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Current transport in high-T, polycrystalline films of Y-Ba-Cu-0
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Electrical measurements were performed on polycrystalline superconducting films of Y-Ba-Cu-
0 to explore tunneling eff'ects in the film. The films were deposited on SrTi03 (110) substrates
via pulsed excimer laser evaporation of bulk superconducting material. Data are reported for two
films having T, (zero-resistance temperature) of 79 and 63 K and transition widths (90% to 10%)
of 5 and 15 K, respectively. Temperature-dependent I-V measurements performed over a broad
range of T/T, values (0.05 to 0.99) reveal that in both films the critical current is proportional to
(1 —T/T, )3~~ near T„while at temperatures lower than about 0.8T, it is approximately propor-
tional to (1 —T/T, )

The discovery of superconductivity at 40 K in the La-
Ba-Cu-0 system by Bednorz and Muller' and at 93 K in
the Y-Ba-Cu-0 system by Wu et al. has spurred an enor-
mous growth of research activity in this field during the
past year. Very recently, further important advances have
been made in this area with the observation of electronic
anisotropy in single-crystal Y&Ba2Cu307, fabrication
of thin-film superconducting quantum interference devices
(SQUID), and demonstration of critical current densities
higher than 10 A/cm in these materials. The latter
development has eliminated the major barrier for techno-
logical utilization of these materials and has added fuel to
the already brisk activity in this field. A considerable em-
phasis of the current activity is on exploring ways of de-
positing high-quality thin films of the new oxide-based su-
perconducting materials, since a number of novel applica-
tions of these materials are envisaged in the field of elec-
tronics and optoelectronics, wherein miniaturization is al-
ready an established key concept. Attempts have been
made to deposit films by such methods as e-beam evapora-
tion, ' sputtering, laser evaporation, and molecular-
beam epitaxy;' it has been demonstrated that polycrys-
talline films of oxide-based superconductors with good su-
perconducting properties can be obtained with a proper
choice of substrate and annealing conditions. These stud-
ies have revealed that epitaxial films of the superconduc-
tor can be grown only on specific substrates (and their
crystallographic orientations) such as SrTi03(100) and
grain size of 0.5 pm or more can be easily achieved in
such cases. On most substrates, however, the films are
polycrystalline in nature and hence in the broader context
of utilization of the films of the new superconducting ma-
terials in applications, it is of interest to understand the
physical properties of such polycrystalline films.

The electrical properties of polycrystalline supercon-
ducting films depend upon the quantity of superconduct-
ing versus nonsuperconducting grains, the nature of the
associated percolation network, and the tunneling features
of the junctions formed between the grains. " Microscopi-
cally, the grain boundary tunneling characteristics depend
upon the nature of the superconducting state of the parti-

cipating grains, the nature and density of interface states,
the electronic properties of the material in the intergrain
space, and the quasiparticle excitation spectrum of the
system. Clearly, these aspects can lead to interesting
transport behavior in such materials as a function of tem-
perature"' ' and external perturbations;' and it can
be used to realize novel device features. ' ' The study of
the transport properties of polycrystalline films of the new
oxide-based superconducting materials is also of interest
from the standpoint of examining whether these materials
follow any of the trends predicted by tunneling calcula-
tions based on the assumption of a Bardeen-Cooper-
SchrieAer (BCS)-like superconducting state for the grains
and specific model potentials for the grain boundary re-
gion. ' There appears to be only one report in the
literature, by Moriwaki, Enomoto, and Murakami, '

which directly addresses the issue of grain boundary tun-
neling in the new class of superconductors via electrical
measurements. These authors employed thin films of
La~ 8Sr02Cu04, which led to a T, of 17 K and a transition
width of 13 K (almost comparable to T, itself) and re-
ported measurements over a limited range of T/T, values.
On the basis of their observations these authors concluded
that the nature of the Josephson junction itself is diferent
in these materials compared to the well-studied oxide-
based superconducting system, " BaPb075Bi02503 which
is electronically similar to the La~ gSr02Cu04 system in
the normal state. Since this conclusion can have impor-
tant consequences it needs to be examined carefully.

In this paper we present data on electrical measure-
ments carried out on polycrystalline films of Y-Ba-Cu-0
deposited on SrTi03(110) substrates. This substrate
orientation was used in the present work because it does
not lead to any significant degree of orientation in the de-
posited films and as such the issues related to anisotro-
pies may be ignored in the analysis. The films used in the
present studies were deposited using the pulsed laser evap-
oration method directly from the parent superconducting
bulk material. A pellet of the superconducting material
with nominal composition of YBa2Cu307 — showing on-
set of superconductivity at 93 K and a transition width of
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1 K was used as a target. It was mounted in a vacuum
system with a base pressure of 5 && 10 Torr and irradiat-
ed through a quartz window with pulses from a KrF exi-
mer laser (Lambda Physik EMG200E, 30-ns FWHM, 1

J/shot) at an angle of incidence of 45 . Using a quartz
lens the energy density at the target was enhanced to 2
J/cm . The pellet was slowly rotated during irradiation to
avoid texturing of its surface. The substrates were mount-
ed at a distance of 3 cm from the target surface and were
heated to 450 C. The pressure during deposition was
1x10 Torr. Subsequent to the deposition the films
were annealed at 900 C for half an hour. The resistivity
of the annealed films was typically in the 10 0 cm
range. The resistance versus temperature measurements
were carried out using the conventional four-probe
method inside a variable temperature cryostat. The I-V
characteristics of the films were recorded at different tem-
peratures by passing a current from 1 pA to 100 mA
through the film and measuring the generated voltage.
The value of the critical current was chosen to be the one
at which the generated voltage rose above 1 pV. There
was no evidence of any measurement-induced heating
eA'ect in the film.

The resistance-temperature relationships for the films
used in this work are shown in Fig. 1. One of the films
(hereafter called film A) has a zero-resistance tempera-
ture T, of 79 K and a transition width (AT„90%-10%)
of less than 5 K; while the other film (hereafter called film
8) has T, and AT, of 63 and 15 K, respectively. Clearly
the transition shown by film A is much superior as corn-
pared to the one exhibited by film 8. We intentionally
selected these films with differing quality of transition
with a view to examine whether the quality of transition is
reflected by and is related to the nature of the tunneling
process itself. The critical current density in the films, as
measured by the conventional four-probe method, was
found to be more than 10 A/cm at 0.9T, . Considering
the intrinsic limitations of the method this indeed is a
lower limit.

In Fig. 2 typical I-V curves are shown for sample A
(T, =79 K) at five different temperatures. It can be seen
that at temperatures below T, a finite voltage appears
only when the current exceeds the value of critical current
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FIG. 2. I Vcurves a-t (a) 89 K, (b) 79.5 K, (c) 76 K, (d) 51
K, and (e) 10 K.

for the given temperature. At the temperature of 79.5 K,
which happens to be just above T, and in the supercon-
ducting transition region, the voltage begins to rise as the
current is raised above zero and exhibits a significant de-
gree of nonlinearity. This interesting feature was also re-
ported by Moriwaki, Enomoto, and Murakami, ' and was
attributed to the intrinsic nature of superconducting tran-
sition rather than extraneous effects. The nonlinearity
gradually decreases as the temperature is raised and at a
temperature of 89 K, which is close to the onset tempera-
ture of superconductivity, the I-V behavior shows a pure
Ohmic character (see Fig. 2).

In Fig. 3 the dependence of critical current is shown as
a function of 1 —T/T, for sample A (open circles) and
sainple 8 (solid circles). First, it is interesting to note that
the nature of this dependence is very similar for both the
samples even though the quality of superconducting tran-
sition exhibited by the two films is different (see Fig. 1).
This indicates that the basic features of the dependence of
critical current on temperature are intrinsic to the tunnel-
ing process rather than the nature of the percolation net-
work and inhomogeneities which control the quality of
transition. It can be clearly seen that the nature of this
dependence is different over different regions of I —T/T, .
For the values of 1 —T/T, over the range between 0.02
and 0. 1 (i.e., for temperatures near T, ) the dependence is
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FIG. 1. Resistance-temperature relationships for two Y-Ba-

Cu-0 superconducting thin films (samples A and 8) deposited
on SrTi03(110) substrate.
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FIG. 3. Dependence of the critical current on 1 —T/T, for
sample A (open circles) and sample 8 (solid circles).
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of the form (1 —T/T, ) /; while at lower temperatures
with 1

—T/T, values higher than about 0.3 the depen-
dence changes its nature to approximately (1 —T/T, ) .
Apparently, Moriwaki et al. ' could only observe an ap-
proximately square power dependence in their studies be-
cause their measurements were limited to 1 —T/T, values
higher than about 0.1. These authors seem to have
presumed that the same square power dependence holds at
temperatures closer to T, . Our data on the Y-Ba-Cu-0
system show that this is not the case. Moriwaki et al. have
concluded via a comparison of their results on La-Sr-Cu-
0 films with results for the case of Ba-Pb-Bi-0 films"
that the Josephson junctions have characteristically new
features in the La-Sr-Cu-0 films. They have also attri-
buted the new features to the presence of layered struc-
tures in their films. Our observations bring out that in Y-
Ba-Cu-0 films (which also have layered structures) we, in
fact, have a 2 power dependence close to T„which is
similar to the one observed for Ba-Pb-Bi-0 films. It may
be noted further from Fig. 3 that at temperatures very
close to T, (i.e., 1 —T/T, values smaller than 0.02) the
dependence once again shows a departures from the
power behavior. The 2 power dependence at tempera-
tures near T, and departure from such behavior at tem-
peratures very close to T, has, in fact, been predicted to be
the behavior of proximity junctions based on theoretical
models which assume a BCS-like state for the supercon-
ductor. Thus it is possible that the grain boundaries in our
films have a proximity junction character. Of course a
non-BCS-like character of the superconducting state itself
cannot be ruled out at the present state of understanding
on the subject of the new oxide superconductors. It should
be emphasized that the —,

' power dependence is predicted
by the theoretical models for proximity junctions only at
temperatures near T,. ' Hence the comparison sketched
by Moriwaki et al. ' between their observation of a square
power dependence fitted to the data obtained over a broad
range of 1 —T/T, values between 0.2 and 0.85 and the
theoretical prediction of —,'power dependence is not
justified. It is of course a separate matter, and possibly an
important one, to explore the origin of the approximately
square power dependence observed in the films of La-Sr-
Cu-0 and Y-Ba-Cu-0 at temperatures lower than about
0.8 T,.

Josephson tunneling across a S-I-S' (S: superconductor,
I: insulator) junction has been theoretically studied by
Ambegaokar and Baratoff (AB); ' while tunneling across
S-I-N-S' (N: normal material) proximity sandwich has
been investigated by de Gennes' and McMillan. It
should be emphasized that these models assume a BCS-
like state for the superconductor and it is not clear wheth-
er these models would apply to the tunneling processes in
the new oxide superconductors. Nevertheless, to make
progress it is worthwhile to compare our results with the
predictions of the above models. In order to see whether
our films exhibit any features of S-I-S type tunneling (and
if not, then to obtain the degree of departure) we sketch in

Fig. 4 a comparison between our data and the prediction
of AB model for the case of symmetric tunneling (dotted
curve) which assumes a BCS-like state for the participat-
ing superconductors. Clearly, our data exhibit significant

1.0 —.

0 0 0

o 060

0 4

0.2
0

l

0.2
I

0.4 0.6 0.8 1.0

FIG. 4. Dependence of I,/I, o on T/T, for sample 2 (open cir-
cles) and sample 8 (solid circles). Here I,o is the extrapolated
value of critical current at T=0 K. The dotted curve represents
calculation based on the Ambegaokar and BaratoA' model (Ref.
18) for S-I-S junction; while the solid line represents normalized
result obtained for de Gennes's model for proximity junction
(Ref. 19) for temperatures lower than 0.6T, .

which is clearly different as compared to the —,
' power

dependence predicted by the same model at temperatures
close to T,. As seen from Fig. 3 and discussed earlier we

indeed observe a —,
' power dependence at temperatures

near T, and a diff'erent dependence at lower temperatures.
Since the dependence given by Eq. (2) is divergent as T
tends to 0 it cannot be expected to be valid at very low

temperatures and it is reasonable to attempt a fit of our

departure from the AB curve over almost the entire tem-
perature range, showing that the primary tunneling pro-
cess in our films is not of S-I-S type and should be attri-
buted to proximity junction tunneling (as mentioned ear-
lier) and/or a weak-link type tunneling behavior. One
may attempt to apply the AB model to a proximity
sandwich by using the case of asymmetric (S-I-S') tun-
neling discussed by AB with the use of an eff'ective order
parameter for S' representing the N/S sandwich, however,
this approach cannot be justified because of the intrinsic
spatial variation of order parameter in such a structure,
which is outside the scope of the AB model. ' ' The mod-
el by de Gennes, ' which studies the dc Josephson eAect
within the framework of Ginzberg-Landau theory via con-
sideration of spatially dependent order parameters, is

perhaps more applicable to the present situation. This
model and its implications are discussed at length by
Greenspoon and Smith' in the context of their experi-
mental studies of proximity junctions in the Pb-PbO-Cu-
Pb system. It is demonstrated that the key factor in the
analysis is the leakage length K„' given by

K„'=(hUF~IJv/6kBT) ' =GT

where l~ is the intrinsic electron mean free path and vF~
is the average velocity of electrons on the Fermi surface of
the normal (N) material forming the proximity junction.
At low temperatures (T/T, less than about 0.5) the pre-
dicted dependence has the following form:

I,„(T)=constx T ' [sinh(K~d~)]
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data to Eq. (2) over a limited range of T/T, values be-
tween 0.25 to 0.6. We observed that for a reasonable
range of Gd~ values between 0.01 and 1, one invariably
obtains a curve with a concavity such as the one depicted
by a typical curve shown by a solid line in Fig. 4 for the
Gdtv value of 0.25. The experimental data clearly do not
exhibit such a degree of concavity. It is possible that our
films have some percentage of S-I-S junctions which obey
the AB model and exhibit convexity in the temperature
dependence of I,/I, o. The origin and location of such

junctions is not clear at this moment. Another possibility
which could lead to departure from the de Gennes or AB
models is of course a non-BCS-like nature of the super-
conducting state itself. These issues can be clarified only
after a better understanding of the mechanism of super-
conductivity in the new class of oxide superconductors is
achieved.
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