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Tunneling in all-high-T, edge junctions with deposited barriers
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All-high-T, -material edge junctions consisting of laser-ablated Y-Ba-Cu-0 electrodes and an in situ

rf-sputter-deposited MgO barrier have been fabricated whose I-V characteristics show tunneling-related

effects. These include a junction resistance with an exponential dependence on the nominal-barrier

thickness, gaplike structure observed in the conductance curves, and Josephson effects. These properties
are very sensitive to the choice of materials-processsing method for the junction interfaces.

Tunneling is a powerful technique for studying the
physical properties of superconductors and has also led
to many interesting applications. ' Since the advent of
high-T, materials, many attempts have been made to
study tunneling in these materials both by scanning tun-
neling microscopy (STM), and by building a variety of
tunnel junction structures including point contracts.
While most of this work has concentrated on transport
from high T, to low T, or to a normal metal, there has
been some work on all-high-T, junctions. However, due
to the numerous materials problems encountered in
high-T, work, it has been difficult to achieve all-high-T,
junctions "with some control over the junction charac-
teristics and, in particular, the barrier region. For exam-
ple, if tunneling is the dominant mode of transport across
the barrier, then the resistance of the junctions should de-
pend exponentially on the barrier thickness. In this pa-
per we report on the in situ fabrication of all-high-T,
(Y-Ba-Cu-0) edge junctions in which sputter-deposited
MgO barriers are used in the thickness range of 0.5 —2
nm. In this range the junction resistances are observed to
change by about four orders of magnitude. These junc-
tions also exhibit a variety of tunnel-related e8'ects such
as gaplike structure in the higher-resistance samples and
Josephson e6'ects in the low-resistance samples.

The junctions studied consisted of two laser-ablated,
epitaxial films of Y-Ba-Cu-0 separated by a sputter-
deposited barrier of MgO. The junctions were fabricated
on substrates of SrTi03 and were made in the edge junc-
tion configuration' which is shown schematically in Fig.
1. Typical Y-Ba-Cu-0 film thicknesses were about 0.3
pm. After deposition of the first or base electrode a thick
insulating film of MgO was deposited, often in situ' to
protect the top of this electrode. This bilayer was then
removed from the vacuum system and patterned photo-
lithographically using ion milling to expose the edges. '

Alternatively, the protective MgO layer was deposited
through a lift-o6' stencil and then used as a self-aligned
ion milling mask. While both vertical and angular edges
were studied, the junction described below had edges
made at an angle of about 35 degrees with the substrate.
After removing the resist the sample was replaced in the
fabrication system for the formation of the barrier and
deposition of the counterelectrode. However, before the

MgO barrier

YBCO

l

Mga

YBCO

SrTiO~ substrate

FIG. 1. Schematic cross sectional view of an all-high-T, edge

junction fabricated on a SrTiO, substrate using vapor-deposited
barriers of MgO

barrier material was deposited, an in situ ion milling of
the exposed edges was performed to remove damaged re-
gions from the edges. This cleaning step which consisted
of a 4-min Ar ion milling at 350 V was performed on
each set of junctions to insure that the initial condition of
the edge surface was the same each time a barrier was
formed. Variations in the treatment of these edges gen-
erally resulted in large changes in the subsequent de-
vices. ' The above treatment was held constant for the
series of junctions described in this work. In this way
properties of the subsequent junctions were dependent
mainly upon the thickness of the deposited barrier and
the "constant" interface between the barrier and the su-

perconductors. After this cleaning step and without
breaking vacuum, barriers of MgO were sputtered onto
the samples to the desired thickness as indicated in Fig.
1. The substrate temperature was 400'C and SO % of rf
power were used in an Ar pressure of 45 mT. The depo-
sition rate for the sputtered MgO was determined sepa-
rately on Hat surfaces to be about 1 nm/min. Immediate-
ly after deposition of the MgO the samples were brought
to 750'C and the counter-electrode Y-Ba-Cu-0 was de-
posited. Before removing the sample from the deposition
chamber, Ag contacts were also deposited. A final ex situ
photolithographic patterning and ion milling of the coun-
terelectrode pattern completed the devices. As indicated
in Fig. 1 the Y-Ba-Cu-0 counterelectrode is deposited
onto the SrTi03 substrate, which is covered by the very
thin MgO barrier. The electrical properties (T, and J, )

of these films remained quite good and, in general, were

very close to those of the base electrode.
A complete chip or sample contained about 60 junc-
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FIG. 2. Resistance area product RA the nominal thickness
of the deposited MgO barrier d. The solid lines are derived us-

ing Eq. (1) and the indicated barrier height in eV.

tions and superconducting quantum interference devices
(SQUID's) as well as straight-line segments to indepen-
dently measure T, and J, . The junction areas were deter-
mined by the slant height of the edge (about 0.5 pm), con-
stant for all junctions and by the linewidths of the coun-
terelectrodes, which were varied from 2 to 40 pm. The
current-voltage characteristics of the junctions were mea-
sured and the low-voltage (ohmic) resistance of each de-
vice was determined at 4.2 K. This resistance multiplied
by the junction area (RA) is plotted in Fig. 2 as a function
of the deposited barrier thickness. Each data point in
Fig. 2 represents several single junctions of different areas
taken from the same central region on each chip. It can
be seen that at least four orders of magnitude change in
RA is obtained by varying the nominal barrier thickness
from 0.5 to 2 nm. Such a large change in resistance is in-
dicative of a tunneling mechanism. Some curvature is
evident in Fig. 2. It is to be expected that for the thinnest
barriers, the coverage by the deposited barrier may not be
totally uniform, resulting in some shunting of the barrier.
In fact some junctions did exhibit shorts which were easi-
ly identified and these are not included in this plot. The
actual resistances for the thickest barriers as shown in
Fig. 1 may also be higher than indicated due to the possi-
bility of leakage through the thick protective layer of
MgO deposited on top of the base electrode From Fig. 2
it can be seen that a change in barrier thickness of about
0.5 nm results in a two-orders-of-magnitude change in
the junction resistance. An approximate barrier height
C o can be determined from the data using the WKB ap-
proximate formulation' for the resistance R of a rec-
tangular barrier of height 4o at low voltages (in the ohm-
ic range) as shown in Eq. ( I),
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FIG. 3. Conductance 6 as a function of the junction area,
which is proportional to the junction widths. The data are
shown for the junctions whose barriers are formed using a 1 rain

deposition of MgO.

where E =(2m 4o/fi )'~, d is the nominal deposited bar-
rier thickness, A is the junction area, and m is taken as
the free-electron mass. A fit to the data using Eq. (I) is
shown in Fig. 2 and results in a barrier height in the
range 0.3—0.5 eV. Barrier heights of about 1 eV have
been measured for deposited MgO on Nb and NbN sur-
faces. ' These metallic surfaces are much smoother and
expected to be more stoichiometric than Y-Ba-Cu-0 sur-
faces. This comparison and the realization that we are
dealing with barrier thicknesses of about 1 nm, indicates
that while the barrier coverage and interface quality may
not yet be ideal, some real control of the junction proper-
ties has been achieved.

The error bars in Fig. 2 are an indication of the size of
the deviation from the scaling of the junction resistance
with area. The data for the junctions with a nominal 1

min barrier show excellent scaling with area, as shown in
Fig. 3 as conductance versus junction length ( —area).
Junctions for the 0.5 and 2.0 nm barriers show much
greater spread as a function of area. If all the junctions
on a given sample are included, deviations are also larger,
indicating that there are real nonuniformities over about
0.25 cm . As mentioned above, all junctions in this re-
port are taken from a central area about 0.05 cm . Such
deviations from scaling also occur if we attempt to corre-
late G versus area for the SQUID's on the chip. Howev-
er, in that case we believe that the local geometry, which
is different for a single junction as compared to a SQUID,
may be the cause of additional variability. At this point
this spread in device parameters is not surprising in view
of the laser-based fabrication processes. It is interesting
to note that the junctions are a very sensitive means for
determining process uniformities.

First derivative (conductance, G) and second deriva-
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FIG. 4. Current and conductance voltage for a 20-pm wide
junction measured at 4.2 K.
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tives of the I-V characteristics of the junctions were mea-
sured to study in detail gap-related and other tunneling
phenomena. Such structure could also be seen in some of
the I-V curves themselves, indicative of the improving
quality of the barrier regions. An example of such a junc-
tion measured at 4.2 K is shown in Fig. 4, where both the
I-V and the 6-V curves are shown for a 10-pm wide junc-
tion with a nominal 2-nm thick barrier. The low-voltage
(ohmic) resistance of this junction is about 2000 ohms.
The major features of interest in the G-V curves are a
linear background conductance, common to many high-
T, junctions, ' prominent gaplike conductance peaks at
+18.6 mV, a lower conductance at lower voltages, and
reasonably good symmetry around zero-bias. The gaplike
feature has been seen in many junctions from this chip.
Junctions with thinner MgO barriers tended to show less
prominent peak structure but still showed a significant
conductance dip at about the same voltages and centered
around the origin. It should also be observed that com-
pared to high-quality, low-T, junctions, these junctions
are quite lossy in that they exhibit large excess currents at
low voltages below the gap.

In an attempt to better understand the junction charac-
teristics, we have studied the temperature dependence of
the gaplike peaks in the conductance. Figure 5 is a plot
of two of these features. One feature is the voltage posi-
tion of the conductance maxima (half the peak-to-peak
separation). The other plots the point of intersection of
the linear high-voltage conductance with the measured
low-voltage conductance. It was not possible to follow
the latter to zero. These features would normally be ex-
pected to reflect the energy gap in an SIS
(superconductor- insulator-superconductor) tunnel junc-
tion. From the figure we see that the voltages of both
features decrease monotonically with temperature with
the peaks disappearing at about 43 K. If we associate
18.6 meV with 2b, (0) and 43 K with the tunneling T„a
ratio of 2A/kT, of about 5 is obtained, which is a reason-
able value for these materials. The T, 's of the electrodes
of the junctions were well above 80 K while the tunneling
T, 's are reduced. This together with the nonideal con-
ductance characteristics appear to indicate that the junc-
tion interfaces consist of regions of lower-T, material,
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FIG. 5. Temperature dependence of the gaplike structure of
Fig. 4. The X's represent the data for one half of the conduc-
tance peak separation, while the solid circles represent the inter-
section of the high-voltage (linear) background with the low-

voltage conductance.

perhaps due to oxygen depletion or ion milling damage
during fabrication. We have also attempted to fit the
conductance data to various theories, both SIS and SIN
(superconductor-insulator-normal metal). Fits to con-
ventional SIN theory are not satisfactory, as it is not pos-
sible to fit both the pronounced overshoots and the large
conductance inside the gap region with, for example, a
lifetime broadened, density-of-states model, ' or a Gauss-
ian distribution of gap energies model. Moreover, our
conductance peak data do not show the distinct asym-
metries for positive and negative biases that have ap-
peared in high-T, data. ' Standard SIS theory' with a
lifetime broadened density of states does produce qualita-
tive agreement with the observed features. In addition,
reasonable agreement is also achieved using an Arnold
proximity-effect model' for each electrode, assuming a 2A

value about 21 mV. As has been noted above, the barrier
heights obtained from Fig. 2 are somewhat low. Tunnel-

ing via impurities and defects (localized states) in the bar-
rier is a possible explanation for such low apparent bar-
rier heights. One predicted feature of such junctions is a
current deficit' which can be obtained for junction in the
superconducting state by comparing that portion of the
conductance (dI/dV) which lies above the normal-state
characteristic to that which lies below. If the area below
is greater, a current deficit exists, while if the areas are
equal, there is no current deficit. Our devices exhibit a
linear background conductance, a common feature of
high-T, junctions. Extrapolating a linear fit to this con-

ductance from =20—50 mV back to zero bias to approxi-
mate the normal-state curve, we find that the areas above

and below this line are roughly equal. Therefore, at
present, the data appear to be inconsistent with a current
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deficit. However, detailed comparisons of our devices
with theory, including also the thickness dependence of
the conductance, fits of the I-V to obtain gap values,
studies of the subgap structure, and possible deficit
currents will require improved device characteristics.

The junctions exhibit other behavior which is also con-
sistent with tunneling. The junction resistance for the
higher-resistance junctions is essentially independent of
temperature from room temperature to 4.2 K. As men-
tioned above, Josephson effects have also been observed
in these samples, e.g. , the low resistance junctions shown
to the left in Fig. 1 have significant Josephson super-
currents, which will be discussed elsewhere. ' Quantum
interference has been observed in these devices to about
76 K and Shapiro steps have been observed at both 12
and 96 6Hz. While the rf coupling has not yet been opti-
mized, the steps have been observed out to voltages of
about 0.6 mV and can account for about one half of the
supercurrent. Second derivative measurements on these

samples have shown a variety of interesting effects,
presumably related to scattering events in the barrier re-
gion (tunneling spectroscopy). More work is needed to
understand these effects.

Although the junctions described above are not yet op-
timized, particularly those with the thinnest barriers,
they show much evidence for tunneling, i.e., a resistance
that is exponential in electrode separation and roughly
independent of temperature, temperature-dependent gap-
like structure, and Josephson effects. Much additional
work remains to be accomplished in further refining of
the barrier region and in understanding the complex
structure in the 6-V curves.

The authors acknowledge helpful discussions with C.
Chi and the technical expertise of C. Jessen. This work is
partially supported under ONR Contract No. N00014-
88-C-0439.

~E. L. Wolf, Principles of Electron Tunneling Spectroscopy (Ox-
ford University Press, New York, 1985).

zA. Barone and G. Paterno, Physics and Applications of the
Josephson E+ect (Wiley, New York, 1982).

For a review, see J. R. Kirtley, Int. J. Mod. Phys. B 4, 201
(1990).

4J. M. Valles, R. C. Dynes, A. M. Cucolo, M. Gurvitch, L. F.
Scneemeyer, J. P. Garno, and J. V. Waszczak, Phys. Rev. 8
44, 986 (1991).

5J. Geerk, R.-L. Wang, H.-C. Li, G. Linker, O. Meyer, F.
Ratzel, R. Smithey, and H. Keschtkar, IEEE Trans. Mag. 27,
3085 (1991).

J. Lesueur, L. H. Greene, W. L. Feldman, and A. Inam, Physi-
ca C 19i, 325 (1992).

7Mark Lee, M. Naito, A. Kapitulnik, and M. R. Beasley, Solid
State Commun. 70, 449 (1989).

P. J. M. van Bentum, H. F. C. Hoevers, H. van Kempen, L. E.
C. van de Leemput, M. J. M. F. de Nivelle, L. W. M.
Schreurs, R. J. M. Smokers, and P. A. A. Teunissen, Physica
C 153-155, 1718 (1988); K. E. Gray, Mod. Phys. Lett. B 2,
1125 (1988).

K. Hirata, K. Yamamoto, K. Iijima, J. Takada, T. Terashima,

Y. Bando, and H. Mazaki, Appl. Phys. Lett. 56, 683 (1990).
J. B. Barner, C. T. Rogers, A. Inam, R. Ramesh, and S. Bersy,
Appl. Phys. Lett. 59, 742 (1991).
J. S. Martens, V. M. Hietala, T. E. Zipperian, G. A. Vawter,
D. S. Ginley, C. P. Tigges, T. A. Plut, and G. K. G.
Hohenwarter, Appl. Phys. Lett. 60, 1013 (1992).
R. B. Laibowitz, R. H. Koch, G. Koren, A. Gupta, W. J.
Gallagher, V. Foglietti, B. Oh, and J. M. Viggiano, Appl.
Phys. Lett. 56, 686 (1990).
R. P. Robertazzi, R. H. Koch, R. B. Laibowitz, and W. J.
Gallagher, Appl. Phys. Lett. 61, 711 (1992).

' R. Stratton, J. Phys. Chem. Solids 23, 1177 (1962); J. G. Sim-
mons, J. Appl. Phys. 34, 1793 (1963).

~5J. Talvacchio, J. R. Gavaler, A. I. Braginski, and M. A.
Janoko, J. Appl. Phys. 58, 4638 (1985).
J. R. Kirtley and D. J. Scalapino, Phys. Rev. Lett. 65, 798
(1990).
R. C. Dynes, J. P. Garno, G. B. Hertel, and T. P. Orlando,
Phys. Rev. Lett. 53, 2437 (1984).

' I. A. Devyatov and M. Yu. Kuprianov, Pis'ma Zh. Eksp.
Teor. Fiz. S2, 929 (1990) [JETP Lett. 52, 311 (1990)].


