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It has been generally accepted that YBa2Cu3O7−x (YBCO) films deposited on
deformation textured polycrystalline metal tapes result in YBCO grain boundary (GB)
networks that essentially replicate the GBs of the underlying substrate. Here we report
that for thicker YBCO films produced by a BaF2 ex situ process, this is not true.
Using electron backscatter diffraction combined with ion milling, we have been able to
map the evolution of the YBCO grain structure and compare it to the underlying
template in several coated conductors. For thin (�0.5 �m) YBCO films deposited on
rolling-assisted biaxially textured substrates (RABiTS), the YBCO GBs nearly directly
overlap the substrate GBs. For 0.7–1.4 �m YBCO films, the GBs were found to
meander along the substrate GBs and along the sample normal, with displacements
several times the film thickness. In very thick films (2.5–2.9 �m), the YBCO grains
can completely overgrow substrate grains and GBs, resulting in a substantial
disconnection of the YBCO and substrate GB networks. Similar behavior is found for
BaF2 ex situ YBCO films on ion-beam-assisted deposition-type templates. The ability
of the YBCO to overgrow substrate grains and GBs is believed to be due to
liquid-phase mediated laminar grain growth. Although the behavior of the YBCO GB
networks changes with YBCO film thickness, the samples maintained high critical
current density (Jc) values of >2 MA/cm2 for films up to 1.4 �m thick, and up to
0.9 MA/cm2 for 2.5–2.9-�m-thick films.

I. INTRODUCTION

One approach to the development of practical high
temperature superconducting (HTS) wires is to deposit
epitaxial YBa2Cu3O7−x (YBCO) on oxide buffered flex-
ible metal tapes.1–4 Cost-effective commercial produc-
tion of these coated conductors (CCs) will require large
critical currents (Ic) and fast YBCO growth processes.
The latter requirement may be met by the ex situ con-
version of YBCO precursors,5–9 metalorganic chemical
vapor deposition,10,11 or pulsed laser deposition meth-
ods.12 A recent electromechanical study of CCs suggests
that YBCO layers up to 3 �m thick meet the strain re-
quirements of most applications.13 The strong depend-
ence of the critical current density (Jc) of YBCO with
grain boundary (GB) misorientation angle14–17 also re-
quires CC templates with excellent biaxial texture. The

long, flexible, metal-based templates used to support
the epitaxial oxide growth of the buffer and supercon-
ducting films are typically based either on ion-beam-
assisted deposition (IBAD) of a biaxially oriented oxide
layer on a randomly oriented polycrystalline metal
strip,2,12,18,19 or a biaxially textured metal strip produced
by the rolling assisted biaxially textured substrates
(RABiTS) process.20

In the ex situ process, YBCO films are converted in a
furnace using BaF2-based precursors that may be depos-
ited onto suitable substrates by either physical vapor
deposition (PVD)6,21,22 or metal organic deposition
(MOD).7,9 The ex situ method is an economically attrac-
tive process for the commercial production of CCs, ca-
pable of producing YBCO films at high conversion rates
with high critical current densities.22–24 A recent micro-
structural study has revealed that films produced by the
PVD-BaF2 method are characterized by a laminar grain
structure resulting from the anisotropic growth charac-
teristics of YBCO and liquid-phase mediated grain
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growth during precursor conversion.25 Such films may
also exhibit a bimodal microstructure, with very large,
well-formed grains in the bottom half of the film, and
small grains in the top. Grains in excess of 50 �m in size
were observed in the bottom half of a 2.9-�m-thick
YBCO film on an IBAD-yttria-stabilized zirconia (YSZ)
template, where the YSZ grain size was 0.1–0.25 �m.25

The anisotropic, liquid-phase mediated grain growth al-
lowed the YBCO grains to overgrow many substrate
grains and GBs. YBCO GBs resulting from GBs in the
underlying substrate were observed to meander signifi-
cantly through the film thickness, an achievement also be-
lieved to be facilitated by liquid-mediated grain growth.25

Previous magneto-optical studies of YBCO CCs re-
vealed that current percolates through the conductors due
to Jc variations among the grains and GBs.1,26,27 In those
studies, the YBCO films were either produced by pulsed
laser deposition (PLD), or were produced by the PVD-
BaF2 method and were less than 0.4 �m thick. For both
deposition methods, the scale of the YBCO GB networks
was essentially determined by the substrate for both
IBAD and RABiTS-type templates. In the case of
RABiTS, the YBCO GB networks were found to overlap
the substrate GB networks nearly exactly.26,27 This is the
anticipated result for epitaxial YBCO growth. However,
the 50-�m YBCO grain size observed in thick PVD-
BaF2 processed film on an IBAD-YSZ template is a sig-
nificant deviation from the texture template.25

In an effort to optimize Jc in thick ex situ processed
films, understanding changes in the YBCO GB networks
as a function of film thickness and the impact on current
flow is of great interest. In this paper, YBCO GB net-
works are compared to the underlying substrate GBs in
both IBAD and RABiTS-type CCs for PVD-BaF2 proc-
essed films 0.5–2.9 �m thick.

II. EXPERIMENTAL

All YBCO films in this work were grown by the physi-
cal vapor deposition (PVD) of a BaF2-based precursor
and subsequent ex situ anneal. Details of the ex situ
conversion of the PVD BaF2-based precursors in this
work are given elsewhere.22 Briefly, precursor layers of
the desired thickness were prepared by vacuum deposi-
tion using three electron-beam sources (Y, BaF2, and Cu)
onto a substrate at 100 °C. The precursors were con-
verted into epitaxial YBCO by annealing in a furnace
under flowing gas conditions at atmospheric pressure.
Maximum temperatures during the anneal reached
780 °C. The precursors were converted to YBCO at
∼1–5 Å/s. The oxygen partial pressure was 250 mTorr,
and the water partial pressure (needed to decompose in-
corporated BaF2 of the precursor layer) was kept below
15 Torr. YBCO films were deposited on both RABiTS
and Hastelloy substrates buffered with IBAD-YSZ. The

structure of the IBAD-YSZ samples was YBCO (1.1–2.9
�m)/CeO2 (15–30 nm)/YSZ (1.0 �m)/Hastelloy (100
�m) and the structure of the RABiTS samples was
YBCO (0.5–2.5 �m)/CeO2 (15–40 nm)/YSZ (150–200
nm)/Y2O3 (30–50 nm)/Ni–5 at.%W (75 �m) or Ni–3
at.%W (50 �m). Full width at half-maximum (FWHM)
in-plane and out of plane values for the YBCO on IBAD-
YSZ were respectively 7.9° and 3.5–5.2°. Typical texture
values for YBCO on RABiTS were in-plane (true ��) ∼
4.7–6.5° and 5.1–6.8° out-of-plane. The variation in
these values is partly due to texture differences between
the Ni–W substrates;22 however, the FWHM values also
increase with the YBCO thickness.25

Electron back-scatter diffraction (EBSD) was used to
produce spatially resolved maps of crystal orientation,
where the map normal is parallel to the sample normal.
EBSD was performed in a field emission scanning elec-
tron microscope (FESEM) at a 70° sample tilt. Data was
taken on a hexagonal grid with varying step sizes in the
range of ∼0.2–1.0 �m. Scan size was 180 × 200 �m or
greater and scans contained between 5 × 104 and 1.4 × 105

data points. The spatial resolution (or effective volume of
material sampled) of EBSD is difficult to quantify and de-
pends on several factors, including material and electron
beam conditions. For a detailed discussion, see Goyal
et al.28 or Humphreys.29 In this work the resolution is
∼0.2–0.6 �m in the plane and <0.2 �m in depth. Trans-
mission and scanning transmission electron microscopy
(TEM/STEM) was used to image the GB meandering
and overgrowth in cross section. A Tecnai TF30 TEM/
STEM microscope (FEI Company, Hillsboro, OR) oper-
ating at 300 kV was used for this work.

To track the grain structure and GB geometry of the
CC samples through thickness, EBSD and ion milling
were used successively. A Nd-YAG laser operating at an
average power of 8 mW was used to define the region for
the scans. The laser cuts penetrated through the YBCO
and buffer layers into the substrate, providing spatial reg-
istration of multiple EBSD scans through thickness. Af-
ter the initial EBSD scan, samples were thinned by ion
milling and another scan performed (Fig. 1). In some
cases, this procedure was repeated several times on one
sample, and in this way the crystal orientations and GB
networks of the substrate, buffer layers, and YBCO could
be compared in the same location. The ion milling oc-
curred at ∼250 K with argon ions of energy 500 eV. The
ions impacted the samples at 45° to the sample normal
and the etch rate for the YBCO was ∼10 nm/min. A
previous through-thickness Jc study of thick ex situ films
strongly suggested that the ion milling procedure did not
damage the films.30

III. RESULTS

Using the procedure outlined above, the GB networks
of a 0.5-�m-thick YBCO film on RABiTS [Jc(77 K, 0 T)
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� 2.1 MA/cm2] were mapped in both the YBCO and the
underlying NiW substrate. Figures 2(a) and 2(b) present
all GBs in the YBCO and NiW, respectively, with total
misorientation angle (�) � 2°. Figure 2(c) is an overlay
of the YBCO GBs onto the NiW GBs. It can be seen that
all the GBs in the YBCO are correlated to GBs in the
substrate, and the two maps are essentially overlapping.
This near duplication of the substrate GB network by the
YBCO is typical of thin (�0.5 �m) ex situ films, and has
also been observed in YBCO films up to 1.2 �m thick
grown in situ by pulsed laser deposition (PLD) on
RABiTS-type substrates.26,27

In a 1.0-�m-thick YBCO film on RABiTS [Jc(77 K,
0 T) � 2.4 MA/cm2], a different behavior for the GB
network was found. For this sample, EBSD scans were
taken at YBCO thicknesses of 0.8, 0.5, and 0.2 �m, and
in the underlying YSZ buffer layer and in the NiW sub-
strate. Figures 3(a) and 3(b) are GB maps (all GBs � 2°)
of the NiW and YSZ, respectively. (Note that these maps
were generated after collection of the YBCO data).
Figure 3(c) overlays the YSZ GB map onto the NiW GB
map, and they overlap nearly exactly.

Figure 3(d) presents the GB map (all GBs � 2°) in the
YBCO at a thickness of 0.2 �m (after 0.8 �m of the
YBCO has been milled away). The substrate grain struc-
ture is recognizable in the YBCO GB map, but when the
YBCO GB map is overlayed onto the NiW and YSZ GB
maps [Fig. 3(e)], it can be seen that the YBCO GBs do
not directly overlap the substrate GBs as was observed in
the 0.5-�m film. In this case, the YBCO GBs are
“wavy,” meandering along the substrate GBs. The me-
andering GBs may also be spatially shifted away from
the substrate GBs, as highlighted by the arrows
[Fig. 3(e)].

Figure 3(f) is an overlay of, from front to back, the GB

network in the YBCO at 0.8 �m (red), 0.5 �m (green),
0.2 �m, (blue), and the NiW (black). The YBCO GB
networks, which do not directly overlap the substrate
GBs, also do not directly overlap each other. This indi-
cates that the YBCO GBs are also meandering through
the film thickness, and that the GB planes are not parallel
to the sample normal. Figure 3(g) highlights one example
of GB meandering in the plane of the film. This example
illustrates the general trend for the greatest degree of
meandering to occur in the top (red) of the film. Likening
the meandering GB to a wave, the amplitude of the me-
ander in the top of the film is more than 10× the film
thickness. In Fig. 3(h), the GB in the YBCO is found to
be progressively shifted away from the substrate GB as
the GB is traversed from bottom to top through the film.
From the length marker in Fig. 3(h), it can be seen that
the GB in the YBCO has shifted more than 15 �m
through the film thickness of less than 1 �m.
Figures 3(i)–3(k) present the GB networks for the same
1.0-�m film, this time color-coded by total misorienta-
tion angle (�). For a given GB, the � in the YBCO is
typically similar to the � in the YSZ. Also, � does not

FIG. 2. Grain boundary maps for the (a) YBCO and (b) underlying
NiW substrate in a RABiTS-type CC with a YBCO layer thickness of
0.5 �m [Jc(77 K, 0 T) � 2.1 MA/cm2]. Shown are all GBs with � �
2°. The YBCO GB map was obtained at a thickness of 0.45 �m after
milling just 0.05 �m from the film surface. From the overlay (c) of the
YBCO GB map onto the NiW GB map it can be seen that the YBCO
GBs essentially line up with substrate GBs. GBs that appear in the
NiW but are absent in the YBCO map have a � below the artificially
imposed 2° cut-off.

FIG. 1. The experimental geometry used in this work to align several
2D EBSD scans through thickness is shown in (a) and (b). An EBSD
scan is performed on the surface of the sample (a), and then again after
removal of material by ion milling (b). This procedure may be repeated
several times. Laser cuts provide registration of the EBSD scans
through thickness.
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change significantly through the thickness of the YBCO
layer.

It should be emphasized that the observed GB mean-
dering in the YBCO is reproducible under different scan
conditions and is not an artifact of noise in the data, poor
Kikuchi pattern quality, or indexing. Two EBSD scans
performed in the same area on a 1.0-�m-thick YBCO
film on RABiTS, one with a 40% smaller step size and
70% smaller volume of YBCO sampled at each point,

exhibited nearly identical GB meandering. The quality
(signal to noise ratio) of the Kikuchi patterns obtained
from the 1.0-�m-thick YBCO films were similar to those
obtained from the 0.5-�m-thick film.

A previous study has shown GB meandering in a
1.4-�m-thick PVD-BaF2 processed film on RABiTS.25

In this study, both YBCO GB overgrowth and meander-
ing have been observed by EBSD in YBCO films of
0.7–1.4 �m.31 A cross-sectional TEM image from a

FIG. 3. Grain boundary maps throughout the thickness of a RABiTS-type CC with a 1.0 �m YBCO layer [Jc(77 K, 0 T) � 2.4 MA/cm2]. For
(a–h), GBs are color coded by layer, and in each layer all GBs with � � 2° are shown. (a) NiW, (b) YSZ, (c) YSZ overlayed onto the NiW,
(d) YBCO at 0.2 �m from the buffer interface, (e) overlay of YBCO map at 0.2 �m onto the YSZ map, (f) overlay of, from front to back, the
YBCO GBs at 0.8, 0.5, and 0.2 �m and the NiW, (g) an example of YBCO GB meandering with respect to the substrate GB, (h) an example of
a GB meandering through the film thickness. For (i–k), the GBs are color coded according to �. GBs with � � 2° are not shown: (i) YSZ, (j),
YBCO at 0.2 �m from the buffer interface, and (k) YBCO at 0.8 �m from the buffer interface. The 50-�m length marker applies to (a–f) and
(i–k).
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RABiTS-type CC with a 1.25-�m-thick YBCO layer
[Jc(77 K, 0 T) � 2.7 MA/cm2] showing both the over-
growth and meandering is shown in Fig. 4. The substrate
GB and corresponding GB in the YBCO are highlighted
by diffraction contrast. The left and right YBCO grains
are aligned with the left and right substrate grains, re-
spectively. However, the left YBCO grain has overgrown
the substrate GB by >2.5× the film thickness, and the
YBCO GB meanders through thickness, shifting laterally
by more than 1 �m from the bottom to the top of the film.

At the surface of the film, the YBCO GB is estimated to
be displaced by more than 4 �m from the substrate GB.

Figure 5 presents data similar to Fig. 2 for two
RABiTS-type CC samples, each with a 2.5-�m-thick
YBCO layer. These thick ex situ processed films are
characterized by a “bimodal” microstructure, with large
well-formed YBCO grains in the bottom of the film, and
much smaller grains in the top of the film.25,30 The
YBCO grains in the bottom of the bimodal microstruc-
ture are typically 0.2 to >1 �m thick. For the data of
Fig. 5, both YBCO films were ion milled to a thickness
of 0.2 �m to remove the small-grain material and reveal
the large grain material closest to the buffer interface.
For the film shown in Figs. 5(a)–5(c) [Jc(77 K, 0 T) �
0.6 MA/cm2], it can be seen that there is a substantial
discrepancy between the YBCO and NiW GB networks.
While there are some YBCO GBs that appear to be cor-
related to substrate GBs, there are more that appear to
have no correlation. The numbered arrows in Fig. 5(c)
highlight examples of substrate GBs in the middle of a
YBCO grain (1), YBCO GBs in the middle of a substrate
grain (2), and a YBCO GB that can be correlated to a

FIG. 4. A cross-section TEM image of a 1.25-�m-thick YBCO film
on RABiTS [Jc(77 K, 0 T) � 2.7 MA/cm2] showing a substrate GB
and corresponding GB in the YBCO. The YBCO has overgrown the
substrate GB by several microns, and the YBCO GB meanders through
the thickness of the film.

FIG. 5. Grain boundary maps for the YBCO and underlying NiW substrate in two different RABiTS-type CCs with a YBCO layer thickness of
2.5 �m. Shown are all GBs with � � 2°. The YBCO GB map was obtained at a thickness of 0.2 �m for both samples, after milling 2.3 �m from
the film surface. For the first sample [Jc(77 K, 0 T) � 0.6 MA/cm2]: (a) YBCO, (b) NiW, and (c) overlay of the YBCO onto the NiW. For the
second sample [Jc(77 K, 0 T) � 0.9 MA/cm2]: (d) YBCO, (e) NiW, and (f) overlay of the YBCO onto the NiW.
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substrate GB (3). Figures 5(d)–5(f) present the second
2.5-�m sample [Jc(77 K, 0 T) � 0.9 MA/cm2]. For this
film, there is a stronger correlation between the YBCO
and substrate GB networks. In many cases, the YBCO
GBs appear to meander along the substrate GBs, as in the
case of the 1.0-�m-thick film, but here the spatial scale
(amplitude and wavelength) of the meandering is larger.
There is also a “subgrain” structure in the YBCO, ap-
pearing as many small round grains within a larger grain.
EBSD revealed that these subgrains have poor c-axis
alignment. Since both films were reacted from precursors
of the same thickness, the observed differences in the
behavior of the GB networks may be attributed to other
parameters. Both films were annealed under similar con-
ditions (∼1 Å/s conversion rate), but the precursor com-
positions [expressed in ratios of the constituents in Fig. 5
(Y/Ba and Ba/Cu)] were significantly different.

Strong changes in the YBCO GB networks as a func-
tion of film thickness are not unique to RABiTS-type
CCs and have been observed in IBAD-YSZ CCs as
well. We previously reported a bimodal microstructure
in a 2.9-�m-thick YBCO film on IBAD-YSZ [Jc(77 K,
0 T) � 0.9 MA/cm2].25,30 This YBCO film was ion
milled to a thickness of 0.9 �m, exposing the large grain

material. An EBSD scan after ion milling, Fig. 6(a), re-
vealed a very large YBCO grain size of 30–50 �m.25

This is to be compared to the IBAD-YSZ grain size of
∼0.1–0.25 �m, shown in the cross-sectional TEM image
of Fig. 7, where a single YBCO grain has overgrown
several YSZ grains. The electromagnetic consequences

FIG. 6. Unique grain maps and magneto-optical images from 1.1- and 2.9-�m-thick YBCO layers on IBAD-YSZ. Colors in the map do not reflect
orientation. For the 2.9-�m sample [Jc(77 K, 0 T) � 0.9 MA/cm2]: (a) grain map and (b) magneto-optical image. For the 1.1-�m sample
[Jc(77 K, 0 T) � 1.7 MA/cm2]: (a) grain map and (b) magneto-optical image.

FIG. 7. Cross-sectional TEM image of a 2.9-�m YBCO film on
IBAD-YSZ [Jc(77 K, 0 T) � 0.9 MA/cm2]. Two large YBCO grains
are separate by a second phase layer, highlighted with an arrow. The
YBCO grains extend beyond the edges of the image in both directions,
and can be seen to overgrow many buffer layer grains, which exhibit
a columnar structure.
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of the large YBCO grain structure can be seen in
Fig. 6(b), which shows a magneto-optical image of the
same film, taken after milling to 0.9 �m. For this image
the sample was zero-field cooled to 77 K, and then a field
of 60 mT was applied. The result is a strongly inhomo-
geneous flux penetration with a magnetic granularity of
∼50 �m, more closely resembling flux penetration of a
thin film on RABiTS than a thin film on an IBAD-type
CC. For contrast a 1.1-�m-thick YBCO film [Jc(77 K, 0
T) � 1.7 MA/cm2] on IBAD-YSZ is shown in Figs. 6(c)
and 6(d). The EBSD data [Fig. 6(c)] shows a signifi-
cantly smaller YBCO grain size, more consistent with the
substrate grain size. The magneto-optical image of this
film [Fig. 6(d)] also reveals granularity more consistent
with the substrate grain size and very similar to magneto-
optical images of thinner YBCO films on IBAD-YSZ
substrates.1,32 The small grain size of the IBAD-YSZ
samples make GB meandering difficult to observe by
EBSD if present. Cross-section TEM images of the
1.1-�m-thick film revealed isolated, larger YBCO grains
<5 �m size in the bottom of the film but did not reveal
a continuous layer of large grain material (associated
with a bimodal microstructure).

IV. DISCUSSION

Experimentally, we have observed very different be-
haviors of the YBCO GB networks of the PVD-BaF2

processed films as a function of YBCO film thickness.
The traditional scenario observed for both PLD and thin
(�0.5 �m) ex situ processed thin films, where the YBCO
GB networks are strongly driven by the texture template
in both IBAD and RABiTS-type CCs,1,26,27 does not
hold for thicker ex situ films. YBCO GB meandering
occurs in 0.7–1.4-�m-thick films, both along the sub-
strate GBs (in the plane of the film) and through the film
thickness. Complete substrate grain overgrowth and a
very large YBCO grain size of 30–50 �m occur in 2.5–
2.9-�m-thick films. Holesinger et al. has demonstrated
that a transient liquid phase is present in these PVD-BaF2

films during conversion,25 which is believed to be re-
sponsible for the deviation of the YBCO GBs from the
texture template.

The bimodal microstructure frequently seen in thick
PVD-BaF2 processed films has been concluded to be the
result of YBCO precipitation from a transient liquid
phase due to slightly different reaction routes.25 The 2.5–
2.9-�m-thick films of this study had a bimodal micro-
structure and large deviations between the YBCO and
substrate GB networks of these films (Fig. 5), consisting
of YBCO grains overgrowing substrate GBs by tens of
microns in only the bottom 0.2 �m of the film, adds
further evidence of grain growth in the presence of a
liquid phase. The 1.0 and 1.25 �m films of this study did

not exhibit a bimodal microstructure but are also be-
lieved to be the result of liquid-assisted growth. For the
1.0-�m-thick film, the YBCO GBs meander along the
substrate GBs with an amplitude of several microns to
more than 10× the film thickness, and may even be
shifted away from the substrate GBs, as seen in several
GBs in Fig. 3. The cross-sectional TEM image of Fig. 4
reveals a remarkable result of YBCO growth in a
1.25-�m film; a YBCO grain has overgrown a substrate
GB by more than 2.5 �m, and the associated YBCO GB
meanders significantly through thickness. These obser-
vations also strongly suggest the presence of a liquid
phase during conversion. TEM observations of defect
structures and second phases suggest that a liquid phase
may be present even at 0.5 �m,33 though no evidence for
a liquid phase can be discerned at the resolution of EBSD
at that thickness. It is likely a liquid phase is always
present during the conversion of these films, and the
amount of the liquid phase increases with precursor
thickness. The increasing amount of liquid allows for
increasing dissociation of the YBCO GB networks from
the texture templates.

GB meandering has previously been observed by plan-
view TEM in thin PLD YBCO films.34,35 On the smallest
scales, changes in the faceting along a GB may be con-
sidered GB meandering. Zhang et al. reported an average
meander amplitude of ∼0.15 �m with peaks up to 0.4 �m
in a thin PLD YBCO film on a 36° [001] tilt SrTiO3

(STO) substrate.34 In the PVD-BaF2 films, the scale of
the GB meandering is considerably greater, peaking at
more than 10× the film thickness in a 1-�m film. Zhang
et al. attributed meandering GBs in PLD films to an
island growth mechanism, while in the ex situ films, the
liquid-phase mediated laminar grain growth allows for a
much greater amplitude of GB meandering and substrate
grain overgrowth. Zhang et al. also observed shifting of
a meandering YBCO GB away from the substrate GB, as
seen in several GBs in Fig. 3. It was speculated that
surface morphology or c-axis tilting of the STO substrate
grains was responsible. The [001] direction of the indi-
vidual grains of RABiTS are frequently observed to be in
the range 0–10°, significantly greater than that typically
encountered in manufactured bicrystal substrates. In the
EBSD data of the 1.0-�m film of this study, there was no
clear correlation between c-axis tilting of the substrate
grains and shifting of the YBCO GB away from the
substrate GB. We also found no correlation between the
c-axis tilting of the substrate grains and the YBCO GB
meander amplitude. Figure 8 shows EBSD data from a
1.0-�m-thick PVD-BaF2 YBCO film grown on a 5°
[001] tilt YSZ bicrystal substrate. The meander of this
YBCO GB is very similar to that observed in the 1.0-�m
film on RABiTS, even though the [001] deviates from
the surface normal of the STO substrate by only 0.5°,
significantly less than is typically observed for grains in
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RABiTS. Since the meander in the ex situ films is a result
of liquid-assisted laminar grain growth, the mechanisms
controlling the amplitude of the meander and overgrowth
of substrate GBs are probably not the same as in PLD
films.

Zhang et al. noted that as a consequence of GB me-
ander, the area of the GB is increased, which may yield
an increase in Ic.

34 A recent bicrystal study, which varied
the area of the GB within a transport link by changing the
angle between the link and the GB, demonstrated this
effect.36 However, that study may be too simplistic to
apply to meandering GBs, as the faceting of the GB
remained unchanged. A meandering GB probably intro-
duces a change in faceting along the GB as well, and how
transport properties vary with facet structure in YBCO
GBs is not completely understood. It is also important to
note that due to the less-than-perfect biaxial texture of
CCs, the facet structure of CC GBs may be more com-
plex than that observed in PLD films on [001] tilt bi-
crystal substrates. Durrell et al. found that when the vor-
tices were rotated out of the plane of the GB, segments of
the vortex became strongly pinned in the bulk, allowing
the GB to carry a larger transport current.37 In Fig. 3(h),
a GB meanders through thickness, with the GB plane
making a very low angle with the plane of the film. It is
possible that in such situations, the conditions of the
Durrell et al. experiment are satisfied, and segments of
the GB vortices become strongly pinned in the bulk,
enhancing Ic. A recent study of MOD processed CCs,
where the width of a transport link was successively
reduced, suggested that the GBs of those CCs exhibited
a Jc higher than would be expected from thin film bi-
crystal studies.38 Transport measurements of meandering
GBs in thicker ex situ processed films are under inves-
tigation and will be published at a later date.

V. SUMMARY

The results of the PVD-BaF2 films of this work may be
summarized as follows.

In thin YBCO films (�0.5 �m), the YBCO GBs are
essentially “straight,” replicating the profile of the sub-
strate GBs.

In YBCO films ∼1.0–1.4 �m thick, the YBCO GBs
meander along the substrate GBs and through the film
thickness. The YBCO can overgrow the substrate GBs,
shifting the YBCO GB away from the substrate GB.

In YBCO films ∼2.5–2.9 �m thick, the YBCO grains
can completely overgrow substrate grains and GBs, and
there may be a substantial dissociation of the YBCO and
substrate GB networks. YBCO GB meandering and very
large YBCO grain size of >50 �m was observed.

A previous TEM-based study concluded that such
films are characterized by YBCO grain growth from a
transient liquid phase, and the meandering and substrate
grain overgrowth observed here also strongly suggest the
presence of a liquid phase. Further studies are needed to
understand the electromagnetic implications of this
newly observed behavior of the GB networks in thick
PVD-BaF2 processed films.
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