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211 _4 5 ,/123_10 nm) %V composite multilayer structures to
enhance flux pinning of YBa,Cu;0,_; films
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A controlled introduction of second-phase Y,BaCuOs (211) nanoparticles into
YBa,Cu;0,_5 (123) thin films was achieved for the first time for the purpose of
increasing flux pinning. The island-growth mode of 211 on 123 was utilized to obtain
an area particle density >10"" cm™ of 211 thick-disk-shaped nanoparticles in
individual layers. Composite layered structures of (211, nanoparticles/123,)xN were

deposited by pulsed laser deposition on LaAlO; substrates, with N bilayers =
1 to 2 nm, and z thickness = 6 to 15 nm (assuming continuous

100, y thickness =

24 to

layer coverage). With 211 addition, the critical current densities at 77 K were higher at
magnetic fields as low as 0.1 T and increased as much as approximately 300% at

1.5 T. The superconducting transition temperature was reduced by approximately 2 to
4 K for 211 volume fraction <20%. Reinitiation of 123 growth after every 211 layer
resulted in a smooth and flat surface finish on the films and also greatly reduced
surface particulate formation especially in thicker films (~1 pwm).

. INTRODUCTION

The development of coated conductor wire technolo-
gies for biaxially aligning YBa,Cu;0,_s (123) on buff-
ered metallic substrates with J. > 1 MA/cm? offers great
promise for incorporating YBCO coated conductors in
applications such as alternating current (ac) wires, gen-
erators, or motors operating at 77 K.'”” YBa,Cu,0,_;
has excellent properties at 77 K for such applications
including high critical current densities (J.) due to good
flux pinning in applied magnetic fields, which is critical
for most applications."* Typically for magnetic fields
applied in the worst orientation B, // ¢ axis, J, will
decrease by a factor of 10 to 100 for B,,,; = 1 Tto5 T,
respectively.® It is of interest to increase J,, even further,
as such improvements will not only lower overall system
costs for applications, but allow for reductions in the
weight and size of the system. For applications such as
high-field magnets, the value of J (H) places an upper
limit on the magnetic field that can be produced for a

given coil design. POSTPRINT
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Because YBa,Cu;0,_5 is a type-1I superconductor, it
is understood that to increase flux pinning, a high density
of nonsuperconducting defects must be added to the ma-
terial.>~* Assuming each defect can pin one fluxon ®_ =
2.07 x 107" T-cm?, the area particle density required to
pin a magnetic field of strength M (Tesla) would need
to be of the order ~(M/2) x 10'! cm™ (Ref. 3). An area
particle density of second-phase defects >10'' cm™ was
previously achieved in low-temperature NbTi supercon-
ductors to increase JC;4 however, to our knowledge an
area particle density of second-phase (rather than intrin-
sic) defects >10'° cm™ has not been achieved yet for
123. An additional requirement for effective pinning
defects is that the size must be approximately the same
size or greater than the coherence length of the ma-
terials, which for 123 is approximately 2 nm at 4.2 K and
approximately 4 nm at 77 K.*'°

In this work, Y,BaCuOs (211) nanosize particles were
incorporated directly into the 123 matrix to increase the
flux pinning. Y,BaCuOjs as a pinning agent has several
advantages. From phase equilibria studies, 211 coexists
in stable chemical equilibrium with 123 at 850-900 °C
and in varying partial O, pressure atmospheres.'' The
requirement for chemical stability is arguably greater for

© 2003 Materials Research Society
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nanosize materials, as chemical reactions occur faster on
this size scale which can degrade the superconductor,'?
which might otherwise procede slowly in bulk reactions.
Y,BaCuOs also has an additional advantage for pulsed
laser deposition (PLD), as it was possible to use the same
deposition parameters for 211 as for high-quality 123;
that is, the same O, pressures and laser fluences were
used, which reduced the processing time and simplified
the deposition. Finally, 211 has an advantage to achieve
island growth of particles, as it has a relatively large
lattice mismatch with 123 of 2% to 8% for different
combinations of crystalline orientations. Thin film
growth on lattice-mismatched substrates generally occurs
via the island growth method, as film growth is energeti-
cally favored (preferred) to grow on the lattice-matched
island-nucleated phase rather than on the lattice-
mismatched substrate.!>'* Therefore, it was not unex-
pected that 211 was observed to grow as island-growth
clusters in this work with high area particle density
>10"'cm™ and provided a near-optimal size and number
of pinning defects.

A large base of knowledge exists in the literature re-
garding addition of 211 to 123 in bulk or melt-processed
materials to improve flux pinning (Refs. 3, 15-20 and
references therein); however, there has been no attempt
thus far to incorporate 211 particles directly into the mi-
crostructure of 123 thin films. While some studies with
bulk materials showed improvement of flux pinning
with 211 addition,'>'”2° other studies reported other-
wise possibly because of large 211 particle size.'® In
fully processed bulk materials, the 211 particle size is
usually submicrometer to micrometer and the area par-
ticle density is typically very low, <10'® cm™, although
a very few 10-100-nm size particles can exist with area
particle density <10'® cm™ (Refs. 17-20). This area par-
ticle density is too small to cause directly a large increase
of flux pinning; therefore, to explain an increase it was
suggested that networks of dislocation defects surround-
ing the 211 particles with high number density could act
as pinning centers.”>'*2° In the work herein, the size of
211 incorporated into 123 is on the order 10-15 nm, and
the surface number density is sufficiently high to cause
an increase of flux pinning without the possible effect of
dislocations.

The structures studied in this paper were alternating
depositions of 211 nanoparticle layers and 123 thin films
multiple times, referred to herein as (211/123)xN. When
conceptualized in three dimensions, this structure con-
tains 211 defects spaced about 6-20-nm apart in direc-
tions both parallel and perpendicular to the ¢ axis of the
film, depending on the 123 layer thickness chosen and
the 211 island-growth conditions. While the 211 pinning
arrangement is not symmetrically uniform, the layering
approach does appear to achieve a near-uniform disper-
sion of 211 particles.

J. Mater. Res., Vol. 18, No. 11, Nov 2003
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Il. EXPERIMENTAL

Multiple layers of 123 and 211 nanoparticles were
deposited by pulsed laser deposition, using parameters
and conditions optimized previously for 123.2'*> The
laser ablation targets were purchased commercially (Su-
perconductive Components Inc., Columbus, OH). The
123 target was 92% dense and was made using powder
processed by chemical precipitation (nominally 99.999%
pure); the 211 target was 87% to 88% dense and was
made with solid-state powders (99.9% purity). The depo-
sitions were automated and controlled by computer pro-
gram, with the laser pulses trigger-actuated by computer
control. Film growth was stopped between each layer
for a period of about 13 s, when the other target was
rotated into position. For multilayer sample (211, ¢ .../
123¢ 5 om)%35, film growth was performed by manually
switching targets during which the film growth was
stopped for an average period of about 80 s. An excimer
laser (Lambda Physik USA Inc., model LPX 305i,
Ft. Lauderdale, FL) operating at 248 nm was used. The
laser fluence was approximately 3.2 J/cm? and the abla-
tion spot size was approximately 1 x 6.5 mm?. The laser
pulse rate was 4 Hz. The target-to-substrate distance was
6 cm. The oxygen deposition pressure was 300 mtorr for
both 211 and 123 phases, as measured with capacitance
manometer and convectron gauges within <10% variation.
Oxygen gas (99.999% purity) flowed into the chamber dur-
ing growth at approximately 1 I/min, and the oxygen pres-
sure in the chamber was kept constant in the chamber using
a downstream throttle-valve control on the pumping line.
The targets were resurfaced periodically with sandpaper
and were conditioned prior to any film deposition with
~80 shots/site using a similar laser fluence of 2—4 J/cm>.
The targets were rotated and rastered up and down, which
improved the uniformity of target wear. The laser beam was
scanned across 1.2 cm of the 2.5-cm-diameter targets to
improve the film thickness uniformity in the deposition
zone. The plume varied only slightly as a consequence of
scanning. The LaAlO; (100) and SrTiO5 (100) single crys-
tal substrates were ultrasonically cleaned for 2 min each
using first acetone, followed by dehydrated ethyl alcohol or
isopropyl alcohol. Crystal substrates were provided by the
manufacturer epitaxially polished on both sides (LaAlO;)
and on one side (SrTiO;), and were attached to the heater
using a thin layer of colloidal Ag paint. Substrates sizes
were 3.2 x 3.2 mm?® for magnetic J, measurements and
3 x 12 mm? for transport J, measurements.

The background pressure in the chamber was reduced
to <107° torr prior to depositions. Samples were heated
from room temperature to deposition temperature of
785 °C at 1270 °C/h. After deposition, films were cooled
from 785 °C to 750 °C at 1270 °C/h before turning
off the vacuum pumps and O, pressure control. Subse-
quently, the O, flow was increased to approximately
1.5 /min into the chamber. The films were then cooled
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from 750 °C to 500 °C at a rate of 1270 °C/h and were
held at 500 °C for 30 min, during which the O, pressure
reached 1 atm. The films were cooled from 500 °C to
250 °C at about 1250 °C/h and from 250 °C to room
temperature using the natural cooling rate of the heater
block (~800 °C/h).

The 123 layer and 211 “pseudo” layer thickness was
closely estimated by calibrating the deposition rates of
both 123 and 211 for many deposition runs both before
and after multilayer depositions. Although the 211 layer
contains discontinuous nanoparticles, a 211 “pseudo”
layer thickness is referred to in this paper which is cal-
culated assuming a smooth continuous layer. For similar
conditions, 211 was observed to deposit on Zr(Y)O, or
LaAlO; substrates at a slightly higher rate, with the ratio
of deposition rates (211/123) = 1.26 = 0.09. After meas-
uring the total film thickness of the composite structure
film, this ratio together with the number of pulses was
used to determine the relative 123 and 211 pseudo layer
thickness achieved for each composite film. While the
sticking coefficient of the initial 211 or 123 layers may
not be the same as for bulk material, this value provides
an estimate for the relative layer thickness of the (211
nanoparticle/123)xN structures.

After deposition, current and voltage contacts for J_
measurements were patterned onto the films by dc mag-
netron sputter deposition of Ag with ~3 pwm thickness.
The resistance of the Ag-123 contacts was reduced by
annealing in pure O, at 550 °C for 30 min, followed
by annealing at 500 °C for 0.5-2 h, with heating and
cooling rates of 200 °C/h.** Critical currents were meas-
ured over macrobridges 0.3-cm long and 0.05-cm wide,
patterned using 248-nm KrF laser etching through a pre-
cisely machined Al,O; mask or using standard chemical
resist lithographic methods. The film thickness of every
sample was measured multiple times across acid-etched
steps next to or directly across bridges with a P-15 Ten-
cor profilometer (KLA Tencor, Milpitas, CA), and with
scanning electron microscopy (SEM) cross sections.
Care was used to measure with the profilometer only in
twin-free areas of the LaAlO; substrates, which were
observed visually at high magnification.

Transport critical current density (J.) measurements
were made in liquid nitrogen at 77.2 K with the 4-probe
probe method (self-field) using pogo pins for current
contacts> and a 1 pv/cm criterion. Systems to measure
temperature and critical current were calibrated on
a regular basis. Current was applied to the sample by a
step-ramp method: a current step interval of 0.2 to 0.5 s,
a ramp rate of 0.25 to 1.0 A/s, and a voltage sample
period 2 to 4 times smaller than the current step interval.
The maximum current step size was 0.2 A. Measure-
ments of J, were repeatable for these ranges of step-ramp
parameters. Current sources and voltmeters for measure-
ments were calibrated on a regular basis.
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The superconducting transition temperature (7,.) was
measured using an ac susceptibility technique with the
amplitude of the magnetic sensing field, %, varied from
0.025 Oe to 2.2 Oe at a frequency of approximately
4 kHz.>>-*® Note that the ac susceptibility technique pro-
vides information about primary and secondary transi-
tions of the entire film, rather than a defined path that is
obtained with transport 7. measurements. 7,.s were meas-
ured immediately after film deposition and prior to add-
ing Ag contacts. Samples were mounted onto the end of
a sapphire rod and measured as the samples were warmed
through the transition region at very slow rate of approxi-
mately 0.06 K/min. The T, measurements were accurate
within <0.1 K at three calibration points: liquid He at
4.2 K, liquid N, at 77.2 K, and room temperature.

X-ray diffraction 626 scans were made with a Rigaku
diffractometer (Rigaku International Corporation, To-
kyo, Japan) with a 20 step-size of 0.03 A and a count
time of 1.8 s. Magnetic J. measurements were made
with a vibrating sample magnetometer (VSM) in fields
of 0 to 1.6 T and a ramp rate from 9000 (A/m:s) to
42,000 (A/m-s). The J_ of the square samples was esti-
mated using a simplified Bean model J. = 15AM/R,
where M is magnetization/volume from M—H loops and
R is the radius of volume interaction = square side for
consistency.”’ The film thickness and dimensions of each
sample were measured multiple times to reduce errors of
superconducting volume and R to <5%.

lll. RESULTS AND DISCUSSION

The orientation and type of phases present in the films
were studied by x-ray diffraction (XRD), as shown in
Fig. 1 for a multilayer film compared to reference
211 and 123 films. For multilayer films, formation of
the 211 phase was verified with XRD peaks for the a00,
0b0, 141, and 320 reflections observed with good inten-
sity. However, peaks for the 131, 151, 222, and 260
reflections were missing, which suggests the 211 phase

003 004 005 006
200 m 251
L ] o [ ] [ ] - LI
TT | T ]
: | [
- 6750 1 | ' I
= I |
5 5400 - | 131 LPi
5 ‘ | 040 | | 151 | | |
£ . = [l z22||! i
L 4050 - R W et oo [0 | 260 )
ey AN H "I|"| il '1|"- n 15 " ",'
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FIG. 1. Typical XRD 6-20 scans of 211, (211, ¢ /1234 5 ,,,)X35, and
123 films deposited on LaAlO; substrates with 211 (H) and 123 (@)
peaks labeled.

J. Mater. Res., Vol. 18, No. 11, Nov 2003



T. Haugan et al.: Island growth of Y,BaCuOg nanoparticles in (211_, 5 ,/123_15 nm)X/N composite multilayer structures

was growing with preferred orientations. Growth of 211
with a00 or ObO orientations on 123 might be expected,
as the lattice mismatch is lower for this orientation (2%
to 5%) than for other orientations (e.g., 5% to 8% lattice
mismatch for O0c orientation growth).

The microstructures of a (211/123)x35 multilayer film
were analyzed by planar-view transmission electron
microscopy (TEM) as given in Fig. 2, where the round
nature of second-phase particles can be seen that have
Moiré fringelike patterns. The average size of a distribu-
tion of round particles in Fig. 2 was about 15 nm. Using
this average particle size and assuming a diameter-to-
height aspect ratio of approximately 4 observed with
cross-sectional TEM, the 211 area particle density could
be calculated from mass balance as approximately 2.4 x
10" cm™2, which is sufficient in theory to pin a 5-T field.
However, this particle density should only be considered
an initial estimate, as only one area of the film was ex-
amined and only large particles easily distinguishable
were measured. With a smaller average particle size,
the area density of particles would increase. Because the
TEM sample area observed was not prepared or thinned
uniformly, it was not possible to determine the distribu-
tion uniformity of the particles in Fig. 2.

To clarify, the composite structure of the samples is
essentially a layered structure composed of “pure” 123
layers interleaved with layers that have 211 nanoparticles
imbedded in a 123 matrix. The surface in question for the
area particle density is for the various 211 layers distrib-
uted throughout the (211/123)xN composite structure.
The spacing and distribution of nanoparticles as shown in
Fig. 2 is sufficient to allow effective pinning on those
sites, and an increase of J.(H) is expected.

The T, transitions of a typical multilayer sample are
shown in Fig. 3 compared to a reference 123 film. A T.
of approximately 89 K was consistently measured for

L e7e?

FIG. 2. TEM micrograph of a (211, 4 ,,/123¢ 5 ;)35 multilayer film
looking through the film surface (planar view). Spherical-shaped par-
ticles with fringelike patterns indicate second-phase material inside a
primary phase matrix.

0.3 21 11_6“/1 238_3nm)x35

86 88 90 92
Temperature (K)

FIG. 3. T. transitions by ac susceptibility of a (211, ¢ ,,,,/123¢ 3 nm)*35
multilayer film compared to a 123 single-layer film with similar thick-
ness. T,.s were measured with 0.025 Oe, 0.1 Oe, 0.25 Oe, 0.5 Oe,
1.0 Oe, 1.5 Oe, and 2.2 Oe applied fields, which broaden and move the
transition to lower 7,s with higher applied magnetic fields.

this type of sample, which was reduced slightly from
the T, of a pure 123 sample of approximately 92 K. The
reason for the decrease of T, is unknown; however, one
possible contribution to the decrease is that the 123 phase
was compressively strained in the composite film be-
cause of the lattice mismatch with 211. A shift of the
001 peaks toward higher 26 values was in general ob-
served by XRD diffraction in Fig. 1, which suggests the
123 phase is under compressive strain along the ¢ axis.
Another possible contribution of the decrease of 7, is that
the superconducting order parameter was suppressed,
similar to the decrease of 7. observed in ion irradiation
experiments that created amorphized regions.*®

The J_s of the (211/123)xN composite samples are
shown in Fig. 4 at 77 K and are compared to a reference
123 film made using the same deposition conditions as
well as to J.(H) plots for 123 films on single crystal or
biaxially textured Ni substrates from the literature. In
Fig. 4, the J of the (211/123)xN composite films showed
significantly different pinning behavior in fields as low
as 0.1 T when compared to all reference 123 single-layer
tapes. At a higher field of 1.5 T an increase of J, >300%
was achieved, and the trend of the plots suggest that an
even larger increase could be obtained for even higher
field strengths. At zero applied field, the J_s of the (211/
123)xN composites tapes were on the order 2-3 MA/cm?
at 77 K as determined by magnetic measurements
in Fig. 4.

The transport J_s of (211/123)xN composite samples
were measured as well at 77.2 K in self-field. The trans-
port J.s were typically in the range 2-3 MA/cm® as meas-
ured for many samples, consistent with the range of J_s
measured by magnetization.
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FIG. 4. J_ at 77 K as a function of applied magnetic field for multi-
layer films (211, ¢ /1236 5 1) %35 (@), 2115 6 1/ 123105 am)*24 (X),
and (211, ; /123140 nm)*24 (+), compared to 123 films grown in-
house on LaAlO; (M), 123 on LaAlO; at 75 K (8),® and 123 on
Ce0,/YSZ/Gd,O5/RABITS (Ni,W,Fe) substrates ©).° J. was calcu-
lated using the entire film thickness including 211 and 123 layers.

In addition to improved magnetic properties, the films
also showed unusually smooth surfaces with reduced
particulate densities, especially for ~1-pm film thick-
ness, as shown in Fig. 5. The multilayer films are highly
dense and the film surfaces quite smooth at high magni-
fication. It is believed that both increased film planariza-
tion and reduced particulate formation resulted from
reinitiation of the 123 layer after the 211 layer, similar to
the mechanism for growth of (CeO,_g, m/123) multi-
layers previously described.?

IV. CONCLUSIONS

Second-phase Y,BaCuOs (211) nanosize particles
were dispersed by layering into YBa,Cu;0,_5 (123) thin
films it is believed for the first time, utilizing the island-
growth mechanism expected from thin-film growth of
two lattice-mismatched materials. An area particle den-
sity estimated as >10''cm™ of 211 particles with size
approximately 10-15 nm in diameter was achieved in
individual layers of the composite structures with archi-
tecture (211/123)xN and N up to 100. This is the first
time a second-phase area particle density >10' cm™2 has
been obtained in 123 processed by any method. With
addition of 211 particles, the critical current densities
increased 300% for magnetic fields of 1.5 T at 77 K. The
123 phase grew with excellent c-axis orientation, and
the 211 particles grew with preferred a00 or Ob0
and other orientations. The superconducting transition
temperature reduced slightly to approximately 88-90 K
from ~92 K with 211 volume fraction <20%. Reinitiation
of 123 after every 211 layer resulted in a smooth and
flat surface finish on the films and also greatly reduced
surface particulate formation especially in thicker
films (~1 pm).

2622

5

(21141 2 0m/123.1 pm) X 94

(b)

FIG. 5. SEM micrograph of a (211_,, ,./123_, ,,,)x94 multilayer
film (top) ~1.0-pwm thick compared to a 123 thick film (bottom) with
similar thickness.

Finally, we note that the 123 grain size in these con-
ductors has been reduced to about the thickness of the
123 layers of approximately 15 nm, which represents a
much smaller dimension for interfilamentary current
conduction in Y123 than has been studied thus far. Such

J. Mater. Res., Vol. 18, No. 11, Nov 2003
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a reduced grain size and the composite nature of the film
may also have advantages for coated conductor applica-
tions, such as minimizing crack formation during stress-
ing or reducing the effect of damage to any one area.
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