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Growth of epitaxial YbBa,Cu,0; superconductor by liguid-gas-solidification

processing

H. 8. Chen, S. H. Loy, A. R. Kortan, and L. C. Kimerling

AT&T Beli Laboratories, Murray Hill, New Jersey 07974

(Received 9 May 1988; accepted for publication 30 June 1988}

Superconductive films of YbBa,Cu,0; have been epitaxially grown on SrTi0O; substrate by a
novel liquid-gas-solidification process. A layer of metallic YbBa,Cu, melt was coated on the
substrate and in situ oxidized. The oxide films grown on the SrTi0Q; (100) substraie are
epitaxially oriented in structure with the ¢ axis normal to the plane film. Values of 7, (R =0)
of 82 K with a transition width of 1 K have been achieved. The critical current density J, is

typically 30° A/cmn? 21 S0 K and 10* A/cm? at 77 K.

The discovery of the possible existence of superconduc-
tivity in La-Ba-Cu-O above 30 K by Bednorz and Miiller' in
1986 stimulated worldwide research activity. More recently,
the discoveries of bulk superconductivity above 77 K, the
boiling temperature of liquid N,, in a large family of com-
pounds of prototype YBa,Cu,0,,° Bi-8r-Ca-Cu-0,” and Tl-
Ba-Ca-Cu-O system® have opened the door to wider applica-
tion of superconductors, because liquid nitrogen is
considered to be one of the most advantageous cryogenic
refrigerants.

There are two general approaches for forming supercon-
ductive oxide bodies. Thin films are formed by deposition of
material on a substrate, either by sputtering,” electron beam
and thermal co-evaporation,” molecular beam epitaxy,’
pulse laser evaporation,® or decomposition from solution.”
On the other hand, bulk bodies and thick films are generally
produced by synthesizing of a powder of the appropriate
composition, and forming the powder into the desired shape
by hot pressing,'® drawing,'' extrusion,'? or a powder-in-
binder method.’? All these methods require post-heat treat-
ment at elevated temperature to produce the appropriate
structure. An alternate method consists of the melting of an
oxide powder and forming bulk bodies by solidification of
the oxide melt.**

Work to date has shown that thin films of YBa,Cu,0,
can have high J,. of the order of 10° A/cm?® at 77 K.%"°
indirect measurements of J, from magnetization loop mea-
surements for single crystals'® and crystalline grains'” sng-
gest an intrinsic J, (7= 60 K, H = 0) ~ 10° A/cm” of indi-
vidual grains. However, the critical current density of bulk
bodies produced by sintering of the particles is relatively
small of the order of 10° A/cm? The huge difference in J,
between a single particle and an assembly of particles is gen-
erally attributed to the presence of weak links between adja-
cent particles, frequently associated with the surface in-
homogeneity of a particle and with the contact interface
between particles. Indeed, melt-grown polyerystalline
Y Ba,Cu;0; using directional solidification, which is essen-
tially 100% dense and exhibits a highly textured microstruc-
ture, shows an improved J, = L.7X 10° A/cm?® at 77 K in
zero field. ™

We have developed a novel, simple, scalable processing
method, i.e., Hiquid-gas-solidification process (LGS), which
differs fundamentaily from all relevant processes mentioned
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above. This process consists of (1) forming a melt (the pre-
cursor melt, e.g., YbBa,Cu, ) composed of the metallic com-
ponents of the compound {e.g., the cuprate oxide) to be
formed, and (2) introducing the missing element, oxygen,
into the precursor melt to form the oxide. This process pro-
duces single phase materials with uniform composition. As
an example, we present the fabrication of epitaxially grown
thick films (3 g thick) of YbBa,Cu,0; on a SrTi0, (100)
substrate. Materials produced by this process have 7.
(R =0) = 82 K with a sharp transition width of { X. The
critical current density /£, is typically of 3 10* A/cm? at 70
K which is comparable to that of bulk single-crystal samples.

A ternary alloy of YbBa,Cu, was prepared by induction
meiting of high-purity metals. The alloy was placed in a
high-purity alumina crucible and was sealed together with a
SrTi0,(100) substrate which was mounted on a transla-
tional stage. The assembly was heated in a resistance furnace
above the melting temperature 7, { = 870 °C) of the alloy.
The SrTiO, substrate was then immersed into and pulied out
of the melt. A melt layer ~2 pm thick coated the substrate.
Ozxidization of the melt coating was conducted in situ by
introduction of oxygen into the tube. The resultant oxide
film was annealed at 500 °C for 5 h.

X-ray diffraction measuremenis were made with a Phil-
ips APD 6300 automatic diffractometer with Cu X, radi-
ation. As shown in Fig. 1, the film grown an a SrTi0,(100)
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FIG. 1. X-ray diffraction pattern of an epitaxial YbBa,Cu,0, film grown on
a SrTi0;( 100) substrate.
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substrate shows an epitaxially oriented structure with the ¢
axis perpendicular to the film plane. The lattice parameters
of the orthorhombic YbBa,Cu,0, were determined to be
@=3.808 A, 6=3.887 A, and c = 11.659 A. Xt is clear in
Fig. 1 that the lattice parameters b and ¢/3 of the ¢ phase are
nearly perfect matched to the cubic lattice a, = 3.89 A of the
cubic SrTi0,. One might expect that the film would grow
epitaxially with & and ¢ axes in the plane, i.e., a axis normal
to the film. However, the growth of YbBa,Cu,0, i¢ highly
anisotropic, producing platelets with growth along the ¢ axis
timiting the thickness. The mismatch between g and 4, (Aa/
ay, = — 0.02) is small, bowever, and the film growth habit is
epitaxial with the ¢ and b axes in the plane of the substrate
{i.e., ¢ axis normal to the plane}.

Figure 2 is a scanning electron micrograph (SEM )} of a
film grown on (100} SrTi0,. The film exhibits rectangular
tile patterns with platelet dimensions ~ 10 geom X 10 pm X 2
pm. The growih rates of the 0-YbBa,Cu, O, crystal are high-
ly anisotropic with the fast growth along g and 5 axes, and it
grows as a platelet with ¢ axis normal to the plane. A distinct
separation among piatelets was freguently seen in the SEM;
however, close examination near the film-substrate interface
revealed a uniform interconnection between them. ' Trans-
mission electron microscopy reveals that the film consisis of
twinned domains of 200 A in size.”

Four-terminal dec transport measurements were made
using indium contacts. The film was shaped with a carbide
tool to restrict current fiow to a narrow path ~ 150 yum in
width. The resistive to superconducting transition at a2 2.5
1A current level is shown in the insert in Fig.3 . The 7.,
(R = 0) for this sample is 82 K with (10%-90% ) transition
width of 1-2 K. Extrapolation of the high-temperature resis-
tance yields a small resistance ratio R(7 = 0)/R(7 = 300
K} = 1/5, which is a characteristic of high guality material.
J. measurements are shown in Fig. 3 for temperatures
between T, and 50 K. The beginnings of the resistive transi-
tion were monitored at several levels of applied current. The
critical current J, was defined by a flux flow resistance of
10° Ry, where R, is the normal resistance at 7., or a

FIG. 2. Scanning electron micrograph (SEM) of the film grown on a
SrTiO, (100).
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FIG. 3. Temperature dependence of resistivity (insert) and critical current
denstty J, of the film corresponding to Fig. 2.

measured voltage of 1 uV/cm. As shown, J, increases ex-
ponentially near 7, and then more gradually below 70 K.
Typically, J, attains values of 13* A/cm?at 77 K and 10° A/
cm? at 50 K which are comparable to values reported for
single-crystal YbBa,Cu,0,.'° The present sample shows
T (R=0) =82 K, which is lower than that (7, =90 K)
reported for the single crystal. The causes of the lower T, of
the sample are not clear and are under investigation.

The improved /.. of the thick films produced by the pres-
ent process can be atiributed to the significant improvement
in compositional and structural uniformity. Epitaxially
grown films can, in principle, eliminate the weak links asso-
ciated with grain boundaries. The improved homogeneity is
believed to be due to the fact that a single, well-defined prod-
uct of the reaction of oxygen with the melt is formed.

The uniform distribution of metallic constituents is a
critical factor in producing improved superconducting ma-
terials. Superconducting cuprate oxides produced by the
oxidation of precursor solid phase alloys have been report-
ed.?® The resultant oxides show a multiphase structure and
exhibit low critical current density J, ~1 A/cm>?' Appar-
ently, compositional and siructural inhomogeneity arise
from the decomposition of the solid phase alloy during the
oxidation process. The distinguishing feature and funda-
mental advantage of the LGS process is that the desired
compound formation occurs at an accessible and kinetically
favorable iquidus phase boundary rather than the more lim-
ited solid-solid phase transformation path.

The LGS method has other advantages. For instance, it
is a one-step procedure capable of producing bulk bodies,
whereas the established sintering techniques require repeat-
ed calcining and comminuting of the starting material. Fin-
ally, we expect that the inherent advantages discussed above
will give LGS a wide range of application in the processing of
ceramic materials, in general.
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