(c), respectively].
Finally, oxygen atmosphere further enhances the devel-
opment of large terraces [Fig. 2(d)]. This morphological
evolution is better appreciated if we carefully inspect the
typical height profiles presented below the topographic
images in Fig. 2. It is easily seen that modified CeO2

films display flat terraces with sizes ranging from
100 nm in the case of CZO under reducing conditions
to 400 nm for the sample processed under oxygen atmos-
phere. Surface roughness has also been calculated for
each film using the typical statistical parameter rms
(pure CeO2 is 3.2 nm, CZO is 4.1 nm, CGO is 4.3 nm,
and CZO O2 is 1.5 nm). However, the surface quality of
CSD multilayers cannot be simply described by this
statistical parameter, as we will show later, it is required
to characterize strictly the local quality of the buffer
layer surface morphology, i.e., the atomically flat area.
Thus, we propose a new type of analysis that estimates
the percentage of atomically flat surface.24 Our analysis
shows that we can use the value of 1.5 nm as threshold
value for flat area (3 unit cells of CeO2) and then apply a
binary operator to the AFM topographic images. This
operator computes the area comprised within this height
window resulting the binary images shown in the bottom
of Figs. 2(a)–2(d) where the blue area corresponds to
atomically flat grains. The proposed image analysis
allows us to determine the percentage of atomically flat
area for this series of CeO2 samples, indicated in the
corresponding figures. It is observed that the flat area
increases from �18% (pure CeO2 film) to 30% (CZO),
71% (CGO), and 93% (CZO O2). This type of surface
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analysis has been successfully carried out in other oxide
buffer layers, i.e., La0.7Sr0.3MnO3 solution derived
buffer layers22 and CeO2 PVD layers.35 Hence, it has
proved useful to evaluate surface quality for multilayer
growth.

Moreover, RHEED images were recorded in the
h001i substrate direction for all samples to obtain an
average measure of surface disorder (Fig. 3). Undoped
CeO2 film [Fig. 3(a)] shows diffraction rings in the
RHEED pattern revealing a randomly oriented crystal-
line surface as a result of grain growth inhibition mech-
anism induced by C trapped at grain boundaries.17 An
important result, in view of the application of such
films as buffer layers, is that the surface disorder is
suppressed by the incorporation of dopant agents (Zr4+

and Gd3+) or using oxidizing atmospheres, as indicated
by the ordered array of spots appearing in the RHEED
pattern [Figs. 3(b)–3(d), respectively] and in good
agreement with RBS/C results (Fig. 1). From these
(001) textured films we can also detect an evolution
from spotty to streaklike RHEED diffraction patterns
reflecting an evolution from three-dimensional (3D) to
2D surface morphology in good agreement with our
AFM analysis. Therefore, transformation of partially
textured CeO2 film into an epitaxial one can be
achieved under oxygen atmosphere, as previously sug-
gested by Cavallaro et al.17 in pure CeO2 samples or
even under Ar/H2 atmosphere by the incorporation
of dopant agents.18 It is noteworthy that the former
conditions lead to a feasible cap layer for stainless
steel-based coated conductors,13 whereas the latter con-
ditions are considered to have high potential for coated
conductor development from the view point of prevent-
ing Ni substrate oxidation.

Further texture assessment was carried out by XRD
pole figure analysis (see Fig. 4). The (220) CeO2 reflec-
tion was selected because it provides a clear separation
from the YSZ peaks and gives a high intensity. From the
pole figure of pure CeO2 film [Fig. 4(a)], it can be
scarcely detected there are four poles located at w = 45�,
among a randomly oriented matrix. On the other hand, a
typical pole figure of doped samples is shown in Fig.
4(b). It proves that grains develop a biaxial texture with
a highly developed in-plane alignment, in agreement
with RBS and RHEED measurements. The full width
half-maximum (FWHM) of the (220) f-scan for these
textured films is relatively constant at 1.2 � 0.1�.

Thus, a clear scenario appears from our buffer layer
morphological and structural analysis: Atomically flat
and textured (001) ceria surfaces have been obtained.
Theoretically, the CeO2 (001) surface is unstable due to
the polar nature of the fluorite crystal structure with
alternating planes of oxygen and cerium ions.36 Based
on energetic criteria, the relative stability of the sur-
faces of CeO2 is in the order (111) > (110) > (100).37

FIG. 1. Channeling and random RBS spectra along the h001i axis

of the sample (a) YSZ single crystal, (b) CeO2/YSZ, (c) CGO/YSZ,

(d) CZO/YSZ, and (e) CZO (O2)/YSZ. (color online)
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A mechanism to stabilize a polar surface is by the reduc-
tion of surface charge. It might occur in several ways,
including geometric reconstructions that force cations
and anions to be in the same surface plane, an increase
of oxygen vacancies, or possibly the exchange of oxygen
at the surface. Gd3+- and Zr4+-doped CeO2 samples are
recognized as a reference formula for its high oxygen
mobility because of the oxygen vacancies introduced
for charge compensation.38,39 Accordingly, it is not
surprising that the incorporation of such dopants
would be favorable to stabilize (001) surface. How-
ever, large and atomically flat terraces developed in

oxygen processed films are attributed to different
mechanism like some kind of surface reconstruction,
which is now under study. In fact, the mechanism to
stabilize the polar (001) CeO2 surface is not yet fully
established among experimentalists and more studies
are needed.17,40

We note that simultaneously with the work reported
in this article, we have carried out a detailed study focus-
ing on the role of Zr4+ and Gd3+ on CeO2 mobility.19 We
detected that both dopants increase mobility in MOD-
CeO2 lattice favoring the elimination of carbon impuri-
ties. As a result, CeO2 films show a higher degree of

FIG. 2. AFM analysis (topographic images with the corresponding profile scan and binary image below) of (a) undoped CeO2 in Ar/H2, (b) CZO

in Ar/H2, (c) CGO in Ar/H2, and (d) CZO in oxygen grown on YSZ at 900 �C for 8 h. The cross section is taken along the line in the AFM

topographic image. (color online)

FIG. 3. RHEED pattern for a CeO2-based cap layer on YSZ single crystal along the h100i of the substrate, (a) undoped CeO2 grown in Ar/H2

atmosphere, (b) CZO grown in Ar/H2 atmosphere, (c) CGO grown in Ar/H2 atmosphere, and (d) CZO in oxygen atmosphere.
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epitaxy and a higher percentage of atomically flat
area. However, it seems that a different mechanism is
followed in each case. In the case of Gd–CeO2, the
increase of mobility is related to oxygen vacancies for-
mation by charge compensation,41 whereas for Zr-doped

CeO2 films, the key parameter appears to be the small
ionic radius of Zr4+.42,43

These differences in the surface quality of MOD-
CeO2 films have severe implications for the subsequent
YBCO growth. To study how the CeO2 surface

FIG. 4. XRD pole figure of (220) plane from (a) CeO2 grown in Ar/H2 atmosphere and (b) doped CeO2 film grown on YSZ single-crystal

substrate. Black circles in (a) show the four poles.

FIG. 5. XRD patterns of YBCO/CeO2/YSZ multilayer films: y–2y Bragg–Brentano geometry where the Bragg peaks of the different phases are

indicated. The x axis corresponds to 2y and the rings correspond to w, which varies with constant 2y. (a) TFA-YBCO on MOD-CeO2 films,

(b) PLD-YBCO onMOD-CeO2 films, (c) TFA-YBCO on MOD doped-CeO2 films, and (d) PLD-YBCO onMOD doped-CeO2 films. (color online)

M. Coll et al.: All chemical YBa2Cu3O7 superconducting multilayers: Critical role of CeO2 cap layer flatness

J. Mater. Res., Vol. 24, No. 4, Apr 2009 1451

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 18 Apr 2013 IP address: 161.111.180.191

morphology influences growth, YBCO films were grown
on the as-described samples by two different routes:
PLD and metalorganic decomposition using trifluoro-
acetates as precursors (TFA-MOD).

B. YBCO films on MOD-CeO2-based cap layers

The 200-nm TFA-YBCO and 300-nm PLD-YBCO
layers were systematically grown on top of undoped and

modified CeO2 samples. The epitaxial quality and phase
purity of YBCO films were examined by XRD analysis.
We anticipated that no significant differences were ob-
served in y�2y XRD diagrams for YBCO film on mod-
ified CeO2 cap layers; therefore, for simplicity we
compared y�2y XRD patterns of YBCO films grown on
a pure CeO2 cap layer with a representative y�2y XRD
pattern of YBCO film on modified CeO2 (see Fig. 5).
As a first step, we considered TFA and PLD layers on

pure CeO2 films shown in Figs. 5(a) and 5(b), respective-
ly. Main peaks detected in these scans are (00l) from
YBCO, (h00) from CeO2, and (h00) from YSZ. We also
identified (110) and (200) reflections from BaCeO3 pseu-
docubic phase, which were also identified by TEM anal-
ysis. It is very important to emphasize that YBCO
intensities are distributed in two contributions: discrete
spots and ring structure suggesting a coexistence of epi-
taxial and randomly oriented phases, whereas intensities
of CeO2 and BaCeO3 are distributed in a single ring
structure indicating randomly oriented phases. Note that
BaCeO3 Bragg line reflections are slightly shifted from
its reported 2y values, this is because the incorporation of
Gd3+ (Gd:BaCeO3) modifies the lattice parameter. By
contrast, YBCO on modified CeO2 films reveals isolated
spots indicating a strong c-axis normal preferred orienta-
tion [TFA-YBCO in Fig. 5(c) and PLD-YBCO in Fig.
5(d)]. PLD-YBCO sample BaCeO3 is detected as two
discrete (110) peaks with only one orientation indicating
that this perovskite structure, which has a high lattice
misfit with YSZ, probably adopts a domain structure
with25 axes slightly deviating from perpendicularity re-
spect to the substrate. These complex domain structures
have been previously observed; for instance, in YBCO
grown on YSZ when BaZrO3 is formed as an intermedi-
ate reaction phase at the interface.44 Interfacial reaction
between YBCO and CeO2 forming BaCeO3 was previ-
ously reported by several groups.45,46 We would like to
note that from TEM analysis of all-chemical deposited
films, i.e., TFA-YBCO/CGO/YSZ, we identified isolated
areas where only YBCO and BaCeO3 phases were ob-
served (see Fig. 6). Figure 6(a) shows a cross-sectional
HRTEM image viewed along the h110i YBCO direction.
Well-textured YBCO film has been formed coinciding
with the results observed in XRD data (Fig. 5). In addi-
tion, in this HRTEM image we can clearly observe that
Gd:BaCeO3 covers nearly the entire YSZ surface (�30
nm thick), and the interface between YBCO and the film
underneath is flat and free of precipitates or other reac-
tion. These observations confirm the reaction between
YBCO and CeO2. Figure 6(b) shows a selected-area dif-
fraction (SAD) pattern along the h110i YBCO direction
taken in the vicinity of the interface of YBCO/BaCeO3 of
Fig. 6(a). The epitaxial relation between YBCO and
BaCeO3 is (1–10)BaCeO3//(00l)YBCO and [110]
BaCeO3//[110]YBCO. The SAD pattern shows the

FIG. 6. (a) HRTEM image viewed along the h110i direction showing

YBCO-BaCeO3 interface. (b) SAD pattern showing the discrepancy

of lattice parameters between YBCO and BaCeO3.
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substantial mismatch (E = 14%) between both layers,
although YBCO film does not present distortion for
BaCeO3 formation. According to recent results
concerning TFA-YBCO growth on substrates with differ-
ent lattice misfits,47 such large lattice mismatch between
YBCO and BaCeO3 leads to interfaces with high energies
that would end in large YBCO dewetted areas. The non-
observance of any surface instability in our case rein-
forces a scenario where BaCeO3 nucleates and grow
after the epitaxial YBCO layers have already grown.45,46

Table I summarizes in-plane (f-scan) and out-of-plane
(o-scan) texture determined for YBCO layers through
(103) and (005) YBCO reflections, respectively. Better
crystalline perfection for YBCO on modified CeO2

samples is demonstrated by Do and Df values (Do
�0.3� and Df �1.2� for PLD films and Do < 1.5� and
Df < 2.1� for TFA films). These results correlate well
with RHEED and RBS observations of CeO2 films. Cer-
tainly, a highly biaxially textured YBCO film is obtained
from highly crystalline-derived CeO2 buffer layers.
However, exploration of Jc values will show that analysis
of surface morphology buffer layer, in terms of atomi-
cally flat area, ultimately dictates YBCO film quality.

Figure 7(a) shows the dependence of Jc values for all
TFA-YBCO films on the percentage of atomically flat
ceria-based buffer. We observe a gradual increase in Jc
values from 0–70% of flat area, beyond that value Jc
saturates carrying nearly 4 MAcm�2 at 77K and self-
field being the highest Jc value reported to date for
all chemical deposited YBCO/CeO2/YSZ multilayer
systems. By contrast, PLD-YBCO films show a sharp
increase in Jc values from 18–30% of ceria flat area and
then, the Jc value achieves a constant value �3.3
MAcm�2 [see Fig. 7(b)]. Thus, these results confirm the
significance of the control of the MOD-CeO2 film flat-
ness besides its epitaxial texture to obtain excellent
TFA-YBCO film, and also suggest that CSD growth has
some features that require an adequate process control. It
is well known that nucleation of TFA-YBCO takes place
exclusively at the interface with the substrate within a
precursor,48,49 showing anomalous large distances
between nuclei.50,51 During the growth process, these
YBCO islands advance faster laterally and coalesce well
before the nanocrystalline precursor is consumed. Our
results suggest therefore that the atomically flat area of
the cap layers behave as preferential nucleation centers,

i.e., they can have a catalytic effect on YBCO nucleation
and growth, and when this area approaches �70% TFA-
YBCO films can grow preserving a highly epitaxial
structure and avoid the formation of impurity phase at
the grain boundaries.52 If CeO2 is rough with rounded
grains, the density of nucleation centers is reduced and
lateral growth of YBCO island is somehow hindered.
Nonreacted nanocrystalline precursor may become

FIG. 7. Evolution of the critical current density at 77 K of (a) TFA-

YBCO films and (b) PLD-YBCO films as a function of the percentage

of ceria flatness. Line is a guide to the eyes.

TABLE I. Summary of YBCO film texture measurements grown by PLD and TFA on MOD-ceria-based cap layer.

TFA- YBCO PLD- YBCO

Cap layer Growth atmosphere % atomically flat area Do(005) (�) �0.2 Df(103) (�) �0.2 Do(005) (�) �0.2 Df(103) (�) �0.2

CeO2 Ar/H2 18 >5 . . . >5 . . .
CZO Ar/H2 30 1.5 2.1 0.3 1.2

CGO Ar/H2 71 0.5 1.2 0.3 1.2

CZO O2 83 0.5 1.2 0.3 1.2
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trapped at the grain boundaries or YBCO misoriented
grains are formed, thus degrading in both cases the ob-
served Jc values. In the case of PLD-YBCO films, how-
ever, a slightly decreased influence on the cap layer
flatness seems to occur and with CeO2 cap layers
having �30% of atomic planarity the YBCO film
already preserves a high epitaxial quality. The different
influence of CeO2 with PLD and TFA-YBCO films may
be attributed to different YBCO nucleation rates, but a
more detailed analysis would be required to clear up this
point.

IV. CONCLUSIONS

We have described an important advance in proces-
sing YBCO films on MOD- modified CeO2 cap layers
focusing on the interface quality between these layers.
Critical current densities above 3 MAcm�2 can be rou-
tinely achieved in both PLD and TFA-YBCO films de-
posited on MOD-CeO2 cap layers.

We have shown that playing with dopant agents and
processing atmosphere we can tune the quality of MOD-
CeO2 film. A fraction of polycrystalline ceria can be
reduced to low values, especially for films grown under
oxidizing atmosphere. In addition, this microstructural
evolution goes along with an increase of the percentage
of flatness stabilizing (001) ceria surface (>70% flatness
versus 18%). These changes have been attributed to an
increase of atom mobility, which enhances the epitaxial
grain growth nucleated at the substrate interface. We
proved that these changes in CeO2 cap layer have direct
implication in the growth and properties of TFA and
PLD YBCO films. For the case of TFA-YBCO films,
we have demonstrated that high crystalline CeO2 film
with an atomically flat (001) terraced surface are essen-
tial to obtain highly epitaxial YBCO films with high Jc
values: 4 MAcm�2 at 77 K. Additionally, we identified
the formation of Gd:BaCeO3 phase as an interfacial
product. Fully relaxed YBCO films and large lattice
mismatch between YBCO/BaCeO3 (E �14%) suggest
interfacial reaction takes place after YBCO nucleation.

PLD-YBCO films revealed a less restrictive situation.
Highly crystalline ceria with 30% of flat terraced surface
is enough to obtain high quality YBCO films with Jc
values around 3 MAcm�2 at 77 K. This is probably
because the nucleation rate of YBCO is enhanced by a
greater planarity of CeO2. The different observed behav-
ior of PLD and TFA YBCO films on MOD-CeO2 cap
layers can probably be attributed to a differing nucle-
ation rate at the CeO2 interface.

These are very important results because from this
study emerged two potential cap layers to be transferred
on metallic substrate: CGO grown in reducing
atmosphere for Ni-RABiTs and oxygen processed ceria
to IBAD-stainless steel.
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CT2005-516858). J. Gàzquez, M. Coll, and A. Pomar are
grateful to Spanish Ministery of Educacion y Ciencia
(MEC) for financial support through Formacion de
Personal Investigador (FPI), Formacion de Profesorado
Universitario (FPU), and “Ramón y Cajal” programs.

REFERENCES

1. D.C. Larbalestier, A. Gurevich, D.M. Feldmann, and

A. Polyanskii: High-Tc superconducting materials for electric

power applications. Nature 414, 368 (2001).

2. M. Paranthaman and T. Izumi: High-performance YBCO-coated

superconductor wires. MRS Bull. 29(8), 533 (2004).

3. A. Usoskin and H.C. Freyhardt: YBCO-coated conductors manufac-

tured by high-rate pulsed laser deposition.MRS Bull. 29, 583 (2004).
4. P.N. Arendt and S.R. Foltyn: Biaxially textured IBAD-MgO tem-

plates for YBCO-coated conductors. MRS Bull. 29, 543 (2004).

5. Y. Iijima, K. Kakimoto, Y. Yamada, T. Izumi, T. Saitoh, and

Y. Shiohara: Research and development of biaxially textured

IBAD-GZO templates for coated superconductors. MRS Bull. 29,
564 (2004).

6. X. Obradors, T. Puig, A. Pomar, F. Sandiumenge, N. Mestres,

M. Coll, A. Cavallaro, N. Roma, J. Gazquez, J.C. Gonzalez,

O. Castano, J. Gutierrez, A. Palau, K. Zalamova, S. Morlens,

A. Hassini, M. Gibert, S. Ricart, J.M. Moreto, S. Piñol, D. Isfort,
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27. K. Zalamova, N. Romà, A. Pomar, S. Morlens, T. Puig, J. Gázquez,

A.E. Carrillo, F. Sandiumenge, S. Ricart, N. Mestres, and

X. Obradors: Smooth stress relief of trifluoroacetate metal-organic

solutions for YBa2Cu3O7 film growth.Chem.Mater. 18, 5897 (2006).
28. T. Puig, J.C. Gonzalez, A. Pomar, N. Mestres, O. Castano,

M. Coll, J. Gazquez, F. Sandiumenge, S. Piñol, and X. Obradors:
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