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YBa2Cu3Oy (YBCO) films produced by the ex situ conversion of BaF2-based
precursors deposited by physical vapor deposition on ion-beam assisted deposited
(IBAD) yttrium-stabilized zirconia (YSZ) and rolling-assisted biaxially textured
substrates (RABiTS) templates are characterized by a bi-axially aligned, laminar grain
structure that results from the anisotropic growth characteristics of the YBCO phase
and its precipitation from a transient liquid phase during the conversion process. A
bimodal microstructure characterizes these films and is defined by large, well-formed
YBCO grains with Y2O3 precipitates in the bottom region of the film and small YBCO
grains with a high density of stacking faults in the upper half. Ba2Cu3Oy or
Ba–O–F/CuO second phase layers were often found between large YBCO grains in the
bottom half of the films. YBCO grain sizes exceeded 50 �m within the plane of the
film in some cases. Conversely, discrete secondary phases of Y2Cu2O5, Y2O3, and
Ba2Cu3Oy/Ba–O–F could be found among the much smaller YBCO grains in the top
portion of the bimodal structure. The dividing line of the bimodal structure was
generally at one half of the film thickness, although exceptions to this trend were
found. The highest critical current densities (Jc) and best film alignments for a given
film thickness were found in samples where the layers of Ba2Cu3Oy or Ba–O–F were
minimized or eliminated from the films. Samples quenched after partial conversion
show the segregation of CuO to the top region of the film and the lateral growth of
large YBCO grains from a precursor mix of Y2Cu2O5 and Ba–O–F. The data
demonstrate that transient liquid phases are part of the conversion process of
BaF2-based YBCO films. The control of both CuO segregation and the amount of
liquid phases generated during the initial stages of phase formation is needed for
optimizing the ex situ conversion process for high-Jc coated conductors.

I. INTRODUCTION
Two key areas for commercial development of coated

conductors are the production of suitable long-length,
textured templates and the development of high-rate,
high-quality epitaxial deposition processes for buffer and
YBa2Cu3Oy (YBCO) layers.1 YBCO-coated conductors
are based on the epitaxial deposition of buffer layers and
YBCO onto bi-axially textured templates.2–10 The manu-
facture of the composite is an aggregate process built on
the layering of functional metal or metal oxide layers

onto the textured substrate; the superconducting YBCO
film is but one of the layers in the composite. The YBCO
film is typically the thickest of the oxide layers. Because
of the constraints imposed by even low-angle YBCO
misorientations,11–13 the polycrystalline YBCO films
need single-crystal-like properties with respect to their
textures and grain-to-grain connectivity.

Coating technologies for large-scale production of
YBCO-coated conductors will require processes with
high rates of deposition and large deposition areas. The
number of suitable processes for YBCO deposition is
further limited by the requirement of high critical cur-
rents (Ic) in excess of 200–300 A/(cm width) of conduc-
tor. This level of Ic performance is currently available in
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production (Bi,Pb)2Sr2Ca2Cu3Oy (Bi-2223) powder-in-
tube tapes, which YBCO-coated conductors are expected
to replace.14 This Ic performance level will most likely be
obtained only through thick films (�1 �m) of YBCO
where the critical current density (Jc) of the YBCO films
is in excess of 1 MA/cm2 at liquid-nitrogen temperatures
and self-field. Examples of some processes that can meet
these requirements are ex situ conversion of YBCO pre-
cursors,15–23 metalorganic chemical vapor deposition
(MOCVD),24,25 and physical vapor deposition (PVD)
from mixed oxide targets or elemental sources in a suit-
able oxidizing vacuum environment.26–31

The ex situ conversion of BaF2-based YBa2Cu3Oy pre-
cursors is an economically attractive process for adding
the superconducting layer to a coated conductor sub-
strate. Understanding the phase conversion process and
final microstructural assemblage is crucial to maximizing
the superconducting properties. The deposition of the
BaF2-based precursors can be carried out by one of two
methods. The first process, as first described by Mank-
iewich et al., is the physical vapor deposition (PVD) of Y
metal, BaF2, and Cu metal onto a suitably buffered tem-
plate and is referred to as the PVD-BaF2 process.32 PVD-
BaF2 processes are of interest because one can easily
fabricate YBCO films up to 5 �m or more in thickness.
The related method first demonstrated by Gupta et al. is
based on the metalorganic deposition (MOD) of trifluo-
roactetate precursors and is referred to as the MOD-BaF2

process.15 Both processes have the capacity for produc-
ing high critical current density (Jc) YBCO films at high
conversion rates.9,19–21,23,33 The conversion processes
for the MOD-BaF2 and PVD-BaF2 precursor films share
many key features after the pyrolysis step that converts
the MOD-BaF2 TFA-based precursors into the mixed
metal oxyfluorides.15,34 Areas of particular interest in the
processing of BaF2-based YBCO films are nucleation
and growth16,18,35,36 in the presence of transient liquid
phases,16,18,35 rate limiting mechanisms,37,38 oxygen par-
tial pressures during processing,16,17 through thickness Jc

uniformity,39 and residual porosity in ex situ films.34,40

This paper focuses on the microstructural development
in thick YBCO films made by ex situ conversion of
PVD-BaF2 precursors. An effort is made to characterize
the typical features of these high-Jc films, correlate the
presence of a transient liquid phase to the microstructural
development and properties of the YBCO films, and cor-
relate film structure with transport properties with the
goal of identifying key current limiting microstructures.

II. EXPERIMENTAL

The samples examined in this study consisted of
coated conductors with YBCO films made by the physi-
cal vapor deposition of metal and fluoride precursors
(PVD-BaF2) onto a suitable template followed by an ex

situ conversion process.17 The YBCO precursors, Y
metal, BaF2, and Cu metal, were deposited by electron
beam evaporation in a vacuum system. The films were
subsequently removed and placed in a furnace operated
at atmospheric pressures for the conversion heat treat-
ment. The samples were processed using a two-step an-
neal consisting of a nucleation step at 750 °C with re-
duced water supply [p(H2O) < 1 Torr], followed by a
“growth” step at 780 °C with p(H2O) ≈ 3 to 4 Torr.
During the nucleation step, an epitaxially aligned layer of
YBCO is believed to form along the interface with the
buffer layer. Insertion of the reduced water supply nu-
cleation step to enhance c-axis growth is similar to that
described by Smith et al.19 for thick MOD-derived films.
The average growth rate of the YBCO over the nuclea-
tion and growth steps combined is about 1 Å/s. The oxy-
gen partial pressure throughout the entire conversion
process was kept at 0.2 Torr. Further details of the proc-
essing are described elsewhere.41 Typical sample dimen-
sions were 1.5 × 0.5 cm. Most of the PVD-BaF2 films
were deposited on NiW rolling-assisted biaxially tex-
tured substrates (RABiTS). For comparison, a few PVD-
BaF2 films were made on ion-beam-assisted deposition
(IBAD) yttria-stabilized zirconia (YSZ) templates on
polycrystalline Hastelloy substrates. The RABiTS-based
coated conductors had a typical architecture of YBCO/
CeO2 (15 nm)/YSZ (150 nm)/Y2O3 (20 nm)/Ni (1500
nm)/RABiTS NiW(3 at.%). The IBAD YSZ-based com-
posites had an architecture of YBCO/CeO2/IBAD YSZ/
Hastelloy. Additional details of the processing of
RABiTS templates and IBAD YSZ templates can be
found in the literature.7,42 For brevity, samples referred
to as RABiTS or IBAD YSZ samples in the text will be
understood to include the textured template plus the
buffer or YBCO layers described above, respectively.

Because the samples are cut either perpendicular or
parallel to the long axis of the metal composite tapes, the
YBCO films in the cross sections are always viewed
along a {100}-type direction. This is not immediately
clear as one or more 45° rotations are often produced
during epitaxial oxide deposition on the starting metal
tapes. Figure 1 shows schematics of the cross sections
and in-plane alignments and rotations of the differing
layers in the composites. The RABiTS template is tex-
tured with the Ni 〈100〉 aligned with the rolling direction
or long axis of the tape.7 The metaloxide epitaxy of the
Y2O3 seed layer results in a 45° in-plane rotation for the
Y2O3 〈100〉.43 The YSZ and CeO2 layers added to the
composite repeat the orientation of the Y2O3. During the
processing of an IBAD YSZ tape, the YSZ oxide layer
aligns with the 〈100 〉 direction rotated 45° from the long
axis of the polycrystalline Ni-alloy tape.42 The CeO2 cap
aligns cube-on-cube with the IBAD YSZ layer. At this
point, the orientations of the CeO2 layers on the RABiTS
and IBAD YSZ samples are equivalent with respect to
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the rolling directions of the tapes. The deposition of the
YBCO on the CeO2 cap layers results in one more 45°
rotation and aligns the YBCO 〈100〉 with the long axes of
the tapes.

Cross-sectional and plan-view scanning, transmission,
and scanning transmission electron microscopy (SEM,
TEM, and STEM) were used to obtain multiple views of
the BaF2-based YBCO films on RABiTS and IBAD YSZ
templates. Multiple methods were used to prepare speci-
mens for SEM, TEM, and STEM. With the conventional
cross-sectional method, samples were cut and glued be-
tween two pieces of silicon. The samples were then

mounted in 3-mm non-magnetic stainless steel tubes,
sliced, dimple-polished, and then ion-milled to electron
transparency. Samples were prepared for plan-view TEM
by cutting 3-mm disks from the conductors, thinning the
disks down to 40 �m from the backside, dimple-
polishing the backside, and then ion-milling to electron
transparency. In a few cases, TEM specimens were pre-
pared with the use of a focused ion beam (FIB). A slice
of approximate dimensions 20 × 7 × 1 �m was cut with
the FIB from a sample, welded to a Cu grid in situ, and
then thinned and polished to electron transparency with
the ion beam.

Phase identification was performed by energy disper-
sive spectroscopy (EDS) and electron diffraction. In
some instances, quantitative analysis of secondary phases
was performed with the Cliff–Lorimer approach using
the Y-123 grains in the film as an internal standard.44

Fully processed coated conductors were additionally
characterized by x-ray diffraction for the in-plane and
out-of-plane alignments and measurement of the transi-
tion temperature (Tc) and critical current (Ic) at liquid-
nitrogen temperatures (77 K). Transport critical currents
were in most cases measured across the full width of the
samples at 0.3 T and are reported in A/cm width. Meas-
urement in field was undertaken to avoid sample burnout
that occurs with short samples and high currents, al-
though in a few cases, self-field measurements were
made. Critical current densities (Jc) at 77 K and self-field
on RABiTS were calculated by multiplying the 0.3T Jc

values by 3.2. The latter value was derived by determin-
ing the difference of the self-field and 0.3 T Jc values
from a set of 0.35-�m-thick YBCO films.

Characterization of the average in-plane and out-of-
plane alignment was accomplished by x-ray diffraction
(XRD) using a four-circle diffractometer and Cu K� ra-
diation. Rocking curves (� scans) and � scans were fit to
Gaussian lineshapes, for which the full widths at half
maximum (FWHM) are reported. Out-of-plane mosaic is
measured by YSZ(002) and YBCO(006) rocking curves.
Rocking curves are taken with the axis of rotation par-
allel first to the cross direction (which gives the narrower
mosaic spread for RABiTS substrates) and then to the
rolling direction; the average FWHM is reported. In-
plane mosaic is calculated from YSZ(111) and
YBCO(113) � scans. The contributions of the out-of-
plane mosaic to the � scan widths are removed, giving
the true in-plane mosaic as would be measured by �
scans of a (100) reflection.45

Orientation mapping of YBCO grains was performed
using electron backscatter diffraction (EBSD) in a field-
emission SEM at a 70° sample tilt. Data for two-
dimensional scans were taken on a hexagonal grid with a
step size of 1 �m. Data filtering was performed to reduce
incorrectly indexed points, but this filtering did not affect
grain size or shape.

FIG. 1. (a) Architectures viewed in cross-section of the RABiTS and
IBAD YSZ composites examined in this work and (b) the crystallo-
graphic orientations and indicated rotations viewed in plan view of the
individual buffer layers relative to the rolling directions of the sub-
strates. In both cases, the YBCO 〈100〉 is aligned parallel to the rolling
direction of the substrates. Note that the IBAD YSZ layer is rotated
45° to the rolling direction of the substrate due to the deposition
conditions needed to produce the textured film.
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III. RESULTS

The Jc values for a set of RABiTS samples with
YBCO film thicknesses out to 3 �m and a curve fit to
these data are shown in Fig. 2. The data follow a one over
square-root thickness dependence normalized by the av-
erage Jc of the 0.35-�m-thick films. This fit is repre-
sented by

Jc = A�sqrt�0.35�d � , (1)

where A is equal to 1.65 MA/cm2 and d is the thickness
of the YBCO film (in micrometers). Details of the fitting
and relationships to starting template texture will be re-
ported elsewhere.41 Several of the data points are high-
lighted with references to microstructural features in
some of the following figures. One data point from an
IBAD YSZ sample is included in this figure and is de-
noted by the filled diamond. Also shown in Fig. 2 is a
dashed line representing a minimum commercial perfor-
mance level suggested by American Superconductor
(Westborough, MA).46 It is defined as a coated conductor
having a current capacity of at least 300 A/cm width. The
dashed line represents the Jc level that would be needed
for a given thickness to obtain this level of performance.

Figure 3 contains SEM images of the general surface
features and specific defect structures found in PVD
BaF2 YBCO films on RABiTS templates. These same
features and defect structures were also found in IBAD
YSZ samples. The general, submicron porous micro-
structure of the surface of the BaF2-based films shown in
Figs. 3(a) and 3(b) is from a 1.4-�m-thick, 1.7 MA/cm2

YBCO film on a RABiTS template. This particular
sample is shown in Fig. 2 to be substantially above the
average Jc trend line. The porous surface structure is
endemic to all of the BaF2-based YBCO films. EDS

analysis in the SEM and TEM showed the surface grains
to be YBCO. The approximately 0.25-�m tabular or
mesa-like YBCO surface grain structure was nearly iden-
tical from sample to sample, regardless of the thickness
of the film or the template upon which it was deposited.
For the high Jc sample of Figs. 3(a) and 3(b), this was the
only structure observed on the surface of the sample.

Defects or deviations in the general surface structure
were found for most of the other samples examined in
this work. Variations in the apparent density of the sur-
face structure are illustrated by a 1.4-�m, 1.05 MA/cm2

YBCO RABiTS sample shown in Fig. 3(c). Likewise,
Fig. 3(d) shows a 1.2-�m, 0.87 MA/cm2 YBCO film on
RABiTS with two different types of needle-shaped de-
fects (A and B) that have intersected the film surface.
One of the broadly shaped, type-A defects of the latter
sample is illustrated in the micrograph of Fig. 3(e), which
was from a 0.82-�m, 1.19 MA/cm2 RABiTS sample. It
can be described as a stack of plates that has been pushed
over. A common feature of these broadly shaped defects
was their association with one or more secondary phases
(arrow) that were found by EDS to be Ba–Cu–O phases.
Figure 3(f) shows a higher magnification image of the
narrow, needle structures (type B) from the same 1.2-�m
RABiTS sample of Fig. 3(d). The latter needles were
identified as YBCO grains but as a rule were not a-axis-
oriented grains. Misorientation of the c axis of the
narrow-shaped YBCO grains relative to the film normal
have been measured by EBSD to range from approxi-
mately 20° up to and including 90° (a-axis oriented).
These structures will be shown in detail with cross-
sectional TEM below. The three samples illustrated in
Figs. 3(c)–3(f) are represented as solid circles in Fig. 2.
They fall near the Jc averages for films of these thick-
nesses. This is consistent with the fact that most of the
films that fell along or below the Jc curve fit had these
surface defects.

The density of the surface defects can be correlated
with Jc levels as demonstrated by the two 2.8-�m-thick
YBCO films shown in Figs. 4(a) and 4(b). The Jc values
at 77 K and self-field for each film were 0.52 and 0.26
MA/cm2, respectively, and are shown in Fig. 2. Correla-
tion with the XRD data of Table I shows that both of
these films had nearly the same out-of-plane misalign-
ment of 8° and 8.3° FWHM, respectively. However, the
sample with the higher density of needle-shaped defects
[Fig. 4(b)], had a very significant degradation of the in-
plane alignment (almost 5°) based on true � measure-
ments45 of the YBCO and underlying YSZ in-plane
misorientations.

The cross-sectional, SEM backscattered electron im-
ages in Figs. 5(a)–5(c) of three RABiTS samples of
thickness 2.0, 2.5, and 5.0 �m show variations in the
through thickness microstructure of these films. The cor-
responding Jc values at 77 K and self-field were 0.44,

FIG. 2. Plot of Jc versus thickness for the RABiTS samples examined
in this work. The Jc data are fit to a one over square root dependence
on film thickness normalized to the average Jc of 0.35-�m-thick films.
The dashed line represents the Jc values that are needed to obtain a
commercially viable Ic performance level of 300 A/cm width.
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0.75, and 0.31 MA/cm2, respectively. The first two
samples are represented in Fig. 2 by the filled triangles.
Figure 5(d) is a higher magnification image of Figure
5(c), which clearly shows the bimodal structure with an
arrow indicating a second phase layer. Submicron pre-
cipitates within the YBCO grains are present in the lower
half of the sample while the upper regions of the film
contain larger secondary phases and some porosity. As a
general rule, the division line for the bimodal structure
was typically one half of the film thickness. However,
deviations from this rule were found, as illustrated by the
2.5-�m-thick film of Fig. 5(b). The bottom region of the
bimodal structure was approximately one fourth of the
film thickness and the corresponding Jc value was nearly
twice as high as for the 2.0-�m-thick film shown in
Fig. 5(a).

Specific details of the bimodal structure can be found
in the TEM, STEM, and spectral images of Figs. 6 and 7.
Figures 6(a) and 6(b) are TEM images of the 2.5-�m
YBCO film on RABiTS [Fig. 5(b)] and a 2.9-�m YBCO
film on IBAD YSZ, respectively. Figure 7 contains
STEM, TEM, and spectral images that show in greater
detail the bimodal microstructure of the 2.5-�m-thick
YBCO film on RABiTS. The bimodal structure consists
of two very distinct regions. The bottom layer of the
structure is composed of large, well-formed YBCO
grains with many Y2O3 precipitates and only a few pla-
nar defects while the upper region consists of small
YBCO grains containing a few precipitates, a higher
number of planar defects, and discrete secondary phases
such as Y2O3, Y2Cu2O5, Ba2Cu3Oy, BaCu2Oy, and/or
Ba–O–F. The structure and distribution of phases are

FIG. 3. SEM images of film surfaces from several RABiTS samples. Images (a) and (b) are from a 1.4-�m YBCO film that had a Jc of
1.7 MA/cm2, a uniform surface morphology, and a Jc value that lies significantly above the fit line of Fig. 2. In other cases, deviations in the surface
morphology arose from density variations or the formation of needle-shaped structures as indicated by the 1.4-�m and 1.2-�m YBCO films of
(c) and (d), respectively. Higher magnification images of the two types of needle-shaped defects (A and B) shown in (d) are illustrated by the
0.82-�m and 1.2-�m YBCO films of (e) and (f), respectively. The broad needle shaped defects (type A) could often be found in combination with
Ba–Cu–O secondary phases as indicated by the arrow in (e). All samples with surface defects had Jc values that lie close to or below the Jc fit
line, as indicated in Fig. 2.
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shown in the elemental STEM maps of Fig. 7. The Y2O3

particles are layered within the large YBCO grains at the
bottom of the spectral images. A layer of an unidentified
Ba–O–F phase separates the two regions of the bimodal
structure. Discrete secondary phases of Y2Cu2O5, Ba–
Cu–O, and/or Ba–O–F are found in the top region of the
bimodal structure. The Ba–O–F phase was often found in
combination with CuO. Note that the sample referred to
in Figs. 6(a) and 7 had a somewhat atypical bimodal
structure for this study in that the large grain material
comprised only about ¼ of the film thickness. Additional
layers of large-grain YBCO and Ba2Cu3Oy or Ba–O–F
with CuO were often found when the thickness of the
bottom region comprised about ½ of the film thickness.
However, the overall microstructure of samples with
multiple layers of YBCO and Ba2Cu3Oy or Ba–O–F in
the bottom half of the film are still considered to be
bimodal based on YBCO grain size in the two regions of
the film.

Figure 7 shows a Ba–O–F phase as the main Ba-
containing secondary phase. In other samples, Ba2Cu3Oy

is found instead of Ba–O–F/CuO. The presence of either

Ba-containing secondary phase appears to depend upon
the thickness of the film, the overgrowth by YBCO
grains, and the amount of time spent at the high tempera-
tures of the conversion process. With respect to the
thicker films, it is thought that overgrowth of the Ba–O–
F/CuO layers by the large YBCO grains in the lower half
of the films may isolate the layers and inhibit or prevent
water from reaching them to complete the reaction to
form Ba2Cu3Oy. Even smaller, discrete Ba–O–F phases
in the top regions of the film may become metastable if
YBCO grains overgrow and encapsulate the F-containing
secondary phases.

Figure 8 is an EBSD map of the large grain YBCO
structure near the bottom of a 2.9-�m YBCO film grown
on an IBAD YSZ template. The top half of the bimodal
structure of the sample was removed by ion milling. Sev-
eral of the grains in the plane of the film are in excess of
50 �m. With respect to the YBCO film, the lateral di-
mensions of these grains are more than 17 times the film
thickness. The TEM, STEM, and EBSD data of Figs. 6,
7, and 8 provide strong evidence for enhanced liquid-
phase assisted growth of the large YBCO grains in the
bottom region of the bimodal structure. Note that the
average grain size of the IBAD YSZ/CeO2 template on
which epitaxial growth of YBCO is supposed to occur is
only in the range of 0.1–0.25 �m.

Figure 9(a) is a set of microdiffraction patterns taken
from a stack of layers in a 2.9-�m-thick YBCO IBAD
YSZ sample as shown in the TEM bright-field image of
Fig. 9(b). This is an example of the multiple layers of
large-grain YBCO and a Ba-containing second phase
commonly found in the bottom half of the bimodal struc-
ture. The selected-area diffraction pattern of Fig. 9(c)
shows the [010] zone axis of the bottom YBCO grain
properly aligned with the [110] zone axis of the under-
lying IBAD YSZ template. A lower magnification image
of the overall structure is shown in the TEM bright-field
image of Fig. 9(d). After the full processing cycle, the
CeO2 layer that separates the IBAD YSZ from the YBCO
has completely reacted to form a BaCeO3 layer that is not
aligned to either the YBCO or IBAD YSZ. This reaction
to form an unaligned BaCeO3 layer was also observed for
the RABiTS samples examined in this work and in pre-
vious work on pulsed laser deposited YBCO films on
CeO2-buffered IBAD YSZ templates.47 Above each
layer of Ba2Cu3Oy, the YBCO grains are observed to
have a significant out-of-plane tilt. The tilt increases
from 3.0° to 6.5° with the addition of a second Ba2Cu3Oy

layer. The presence of these Ba2Cu3Oy second-phase lay-
ers correlates with increases in the mosaic spread of the
out-of-plane and in-plane alignment as measured by
XRD. A comparison of XRD measurements on YBCO
films of nominally the same thickness with or without the
presence of second phase layers can be found in Table I.

Correlations with the surface defects observed by

FIG. 4. SEM images of two 2.8-�m YBCO films on RABiTS tem-
plates that had different densities of surface defects. The film shown in
(a) had a Jc of 0.52 MA/cm2 while the one in (b) had a Jc of
0.26 MA/cm2.
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SEM can be made with the cross-sectional TEM data.
Figures 10(a) and 10(b) show examples of the two dif-
ferent types of needle-shaped defects (types A and B)
found in these samples and illustrated in Fig. 3. The
type-A structure of Fig. 10(a) is believed to be indicative
of low angle misalignments of YBCO colonies. In cross-
sectional TEM, these low-angle, misaligned colonies are
tilted, relative to the film normal by just a few degrees.
Layers or discrete grains of Ba2Cu3Oy or Ba–O–F can be
found along the lower boundary of the tilted colony. The
type-B defects of Fig. 10(b) appear to be a-axis-oriented
YBCO. However, TEM diffraction and EBSD analysis
have shown these needles to have c-axis misorientations
ranging from 20° to 90° relative to the film normal. In the
example shown in Fig. 10(d), the c-axis of the needle
phase is oriented 72° from the film normal. It appears to
have nucleated at the interface in a region of the film

where there was a defect in the CeO2 layer. In this lo-
calized region or pinhole defect, the CeO2 layer is much
thinner than intended and in places, missing altogether.
The reaction layer beneath this misoriented YBCO grain
consisted of both BaCeO3 and BaZrO3. The latter phase
comes from reaction with the YSZ layer exposed due to
missing or depleted CeO2.

The second phase layers form during the precipitation
of the large YBCO grains during the conversion process.
Shown in Fig. 11 is a 2.7-�m-thick precursor film on
a RABiTS template quenched from a temperature of
780 °C after 1.5 h into the conversion process (0.5 h into
the “growth” step). Figures 11(a) and 11(b) are TEM and
STEM images of the full cross section of the sample.
Figure 11(c) contains elemental maps of the area outlined
in the STEM image. The Ba, Cu, and Y maps show the
elemental distributions of the cations. The F map is a

Table I. XRD and Jc data for selected RABiTS samples from this study. 	� are true in-plane mosaic. The presence of second phase (SP) layers
such as Ba2Cu3Oy or Ba-O-F/CuO as determined by TEM are indicated.

tYBCO (�m) Jc (MA/cm2)

In-plane mosaic (FWHM) Out-of-plane mosaic (FWHM)

Porosity SP Layers
	�YBCO

(degree)
	�YSZ

(degree)
	�YBCO−	�YSZ

(degree)
	�YBCO

(degree)
	�YSZ

(degree)
	�YBCO−�YSZ

(degree)

1.4 1.05 5.9 5.8 0.1 5.8 5.2 0.6 No Yes
1.4 1.69 5.8 5.7 0.1 6.1 6.6 −0.5 Yes No
1.8 0.9 6.0 5.8 0.2 5.9 5.4 0.6 Yes No
2.0 0.4 8.2 6.2 2.0 6.8 5.7 1.1 No Yes
2.8 0.52 7.7 7.1 0.6 8.3 5.5 2.8 ��� ���

2.8 0.26 10.8 6.0 4.8 8.0 5.2 2.8 ��� ���

FIG. 5. SEM cross-sectional images of three RABiTS samples with YBCO films of thickness (a) 2 �m, (b) 2.5 �m, and (c, d) 5.0 �m. A bimodal
structure within the YBCO films is evident in the cross sections. The heavy black lines designate the bottom region of the bimodal structure. The
Jc values of the films were 0.4, 0.75, and 0.35 MA/cm2, respectively. A higher magnification of the bimodal structure of the 5.0-�m-thick film
is shown in (d). A second phase layer is indicated by the arrow.
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little more ambiguous as it seems to suggest that F can be
found everywhere in the composite. This can be ex-
plained by limitations in EDS in eliminating peak over-
lap from the low-energy peaks (OK, CuL, etc.) surround-
ing the F peak. To qualify the presence of F by EDS,
individual spectra from the data set were examined to
determine whether F was present at a particular point in
the map. From this process, it was found that F is clearly
present with the Ba in the precursor and in the second
phase layers between the YBCO grains in the bottom of
the film. It is not believed to be present to a degree
detectable by EDS in the Y2Cu2O5, CuO, or YBCO
phases in the film or in the underlying buffer layers.
Segregation of CuO in the early stages of the process is
indicated by the Cu map of Fig. 11(c). The CuO segre-
gation was also seen in SEM images of the film surface.
The rest of the precursor film, prior to conversion, is
composed of Y2Cu2O5 and Ba–O–F. The Y2Cu2O5 is
present as a well-defined phase while the Ba–O–F ap-
pears to form a continuous matrix surrounding the
Y2Cu2O5.

In this quenched sample, several large YBCO grains
have already precipitated from the precursor along the
interface with the underlying buffer layers. The relative
extent of the conversion is indicated by the width of the

white bars on the left side of Fig. 11(a). The layered
structure of YBCO and Ba–O–F/CuO reveals a laminar
growth process that is characteristic of the ex situ con-
version of BaF2-based YBCO films. Within these large
YBCO grains are layers of Y2O3 precipitates. At the
growth front of the YBCO grains, Y2O3 particles are
present within the Ba-O-F phase as indicated by the ar-
rows in the Y elemental map. Based on the two main
precursors, an overall conversion process for the bottom
half of the bi-modal structure can be written as

�3� Y2Cu2O5 + �4� Ba-O-F + �x� H2O
⇒ �2� YBa2Cu3Oy + �2� Y2O3 + �y� HF . (2)

The amounts of H2O and HF depend on the composi-
tion and structure of the Ba–O–F phase, which has not
yet been determined. The excess Y2O3 appears to pre-
cipitate ahead of the growth front and is then incorpo-
rated as the YBCO grains overgrow them. The formation
of these large YBCO grains in the bottom half of the
bimodal structure suggests a liquid-mediated growth
process. The exact composition of the liquid phase from
which the YBCO precipitates has not yet been deter-
mined. Most likely, one or more intermediate reactions
occur between the Y2Cu2O5 and Ba–O–F in the presence
of water, and Eq. (2) is a somewhat simplified view of
the conversion process.

During the conversion process, the CuO that migrates
to the top of the film during the initial stages of conver-
sion is consumed during the remainder of the process to
form YBCO and other secondary phases; CuO is not
observed, to any large extent, in the final phase assem-
blage of the films. The reaction dictating the conversion
of the YBCO from the precursors in the top region of the
films will be somewhat different from Eq. (2) due to the
excess copper oxide. The secondary phases found in fully
converted YBCO films were Y2Cu2O5, Y2O3, BaCu2Oy,
and Ba2Cu3Oy. In some cases, the combination of Ba–
O–F/CuO was found in place of the barium cuprates. The
YBCO found in the upper region of the films is heavily
faulted with the lattice spacing of the intergrowths cor-
responding to the copper-rich YBa2Cu4Oy (Y-124) and
Y2Ba4Cu7Oy (Y-247) phases. Likewise, the additional
secondary phase, Y2Cu2O5, reflects the different overall
chemistry and/or the slightly different reaction path of
the upper region of the film. In the bimodal structure,
Y2Cu2O5 is not a precipitate in the large YBCO grains of
the bottom region.

Figures 12(a) and 12(b) show the Y2O3 particles
within the large YBCO grains at the film bottom imaged
under diffraction conditions of g � 〈100〉 and g � 〈001〉,
respectively. The vertical, banded structure seen in Fig.
12(a) is the twin spacing within the grain. It is clear that
some defect structures are larger than the physical size of
the precipitate. In the ab plane, several finite planar de-
fects extend away from the Y2O3 particles. Very little

FIG. 6. Cross-sectional TEM images of fully developed bimodal
structures in (a) a 2.5-�m-thick YBCO film on a RABiTS template
and (b) a 2.9-�m-thick YBCO film on an IBAD YSZ template. The
bottom part of the structure, denoted by the white bar on the left side
of the micrographs, consists of large YBCO grains with Y2O3 precipi-
tates. The top region consists of smaller YBCO grains with a high
density of planar defects, fewer precipitates, and many more discrete
secondary phases.
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strain contrast is observed around the spherical particles
when g is of a 〈100〉 type reflection. This indicates a
relaxation of the YBCO matrix that is coplanar with the
Y2O3 through the formation of the finite planar defects.
Conversely, the micrograph of Fig. 12(b) shows strain
contrast in the surrounding YBCO film oriented along

the c axis or film normal. TEM does not show any planar
defects within the YBCO either above or below the
spherical particles. Hence, the precipitates within the
large YBCO grains are part of a defect structure that is
also composed of planar defects and strain within the
adjacent YBCO.

FIG. 7. (a) STEM dark-field and (b) TEM bright-field images of a 2.5-�m-thick film on a RABiTS template. Spectral images corresponding to
the box outlined in (a) are shown in (c–f). The Y, Ba, and Cu maps [(c–e), respectively] show the cation distribution through the thickness of the
film. (f) The F map shows that F is present with the phase containing only Ba and O (O map not shown). Examination of the individual EDS spectra
from other spots in the map show that F is not present in the YBCO grains or in the other secondary phases. The residual contrast in the F map
results from difficulties in separating it from other nearby peaks in the low energy range of the EDS spectrums used to construct the map.
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The structures above grain boundaries in the NiW (3
at.%) substrate can become complex with the presence of
extended second-phase structures coupled with the lami-
nar growth mode of the YBCO film. Shown in Fig. 13 is
a TEM composite micrograph of a 1.4-�m YBCO film
above such a grain boundary in a RABiTS sample. The
local structure of the YBCO film follows the underlying
alignment of the buffer layers and NiW substrate. The
short-dash line shows the meandering boundary deter-
mined by the change in alignment of the YBCO as one
traverses the grain boundary in the substrate. In addition,
the long-dashed white lines indicate second phases of
Ba2Cu3Oy. One of these short second-phase layers cov-
ers part of the grain boundary. The combination of the
meandering grain boundary and second-phase layers il-
lustrates the lateral growth mode of the YBCO film in the
presence of a liquid phase. The effects on connectivity
between YBCO regions delineated by Ni grain-boundary
structures propagating into the films are unknown at this
point.

Cross-sectional TEM of films having no surface de-
fects, such as the 1.4-�m YBCO film shown in Figs. 3(a)
and 3(b), revealed some interesting differences in the
microstructures that are important to understand in terms
of optimizing the performance of these thick PVD-BaF2

films. Shown in Figs. 14(a), 14(b), and 14(c) are, respec-
tively, cross-sectional STEM dark-field, TEM bright
field, and EDS spectral maps of the 1.4-�m-thick film of

Figs. 3(a) and 3(b) that had a Jc of 1.7 MA/cm2. Figures
15(a) and 15(b) are composite micrographs of the same
1.4-�m YBCO film and an additional 1.8-�m YBCO
RABiTS sample that was also free of surface defects.
The STEM and TEM images of Figs. 14(a) and 14(b)
suggest a through-thickness uniform microstructure in
this particular area of the sample. The spectral maps of
Fig. 14(c) do not show second-phase layers, and they
show the presence of Y2Cu2O5 throughout the film. In
other words, this region of the 1.4-�m-thick film did not
contain a bimodal structure. The arrows at the top of the
Y and Cu maps point out the differences between the
Y2O3 and Y2Cu2O5 phases. The Cu maps do not show
change in contrast between the Y2Cu2O5 and YBCO
phases. The arrows at the bottom of the Y and Cu maps
point out the presence of Y2Cu2O5 secondary phases.
Within the large grains of YBCO in the bimodal struc-
tures shown previously, only Y2O3 would have been ex-
pected to be present. However, the TEM micrograph of
Fig. 15(a), which is from a different area of the 1.4-�m
YBCO RABiTS sample, suggests that vestiges of the
bimodal structure are still present in the film. Figure
15(a) shows an area of the 1.4-�m film where large-grain
YBCO material containing Y2O3 precipitates occupies
approximately half of the film thickness, yet contains no
second phase layers. Some porosity lies along part of the
line that divides the bimodal structure, as indicated in
Fig. 15(a). The porosity may indicate that second-phase
layers formed during the initial stages of the conversion
process were able to diffuse away and react to form more
YBCO elsewhere. A different 1.4-�m YBCO RABiTS
sample with second-phase layers and less internal poros-
ity is shown in Fig. 13. The XRD data for these two
1.4-�m-thick YBCO films on RABiTS can be found in
Table I. There is no apparent change in the in-plane
texture for either sample, relative to the underlying
YSZ buffer layer. However, the out-of-plane mosaic in-
creased for the sample with the second phase layers,
while it decreased for the sample without the second-
phase layers.

Figure 15(b) contains a composite TEM micrograph of
a 1.8-�m-thick YBCO RABiTS sample. This composite
was also devoid of surface defects, although the Jc was
only slightly better than average as indicated in Fig. 2.
TEM analysis again showed very few second phase lay-
ers in the 1.8-�m-thick film. A close examination of the
TEM image of Fig. 15(b) shows a uniform, through-
thickness microstructure on the left side. Both Y2O3 and
Y2Cu2O5 particles were uniformly distributed throughout
the film. On the right side, a large YBCO grain with only
Y2O3 precipitates was found that defines the bottom re-
gion of a bimodal structure. The arrow indicates the point
at which the large grain ends within the film. There was
no second-phase layer separating the large YBCO grain
from the rest of the film. Comparison of the XRD data of

FIG. 8. EBSD map showing the large YBCO grain structure in the
bottom region of the bimodal structure of a 2.9-�m YBCO IBAD YSZ
sample. The YBCO structure in the bottom region was imaged by
EBSD after the top region of the film was milled away. Some grain
sizes exceed 50 �m, which is more than 17 times the YBCO film
thickness. The underlying grain size of the IBAD YSZ layer is on the
order 0.1–0.25 �m based on TEM observations in cross-section.
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this 1.8-�m film with a 2.0-�m film [Fig. 5(a)] shown
previously reveals that the latter sample with the second
phase layers had a significant increase in the in-plane
mosaic spread, relative to the underlying YSZ buffer
layer. It also had a larger increase in the out-of-plane
alignment compared to the 1.8-�m-thick film that did not
have the second phase layers.

IV. DISCUSSION

The BaF2-based, YBCO films are characterized by
laminar film morphologies due to the lateral growth, rela-
tive to the interface, of the superconducting phase from a
transient liquid during the ex situ conversion. The con-
version process starts at the buffer layer/precursor inter-
face and proceeds toward the film surface. Manifesta-
tions of this growth mode are multiple grains through the
thickness of the film, large grain growth, and grain
boundary meandering. YBCO grain sizes in excess of

50 �m were observed by TEM and EBSD in the bottom
region of the bimodal structure of the PVD-BaF2 films.
These grain sizes are greater than 17 times the starting
film thickness. Only grain growth from a liquid phase
could account for the large grain sizes in a system where
the growth is confined by the two-dimensional nature of
the film. In contrast, a columnar structure is obtained
from the in situ PVD process of pulsed laser deposition
(PLD) of YBCO films on comparable textured tem-
plates.47 In the latter case, one grain more or less spans
the thickness of the film. The columnar size in PLD
YBCO films is typically 0.25–0.5 �m.

The bimodal structure describes two different regions
of YBCO that form due to slightly different reaction
routes. Copper oxide segregation to the top of the film
during the early stages of the conversion process results
in a Cu-deficient bottom region. A defining characteristic
of the bottom portion of the bimodal structure is the
large, well-formed YBCO grains containing spherical

FIG. 9. (a) TEM microdiffraction and (b) bright-field image showing the progression of out-of-plane tilt in several YBCO grains with intervening
Ba2Cu3Oy layers. The bottom YBCO grain is oriented so the beam is parallel to [010] zone axis as indicated by the selected area diffraction
micrograph in (c). A larger view of the structure is shown by the TEM bright-field image in (d).
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precipitates of Y2O3. These precipitates are part of an
extended defect structure that includes the finite inter-
growths or planar defects localized in the ab plane
around the precipitates and the anisotropic strain in the
YBCO matrix above and below the Y2O3 particles.
These defects are probably beneficial as correlated de-
fects in both the ab plane and along the c axis of the
YBCO are desirable for improving the flux pinning in
these coated conductors. The Y2O3 particles separate out
ahead of the growth front as part of the reaction denoted
by Eq. (2). They are subsequently overgrown by the
YBCO grains, and the distance between the Y2O3 layers
indicated in the spectral maps gives a measure of the
thickness of a growing YBCO lamella.

One or more second-phase layers of Ba2Cu3Oy or Ba–
O–F/CuO could often be found along the basal plane of
large YBCO grains. The presence of either one appar-
ently depends on the annealing time, not the overall com-
position. Samples held for longer times at 780 °C were
more likely to contain Ba2Cu3Oy rather than the Ba–O–F
phase. However, the point at which this changeover oc-
curs is still not well understood. Ba2Cu3Oy is not found
in most of the published phase diagrams and never at the
end of a direct tieline with Y2O3.48 Phase fields involving
Y2BaCuO5 (Y-211) separate Y2O3 from the barium cu-
prates. That no Y-211 is found in these films may reflect
the instability of this phase in films, as reported re-
cently.49 As suggested by Jo et al., different phase equi-
libria may exist in YBCO films processed under condi-
tions very different from those of bulk samples.50 The

formation path and structure of the film may also play a
role in determining a metastable phase assemblage. The
enclosure of the Y2O3 particles within the YBCO grains
forms a stable structure. Further reactions between the
second-phase layers and Y2O3 particles to form YBCO
are inhibited. Likewise, the possibility exists for over-
growth and encapsulation of the Ba–O–F/CuO layers by
the large YBCO grains. These layers may then be iso-
lated from the water source, and a conversion to
Ba2Cu3Oy and/or more YBCO is hindered or blocked.

The top region of the bimodal structure consists of
smaller YBCO grains with higher densities of planar de-
fects, fewer internal precipitates, porosity, and discrete
secondary phases such as Y2Cu2O5, Y2O3, or several
Ba–Cu–O phases. The dividing line between the two re-
gions tended to lie at half the film thickness, though
exceptions to this rule could be found as noted above.
The YBCO in the top region of the film is also thought
to form with the assistance of a liquid phase, although the
reaction governing the formation is thought to be slightly
different from Eq. (2) due to the extra CuO that segre-
gated to this region, as indicated in Fig. 11. It is believed
that there is less liquid phase in the top half of the film
during the conversion of the precursor relative to the
amount present in the bottom region when it converted.
The larger grains in the bottom are thought to come from
a “bulk-like” solidification process involving a substan-
tial volume of liquid. On the other hand, the smaller
YBCO grains in the top half are thought solidify from a
thin interfacial liquid layer separating the precursor and

FIG. 10. SEM images of the surface morphology from (a) 1.2-�m YBCO film on a RABiTS template showing the broad needle-shaped (type A)
defects and (b) 2.0-�m YBCO film on an IBAD YSZ template illustrating the narrow, needle-shaped (type B) defects. The cross-sectional TEM
bright-field images in (c) and (d) show the correlations between the internal microstructures (arrows) and the two types of surface defects shown
in (a) and (b), respectively. The type-A defect appears to be a YBCO colony with a small tilt, which in the example (c) is tilted at 5° relative to
the film normal. The type-B defect in (d) is a narrow YBCO colony whose c axis is tilted 72° from the film normal.
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YBCO. The latter process is what one would like to
occur throughout the film to achieve a uniform, through-
thickness microstructure.

Other works on BaF2-based YBCO films have re-
ported or inferred the presence of liquid phases in the
growth of the YBCO. Large YBCO grains with Y2O3

precipitates, CuO segregation, and thin layers of an ap-
parent liquid phase were observed by Wu et al. in pre-
vious work with PVD BaF2-based YBCO films.35 One
difference was that a Y–Ba oxyfluoride was reported in
the latter work while the present work showed segrega-
tion into Y2Cu2O5 and Ba–O–F prior to conversion into

FIG. 11. (a) TEM bright-field and (b) STEM dark-field images of a 2.9-�m RABiTS sample after a partial heat treatment at 780 °C and
dry-ambient quench. The box in (b) indicates the scanned region used to form the Ba, F, Y and Cu spectral images in (c). The two white bars at
the left of the image (a) indicate the extent of the YBCO conversion process. The lower bar is at the interface with the underlying buffer layers.
A discussion of all the phases can be found in the text.

FIG. 12. TEM images of the Y2O3 precipitates in the large YBCO grains of a 2.9-�m YBCO film on an IBAD YSZ template imaged with
diffraction conditions (a) g � 〈100〉 or (b) g � 〈001〉. Note the anisotropic strain contrast along the c axis. The short stacking fault structures in
the ab plane appear to have relieved the strain in the surrounding YBCO that is co-planar with the precipitate. The banded contrast seen in (a)
arises from the twin structure of the large YBCO grain.
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YBCO. These different phase assemblages may be due to
differences in the processing conditions. They also sug-
gest the possibility of several different reaction routes to
form YBCO in the ex situ process. The role of liquid

phases in the conversion process was also inferred by
McIntyre et al. and Yoshizumi et al. in work with MOD
BaF2 YBCO films.18,51 Yoshizumi et al. noted the initial
decomposition of the BaF2 without the immediate for-
mation of YBCO based on measurements of the F con-
tent. The authors postulated a conversion into BaO.
Based on the TEM in the present work, the expectation
was that the reduction in the amount of F would be
consistent with observed formation of a Ba–O–F phase.
Thicker films were also found to have a higher F/Ba
ratio, and it was postulated that the processing of thicker
films would lead to enhanced melt formation. This hy-
pothesis is consistent with our observed results of the
bimodal structure roughly dividing the film in half and
the presence of the very large YBCO grains in the thick
films.

The exact composition of the liquid phase is not
known at this time and will be the subject of future work.

FIG. 14. (a) STEM dark-field, (b) TEM bright-field, and (c) EDS spectral maps showing the absence of second phase layers in a 1.4-�m high-
Jc YBCO film from a RABiTS sample. This sample is indicated in Fig. 2 to lie substantially above the average Jc fit line. The relatively uniform
distribution of secondary phases in the sample suggests the absence of a bimodal structure in this region of the sample. The arrows in the top
regions of the Y and Cu maps denote the differences in contrast between the Y2O3 and Y2Cu2O5 secondary phases. The arrows in the bottom halves
of these two spectral images also show the presence of Y2Cu2O5. In the bimodal structure described in the text, only Y2O3 precipitates would be
expected in the bottom region.

FIG. 13. TEM image of a meandering grain boundary (short dash line)
within the YBCO film and above a grain boundary in the Ni substrate
of a RABiTS sample. The presence of the Ba–Cu–O layers (white long-
dashed lines) and meandering grain boundary clearly illustrates the effects
of the laminar growth mode of these films. The solid white line at left
denotes the boundary between the YBCO and underlying buffer layers.
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Wong-Ng et al. have published data regarding the for-
mation of low melting liquids within the Y,Ba,Cu//F,O
system.52 They found, in the presence of water, no stable
liquid phase formation below 815 °C at 0.02% P(O2)
within the BaO–Y2O3–CuO–BaF2 system. However,
they could not rule out the formation of transient phases.
Only when they considered more F-rich compositions
did they encounter stable liquid phases below 600 °C.
The starting compositions of the films used in this work
do not fall into the latter regions of the phase diagram.
Thus liquid phase formation during film conversion is
believed to be a transient event, and Eq. (2) presents a
simplified view of the conversion process. The liquid
phase composition and details of the conversion process
are the topic of current research and will be published at
a later date.

Comparisons of the data in Table I for films of nomi-
nal thickness 1.4 and 2.0 �m show a correlation between
the presence of either Ba2Cu3Oy or Ba–O–F/CuO sec-
ond-phase layers, lower Jc levels, and larger mosaic
spreads for the in-plane and out-of-plane alignment of
the YBCO films. The detrimental effects of the second
phase layers are clearly seen in Fig. 9, where each sub-
sequent Ba2Cu3Oy layer increased the out-of-plane align-
ment of the YBCO grain directly above them. The pres-
ence of the layers appears to be a result of YBCO grains
overgrowing and isolating Ba–O–F/CuO layers, as
shown in Fig. 11. Note that the presence of the second-
phase layers also correlates closely with the presence of
surface defects, as shown in Figs. 3 and 10. Hence, SEM
examination of the film surface can be used to give a
quick indication of the types of defect structures that may
be present within the film. The 1.4-�m-thick film with Jc

substantially higher than the average for the series of
RABiTS samples examined in this work had neither sur-
face defects nor second phase layers. One other 1.8-�m
RABiTS sample that was found to have no surface de-
fects and no second phase layers had a Jc that was
slightly above average. In both cases, vestiges of the
bimodal structure remained although the bimodal struc-
ture varied from point-to-point and in some places was
absent. In both cases, a smaller mosaic spread in 	� and
	
 was found in the absence of the second phase layers.
In the case of the 1.4-�m-thick film, a substantially
higher Jc level was obtained. A reduction in the thickness
of the lower region of the bimodal structure was also
found to correlate with higher Jc values, as indicated in
Fig. 5. A thinner bottom layer is thought to result in
fewer second phase layers. As shown in Fig. 9, the deg-
radation in out-of-plane misalignment increased with
each additional second phase layer.

In spite of the detrimental aspects that the excessive
amounts of the liquid phase can cause, we believe that the
most efficient conversion of the precursor into an epitaxi-
ally aligned YBCO film occurs via an intermediate liquid

phase. This appears to hold true regardless of whether
one is using the PVD-BaF2 or MOD-BaF2 process. This
paper represents the case when too much liquid is al-
lowed to form early in the process and a clearly defined
bimodal structure develops that is uniformly found
throughout the sample. While the Jc values obtained in
these films are high, they will not allow for an overall
wire performance that exceeds existing Bi-2223 wire
technology unless the YBCO films are thicker than 3 �m.46

To obtain a through-thickness, uniform microstructure
or to tailor the microstructure to maximize Jc, CuO seg-
regation and liquid phase formation must be controlled
during the conversion process. Recently, the authors
have reported on improvements in the processing that
appear to limit the detrimental effects of too much liquid
phase formation.53 These improvements include modifi-
cations to the precursor layer, enabling the elimination of
the nucleation step. A detailed discussion of the process
changes is covered elsewhere.54 However, when the mi-
crostructures were analyzed, localized areas could be
found that contained the essential elements of the bimo-
dal structure, namely, large grains of YBCO with Y2O3

precipitates, layers of the Ba-containing secondary
phases, and small pockets of YBCO grains containing
small angle tilts like those shown in Figs. 3(d) and 3(e).
Thus, the results presented in this paper provide a base-
line for interpreting microstructures in the higher Jc

FIG. 15. TEM cross-sectional images of 1.4-�m and 1.8-�m RABiTS
samples that had no surface irregularities like those shown in Fig. 3.
Very few second-phase layers were found in these samples. (a) TEM
shows a region of the 1.4-�m YBCO film that is bimodal, while only
part of the structure of the 1.8-�m YBCO film in (b) is bimodal. This
data, coupled with Fig. 14, shows that the bimodal structure varies
from point-to-point in the films with minimal second phase layers. The
arrow in (a) indicates some porosity that lies along the dividing line in
the bimodal structure. The arrow in (b) indicates where the large
YBCO grain with Y2O3 precipitates terminates in the film. The bars at
the left of each image denote the interface of the YBCO films with the
underlying buffer layers.
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BaF2-based films. It may be difficult to produce a
through-thickness uniform microstructure in thick BaF2

films. As pointed out by Yoshizumi et al., thick BaF2

YBCO films appear to be more conducive to forming
liquid phases during the conversion process, and vestiges
of the bimodal structure may always be present.51 Nev-
ertheless, eliminating or reducing the number of the sec-
ond phase layers by limiting liquid phase formation dur-
ing conversion appears to minimize or reverse alignment
degradation in the thick BaF2 films. Higher Jc levels have
been found in the absence of the second-phase layers.

V. SUMMARY

The PVD-BaF2 YBCO films examined in this work
were characterized by laminar grain structures that result
from the anisotropic growth characteristics of the YBCO
phase and its precipitation from a transient liquid phase
during the conversion process. Liquid-phase assisted
growth of the YBCO was suggested by features of a
bimodal microstructure that developed in fully and par-
tially processed films. The bimodal microstructure is de-
fined by large, well-formed YBCO grains with Y2O3

precipitates in the bottom region of the film and small
YBCO grains with a high density of stacking faults in the
upper half. In some cases, the YBCO grain size in the
bottom region of the bimodal structure exceeded the 50
�m. Ba2Cu3Oy or Ba–O–F/CuO second phase layers
were often found between large YBCO grains in the
bottom half of the film. Discrete secondary phases of
Y2Cu2O5, Y2O3, BaCu2Oy, and Ba2Cu3Oy or Ba–O–F/
CuO could also be found among the smaller YBCO
grains in the top portion of the bimodal structure. For the
series of samples examined in this work, it was found
that the dividing line of the bi-modal structure was gen-
erally at one half of the film thickness. However, excep-
tions to this trend were found, and the highest critical
current densities (Jc) and best film alignments for a given
film thickness were found in the samples where the lay-
ers of Ba2Cu3Oy or Ba–O–F/CuO were minimized or
eliminated from the films. These latter films also had
incomplete bimodal structures in that the bimodal struc-
ture was found to vary from point-to-point within the
films. Liquid phases are part of the conversion process of
BaF2-based YBCO films. The microstructures presented
here provide a baseline for interpreting the role of liquids
in the phase formation of other YBCO films made by the
BaF2-process.
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