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In this paper, we report a strong correlation between the stacking fault (SF) density and the critical
current density of YBa,Cuz0;_s (YBCO) thin films in applied field (JX!). We found that the
J;"'f'e'd (Hllc) increases as a clear linear dependence of the density of SF identified in the as-grown
samples deposited on both SrTiO; (STO) and LaAlO5 substrates. Detailed microstructural studies
including cross-section transmission electron microscopy (TEM) and high resolution TEM were
conducted for all the films deposited on STO substrates. This work suggests that the YBCO SF
density plays an important role in the YBCO in-field transport performance. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2888749]

Recently, YBa,Cu;0,_5 (YBCO) coated conductors are
being scaled to commercial length for various applications.l'2
A critical challenge is to maintain a high critical current den-
sity J. as the YBCO coating is either made thicker or sub-
jected to an external magnetic field.® One way is to enhance
the YBCO flux pinning properties in both self-field and in
field. For the in-field enhancement, nanoparticle doping of
the YBCO matrix,*® nanoparticle decoration at the YBCO
growth interface,® rare earth mixtures in YBCO films,” and
YBCO with minute dopants® were employed. For the self-
field J. enhancement, both the YBCO/CeO, multilayer
approach® and the YBCO buffer layer optimization'® were
explored. It is believed that the defects introduced by these
various approaches play an important role in enhancing the
overall YBCO transport properties.”! However, the exact
mechanism(s) for the defect-related enhancements'? in both
the self-field J. and the in-field J; still remain unclear.

In this paper, we conducted a systematic study on the
YBCO self-field and in-field transport properties [Jif and
Jinfield (H)1c)] as a function of the microstructural character-
istics of the samples. Detailed microstructural studies includ-
ing cross-section transmission electron microscopy (TEM)
and high resolution TEM were conducted on the films to
view their microstructure. Using this information, we re-
vealed a linear relation between the YBCO J"™!4 and the
stacking fault (SF) density. The possible mechanisms and
effects of the SF density on the YBCO transport property are
proposed.

The depositions of YBCO films on SrTiO; (STO) and
LaAlO; (LAO) substrates were performed by pulsed laser
deposition (PLD) with a KrF excimer laser (Lambda Physik
305, =248 nm, 4 Hz). Samples 1-4 were deposited at 775,
790, 800, and 825 °C, respectively. Different deposition
temperatures were used to create the different defect densi-
ties identified in the samples. The O, pressure during depo-
sition was 300 mTorr. The film thickness for all samples was
about 300—350 nm. The YBCO films were characterized by
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measuring the critical transition temperature (T.) and the
J; at liquid nitrogen temperature in both self-field and ap-
plied magnetic fields with a vibrating sample magnetometer
(VSM) in a physical property measurement system by Quan-
tum Design. Other experimental details of PLD processing
and film characterization are described in Ref. 4 and refer-
ences therein. Cross-sectional TEM (XTEM) studies on four
representative samples on STO, including TEM and high res-
olution TEM (HRTEM), were performed with a Philips
CM200 analytical electron microscope with point-to-point
resolution of 0.21 nm.

Figure 1 shows the critical current density as a function
of the applied magnetic field (3" measured at both 65 and
77 K, Hllc) for YBCO samples 1-4 deposited at different
temperatures. It clearly shows that, for the whole field range
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FIG. 1. The plot of J™¢ vs H (HIlc) for samples 1-4 deposited at different
temperatures and J, measured by VSM. The inset shows J"4 (77 K at2 T
and 65 K at 3 T) vs deposition temperature for samples deposited on both
STO and LAO substrates.
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TABLE I. Microstructural and transport data for the samples (1-4).

SF
o density Average
Deposit Jin-field J (105/cm) SF
Sample temp. Thickness (MA/cm?) (MA/cm?) - density
No. (°C) (pm) at 65 K, 3T at 77 K Area 1 Area 2 (10%/cm)
1 775 0.32 0.94 2.22 0.41 0.55 0.48
2 790 0.31 1.02 2.19 0.55 0.62 0.59
3 800 0.34 1.12 2.20 0.65 0.80 0.73
4 825 0.35 1.30 2.63 1.06 1.18 112

(0-9 T), the samples deposited at the different temperatures
show different in-field performance, especially in the high
field regime. The J" is about the same for all samples (see J5'
values in Table 1). In order to view the JI" ! variation trend
clearly, we plot the J™!9 (at 65 K, 3 T and 77 K, 2 T for
samples deposited on both STO and LAO substrates) as a
function of the deposition temperature (shown as inset in
Fig. 1). For the 65 K, 3 T data on STO substrates, the JI"!
increased from 0.94 MA/cm? to a maximum of
1.3 MA/cm?, following a linear relation. A clear linear trend
was observed for the 77 K, 2 T data, as well as the data on
LAO substrates at both 77 and 65 K. Having established a
series of samples with varying in-field properties although
similar self-field values, it will be easier to link differences in
the microstructural characteristics of the YBCO to their ef-
fectiveness as in-field pinning centers. Microscopy was now
used to determine what the precise effect on the YBCO was
to cause this variation in transport property.

To resolve which defect(s) could be responsible for the
observed J"f€l temperature dependence, we conducted a
detailed microstructure study including XTEM and HRTEM
on four of the YBCO films deposited on the STO substrates.
A possible explanation of the observed JI™! deposition
temperature dependence is that the epitaxial quality of the
YBCO thin films improves as the deposition temperature in-
creases, and, thus providing a better transport property. How-
ever, in applied fields, as opposed to self-field, pinning cen-
ters are critical to prevent flux flow to maintain higher J,
suggesting that the in-field performance largely depends on
the defects in the YBCO films which act as effective flux
pinning centers*® since no foreign material is being added or
no alternate structure is being imposed. These defects could
include misfit dislocations, edge and screw dislocations,**
grain boundaries,™ low angle domain boundaries, antiphase
boundaries, twins, and SFs.*®*" Figures 2(a)-2(d) show the
XTEM images of YBCO films (Nos. 4, 3, 2, and 1) on STO
substrates deposited at 825, 800, 790, and 775 °C, respec-
tively. All images were taken at the same image conditions,
i.e., the same magnification and the same objective aperture,
to ensure a fair comparison. All four samples have grown as
high quality epitaxial thin film on STO substrate with clear
and straight lattices observed. The film/substrate interfaces
remain clear without any obvious indication of interfacial
reactions for all samples. Selected area diffraction patterns
for all samples (not shown here) showed the distinguished
diffractions from YBCO films, which suggests that these
films have comparable film quality.

One type of defect observed in all four YBCO films is a

high density of SFs. The SF is one kind of the commonly 2

observed defects in YBCO. It is caused by the absence of or

additional atomic planes during the thin film growth.3 We
conducted a detailed analysis on the SF densities for all HR-
TEM images (with an average area of 0.25Xx0.25 um?)
taken for all four samples. For each sample, at least two
HRTEM images were analyzed and averaged for the overall
SF density. The data from the inset in Fig. 1 essentially show
the larger data set which the table represents since the SF
density directly varied due to the deposition temperature.
The SFs in the view area were marked as white arrows.
There are two types of SFs in the images. One type shows as
a clear straight line across the view area (marked as a solid
white arrow, counted as one SF). The other type shows
as a discontinuous SF in the view area (marked as a
dashed arrow, counted as a half SF). Table I lists the details
of the samples in this study including the J""' values, the
SF densities for the two view areas, and the average SF
densities.

The average density of YBCO SF varies from 4.8
X 10%/cm to 1.12 X 108/cm as the deposition temperature
increases from 775 to 825° °C. Figure 3 shows the plot of
SF density as a function of the J""¢ acquired both at 65 K
and Hllc=3 T and at 77 K and Hllc=2 T. It is interesting to
note that a clear linear relation is observed between the SF

FIG. 2. XTEM images of YBCO samples 4, 3, 2, and 1 on STO substrates
deposited at (a) 825 °C, (b) 800 °C, (c) 790 °C, and (d) 775 °C, respec-
tively. High density SFs are clearly observed in all four samples and marked
as white arrows. (The vertical lines in the images are used for visual guide.)
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FIG. 3. The plot of SF density as a function of J™€¢ (H|c) at 65 K, 3 T
and at 77 K, 2 T for the samples on STO substrate. A clear linear relation is
observed between the SF density and the Jifield,

density and the J"™!¢ (H||c) for both measurement tempera-
tures. Again, note that these four points are representative of
a much larger data set. This suggests that the SF density has
a strong effect on the in-field performance and may be pri-
marily responsible for the increase of J™!, It is interesting
that J. (Hllc) increase was observed, as compared to other
studies with maximum operating depth Metal-organic Depo-
sition (MOD) films where an increase of J. (Hllab) was
closely correlated with SF defects.'’” As mentioned above,
the SFs are formed by the absence of or additional planes
during the thin film growth. The terminating point of the SF
at the grain boundaries can be essentially considered as the
dislocation core of a pure edge dislocation. The dislocation
core region is a highly defective region where the strain in
the core region can possibly introduce lattice distortion as
well as cation disorder. The linear density of the SF can also
be considered as misfit dislocation density along the c-axis
direction. These high density SFs can potentially act as
strong c-axis pinning centers in the PLD YBCO films with a
large amount of columnar grain boundaries, and therefore the
higher SF density results in higher J™f€ (H|ic) in the
samples deposited at a higher temperature. In MOD films,
the SF pinning effects along the ¢ axis might not be strong
due to the films being laminar with grain boundaries that
meander in the thin planar lamina with different physical
structures than SFs.*® This meandering in the plane correlates
to increased ab pinning but does not enhance c-axis pinning.

In conclusion, high quality YBCO thin films were depos-
ited on STO and LAO substrates at various temperatures to
vary the density of microstructural defects. The samples
show varying in-field performance (3" Hiic, up to 9 T)

3
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in all field ranges while the J% remains relatively constant.
As representative data, the J" plots for 65 K, 3 T and
77 K, 2 T were presented. Detailed SF analysis was con-
ducted and provided a clear linear relation between the SF
density and the J™™9 (H|ic) value. It is suggested that the
terminating point of the two-dimensional planar defects can
introduce additional defects in the c-axis direction, and there-
fore enhance the in-field performance of J. (Hllc). Differ-
ences in the effects of the SF density between the columnar
growth of PLD films and laminar MOD films suggest that
defect induced pinning mechanisms must consider the film
growth and not just the defect itself.

This research was funded by the Air Force Office of
Scientific Research (Contract No. FA9550-0701-0108),
AFOSR summer faculty program, and AFRL, Propulsion Di-
rectorate.
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