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Crystalline orientations of Ti,Ba,Ca,Cu3;0, grains on MgO, SrTiO;,

and LaAlO; substrates
S. H. Liou and C. Y. Wu

Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska-

Lincoln, Lincoln, Nebraska 68588-0111

(Received 14 February 1992; accepted for publication 17 March 1992)

Crystalline orientations of T1,Ba,Ca,Cu;0, grains in magnetron sputtered films on MgQO (001),
SrTiO; (001), and LaAlO; (001) substrates were investigated by scanning electron microscopy.
In contrast to the nearly single crystalline films on the lattice matched substrates SrTiO; and
LaAlO;, films on the MgO (001) substrate, being polycrystalline in nature, exhibit several
preferred in-plane grain orientations. These orientations agree well with a simplified theory of
near-coincidence site lattices between T1,Ba,Ca,Cu;0, and MgO.

Single crystalline MgO, SrTiO;, and LaAlO; substrates
are popular for the deposition of high T, superconducting
oxide thin films. The growth behavior of superconducting
phases on these substrates is very different. The micro-
structure of YBa,Cu;O0;_; films on MgO, SrTiO;, and
LaAlO; substrates has been studied intensively by several
groups.!™ The films of YBa,Cu;0;_ 5 grown on the lattice
matched SrTiO; (001) and LaAlO; (001) substrates are
usually epitaxial and the grains are oriented in three di-
mensions. However, the films on the lattice mismatched
MgO (001) substrate are generally polycrystalline, but it
has been observed that the grains may align to certain
directions with respect to the MgO axes.’

In this letter, we report the results of the growth of
T1,Ba,Ca,Cu;0, superconducting phase on the (001) sur-
faces of MgO, SrTiO;, and LaAlO; substrates. We have
observed that the growth behavior of Tl-based supercon-
ductors on these substrates is similar to that of
YBa,Cu;0;_.

Thin films of T1,Ba,Ca,Cu;0, were prepared on MgO
(001), SrTiO; (001), and LaAlO; (001) substrates by
magnetron sputtering from a stoichiometric target. The
detail of thin-film deposition has been reported elsewhere.®
The film thickness was controlled based on the known dep-
osition rate to about 5000 A. The annealing was done in a
sealed ceramic tube where the film was wrapped in gold
foil with a compressed T1 compound to maintain the thal-
lium vapor pressure. The annealing temperatures were
880°-890 °C, which were about 10 °C higher than normally
used to promote granular growths.

The film structure was confirmed as Tl,Ba,Ca,Cu,0,
phase by x-ray diffraction. An x-ray 6-26 scan of a film
grown on (001) MgO substrate is shown in Fig. 1. As seen
in this figure, all the major diffraction peaks can be as-
signed to (00¢) of the Tl,Ba,Ca,Cu;0, phase, indicating
that the film is highly oriented with c-axis perpendicular to
the film-substrate interface plane. This alignment may be
simply due to the fact that the ¢ axis is the slow growing
direction and the a, b axes are the fast growing directions
as evident in YBa,Cu;0,_5 Bi-Sr-Ca-Cu-O, and
Tl-Ba-Ca-Cu-O systems. The film composition was studied
by energy dispersive x-ray spectroscopy (EDAX). Table I
lists the compositions at several areas of a Tl film on
LaAlO; substrate. These areas are labeled in the scanning
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electron micrograph shown in Fig. 2(a). The film is pop-
ulated with square platelike grains. Their compositions are
close to the stoichiometry, as are those of the bar-shaped
grains. These bar-shaped grains could be oriented with c-
axis parallel to the interface plane although it is predomi-
nant with its c-axis perpendicular. In addition, the film also
displays some irregular plates with barium rich composi-
tion. The small dots on the top of the plates are very rich
in calcium. They seem to be excess materials to the pre-
ferred stoichiometry and exiled to the surface.

The morphology was studied by scanning electron mi-
croscopy (SEM). The SEM graphs of films on three dif-
ferent substrates are shown in Figs. 2 and 3. These films
display many large rectangular plates with (001) surface,
i.e., their c-axes are normal to the substrate surface.

For the films on SrTiO; (001) and LaAlO, (001) sub-
strates, the epitaxial growth is evident”® as previously re-
ported. This is typified in the square platelike films on
LaAlO; (001) and SrTiO; (001) shown in Fig. 2. As can
be seen in these SEM graphs, the edges of almost all the
plates, presumably being [110] direction (or its equivalent)
of the crystal, run approximately along 45° with respect to
the edges of the graphs, which were known to be the [100]
or [010] axis of the substrates. The epitaxial growth is
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FIG. 1. X-ray diffraction pattern (Cu radiation) of a Tl-Ba-Ca-Cu-O film
on MgO (001) substrate showing T1,Ba,Ca,Cu;0, phase with c-axis nor-
mal to the surface.
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TABLE 1. The film composition at various regions labeled in Fig. 2(a).

Composition

Tl Ba Ca Cu
A.. Square plate 1.3 2.0 2.1 3.4
B. Dot 2.0 0.2 7.4 20
C. Irr. plate 1.9 32 20 32
D. Dot 2.0 0.4 3.5 0.8
E. Bar 1.4 2.0 2.0 2.8

expected because of the close match of lattice constants
between the deposited Tl film and the substrates. Having
established the fact that the c-axis of Tl,Ba,Ca,Cu;0, is
perpendicular to the substrate (001) surface, we can treat
the in-plane structure of the tetragonal T1,Ba,Ca,Cu;0,, as
a square lattice and consider only two-dimensional
matches. The lattice constant of T1,Ba,Ca,Cu;0, (a=3.82
f\) is very close to those of the substrates (a=3.91 A for
SrTiO; and a=3.788 A for LaAlO,). In both cases, the
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FIG. 2. Scanning electron micrographs showing epitaxial growth of
T1,Ba,Ca,Cu;0, films on (a) LaAlQ; (001) and (b) SrTiO; (001). The
compositions at the indicated areas in (a) are listed in Table I The
vertical direction of the graphs coincides with the [100] direction of the
substrates.
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FIG. 3. Scanning electron micrographs of a Tl,Ba,Ca,Cu;0, film on
MgO (001). (a) Shows the polycrystalline growth behavior, and (b)
shows the popular growth directions. The vertical direction of the graphs
coincides with the [100] direction of the substrate.

lattice misfits are very small (2% for SrTiO; substrate and
less than 19 for LaAlQj; substrate).

The situation is different with the MgO substrate. The
lattice constant of MgQO is 4.22 A, with lattice misfit almost
10% between the T1 film and substrate MgO (001) on the
basal plane. The Tl film is thus generally polycrystalline.
This can be seen in Fig. 3(a). Unlike those well-oriented
grains on LaAlQO; and SrTiO; substrates shown in Fig. 2,
the isolated square grains here do not show a similar in-
plane alignment. These square grains being isolated may be
a manifestation of island growth behavior as suggested for
YBa,Cu;0;_;° Careful examination on the grain orienta-
tion reveals that these grains have a tendency to align to
certain distinct directions. We measured the misorientation
angles 0, that is the relative orientation of the two lattices,
in particular, it is the angles between [001] of
T1,Ba,Ca,Cu;0, and [100] of MgO, and entered them into
a histogram. Here the edges of the rectangular grains were
assumed to be [110] direction (or its equivalent) of
Tl1,Ba,Ca,Cu;0, crystals, similar to those on LaAlO, or
SrTiO; substrate. The misorientation angles are reduced to
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TABLE IL Configuratiofis of “near-coincidence” site lattices between
Tl,Ba,Ca,Cu;0, and MgO, with oy,0<25 and 8 < 3%, except for the
cases with 6=0° and 6=18.4".

MgO TBCCO Misfit Misorientation
k { o m n o 8 g
1 0 1 1 0 1 9.90% 0.0°
2 0 4 2 1 5 1.25% 26.6°
3 0 9 3 1 10 4.64% 18.4°
3 2 13 4 0 16  048%  33.7°
4 1 17 4 2 20 1.78%  40.6°° 12.5°
4 2 20 4 3 25 1.25%  26.6° 10.3°
4 3 25 4 4 32 244% 8.1°
4 3 25 5 2 29 248%  31.3° 15.1°
5 0 25 4 4 32 2.449% 45.00
5 0 25 5 2 29 2489% 218

2Not observed so far.

0°<0<45° because of the fourfold rotational and mirror
symmetries of both the tetragonal T1,Ba,Ca,Cu;0, and the
substrate MgO. We observed several preferred orientations
where the misorientation angles peaked in the histogram.
We also found that these preferred angles can closely
match those calculated using the coincidence site lattice
theory as indicated in Table II.

The coincidence site lattice theory'® has been used to
explain the YBa,Cu;0;_5 grain growth on MgO.’ The the-
ory involves two interpenetrating lattices, in our case, due
to the c-axis alignment, two interfacting two-dimensional
square lattices. There may exist some special misorienta-
tion for which an infinite number of lattice points coincide
with each other between the two lattices. These coinci-
dence lattice points (or coincidence sites) form a lattice
called the coincidence site lattice. The in-plane coincidence
site lattice cells can be characterized by the parameter o,
which is the ratio of the matching cell area to the area
occupied by each crystal lattice site on the interfacing
plane.

The lattice constants of Tl,Ba,Ca,Cu,0, and MgO are
incommensurate, therefore there would be no exact coin-
cidence between these two lattices. We use the so called
“near-coincidence” model, in which the lattice points of
the two lattices can nearly match.

Let a be the lattice constant of the square lattice MgO
with unit vectors (a;,a,). The translation vector can be
written as T,=ka;+/a,, thus the length is given by a \/—
where o, = k2 + 1. Similar definitions for the square lattice
Tl,Ba,Ca,Cu;0, are the lattice constant b, unit vectors
(bl, b,), translation vector Ty=mb,+nb,, and o,=m
+n*. The degree of the mismatch between the two lattices
is measured by misfit 8§ = 2(a\o,~bo,)/(ayo,
+b o) .
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The low interfacial energy configurations can be char-
acterized by small lattice misfit § and high density of
“near-coincidence” sites (i.e., small o). Table II lists all
the possible configurations from near-coincidence site lat-
tice theory with oyz0<25 and 8 <3%, except for 6=0°
with §=9.9% and 6=18.4" with §=4.6%. All the listed
misorientations have been observed within an uncertainty
of 1°, except for the case with §=40.6°, which has not been
observed so far.

As can be seen in Table II, those preferred orientations
correspond to relatively high density of coincidence sites
and generally low misfit, although in some cases the misfit
is high, for example, the misfit for 0° misorientation, i.e.,
the square on square case, is as high as 9.9%. According to
the van der Merwe theory,!! the stress caused by the lattice
misfit can be released if the interaction between the atoms
in the film is stronger than that between the adatoms and
the substrate. In this case, the first layer atoms of the film
may not be at the lowest energy position. In fact, the T1
film can be grown on MgO with populated 0° misorienta-
tion as shown in Fig. 3(b). Our studies show that 0° and
45° misorientations are most likely to be observed. There
seems no correlation between the degree of misfit and the
population of growth orientations.

In summary, Ti,Ba,Ca,Cu;0, grains are epitaxiaily
grown on SrTiO; (001) and LaAlO; (001) while on MgO
(001) they are locked into a few directions prescribed by a
simplified theory of near-coincidence site lattice. The
growth behavior is similar to that of the YBa,Cu;0;_;
superconductor.
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