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The density n of stacking faults �SFs� in epitaxial YBa2Cu3O7−x �Y123� films, consisting of extra
CuO planes, is measured by fitting x-ray diffraction patterns using a random stacking model. The SF
density is n=0.068 nm−1 in films grown by metal-organic deposition on textured templates and
optimized for high Ic. The presence of SF is correlated with pinning of magnetic field �H� applied
in the Y123 ab plane. SF can be nearly eliminated by a high temperature anneal, or by adding excess
Dy, resulting in Ic which is nearly independent of the orientation of H. © 2006 American Institute
of Physics. �DOI: 10.1063/1.2364185�

Epitaxial YBa2Cu3O7−x �Y123� thin films can support
high Ic when the magnetic field vortices are pinned; however,
the responsible pinning mechanisms have not been clearly
identified. Improved understanding and control of these pin-
ning mechanisms will aid in the development of films for
high-Ic applications. Possible pinning mechanisms include
the Y123 lattice �intrinsic pinning�1 and naturally formed lat-
tice defects such as precipitates,2 twins,3 grain boundaries,3

edge dislocations,4 screw dislocations,5 and stacking faults
�SFs�.6

SFs are of particular interest because they appear to be
an important pinning mechanism for ex situ Y123 films pre-
pared from BaF2 precusors.6 Such films, important for poten-
tial high-current applications, are grown in two steps: a pre-
cursor film is first deposited, then chemically converted to
Y123.7 The c-axis stacking sequence of defect-free, fully
oxygenated Y123 is BaO–CuO2–Y–CuO2–BaO–CuO.8

The SFs which occur in ex situ Y123 films are
believed to consist of an extra CuO plane:
BaO–CuO2–Y–CuO2–BaO–CuO–CuO.6 The YBa2Cu4O8
�Y124� structure corresponds to such a SF in every Y123
cell,9 while the Y2Ba4Cu7O15 structure corresponds to SF in
alternate Y123 cells.10

This letter is concerned with measuring SF density n in
epitaxial Y123 films and the correlation between SF and the
value of Ic when H is in the ab plane of the Y123 films. SF
are generally measured using transmission electron micros-
copy �TEM�;6,11–15 however, sample preparation is time con-
suming and destructive. In addition, only a small portion of
the sample can be examined, so the results may not be rep-
resentative of the entire sample. We demonstrate that analy-
sis of x-ray diffraction �XRD� line broadening can be used to
provide a rapid, quantitative, nondestructive measure of n
over a large area of the film.

All samples were prepared on rolling assisted biaxially
textured substrates16 �RABiTS™� with the configuration
Ni–5 at.% W �75 �m� /Y2O3 �75 nm� /YSZ �75 nm� /CeO2

�75 nm�. Details of substrate fabrication and characterization

have been reported elsewhere.17 Y123 and Dy-doped Y123
films were prepared using a metal-organic deposition �MOD�
process. Films were reacted at �750 °C in a humidified,
low-O2 atmosphere, cooled to ambient temperature and then
oxygenated at �600 °C to form the orthorhombic phase.
Complete details of processing parameters and conditions
have been reported elsewhere.18 Selected Y123 films were
given an additional high temperature oxygen anneal �HTOA�
at 750–750 °C in 500 ppm O2 after the reaction step, then
oxygenated at �600 °C to form the orthorhombic phase.

Ic was measured by transport using a standard four-point
probe method with a voltage criterion of 1 �V/cm. The an-
gular dependence of Ic was measured at 77 K with H applied
in the maximum Lorentz force configuration, perpendicular
to the current. Transmission electron microscopy �TEM� was
carried out using a Hitachi HF-2000 and a Philips CM200
microscope, both using a field emission gun operated at
200 kV. XRD measurements were made using a standard
Rigaku diffractometer with Cu K� radiation.

For �001�-textured films, only �00l� XRD peaks are ob-
served for Y123; peaks from the substrate and buffer layers
are ignored. After annealing, the Y123 peaks are well de-
scribed by a Lorentzian-squared line shape:

L�2�� = A�1 + �2� − 2�L�2/�2�−2, �1�

where the full width at half maximum �FWHM� �2�
=1.29� follows the form expected for an inhomogeneous
strain:

�2�L = 2� tan �L, �2�

where �=0.0038 is the FWHM of the strain distribution. In
this case, the inhomogeneous strain is likely due to an oxy-
gen stoichiometry gradient through the thickness of the film.

The diffracted intensity F�2�� from a crystal with SF is
given by Eq. �20� of Hendricks and Teller.19 This model as-
sumes that the structure consists of a random sequence of
1.361 nm Y124 layers occurring with probability f124 and
1.168 nm Y123 layers occurring with probability f123=1
− f124. The bulk structures of Y123 and Y124 are used to find
the scattering factors of each layer.8,9 Each peak is modeled
by a numerical convolution of the diffracted intensity F from
an ideal randomly faulted crystal with the peak profile L
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from a real, unfaulted film which is broadened due to instru-
mental effects and lattice parameter variation:

I�2�� =
1 + cos2 �

sin2 � cos �
�

−8�

8�

L�x�F�2� + x�dx , �3�

where the first term is the Lorentz-polarization factor for
powder diffraction,20 and L is given in Eq. �1�. A linear back-
ground is added. Each pattern is fit by varying the intensity A
of each peak, the probability f124 of SF, and the slope and
intercept of the background; the widths � are fixed from
analysis of an annealed sample.

Because six Y124 layers are equal in thickness to seven
Y123 layers to within 0.12%, the Y123 �006� reflection is not
significantly broadened by faulting, and the convolution of
Eq. �3� becomes difficult to perform. The �006� peak is mod-
eled by a Lorentzian-squared line shape �Eq. �1��, as are the
unfaulted films. The lack of broadening of the �006� reflec-

tion is characteristic of Y124-type SF and supports the con-
clusion that this is the dominant SF in these films.

MOD Y123 films on RABiTS™ typically display a
strong peak in the angular dependence of Ic on H at 77 K for
H �ab plane18 �Fig. 1, ��. However, Ic for this field align-
ment drops dramatically in samples given the HTOA step,
while there is no measurable change in the Ic with the
field oriented along the c axis �Fig. 1, ��. These data
indicate that the pinning centers responsible for the high cur-
rents for H �ab plane are eliminated by the high temperature
annealing.

XRD analysis �Fig. 2, �� of the Y123 sample prepared
with the standard process shows the presence of numerous
124-type defects with the best fitting model of f124=0.08
�upper line� �n=0.068 nm−1�. The identity of the defects as
124-type SF is supported by detailed agreement between

FIG. 1. �Color online� Dependence of Ic on the orientation of H �1 T, 77 K�:
Y123 prepared with the standard MOD process ���; Y123 film with HTOA
���; and Dy-doped Y123 ���. Calculated Y123 thickness is 0.8 �m.

FIG. 2. �Color online� XRD scans and fit for Y123 films: standard MOD
processing ��� modeled with f124=0.08 �upper line�; after HTOA film ���
modeled with f124=0.01 �lower line�. Unindexed peaks are due to substrate
and buffer layers.

FIG. 3. �Color online� TEM images:
��a� and �b�� standard MOD process-
ing of Y123, showing a high density of
124-type SF; no faulting is apparent
�c� after HTOA or �d� with 50%
excess Dy.
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model and observations: the �006� reflection exhibits no
broadening beyond that of the unfaulted sample, and the
other peaks have characteristic asymmetries. The �002� re-
flection is broadened more on the lower-angle side, the �003�
on the higher angle. TEM analysis of a similar sample �Figs.
3�a� and 3�b�� confirms the presence of the 124-type SF. In
contrast, XRD analysis of a sample after the HTOA process
�Fig. 2, �� shows that the best fit is for f124=0.01 �lower
line� �n=0.086 nm−1�, indicating that almost no SFs are
present, which was confirmed by TEM �Fig. 3�c��. These
results suggest that the enhanced ab-plane pinning is due to
the presence of the 124 SF.

The addition of excess rare earth �RE� atoms into the
Y123 films also reduces the Ic peak for H oriented in the ab
plane. Figure 1 ��� shows results for a sample containing a
50% Dy addition. This effect is similar to that resulting from
the HTOA process; however, the addition of Dy also in-
creases the pinning in perpendicular field orientations as in-
dicated by the broad peak for H �c compared to the undoped
Y123 sample. TEM confirms that RE doping greatly reduces
n as shown in Fig. 3�d� for a sample with 50% excess Dy
doping.

XRD analysis of Dy-doped Y123 films in Fig. 4
shows that the SF frequency decreases with increasing RE
concentration, with the effect saturating at f124=0.03 �n
=0.026 nm−1� for doping beyond 30%. The Dy-free sample
in Fig. 4 was prepared similarly to the sample used in Fig. 3,
but has a slightly different n.

The enhanced Ic observed for H �ab in the MOD-based
Y123 films is associated with the presence and density of
124-type SF. Small changes in the processing parameters of
the MOD-based Y123 films, such as insertion of the HTOA
step or the addition of excess RE atoms, can drastically alter
the Y124-type SF density and thus Ic for H �ab. The devel-
opment of a commercial process for preparing Y123 films for
superconducting wire applications requires the ability to re-
producibly control the density of SF in order to tune the
performance of the Y123 films for optimized performance as
a function of applied magnetic field and field orientation.

In conclusion, in order to facilitate the development of
the optimum parameters and to assist in establishing the
mechanism for the 124-type SF growth, a simple XRD
analysis was developed to measure the 124-type SF density
in Y123 films prepared by the MOD process. The identity of
the defects is confirmed by characteristic asymmetries in
peak broadening which are seen to agree in both observed
and calculated diffraction patterns, as well as the absence of
broadening in the �006� reflection. This simple XRD tech-
nique provides a rapid means of optimizing processing pa-

rameters to adjust the 124 SF density in the Y124 films. The
XRD and TEM characterizations are complementary: XRD
is most sensitive to high densities of SF, where TEM images
become unclear, while SFs are best resolved using TEM at
low SF densities, where XRD patterns become difficult to
distinguish from those of unfaulted samples. Future work
will address conditions under which SFs form and are
removed.

The fitting of XRD data provides a rapid, nondestructive,
quantitative measure of the 124-type SF density in Y123
films which is correlated to the strong peak in the angular
dependence of Ic at 77 K for H �ab. The pattern of peak
broadening observed in the XRD scans is specific to the
crystallography of the 124-type SF. The 124-type SF densi-
ties can be measured down to a 1% frequency or a density of
0.009 nm−1. The method described in this letter to estimate
the SF density provides a convenient and expedient, nonde-
structive way of determining the SF density and hence en-
ables optimization of transport properties of Y123 films in
2G HTS wires.
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FIG. 4. SF probability and density for Y123 films doped with excess Dy.
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