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The transport properties of three types of 90° grain boundaries of (103) oriented YBa,Cu3;0; (YBCO)
thin films grown epitaxially on (101) SrTiO; and (101) LaAlO; substrates in situ by 90° off-axis sputtering
are compared. A simple description of the in-plane crystallographic film orientation is given by sub-
strate [010]|[YBCO[010] and substrate [101]}]YBCO ¢301). A domain structure exists with the CuO,
planes oriented at +45° to the substrate surface (i.e., parallel to the substrate [010] direction). Therefore,
specific sets of 90° grain boundaries are observed in both principal in-plane directions. The normal-state
conductivity and the critical current density of these films along the YBCO [010] direction are as high as
the best quality c-axis films, which have no high-angle grain boundaries. The normal-state conductivity
and critical current density along the (301) direction are much lower than in the [010] direction. How-
ever, the normalized magnetic-field dependence of J, for both those directions is similar and shows no
evidence of weak link behavior. These results have important implications for understanding the behav-
ior of step-edge Josephson junctions. The anisotropic transport behavior in the normal and supercon-

ducting state is explained by the microstructure and a simple transport model.

I. INTRODUCTION

Due to the anisotropic crystal structure of high-T, su-
perconductors, many superconducting and normal state
properties are also very anisotropic. Considerable effort
has been devoted to measurements along different direc-
tions to explore the extent of the anisotropy. Tozer
et al.! and Worthington et al.? measured several aniso-
tropic properties of YBa,Cu;0; (YBCO) single crystals
such as resistivity, critical current density, H,, supercon-
ducting coherence length, etc. Difficulties in synthesizing
single crystals larger than a few hundred microns, howev-
er, have made such experiments hard to perform. Addi-
tionally, the quality of the crystals varies, because it is
difficult to obtain uniform oxygen concentration in single
crystals.

On the other hand, it is easy to make uniform epitaxial
thin films with the desired dimensions. Most films natu-
rally grow with their ¢ axis normal to the substate under
typical growth conditions. This permits transport mea-
surements along the a-b plane but not along the ¢ direc-
tion. Recently, high quality a-axis oriented films were
grown at Stanford’ and Bellcore.* Unfortunately, these
a-axis films have two types of b-c domains which forbid
one from measuring solely along the c-axis direction.

Several groups have reported (110) and/or (103) YBCO
film growth on (110) SrTiO; substrates (see Ref. 5).
Terashima et al.® found that a (110) oriented film was ob-
tained for substrate temperatures around 530°C, but a
(103) orientation when grown above 600°C. The surface
of a (110) SrTiO; substrate is a rectangular lattice. This
forces alignment of the CuQO, planes in a specific direc-
tion. For a (110) oriented film, the CuO, planes are per-
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pendicular to the SrTiO; [001] direction. On the other
hand, in (103) oriented films the CuO, planes are always
parallel to the SrTiO; [001] direction.

In a pure (110) oriented film, the two in-plane orthogo-
nal directions are YBCO [110]|| substrate [110] and
YBCO[001] || substrate [001]. This means that when the
transport properties are measured along the substrate
[001] direction, the current is flowing only along the
YBCO c-axis direction. Hence, the anisotropy can be
directly measured. Unfortunately, the intrinsic anisotro-
py is not measured in these (110) oriented YBCO films
because the low growth temperature creates so many de-
fects. In fact, all the properties are inferior in these films.
In addition, Olsson et al.” recently reported that they ob-
served cracks along the [001] direction of these types of
YBCO films. They attributed the cause of these cracks to
the different thermal expansion coefficients of YBCO
along its ¢ axis and SrTiO; along its [001] direction.
Thus, (110) YBCO films have proven impractical for
measurements of the intrinsic anisotropy.

Another choice to measure the anisotropic properties
of YBCO is (103) oriented films. As we discuss below,
higher growth temperatures have enabled us to make
such films with far fewer defects than (110) films. Hence,
there is the possibility of measuring the intrinsic anisotro-
py. The major drawback with (103) films compared to
(110) films is that the anisotropy is not in a simple direc-
tion. Recently, Wada®® and Kwo!® have reported the
growth of single domain (103) Bi-Sr-Ca-Cu-O and
La,_,Sr,CuO, thin films, respectively. However, our
(103) YBCO films, where the lattice parameter c,~ 3b,,
do not grow as a single crystal or with a single in-plane
orientation. Therefore, many types of grain boundaries

11 902 ©1992 The American Physical Society



46 GROWTH MECHANISMS AND PROPERTIES OF 90° GRAIN . ..

form in the films.

These are all 90° boundaries with respect to the c¢ axis
and are likely to be coherent, similar to previously stud-
ied @-axis films,>!! and in contrast to the lower angle
grain boundaries studied by Dimos et al.!? and more re-
cently by Ivanov et al.!® They have shown that the trans-
port properties of certain twist and tilt boundaries de-
grade as the misorientation angle increases, suggesting
that high angle grain boundaries are generally deleteri-
ous. Their work was carried out, respectively, on single
grain boundaries of films deposited on SrTiO; bicrystals
and on YSZ bicrystals. The misorientation angle between
two crystals was varied from O to 45°. The J,. dropped 2
orders of magnitude when the misorientation angle was
greater than 10°. However, it is not possible to make 90°
grain boundaries using the bicrystal technique because
the substrate is cubic.

Recently, Babcock et a reported weak-link-free be-
havior at high magnetic fields in a flux-grown YBCO bi-
crystal which contained two kinds of boundaries. One
was a 90° [010] twist boundary (type A) and the other was
a 90° [010] basal-plane-faced tilt boundary (type B)—see
Fig. 4. They were not able to distinguish between the
characteristics of the two boundaries which were electri-
cally in parallel. The conclusion of weak-link-free behav-
ior was based on the fact that the J, across the boundary,
~3X10° A/cm? at 73 K, was not lower than the in-
tragrain J,, and on the features of the J, vs H and I-V
characteristics. However, for technological purposes it is
desirable to measure weak link behavior in the range of
10* A/cm?® to 10° A/cm? The intragrain J, of highly
textured thin films along the CuO, planes is close to the
depairing critical current; therefore these films are ideal
for studying weak-link behavior across grain boundaries.

We already reported the absence of weak-link behavior
across the 90° [010] twist boundaries in (103) oriented
YBCO thin films."> In this paper we discuss in detail the
growth mechanisms, microstructures, and DC transport
properties of (103) films. We make a comprehensive com-
parison of different types of 90° c-axis grain boundaries
occurring in these films. Similar grain boundaries are
present in step-edge junctions exhibiting weak-link-like
behavior.'6~18 However, from our measurements of
magnetic field dependence of J,, we infer that this weak-
link behavior is not simply due to the misorientation
across the boundary as has been assumed. None of the
90° c-axis boundaries occurring in the (103) films show
the strong dependence of critical current upon field found
in step-edge junctions.

l. 14

II. SYNTHESIS

The films we will discuss here were grown in situ by a
single target, 90° off-axis sputtering technique.'>?° Both
(101) SrTiO; and (101) LaAlO, substrates have been used.
We define the substrates as having a (101) orientation in-
stead of the equivalent (110) for clarity. The directions of
the substrate edges are [010] and [101]. On the (101)
LaAlO; substrates, twin features cause visible lines
aligned along the [010] direction. However, the (101)
SrTiO; substrates require either the Laue technique or
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FIG. 1. X-ray diffraction 6-26 scans on (103) YBCO thin
film on (101) LaAlO;.

off-axis x-ray scans to identify the in-plane direction.

The sputtering atmosphere consisted of 40 mTorr O,
and 60 mTorr Ar. The rf power on the sputter gun (125
W) generated a self-bias of 50 V. The substrate block
temperature was held at 720°C. We simultaneously grew
c-axis films on (100) MgO and (100) SrTiO; substrates to
compare properties. After deposition, the chamber was
immediately vented in O, until a pressure of 600 Torr
was reached, and was then allowed to cool down. VYe de-
posited films with thicknesses from 660 to 4000 A; be-
cause the (103) films have very rough surfaces we use the
thickness of the adjacent c-axis films to define a “nomi-
nal” thickness for the (103) films.

III. STRUCTURAL PROPERTIES

A. Texture

The film textures were investigated by x-ray diffraction
using a 4-circle diffractometer with a Cu K a source. Fig-
ure 1 shows the 6-26 scan of a YBCO film grown on (101)
LaAlO;. The only peaks due to YBCO are the (103) and
(013); however, these two peaks cannot be completely
resolved by the instrument resolution. In a similar scan
for a film grown on a (101) SrTiO, substrate, we were not
able to identify a (013) peak because the strong (101) sub-
strate peak overlaps it. The absence of any (110) oriented
YBCO grains on either substrate was verified by off-axis
scans of the (102) peak. The observation of both the (103)
and (013) lines indicates the presence of (110) twins in the
film due to the orthorhombic-to-tetragonal phase trans-
formation during cooling. The mosaic spread in the (103)
films is very anisotropic; rocking curve widths of the
(103) and (013) reflections along the substrate [010] and
[101] directions are 0.8° and 2.8°, respectively, both of
which are bigger than that of either a good c-axis film*
or ag-axis film.2! It is known, however, that if the rocking
curve width of a c-axis film is less than about 3 degrees,
then the DC normal state and superconducting proper-
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ties are not affected.?

The in-plane texture was also investigated by off-axis
scans of the (005) peak. It was confirmed that both the
(103) and (103) variants [as well as (013) and (013)] are
present. The orientation of the CuO, planes changes by
90° between these two variants. It was confirmed that
SrTiO;[010]||YBCO[010], [100] and SrTiO;[101]
[lYBCO (301), (031). Therefore, all the CuO, planes

1000 A (a) 4000 A

1000 A (c) 4000 A

FIG. 2. SEM image of a 1000-A and 4000-A-thick (103)
oriented YBCO thin film on LaAlO; (101) substrate. (a) top
view, (b) tilted to 60° from the top view along [010] direction,
and (c) tilted 60° from the top view along [301] direction.

TABLE I. The characteristics of the (103), c-axis and a-axis oriented YBCO thin films and twinned single crystal along the different in-plane directions.

o

Grain
width (A)

o

Film
thickness (A)

p(0)
(uQ cm)

dp/dT
(uQ cm/K)

J|| direction

Substrate

J. (A/cm?)

(uQ cm)

T. (K) of substrate

Texture

temp. (°C)

Substrate

1700
1700
2500
2500

1000
1000
2000
2000
4000

4000

320
3200
240
2700
180
2250

0
1400
0
550
0
125

1.07
6.0

7.16
0.58
7.08

0.8

87.5
87.5

720

720

720

72
2

720

5X107 @4 K
1X10° @4 K

4000
4000

180
1200

J||[010] 0.58 0
J([010] 1 800

86.5
85

720
640

MgO(100)
SrTiO,(100)

0.5 150

J||ab

90

Single crystal

(Refs. 25 and 26)
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are parallel to the [010] direction of the substrate, so we
expect high conductivity and critical current densities in
this direction. However, for the other planar direction,
the macroscopic current flow in the YBCO is along both
(301) and (031).

B. Morphology

The surface morphology of the films was investigated
by scanning electron microscopy. Figure 2(a) shows SEM
micrographs (top view) of a 1000- and 4000-A-thick
YBCO film grown on (101) LaAlO;. All the grains in a
film are elongated in the same direction, and have a
length-to-width ratio of about 10. X-ray diffraction and
TEM were used to establish that the elongation of the
YBCO is always along the [010]/[100] direction. As the
film thickness is increased, the grains start to coalesce so
that, viewed from the top, it would appear that bigger
grains are obtained (see also Table I). As expected bigger
grains are also obtained at higher growth temperature
and lower oxygen pressure due to the higher atomic mo-
bility. We will discuss the grain growth mechanisms in
the next section.

Figure 2(b) is a side view of the film, looking into the
substrate [010] direction. The cross section of the grains
[Fig. 2(b)] is a triangular shape, which will be discussed
below. In contrast to the extremely smooth surfaces ob-
tainable in c-axis and g-axis films,>*° our (103) films are
not smooth. The surface roughness is around 400 A in
the 660-A thick film. Figure 2(c) is the other side view,

looking into the substrate [110] direction.

C. Microstructure

Microstructural characterization using transmission
electron microscopy (TEM) shows the structure of the
grains and the different types of grain boundaries along
the major crystallographic directions. The results can be
correlated with the anisotropy of the transport measure-
ments as well as give insight into the growth mechanisms
of these films. The films were observed in both plane
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view and cross section.. The details of the TEM sample
preparation are reported elsewhere.?

Figure 3(a) shows a plane-view micrograph of the
4000-A thick film along with the large area diffraction
pattern confirming the (103) orientation. Diffraction con-
trast from the grain structure, (110) twins, and second
phase precipitates results in a confusing image; Fig. 3(b)
is an idealized schematic showing the general shape of
the grains and the projected direction of the (110) twin
boundaries within the grains as well as the location of
second phase precipitates. The grains form in the tetrag-
onal phase regime as either (103) or (103) with the CuO,
planes making an angle of either 45 degrees with the
substrate surface. (110) twins, where the a and b axes al-
ternate across a (110) plane, form within the grains as a
result of the tetragonal-to-orthorhombic phase transfor-
mation during cool down; this results in the additional
distinct (013) and (013) orientations, as found in the x-ray
pattern. As indicated by the SEM images, the grains are
elongated in the [010]/[100] (henceforth referred to as
[010]) direction which is a fast growth direction. The or-
thogonal (301),{031) (henceforth referred to as [301])
direction is an ordering direction for the Y and Ba atoms,
similar to the [001] direction and is therefore a slow
growth direction. The (110) twin boundaries are at an
oblique angle to the film/substrate interface. Note that
the formation of these twins during cool down does not
change the orientation of the CuO, planes. The grain
structure is defined by the +45 degree orientation of the
CuO, planes and the grain boundaries are all either low-
angle boundaries or different types of 90 degree boun-
daries with respect to these planes.

Several distinct types of these 90 degree boundaries are
observed, as shown schematically in Fig. 4. Type A is a
90 degree [010] twist boundary; type B is a 90 degree
basal-plane-faced [010] tilt boundary; type C is a 90 de-
gree symmetrical [010] tilt boundary. Type A boundaries
are observed along the [010] direction of the 4000-A
thick film. These boundaries can be identified by tilting
the planar TEM specimen approximately 45 degrees

(110) twin
boundaries

grain boundary
precipitates

FIG. 3. Planar TEM micro-
graph (a) and an idealized
schematic of the grain and twin

[100]/[010] boundary structure (b) of a (103)
YBCO thin film. The electron
l diffraction pattern in the inset
confirms the in-plane texture

<301> and absence of (110) grains.
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—»C2

Type C

FIG. 4. Schematic diagrams of various 90° grain boundaries;
a 90° [010] twist boundary (type A), a 90° [010] basal-plane-faced
tilt boundary (type B), and a 90° [010] symmetrical tilt boundary
(type C). Note that a 90° [001] tilt boundary is a (110) twin
boundary.

about the [010] axis of the film. The type A boundary is
then imaged as in Fig. 5, where one is looking along the
[001] direction of one grain and along the [100] direction
of the other grain, the latter showing the 11.7- A fringes
of the (001) planes. Microdiffraction confirms this orien-
tation change across the boundary. The [010] twist boun-
daries are the predominant high angle grain boundary
along the [010] film direction. Other types of boundaries
that occur in this direction are the (110) twin boundaries
within the grains, and c/3 antiphase boundaries which
occur as a result of adjacent grains nucleating in the same
orientation but out of registry with each other. Low-
angle boundaries may also exist between grains in regis-

FIG. 5. The 90° [010] twist boundry is shown in Fig. 2(c) in
which the sample is rotated 45° about the [010] direction. The
c-axis fringes of the bottom grain can be seen.
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try with each other. Finally some of the [010] twist
boundaries may also have an a-b twin component [similar
to the (110) twins], if the [010] and [100] axes alternate
across the boundary.

Characterization of the grain growth, and grain bound-
ary structures along the in-plane [301] direction are ob-
tained by analyzing a [010] TEM cross-section sample.
Figure 6 shows such a cross section of the 660- A thick
film. In contrast to the smooth surfaces of a- and c-axis
film growth,?® the film surface is very rough. The film
does not grow with the (103) plane as the growth front.
Rather growth occurs along the [100] and [001] direc-
tions, both of which are out of the plane at approximately
45 degrees, resulting in triangular shaped grains. The
grain size is very fine at the interface, less than 100 A.
However, as the film thickens, the grains quickly become
larger, indicating that the growth rate is much higher
than the homogeneous nucleation rate. Both TEM and
SEM show the grain size increasing with thickness.

The grain boundaries in the [301] direction, as ob-
served in Fig. 6 are type B and type C boundaries (Fig. 4).
A perfect type C boundary for a (103) grain has the (103)
plane as its boundary plane and is expected to be
coherent. However many of the boundaries which we ob-
serve do not appear perfectly symmetrical or coherent al-
though their boundary plane is very close to (103). Fur-
ther some boundaries are clearly comprised of type B
plus type C facets. Since coherent boundaries are ener-
getically favorable, it seems likely that the imperfect type
C boundaries are similarly faceted and coherent on a finer
scale. This has been reported for grain boundaries in a-
axis films by Gao et al.!! Twist facets in type-C boun-
daries have also been identified (see note added in proof).
A schematic showing the grain structure and grain boun-
daries along the major in-plane directions is shown in
Figs. 7 and 8.

The cross-section view also gives insight into the na-
ture of film nucleation and growth. (103) film growth is
quite different from that of a- and c-axis growth, in that
both the fast [100] and slow [001] growth directions are
out of the plane of the substrate at approximately 45 de-
grees and define the growth fronts for the film. The
heterogeneous nucleation rate at the interface is very
high, resulting in a grain size of less than 100 A for the
first layer of growth. The grains nucleate in the tetrago-
nal phase regime in one of two orientations, (103) or
(103), which have a 90 degree relationship of the CuO,
planes between them. Because the [100] direction is the
fast growth direction, two adjacent grains 50-A apart
with these directions intersecting will quickly grow to-
gether forming a triangle approximately 50 A high.
Many of these small triangular grains are visible along
the film/substrate interface of Fig. 6. Further growth in
the [100] directions is blocked by the intersection of the
grains and growth then takes place in the kinetically less
favored [001] growth direction or by nucleation of a new
(100) grain on the (001) surface. However, because we
are in the parameter space favoring (001) growth, the nu-
cleation of a-axis grains on top of c-axis grains is less
favorable than grain growth. The areas where g-axis nu-
cleation is most favored will be in the valleys where the ¢
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axes of two grains intersect. Here c-axis growth on one
surface may force a-axis growth on the intersecting sur-
face at 90 degrees so that small fluctuations in local
growth conditions may favor the type B basal-plane-faced
boundary. In the growth regime following the initial
copious heterogeneous nucleation at the substrate, many
basal-plane-faced type B tilt boundaries are observed in
addition to the symmetrical type C tilt boundaries. The
grain size increases by a factor of 5-10 times in this re-
gime, supporting the conclusion that grain growth
proceeds faster than homogeneous nucleation. It appears
that at about 2000 A nominal film thickness, growth on
(001) surfaces at +45 degrees seems to stabilize and dom-
inate the film structure so that growth beyond this thick-
ness is columnar with (approximately) type C boundaries
normal to the plane of the film. As confirmed by planar
views of successive thicknesses, the grain size for films
(103) grain (103) grain

103 i .
(103) gmm<3\£; 7 90°%-twist [010]

N grain boundary
\\

[100]

Zo

N NN N NN NN N AN\
Iy AR
K, xx,[1o®x~(x \xxYYxJ?01]<~<
ORI !\(x)(&)(x)(x SIS <
9\/\/\{\(%\/}/ 34 (101) substracdSEL KNS
$ 01) substratg /X
NI A rcvavac-al LN 000

FIG. 7. Three-dimensional schematic diagram of a
(103)/(103) YBCO film showing a 90° [010] twist boundary. The
twins are not shown here.
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FIG. 6. Low-magnification of
660-A cross section viewed
along substrate [010] direction,
showing surface structure, pre-
cipitates, grain boundaries.
High magnification inset of cross
section showing interface grains
very clearly.

thicker than 2000 A stabilizes at about 2000-A average
width and 2-um length giving an aspect ratio of about 10.
The cross-section view of the 4000-A thick film does not
show sufficient electron transparent area to confirm
columnar growth and predominantly type C boundaries
above 2000-A thickness unambiguously, although the
planar view of Fig. 3(a), which is the upper 1000 A of the
film, indicates columnar boundaries along the [101] sub-
strate direction at this thickness.

The plane view of Fig. 3(a) also shows precipitates on
the order of a few hundred angstroms in size in the film,
mainly at the grain boundaries in the [301] direction.
The cross-section view (Fig. 6) shows that the majority of
these second phase particles are on the surface of the
film, either in the valleys or along the (001) surfaces, sug-
gesting that the extra material is pushed out ahead of the
growing 1:2:3 crystal front. Some precipitates are also

surface roughness

type-C grain

boundaries wid

type-B

(103) (i03) boundary

effective
film thickness

O ) %

NN NN
{101)

substrate
[010) l__,u‘ou

A FI.G. 8. Schematic cross-section diagram of a (103) film look-
ing into the YBCO [010] directions showing growth kinetics
and various boundaries.

S
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embedded in the grain boundaries. These precipitates
have been identified as having a cubic lattice with a lat-
tice parameter slightly larger than that of the YBCO sub-
lattice, on the order of 4.1-4.2 A. Similar precipitates
have been identified in Ba-rich evaporated films; these ap-
pear to be the insulating “1:3:2” phase as predicted for
Ba-rich compositions by the low-pressure phase dia-
gram.?* The composition of the target used for these films
is slightly Ba-rich as determined by inductive coupled
plasma spectroscopy so the occurrence of this phase is
consistent with phase-diagram considerations. Because
these small precipitates are either isolated within the
1:2:3 phase or pushed out to the surface of the film, we do
not believe they have a significant effect on the transport
properties reported in this paper.

IV. NORMAL AND SUPERCONDUCTING
TRANSPORT PROPERTIES

The structure of the (103) film is unique and anisotrop-
ic, therefore it is interesting to study its transport proper-
ties. We have measured both the normal state properties
and superconducting properties of the (103) films with
various film thickness from 1000-4000 A along the two
orthogonal directions. As the films become thicker, the
microstructure along [301] changes from mixed B+C
boundaries near the interface to predominantly C boun-
daries. We have compared these results with those of the
c-axis and a-axis oriented films. High quality c-axis films
contain mainly low angle grain boundaries; a-axis films
contain a mixture of type C and type B grain boundaries.’
(103) films, as discussed, have type A boundaries in the
[010] direction and a combination of types B and C in the
[301] direction. In considering types B and C grain
boundaries we might intuitively expect better transport
properties for type C, since the CuO, planes intersect on
a roughly one-to-one basis across this boundary. Type B
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FIG. 9. Resistivity vs temperature curves for a 4000-A-thick
(103) YBCO film on a (101) LaAlOj; substrate along two orthog-
onal directions. The inset shows the geometry of a cross-
shaped-bridge pattern for the transport measurements.
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boundaries, on the other hand, have many superconduct-
ing planes in one grain intersecting a single plane in the
other grain, so that the current path is partially along the
¢ axis of the lattice, which is a path of higher resistance.
From our results we propose transport mechanisms in
the (103) film and fit these with a simple transport model.

A. Resistivity

We have measured resistivity, T,, and J. by a four-
point measurement. In order to measure the anisotropy,
cross-shaped bridges were patterned with two 40-um
lines aligned along the [010] and [301] directions of the
(103) YBCO film. For c-axis and a-axis films these bridge
lines were aligned along the [100] and [010] directions of
the substrate. Alignment of the bridge along a specific
crystallographic orientation is only accurate to within a
few degrees; the lack of perfect alignment of the bridges
with respect to the grains is a source of small error unless
(as is not the case here) one is measuring along the high
resistance c axis.

Figure 9 shows resistivity vs temperature curves for a
4000-A thick (103) YBCO film on a (101) LaAlO; sub-
strate along both the [010] and [301] directions. The
resistive transition temperatures (7,) and transition
widths (AT,) along both directions are the same
[T(R =0)=87.5 K and AT,=1.0 K]. However, the
resistivity (p) is anisotropic: p along the [301] direction
is much higher than p along the [010] direction. In con-
trast, in c-axis and in a-axis films, the resistivity behavior
is isotropic in the plane of the film.

The normal state resistivity as a function of tempera-
ture can be analyzed, as discussed by Halbritter®® as

py(T)= Zpgb+P(p0+a T), (1
g.b.
where p, ,, is the grain boundary resistance; it is assumed
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FIG. 10. Resistivity vs temperature curves for 1000-, 2000-,
and 4000-A-thick (103) YBCQ films on (101) LaAlO; substrates
along [010] and for a 4000-A c-axis film on a (100) MgO sub-
strate.
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to be temperature independent and makes the dominant
contribution to p(0); p§+a'T is the intrinsic resistance of
weak-link-free crystallites; p{ is impurity scattering,
which we assume to be zero as it is in high quality YBCO
single crystals; a' is the intrinsic lattice scattering, and
contributes to dp/dT. For high quality YBCO single
crystals dp/dT is very close to 0.5 uQ cm/K;*>?¢ and
P=L/LyXCy/C is the mean percolative lengthening
(L /L) and mean shrinkage of the current cross section
(Cy/C) and contributes directly to dp /dT as indicated.

Figure 10 shows resistivity vs temperature curves for
1000-, 2000-, and 4000-A-thick (103) YBCO films on
(101) LaAlOj; substrates along the [010] direction as well
as that of a 4000-A c-axis film. The transition tempera-
tures of all these films are almost the same, within 1 K.

For the c-axis film, the resistivity behavior along the
two orthogonal directions is the same, which is expected
since we measure over many a-b twins. The resistivity at
room temperature (p3o) is 195 uf) cm, the temperature
dependence (dp/dT) is 0.58 uQlcm/K, and the zero-
temperature intercept [p(0)] is zero. These normal state
properties are very close to those of high quality twinned
single crystals when J||ab plane.

For 4000-A-thick (103) films along the [010] direction,
the resistivity [p(T)] is similar to that of c-axis films. Ac-
tually, p(T) on (103) films from three different deposition
runs with the same film thicknesses is consistently slight-
ly lower than for the c-axis films. The extrapolated inter-
cept gives p(0) =0. Thus there is no evidence for temper-
ature independent grain boundary resistance due to the
presence of the type A [010] twist boundaries.

The [010] resistivity depends on film thickness as can
be seen in Table I. p(0) always remains close to zero, in-
dicating that there is no grain boundary resistance. How-
ever, dp/dT increases with decreasmg film thickness.
For the 100-A-thick film the value is about twice that of
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FIG. 11. Resistivity vs temperature curves for 1000-, 2000-,

and 4000-A thick-(103) YBCO films on (101) LaAlO; substrates
along the [301] direction and for a 4000-A. g-axis film on a (100)
SrTiO; substrate.
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the 4000-A thick film. We do not expect an increase in
path length, since the superconducting planes are parallel
to the macroscopic current direction, and the grain boun-
daries do not show high resistance; therefore, this in-
crease is due to cross-section shrinkage. This may be un-
derstood by considering the rough film surfaces and the
three-dimensional shape of the grains: Two grains inter-
secting along the [010] direction may not be exactly
aligned, causing reduction of the actual contact area. If
one assumes a planar growth front and maximum
misalignment for triangular-shaped grains along the [010]
direction, the cross-sectional shrinkage is still only on the
order of one-half of the total cross-sectional area of indi-
vidual grains, leading to a factor of 2 maximum increase
in dp/dT. As films thicken, more of the underlying lay-
ers make contact, so that the value of the slope ap-
proaches the ideal value.

To mterpret the transport behavior along the [301]
direction it is also useful to consider the behavior of a-
axis films. The a-axis films have two orientations of the
c-axis in-plane; the mlcroscoplc current in an a- ax1s film
flows through the CuO, planes in a zigzag pattern.’ Asa
result, the current path is about twice as long as the
direct path, and this current path lengthening increases
dp/dT by a factor of 2 over that of a c-axis film. p(0) is
very high because the resistivity of g-axis films is dom-
inated by grain boundary scattering.

Figure 11 shows resistivity vs temperature curves for
1000-, 2000-, and 4000-A-thick (103) YBCO films on
(101) LaAlO; substrates along the [301] direction as well
as that of the 4000-A pure a-axis oriented YBCO film. In
both cases type B and C grain boundaries are present.
The resistivity behavior of (103) films along the [301]
direction in which microscopic current also traverses
type B and type C boundaries, is very different from that
of either c-axis or a-axis films. First, the absolute resis-
tivity is very high. Also, dp/dT is about 7 uQcm/K,
which is about 12 times bigger than that of the c-axis
film. This implies that the effect of the microstructure on
the current path lengthening and/or the cross-shrinkage
is much greater for this direction. We expect both effects
from the microstructure shown in Fig. 6. The current
paths become longer because the microscopic current
flows up and down along the CuO, planes. Additionally,
if the microscopic current meets a type B grain boundary,
which we intuitively expect to have higher resistance, the
current direction may change to go through a type C
grain boundary into a neighboring grain, which also in-
creases the path length.

Also, we expect a large reduction in cross section due
to the surface roughness. Thin regions, or valleys, exist
between the triangular shaped grains in the [301] direc-
tion, as observed in the SEM and cross-section TEM im-
ages, and will restrict the current flows. Figure 7 shows
that the height of the valleys may be a small fraction of
the nominal film thickness; from this observation we
would expect cross-section shrinkage to be the dominant
contribution to the large value of dp/dT in the [301]
direction. However, it is interesting to note that the
value of the slope remains constant as the film thickness
varies from 1000 to 4000 A, suggesting that C,/C also
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FIG. 12. Critical current density vs temperature curves for a
c-axis film and for 1000-A and 4000-A-thick (103) films along
the two in-plane directions measured by transport. The J.’s at
4.2 K were measured by magnetization at near zero field. The
intragrain J, of a flux grown single crystal [Babcock (Ref. 14)] is
50 times lower than the J, of the 4000 A thick (103) film in the
[301] direction and 3 orders of magnitude lower than the J, of
the c-axis film.

remains constant with thickness. It is not clear that this
is due to surface roughness alone since one might expect
C,/C to decrease as the film increases in thickness. The
C,/C factor may be influenced by other microstructural
considerations as well. For example, if the type C boun-
daries, which become more prevalent in the thicker re-
gions of the film, have better transport properties as pro-
posed, then the effective cross section may shift toward
upper areas of the film as thickness increases, excluding
the lower, more highly resistive regions, and maintaining
a constant C,/C for this range of thickness. This is also
consistent with the lower p(0) of the thicker films.

B. Critical current densities

Because there are several specific types of boundaries
in the (103) film, it is interesting to measure the critical
current densities along both orthogonal directions and to
compare them with those of c-axis and a-axis films, which
are well known. Critical current densities of (103) films
have been measured both by transport on 40-um-wide
patterned bridges, and, when was convenient, by the dc
magnetization method. The two methods are quite self-
consistent. The criteria for the transport J, was 5 uV/cm.
The magnetization J, was done at 4.2 K at zero field us-
ing the Bean approximation.?’

Figure 12 shows the J, vs T curves for previously mea-
sured c-axis and q-axis films along with 4000- and 1000-
A-thick (103) films measured by transport in the two in-
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plane directions. The transport J,. of 4000-A-thick (103)
film along the [010] direction is, within experimental er-
ror, the same as that of the c-axis film. The transport J,
measurements are near T, because the maximum current
used was limited to 100 mA. Therefore, we conclude that
the 90° twist grain boundaries between (103) and (103)
grains along the [010] direction show no weak link behav-
ior. This unexpected result can be explained in the fol-
lowing way. The type A (Fig. 4) twist is particularly
robust in so far as transport is concerned. Across these
boundaries, a single CuO, plane in each grain makes con-
tact with many CuO, planes in the other grain. It is in-
teresting that the 90° twist boundaries may actually im-
prove transport properties by shorting out defects such as
stacking faults. This allows for transport without having
to travel along the highly resistive ¢ axis. The 90° [010]
twist boundary also may be advantageous in situations
where electrical contact is made only to a surface layer.
Although there is some antisite cation disorder between
Ba and Y across the 90° twist boundary the common
copper and oxygen atoms positions are unaltered.

The J. of 4000-A thick (103) films along the [301]
direction, however, is about 30 times lower than along
the [010] direction. This measurement is affected not
only by the grain boundary structure along this direction,
but also by the cross-section shrinkage effect indicated by
the normal state resistivity measurements. As discussed,
dp/dT is a factor of 12 larger than that of the c-axis film
or of the (103) film along the [010] direction. Current
path lengthening due to the zigzag microscopic current
along the CuO, planes can contribute to higher dp/dT
by a factor of V'2; therefore we expect a reduction in P
due to cross-sectional shrinkage by up to a factor of 9.
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FIG. 13. Normalized critical current density [J.(H)/J.(0)]
as a function of magnetic field for a 4000-A-thick (103) YBCO
film on a (101) LaAlOj; substrate along two orthogonal direc-
tions and for a 4000-A c-axis film on a (100) MgO substrate.
The effective magnetic field in the (103) film is 1/V'2 because the
CuO, planes are at 45° at the substrate surface. All three data
sets show very similar magnetic field dependence.
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This factor is an upper limit since we cannot determine
what other path lengthening effects may also contribute
to the resistivity slope. If we apply this same cross-
section shrinkage in determining J., then the true value
of J, in the [301] direction is up to 9 times higher than
that shown in Fig. 13. The remainder of the difference
between J,[301], and J,[010] and that of the c-axis films,
is due to the effect of grain boundaries.

Comparing the behavior of a-axis films, which also
contain both type B and C boundaries, may give further
insight into the effect of these boundaries on J,. The J,
of these ag-axis films, measured by magnetization, is
1X10° A/cm?. The same measurement for the (103) films
will lie between that of the a-axis and c-axis films, if one
includes the factor for cross-section shrinkage as dis-
cussed in the previous paragraph. This difference be-
tween films with the same types of grain boundaries may
be explained by considering the details of the microstruc-
ture and assuming that the B boundaries are more detri-
mental to J, than the C boundaries. For the g-axis films
the two types of boundaries are always measured in
series. The J, measurement will therefore reflect the
more detrimental boundary. However, for the (103) films
there should be a parallel path which traverses only C
boundaries in the upper region of the film. This has the
effect of increasing the overall J, relative to that of the a-
axis films as observed. This microstructural explanation
is consistent with the interpretation of the normal state
resistivity behavior for the (103) films.

The J,’s of the (103) films also vary with thickness in
both the [010] and the [301] directions as shown in Fig.
12. In the [010] direction, as with the normal state resis-
tivity behavior, this is omainly due to cross-sectional
shrinkage for the 1000-A-thick film. However, in the
[301] direction the lower J, for the thinner film is not
due to cross-sectional shrinkage because C,/C stays con-
stant with thickness as indicated by the resistivity mea-
surements (see Table I). Rather we suggest that the
reduction in J, is due to the variation in boundary struc-
ture with thickness. As we discussed we can observe
more type B boundaries near the substrate-film interface
(see Fig. 7). We attribute the lower J,’s for the thin (103)
films to the presence of these boundaries. However, with
increasing film thickness, the type C boundaries are more
dominant; therefore, J. increases with thickness. We
conclude from both the J, and resistivity measurements,
correlated with the microstructural observations, that the
type B boundary is more detrimental to J. than the (ap-
proximately) type C boundary.

The lower J, and higher p(0) both of the (103) films in
the [301] direction and of the a-axis film, suggest that
these grain boundaries may exhibit weak-link behavior
(i.e., strong dependence of J, on weak magnetic fields).
In order to check this we have measured transport J,’s at
77 K as a function of magnetic field up to 5 kG. If
weak-link behavior exists we expect to see a rapid drop of
J. at low magnetic field. Figure 13 shows the normalized
critical current densities [Jc(H)/J.(0)] as a function of
magnetic field for 4000-A-thick (103) YBCO films on
(101) LaAlO, substrates along the two orthogonal direc-
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tions, and for a 4000-A c-axis film on (100) MgO sub-
strate. The direction of the applied magnetic field is al-
ways perpendicular to the substrate surface. Studies?® of
the dependence of J. on magnetic field orientation in
(001)-textured films suggest that for 0 < 6 < 60° the critical
current is affected only by the component of the field in
the plane. Therefore, the effective magnetic field in the
(103) film is reduced by a factor of cos(45°)=1/V'2 be-
cause the CuO, planes are included at 45° to the substrate
surface. With this factor taken into account, a very simi-
lar field dependence is observed in all three cases, as
shown in Fig. 13. In the [010] direction this is as expect-
ed since we are measuring across the 90° [010] twist boun-
daries, which from our previous discussion are not ex-
pected to be weak links. However, this is a surprising re-
sult for the [301] direction which traverses a mixture of
type B and type C 90° tilt boundaries (see, however, note
added in proof). Magnetization measurements on g-axis
films with a vibrating sample magnetometer are con-
sistent in that the hysteresis loops can be scaled to those
of c-axis films.?’

For current flowing in the [301] direction, then, the in-
ferred magnitude of J, is ~fourfold smaller than the in-
plane critical current of a c-axis film, while the field
dependence is almost identical. Should the former behav-
ior be described as weak-link behavior? The distinction
between bulk pinning-limited behavior (as in a c-axis film)
and weak-link behavior is blurred in the present cir-
cumstances. Any connecting region where the order pa-
rameter is reduced from its bulk value may be called a
weak link, yet the critical current of the system may be
limited by bulk pinning rather than the weak link itself,
and this would not be called “weak link behavior.” In the
present case we do not know if J, in the [301] direction is
reduced in comparison to a c-axis film because the former
has weaker bulk pinning (due, e.g., to a different defect
structure) or because the order parameter is reduced at
the 90° boundaries (perhaps leading to a lower pinning
force there). The field dependence is also not definitive.
A weak link at a type B tilt boundary which had a critical
current of 10® A/cm? would have a characteristic field for
the reduction of J, of H~¢y/A;(A,+A,,)~1 kOe—just

type-C 90° grain boundaries

(o]
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< c ~ ——CuOz Planes
%— ]
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FIG. 14. Schematic cross-section diagram of a step-edge
junction showing type C 90° grain boundaries. This figure is
drawn based on a cross-sectional TEM micrograph of a step-
edge junction investigated by Jia et al. (Ref. 17).
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as measured. But we see from the data on the c-axis film
that this is also the characteristic field for decrease in the
bulk pinning-dominated critical current.

In a practical sense the nomenclature is unimportant.
What we expected was to find a clear indication of weak-
link behavior, comparable to that seen in step-edge
Josephson junctions'®~!® with high step angles, which in-
corporate 90° grain boundaries at each level (see Fig. 14).
These junctions have critical current in the range
10°-10* A/cm? and the critical current decreases in
characteristic field in the range 10—-100 Oe. Our results
demonstrate that such weak coupling is not due to the
simple presence of 90° boundaries. Jia et al.** have
demonstrated that there are additional defects associated
with the boundaries, which might include compositional
variations, strain, or microcracks. These defects either
independently or in conjunction with the grain boun-
daries would seem to be responsible for the weak-link be-
havior. The consistency of the results for step-edge junc-
tions indicates that such defects would have to occur
reproducibly, which may seem unlikely. Another possi-
bility is that the behavior is caused by conduction along
the ¢ axis, which is inherent in this step geometry for a
sufficiently thin film (see Fig. 14). In any case, we have
clearly demonstrated that the 90° c-axis boundaries need
not exhibit significant weak-link behavior.

V. SUMMARY AND CONCLUSIONS

We have grown (103) oriented YBCO films on (101)
oriented SrTiO; and LaAlO; substrates in situ by 90° off-
axis sputtering and studied the growth mechanisms, mi-
crostructure, anisotropic transport properties and prop-
erties of various 90° c-axis grain boundaries of the films.
The film growth is three dimensional, i.e., the (103) plane
is not the growth front. Consequently the film surfaces
are very rough, in contrast to a- and c-axis films. This
growth process produces a unique anisotropic micro-
structure. A domain structure exists with the CuO,
planes oriented at +45° to the substrate surface resulting
in specific types of 90° grain boundaries along the two or-
thogonal directions in the film. The anisotropic transport
behavior along the two major in-plane directions is ex-
plained by the microstructure and a simple transport
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model. The normal state conductivity, critical current
density, and the magnetic field dependence of J, across
90° [010] twist boundaries is similar to high quality c-axis
oriented films. The conductivity and critical current den-
sity across the 90° tilt boundaries in the [301] direction
are much lower than in the [010] direction. Most of the
discrepancy is accounted for by the reduced effective
cross section in this direction. The remainder is attribut-
ed to the presence of Type B boundaries (Fig. 4). Howev-
er, the scaling of J, with magnetic field for directions
traversing type B and C boundaries is the same as for
those crossing type A boundaries and as for c-axis films
with no high-angle boundaries. The weak-link behavior
observed by others in step-edge junctions cannot be attri-
buted solely to the 90° boundary misorientation that they
contain, because we have demonstrated similar grain
boundaries with very strong coupling across the bound-
ary.

Note added in proof. Recent high-resolution micros-
copy of (approximately) type-C boundaries in the upper
regions of (103) films indicates that, in addition to type-B
facets already mentioned, these boundaries may also con-
tain nanoscale 90° twist facets, on the order of 10-30 A in
size. The boundary structure is therefore more compli-
cated on the scale of a few nanometers than the ideal
symmetrical type-C boundary shown in Fig. 4. Since the
type-A twist boundaries do not degrade J,, these twist
facets may be responsible for the non-weak-link behavior
indicated by the magnetic-field dependence of J,. along
the [301] direction. Such an interpretation leaves the
charactreistics of the perfectly symmetrical type-C
boundary uncertain.
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FIG. 2. SEM image of a 1000-A and 4000-A-thick (103)
oriented YBCO thin film on LaAlQ, (101) substrate. (a) top
view, (b) tilted to 60° from the top view along [010] direction,
and (c) tilted 60° from the top view along [301] direction.
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FIG. 3. Planar TEM micro-
graph (a) and an idealized
schematic of the grain and twin
boundary structure (b) of a (103)
YBCO thin film. The electron
diffraction pattern in the inset
confirms the in-plane texture
and absence of (110) grains.
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FIG. 4. Schematic diagrams of various 90° grain boundaries;
a 90° [010] twist boundary (type A), a 90° [010] basal-plane-faced
tilt boundary (type B), and a 90° [010] symmetrical tilt boundary
(type C). Note that a 90° [001] tilt boundary is a (110) twin
boundary.



FIG. 5. The 90° [010] twist boundry is shown in Fig. 2(c) in
which the sample is rotated 45° about the [010] direction. The
c-axis fringes of the bottom grain can be seen.



FIG. 6. Low-magnification of
660-A cross section viewed
along substrate [010] direction,
showing surface structure, pre-
cipitates, grain  boundaries.
High magnification inset of cross
section showing interface grains
very clearly.
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FIG. 7. Three-dimensional schematic diagram of a
(103)/(103) YBCO film showing a 90° [010] twist boundary. The
twins are not shown here.



