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Orientation dependence of grain-boundary critical current densities in high-T, bicrystals
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The critical current density across grain boundaries of twinned thin-film Bi2Sr2CaCu208+, bicrystals has

been measured as a function of the tilt angle O. For 0'=0 to 45, the ratio of intergrain to intragrain critical

current density decreases exponentially with increasing tilt angle. Surprisingly, this orientation dependence is

very similar to that observed for YBa2Cu30& bicrystals. Microstructural investigations of plan view samples

show a wavy grain boundary of the superconductor with a roughness of 100 nm to 1 pm which does not

originate from the roughness of the substrate grain boundary (1—3 nm) but is caused by an island-plus-layer

growth of twin domains. In general, one of the adjacent grains has a low-indexed habit plane at the boundary.

Whereas the critical current density, j, , of thin films of
high-T, superconductors (HTS's) is already high enough for
numerous applications, polycrystalline materials, which are
required for making wires or tapes, are characterized by
rather low current densities. A variety of effects is respon-
sible for the low j, of polycrystalline HTS's. However, j, in
polycrystals is lowered by voids, cracks, and second phases.
Furthermore, in nonoriented grains, the current has to flow
along the c direction, which has a low j, . Finally, grain
boundaries (GB's) reduce j, , in contrast to certain low T, -

superconductors, in which GB s enhance j, by acting as pin-
ning sites. The reason is that in HTS's the extremely short
coherence length of about (,b= 1 nm causes poor coupling
of the superconducting order parameter across grain bound-
aries. Therefore, HTS-GB's act as weak links. This behavior
has been utilized to fabricate Josephson junctions of high
quality by using thin film bicrystals of either YBa2Cu307
(YBCO) or BizSr2CaCu20s+„(BSCCO). ' Unfortunately,
the short coherence length is responsible for the sensitivity of
the electrical properties on small defects, too. Thus, it is
difficult to correlate the macroscopic properties to micro-
structural features and vice versa.

By measuring the superconducting transport properties of
individual grain boundaries and their adjacent grains in
YBCO thin film bicrystals, Dimos et al. demonstrated that
the critical current across a GB, j, , is quite sensitive to the
misorientation angle 8. Since then, emphasis was put on
the investigation of transport properties of GB's but the ef-
fort was mainly restricted to YBCO due to the high quality of
thin films. '

In the following, some properties of single, artificial GB's
in high-quality thin film bicrystals of BSCCO will be pre-
sented. The measurement of the critical current density as a
function of the misorientation angle in conjunction with
high-resolution transmission electron microscopy gives new
information on the superconducting transport properties of
GB's. Additionally, the film growth across the substrate GB
will be presented schematically.

BSCCO films, about 200 to 400 nm thick, were deposited
by excimer laser ablation on commercially available SrTi03

bicrystals. Bicrystalline substrates with various tilt angles
(10', 24', 36.8', and 45 ) were used. For both grains, the
normal of the substrate is almost parallel to the [100] direc-
tion, which in turn is the rotational axis of the tilt GB.
BSCCO grain boundary junctions (GBJ's) were created by
patterning a microbridge, typically a few micrometers in

width and length, across the GB of the bicrystalline BSCCO
film. The films were either dry etched by Ar+-ion beam mill-

ing or wet etched with EDTA (ethylenediaminetetraacetic
acid) in water. The GBJ's could be manufactured with a yield
of 85%. Both grains of each GBJ are c axis oriented and

show a smooth surface. Critical temperatures of the thin

films, T,(R=0), vary between 87 and 91 K. The critical
current density of the grains, j, , amounts to 2—5 X 10
A/cm at 77 K.

The transport properties of about 250 BSCCO GBJ's have
been studied extensively by measuring the current

(I)—voltage (V) characteristics at 4.2 and 77 K using a com-
mon four-point technique. GB's with a tilt angle O)10' be-
have like Josephson junctions. Their jg 's are highly sensi-
tive to magnetic fields. For O)24, a resistively shunted
junction (RSJ)-like behavior could be observed. All of them
are noise rounded at 77 K due to the thermally activated
phase slippage. In view of that, the critical current, I, , has
been determined by the intersection of the tangent

(dI/dV);„with the current axis. In Fig. 1(a) and 1(b) the
jg (0) dependencies of a, b-tilt BSCCO at 4.2 and 77 K are

compared with data obtained for YBCO GBJ's. Each data
point represents the average value of all measured GBJ's (10
to 22) on one HTS chip. The error bars give the standard
deviations. The solid lines are obtained from least-square fits.
Whereas the observed jg (0) dependency is similar for bi-

crystalline BSCCO and YBCO GBJ's, the absolute magni-

tude of jg (0) is about ten times smaller for BSCCO GBJ's.
This correlates with the fact that the intragrain critical cur-

rent density, js= jg (0 ), in YBCO samples is about one
order of magnitude larger than that in BSCCO samples. The
ratio jg (0)/jg as a function of the tilt angle 0 is given in
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FIG. 1. (a) and (b) Average value of the grain-boundary critical
current density of a chip as a function of tilt angle 8. (c) and (d)
Ratio of the intergrain and the intragrain critical current density as a
function of tilt angle 8. [O: Bi2Sr2CaCu20s+„, . YBa2Cu307
(Ref. 7)].
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Fig. 1(c) and 1(d). Both superconductors show an almost
identical exponential decrease:

jg"(Q~)
=exp( —aO') with a=0.2.

4c

In addition, the exponential factor a does not depend on the
temperature. Relation (1) agrees very well with data reported
in the literature for YBCO GBJ's on bicrystalline substrates,
e.g. MgO, ' silicon, "SrTi03, ' or Y-Zr02. ' Thus, the fac-
tor a does not depend on the chosen substrate, either. We
want to emphasize that a saturation of jg (0')20')/js to a
value of about 0.02 as published in Ref. 4 could neither be
corroborated in our work nor in recent investigations on
high-quality GBJ's. '

The microstructure of the GB's with 0'=24' and 36.8'
has been examined using high-resolution electron micros-
copy (HREM). Figure 2(a) shows a bright field image of a
36.8 GB in BSCCO. The GB, marked F, runs along the
domain boundaries of the 90' rotation twin structure' (~:
b direction of the BSCCO compound). The roughness of the
GB is equivalent to the size of the twin domains and varies
between 100 and 300 nm. Therefore, the roughness of the
film GB is not determined by the roughness of the substrate
GB (S), which is in the order of 1 nm (see Fig. 2 in Ref. 14),
but rather by the growth of twin domains. In general, one of
the adjacent grains has a low-indexed habit plane at the GB,
especially (100) and (010) habit planes exist quite often. Fig-
ure 2(b) shows a lattice fringe image of a 36.8' GB. The
change from an x/(100) (top) to an (100)/x GB (bottom) is
obvious in this micrograph, where x represents a high-
indexed habit plane which is only determined by the misori-
entation angle and therefore is a function of 0". The density
of crystallographic defects near the GB ((10 nm) is not
larger than within the grains. It should be noted that the
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FIG. 2. (a) Diffraction contrast image and (b) lattice fringe im-

age of a 36.8 grain boundary in Bi3Sr2CaCu20s+ . The inset in (a)
shows the selected area electron diffraction pattern. F: grain bound-

ary of thin film, S: grain boundary of substrate, —+: b direction of
the Bi2Sr2CaCu20s+, compound (Ref. 12).
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ture of sputtered ultrathin films of YBCO on MgO had been
studied by Streiffer et al'. using HREM. Here, only very
thin films with a thickness ~12 nm consisted of intercon-
nected islands, whereas thicker films showed a complete
coverage of the surface. If we assume a similar growth
mechanism for YBCO films on SrTi03 then the significantly
smaller roughness of YBCO GB's [10 to 200 nm (Ref. 14)]
in comparison to BSCCO GB's (100 nm to 1 p, m) can be
explained by the different film thickness required for com-
plete coverage.

In conclusion, the microstructure of the HTS GB's is de-
termined by the lateral growth characteristics of each com-
pound and the coalescence of islands during the initial stage
of deposition. It is expected that the meander structure of the
GB causes inhomogeneities of jg on a scale of a few tens of
nanometers or less. This result is important for device appli-
cations considering e.g., magnetic-field dependence or Aux
noise of Josephson junctions. Frequent occurrences of the
(100)/x(O) or (010)/x'(0) GB lets us assume that their
atomic structure and fractional length, f(8), determine the
transport properties on a macroscopic scale, especially the
angular dependence of jg, since both depend on 0. Con-
sidering the model of Jagannadham and Narayan, ' the ratio
of intergrain to intragrain critical current density is given by

(2)

FIG. 3. Schematic representation of growth stages involved in

initial film growth across the grain boundary of bicrystalline sub-
strates. The thin film material is shown as dark areas, the substrate
as light areas. The cubic cells visualize the crystalline structure of
the substrate. The lateral length of one cell is of the order of 50 nm.

microstructure of GB's in YBCO thin films shows similar
characteristics. A detailed description is given in Ref. 14).

The observed wavy form of HTS GB's is caused by the
film growth during deposition. Since an island-plus-layer
growth was observed in our prior study of a series of ultra-
thin BSCCO films, ' a model of the film growth across the
substrate GB is near at hand: Small circular nuclei begin to
grow during the initial stage of film deposition. Their distri-
bution over the substrate surface is more or less statistically
[Fig. 3(a)]. Later, the nuclei expand forming plateaus. Fur-
ther growth leads to rectangular islands with leading edges
along [100]and [010]directions of the film [Fig. 3(b)]. Some
islands start to grow across the grain boundary of the sub-
strate preserving their original epitaxial relationship due to
the weak bonding between film and substrate [2' in Fig.
3(b)]. The islands coalesce into thicker films (~25 nm) and
form the wavy GB within the superconducting film [Fig.
3(c)]. In addition to this simplified model, the z-shaped GB
is smoothed to an s-shaped GB [Fig. 2(b)]. The microstruc-

Here, esb=d~b(T, 8)/do(T) represents the depression of
the order parameter at the GB. In Ref. 17, fz is the fractional
length of the coalesced region along the boundary available
for the tunneling of Cooper pairs. We assume that fT is al-
most equal to f(O'). The transmission coefficient of the GB,
TJ =exp[ —t(8)/$p] depends on the width of the GB, t(8),
and the coherence length (o. Since E&b can be used as a fit
parameter of the Ambegaokar-Baratoff formula by fitting the
experimental temperature dependence of j~ (8)/j~, we
know that Kgb reveals a weak 0 dependence: E'gb decreases
from 0.28 for 0=10 to 0.1 for 0=45 . Thus, the expo-
nential decrease of j~ with increasing 0", as described by
Eq. (1), is caused by the exponential decrease of the trans-
mission coefficient. (Note that the width of the boundary, t,
in units of go has a weak dependence of 8 if O™10'.)
Last but not least, we want to emphasize that substrate lat-
tices with low coincidence values X, e.g.,
X(8 = 36.8') = 5, are of no particular relevance with respect
to transport properties or microstructure. This is a direct con-
sequence of the film growth described above.

The result that two of the high-T, cuprates show the same
sensitive angular dependence of jg" has important conse-
quences. For example, polycrystalline YBCO samples, such
as wires, fibers or tapes, have to carry ten times the critical
current densities of BSCCO samples of the same morphol-
ogy. Nevertheless, the high j,'s in silver sheathed BSCCO
wires are caused by the preparation of a high-textured micro-
structure, wherein the c axis of the platelet-shaped grains are
nearly parallel (see, e.g. , "brick-wall model" in Ref. 1). Fur-
thermore, the grains are aligned biaxially to within a few
degrees. In contrast, polycrystalline YBCO samples are
mostly low textured and less aligned which results in low

~ )jcs
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