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Thin-film contacts to YBa,Cu;0; have been fabricated by an in situ noble-metal process and
patterned down to 2X2 pum?; at this small size, the contacts carry transport current over 10°
A/cm? while maintaining a specific contact resistivity p, in the 1072 to 10~? Q cm? range. No
oxygen annealing was used in the processing, thus avoiding the problem of silver or gold
agglomeration, as well as preserving a sharp interface for Josephson-device applications. p, was
measured to increase only ~25% as temperature was increased from 4 to 90 K. The
measurements were carried out on a series of film morphologies using both
superconductor-normal metal and superconductor-normal metal-superconductor test structures;
a carefully designed test pattern was used to correct for spreading conduction in the noble-metal
contact layer. The contacts were ohmic with voltage-current characteristics that were linear over

more than four orders of magnitude.

This letter reports thin-film high T, contact resistivi-
ties p, in the 1078 to 107 Q cm? range for micrometer-
size noble metal contacts fabricated by an in sifu process
without oxygen annealing (p.=RA4, the product of the
contact resistance R and contact area 4). The low value of
p. was obtained in both gold and silver thin-film contacts
patterned down to sizes less than 2X2 pm? [using both
superconductor-normal metal (SN) and superconductor-
normal metal-superconductor (SNS) test patterns]. Fur-
thermore, p, was maintained in this low range at contact
current densities over 10% A/cm?. This is the first report of
planar contacts with p, contact and current capacity all in
a practical range for high-density microelectronic circuits.

We also show that this low value of p, is obtained over
the entire working temperature range for high T, super-
conductors. Using the SN test structure, we measured only
a 25% increase in p, from 4 to 90 K. This is significant for
a number of high T, applications that will need to operate
in the higher temperature range.

The in situ technique consists of depositing a noble-
metal film on a high T, superconducting film without
breaking vacuum or intermediate processing (hence the
name in situ contact). This is just a special case of the
low-temperature noble-metal contact method! except that
the surface-cleaning step is eliminated by preventing the
as-grown superconductor surface from degrading in the
first place. This was anticipated' before in situ thin films of
YBa,Cu;0; (YBCO) were actually fabricated; now with
the development of in situ YBCO films, the in situ contact
process is readily accomplished. Two earlier studies that
used this in situ contact method demonstrated the process
for larger contact sizes [106 ,umz with Au (Ref. 2) and 100
ymz with Ag (Ref. 3)]; no teniperature dependence or
current densities were reported.

In previous ex situ deposited thin-film contacts,* oxy-
gen annealing was required to obtain values of p, below
about 10~% Q cm?. Here, we emphasize that these low re-
sistivity results were obtained without oxygen annealing.
This eliminates the common problem of agglomeration of
the thin-noble metal film into spheres® and also minimizes
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diffusion of the noble metal into the superconductor sur-
face, thus preserving a sharp noble-metal/superconductor
interface for Josephson devices.

The contacts were fabricated by first growing an epi-
taxial YBCO film by magnetron sputtering from a single
stoichiometric target using a standard YBCO in situ thin-
film growth process.6 The YBCO films were of high qual-
ity; the zero-resistance T'.’s ranged from 88 to over 90 K;
critical-current densities were typically over 10® A/cm? at
77 K. The YBCO film was then cooled slowly to room
temperature in 4 X 10* Pa (300 Torr) oxygen. Either gold
or silver contact layers between 50 and 100 nm thick were
deposited. The noble-metal deposition was carried out with
the superconductor film at room temperature with no in-
termediate exposure to air; the oxygen was evacuated to
about 1.3X10™* Pa (107° Torr) over ~15 min, after
which the noble-metal contact layer was deposited using
either sputtering (in 5 to 10 mTorr Ar) or resistive-heater
evaporation.

Planar contacts were patterned with two different
types of contact-test patterns, each consisting of a series of
four contact sizes ranging from 16X 16 pm? down to 2 X2
ymz. For the first test structure, similar to that used earlier
in another study,” we simply patterned a series of window
sizes in an ~ 1-um-thick photoresist layer [see Fig. 1(a)],
and then deposited a Pb counterelectrode to form a SNS
test structure. In addition, we also formed SN test struc-
tures by using the photoresist insulator to simply lift off the
superconducting Pb counterelectrode and replace it with a
relatively thick (1 um) Ag layer. In this way, we were able
to easily fabricate both SN and SNS test structures in prox-
imity on the same film.

The spreading conductance of the in situ Ag or Au
layer in the first geometry tends to give apparent p./s that
are lower than the actual p, Two-dimensional spreading
resistance calculations for this geometry show that the ef-
fective contact radius is #-+£, where r is the lithographic
contact radius and £~ (p./Rp)*’ (Ry is the sheet resis-
tance of the irn situ Ag or Au layer). At 77 K, p/
Pe apparent~ 2 for the 16X 16 pm? contacts. To eliminate the

© 1993 American Institute of Physics 369

Downloaded 24 Jun 2002 to 132.163.52.13. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



500 A - 1000 A Ag or Au
Sputtered or evaporated
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FIG. 1. Contact test geometries: (2) Window made in photoresist insu-
lating layer with replaceable counter electrode of Pb or Ag. (b) Patterned
in situ contact pad within photoresist window to eliminate spreading
conductance into the surrounding in situ noble metal region (shown as
black region in figure).

need to correct for spreading resistance, we also formed a
second test structure on the same films by lifting off the
earlier deposited counter electrode and depositing and pat-
terning a second contact-test pattern. The second test
structure differed from the first in that a perimeter of in situ
noble metal was removed to isolate the contact pad [see
Fig. 1(b)]. (Conduction between the counterelectrode and
the exposed YBCO perimeter around the in situ contact
pad was not a factor since this interface was formed after
ex situ processing; indeed, p, for the ex situ interface was
measured in a separate experiment to be about 100 times
greater than p, for the in situ interface. Several control test
structures were also fabricated without contact windows to
ensure there was no pinhole shorting through the photore-
sist insulation layer.)

High-sensitivity voltage measurements across the con-
tact interface were carried out to the 100 pV level. Figure
2 shows a contact V-I characteristic for a 2 X2 um? in situ
contact between a partial a-axis YBCO film and a Pb coun-
terelectrode. There is a supercurrent of ~0.4 mA. followed
by a linear resistive region that extends out to ~32 mA
where J, of the Pb film is exceeded. This extensive linear
region was used to determine the specific contact resistivity
p. for all the contacts; the results are presented at 4 K for
each film in the last two columns of Table I (one for each
test geometry). Note that the second geometry which
omits spreading conductance, consistently resulted in a p,
value that is about double the value of p, of the simple
window geometry in agreement with calculation.

As shown in Table I, p, at 4 K is in the 10~° to 10~%
Q cm? range for both geometries. This is adequate for
package interconnects and is approaching the range needed
for multichip modules. With oxygen annealing, these p,
values might be reduced further. Similar results were ob-
tained for both SN and SNS contact configurations. Except
for the partial g-axis film, no supercurrents were observed.
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FIG. 2. Voltage vs current characteristic of 2 X2 um? in situ Ag/YBCO
contact showing 0.4 mA supercurrent (insert) and extensive ohmic re-
gion to more than 30 mA (>10° A/cm? transport current density
through contact) before reaching the J, of the Pb counterelectrode. Val-
ues of the specific contact resistivity p,. given in Table I were determined
from this extensive linear region.

The V-I characteristics were linear over more than four
orders of magnitude indicating high-quality contacts that
are ohmic in character.

There was no correlation with the elapsed time be-
tween formation of the YBCO and deposition of the in situ
noble metal layer at room temperature, as seen in Table I,
but then, no correlation was expected for such relatively
high background pressure. Some correlation with mor-
phology was observed with the smooth c-axis and partial
a-axis morphology generally giving the lowest values of p,.

Theoretically, the g,b-axis conduction is ~ 1000 times
greater than the c-axis conduction.® For the smooth c-axis
films, we find from scanning tunneling microscopy® that
the exposed Cu-O plane edge area is about 1000 times less
than the c-axis area. Therefore, we would expect the a,b-
axis conduction to be comparable to the c-axis conduction
in the smooth c-axis films, resulting in about a factor of 2
difference in p. However, for the partial e-axis film and
the c-axis films with extensive pitting, we would expect
considerably more of an effect from the g, b-axis conduction
and a significantly lower p, than for the smooth c-axis
films, which was not observed. Consequently, there may
well be a degraded surface layer at the Cu-O plane edges.

From a practical standpoint, however, the results are
very encouraging since p.’s down in the 107°-10~% Q cm?
range were obtained for patterned, planar contacts on typ-
ical c-axis grown YBCO films without a particularly low
background pressure [~1.3X10™* Pa (1075 Torr)]. As.
seen in Table I, p.’s in this range were obtained for both Ag
and Au contacts. Also, both evaporation and sputter dep-
osition of the in situ noble-metal layer appear to work.

The p, results given in Table I were obtained at liquid-
helium temperature. What happens at higher tempera-
tures? With the SN test structure, we measured the tem-
perature dependence of the contact resistivity over the
temperature range from 295 down to 4 K. At T, there was
a sharp decrease in p, as the YBCO film became supercon-
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TABLE 1. In situ noble metal YBCO thin-film contacts.

J. (76 K) Geom. omitting
Contact Background 0.1 uv spreading cond.
material Deposition YBCO pressure Time* T.b criterion® pe (4K) pe (4 K)
Film (nm) method morphology (10~® Torr)  (min) (K)  (10° A/cm?) (Q cm?) (Q cm?)
4512 100 Ag evaporation  smooth ¢ axis, no pits, 0.95 65 90.3 1.25 3.9%10° 8x10~°
boulders
4811 100 Ag  evaporation partial @ axis, 0.2 77 88.8 1.4 7.1x10~° 1.5x 1078
no pits
4514 100 Au evaporation ¢ axis, pits, boulders, 1.5 47 89.8 0.59 1.0x 1078 2.8% 108
small amount a axis
4813 100 Au  evaporation ¢ axis, pits, and 3.3 42 89.8 1.7 1.5x 108 3.1x10°8
boulders
4816 50 Au sputter rough texture 0.87 150 88.2 0.43 3.9x10°¢

*Time between end of YBCO deposition and start of noble-metal deposition.

YZero-resistance temperature.
“Along 1.5 mm length.

ducting, as shown in Fig. 3. Below T',, where the resistance
of the YBCO/in situ metal interface is dominant, p, mono-
tonically decreased about 25%, indicating a metalliclike
contact interface. Thus, p.’s of the same quality, as shown
in Table I at 4 K, are characteristic of these contact inter-
faces over the entire temperature range below 90 K.

In summary, these are the first high-sensitivity contact
data in a well-defined measurement geometry to show that:

(1) Either silver or gold thin-film planar contacts suit-
able for microelectronic connections can be obtained with
pcs in the 1077 to 10~% Q cm? range without oxygen an-
nealing by using the ir situ thin-film contact process.

(2) Contact current densities over 10% A/cm? can be
obtained in nominal c-axis planar contacts down to sizes of
2X2 pm?,

(3) Varying the temperature from 4 to 90 K produced
only a ~25% increase in p,.

(4) Comparable p, values were obtained for both SN
and SNS interface structures.

Existing YBCO deposition equipment can be fairly eas-
ily modified to incorporate deposition of the in situ noble
metal buffer layer, either with the addition of a resistive
evaporation source, a second sputtering gun, or an addi-
tional noble-metal target for laser ablation systems. Be-
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FIG. 3. Temperature dependence of specific contact resistivity p,, show-
ing only a 25% rise in p, of high-quality i situ contacts from 4 to 90 K.
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cause of the energy of the particles in laser ablation, an
inert gas, such as 27 Pa (200 mTorr) of Ar, is needed to
avoid resputtering.!® Also, laser ablation rates are about
two orders of magnitude lower for noble metals than for
YBCO, but this can be compensated for by operating at a
higher laser pulse rate, raising the power per pulse, or
increasing the beam aperture. Deposition time is still rela-
tively short, however, because an in sifu noble metal layer
of only several tens of nanometers is needed for an effective
contact interface.
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