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By use of a completely in situ process, we have investigated Ag metal contacts to thin films of
YBa2Cu307 (YBCO},in order to study the properties of the Ag/YBCO interface as well as the Josephson
effect in SNS bridges made with this technique. Measurements of the temperature dependence of the
Josephson current in these devices have been made, and are compared to recent theoretical predictions.
SNS devices which exhibited Josephson effects had the critical current-resistance (I,R„)products of the
junctions limited by the high specific contact resistance of the SN interfaces. The lowest values of the
specific contact resistance obtained were on the order of 10 0 cm for contacts in the c-axis direction.
The specific contact resistance was measured as a function of deposition conditions for the Ag as we11 as
annealing temperature and time. The influence of the specific contact resistance on the magnitude of the
Josephson current in SNS bridges is discussed, and a review of the contact literature for noble-

metal/YBCO contacts is presented.

I. INTRODUCTION

The discovery of high-temperature superconductivity
in the ceramic oxide materials YBa2Cu307 opened an era
in condensed-matter physics, as well as in superconduct-
ing electronics. As high-quality thin films of YBa2Cu307
(YBCO) became available, it became desirable to develop
reliable, reproducible methods to fabricate thin-film
Josephson devices. Such devices are the basic elements of
superconducting electronics, and their availability would
allow, for example, the production of high-temperature
SQUID'S and compact local oscillators covering the fre-
quency spectrum from microwaves to the far infrared.

The short coherence lengths' [g,b(0)=28 A,

g, (0)=5.6 A] and high chemical reactivity of YBCO
make the fabrication of classic tunnel junctions with thin
insulating barriers a formidable task, due to the high pro-
cess temperatures ( T =650—800'C) required for the
growth of epitaxial YBCO counter electrodes. Diffusion
of the barrier material during counter electrode deposi-
tion may also be a significant problem. For these reasons,
other types of junctions which do not suffer from these
problems are of interest.

The fabrication of lateral SNS junctions, in which the
proximity effect induces superconductivity in a normal-
metal (N) bridge between two superconducting (S) elec-
trodes, or banks, avoids many of the aforementioned pro-
cessing problems. In particular, the normal metal may be
deposited at low temperatures to avoid reaction with the
YBCO surface. The length scale over which pairs diffuse
into the normal material is the normal coherence
length g„.In the clean limit, g„(I, the elastic-scattering
length, and

'Avf

2mkT
'

where vf is the Fermi velocity in the normal metal and T
is the temperature. In the dirty limit (g„&l),which

holds for virtually all low-T, devices reported to date, the
coherence length is

1/2
Vf

(2)
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The coherence length limits the allowable length of the
bridge. Good coupling of the banks requires that the
normal bridge length L be less than several g„(T).Ac-
cording to theoretical models of dirty SNS junctions, su-
percurrents should be observable in bridges as long as
10(„(T, ) or so; this is supported by experiment. '

In this study, SNS devices were fabricated with super-
conducting YBCO thin-film electrodes and Ag normal-
metal bridges. The initial goal of our experiments was to
verify the SNS theory for supercurrent How in SNS de-
vices fabricated with YBCO electrodes, and to use these
devices to measure the temperature dependence of the
coherence length in Ag at higher temperatures than
would be possible with conventional low-T, superconduc-
tors. %e report on studies of the Joscphson effect in
these devices and of the properties of the YBCO/Ag con-
tact, which is of critical importance for good coupling of
the superconducting banks. Since the Josephson effects
which were observed in these devices were reduced
significantly by the presence of large barriers at the SN
interfaces, much of the experimental work concentrated
on the characterization of these contacts as well as devel-

oping sample preparation techniques to reduce the bar-
riers at the SN interfaces as much as possible.

The organization of this paper is as follows: In Sec. II,
we discuss the in situ deposition process and subsequent
processing of the SNS devices. Estimates of the coher-
ence length in the Ag bridge and its implications for the
expected temperature dependence of critical currents are
presented in Sec. III. The results of initial attempts to fa-

bricate SNS devices are reported in Sec. IV. These de-
vices exhibited Josephson properties but were evidently
not SNS devices. One diSculty was a high YBCO/Ag
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II. DEVICE FABRICATION

A schematic of the deposition system is shown in Fig.
1. The vacuum system consisted of a main chamber fitted
with a Balzers TSU 512 500-1/sec turbomolecular pump
backed by a standard mechanical pump. Attached to the
main chamber were an ablation cell, which housed a
three-target carousel, several sputter guns (one of which
contained a 99.999% silver target from Materials
Research Corporation} and a 3-cm ion-etching source.
Samples could be moved from cell to cell without break-
ing vacuum and the sputter gun allowed Ag contacts to
be deposited onto YBCO films in situ. A typical base
pressure of the vacuum chamber was less than
1X10 Torr. Mass analysis of the residual gas in the
chainber indicated that the dominant contaminant was
water vapor. The roughing line was filtered with
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contact resistance. Section V discusses the eSect of con-
tact resistance on the critical current of SNS weak links.
In Sec. VI the optimization of the contact process and
contact resistance measurements are described. The
current-voltage characteristics of weak links fabricated
with the optimized process are discussed in Sec. VII. It
was found that the critical current-resistance product of
the SNS devices was limited by the minimum obtainable
YBCO/Ag contact resistance. In addition, the tempera-
ture dependence of the Josephson current in these devices
was characteristic of a normal-metal bridge length that
was roughly an order of magnitude shorter than the fa-
bricated length. We discuss our results in terms of the
available theory. Finally, general conclusions are
presented in Sec. VIII. In addition, Appendix A contains
a survey of the available literature on YBCO contacts,
while Appendix B describes the data analysis which we
used to determine the temperature dependence of the
Josephson current in our samples.

graphite-filled trap to minimize contamination from oil
backstreaming during roughing. The process gases (Ar
or 02} were ultrahigh purity (uhp), with pressure con-
trolled by a mks flow control system.

The YBCO thin films used to fabricate the SNS devices
studied were produced by laser ablation from a single
stoichiometric YBCO target. The targets were purchased
from either Jupiter Technologies, Superconducting Com-
ponents, or Seattle Specialty Ceramics, and were
specified by the manufacturers at between 89 and 95 % of
bulk density. A Continuum Nd: YAG YG-632 with a fre-
quency tripled wavelength of 355 nm was used. The laser
power was controlled by using a variable attenuator. The
laser was focused onto the target with a lens of 30-cm fo-
cal length to a spot size approximately 1.5 mm in diame-
ter. The spot was raster scanned over the target using a
movable mirror. Films were grown on single-crystal
(100},Syton polished SrTiOi substrates. Samples were
thermally anchored to Haynes alloy backing plates, using
either Ag paste or mechanical clips and Au foil. The
Haynes blocks were heated to processing temperatures
using a heater stage, described elsewhere. Typical depo-
sition conditions and film characteristics are summarized
in Table I. After the film growth, the chamber was usual-
ly backfilled with oxygen to a pressure of 600 Torr and
the sample was cooled at a rate of 20' per min to 450'C,
annealed for 30 min, and then allowed to cool. Unpro-
cessed, 3000-A-thick films routinely had T, &90 K and
J, =4X 10 A/cm at 77 K. Thin films produced for SNS
devices had thicknesses ranging from 400 to 1000 A, with
T, ranging from 85 to over 90 K (with a typical value of
88 K) after processing to define the device structure.
Critical current densities measured on test structures on
the SNS chips ranged from 0.4X 10 to over 5 X 10
A/cm at 77 K for the best samples.

The SNS junctions were produced in the totally in situ
process summarized in Fig. 2. SrTi03 wafers, into which

0
narrow trenches approximately 3000 A deep had been
etched, were coated with between 400 and 1000 A of
YBCO. Step coverage over the trench edges was poor
due to the large trench depth relative to the deposited
film thickness and the highly directional nature of the ab-
lation deposition process, resulting in an electrical break
in the YBCO film at the trench edges. The deposited
YBCO film had the c axis normal to the substrate plane.
Most samples were allowed to cool to below 40'C before
the chamber was roughed out again. Ag, typically 3000
A thick [Fig. 2(b)], was deposited, making contact to the
YBCO film on either side of the trench on both the edge
(ab-plane contact) and top (c-axis contact). Ag also con-
tacted the YBCO film at the bottom of the trench in the c
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FIG. 1. Schematic of the deposition system.

Substrate surface temperature
Laser fluence
Laser energy/pulse
Oxygen pressure
Target-substrate distance
Particle density (1 pm or less in diameter)

760 C
5 Jcm
160 mJ
300 mT
5 cm
105—107 cm2

TABLE I. Typical YBCO 61m growth parameters.
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rounding near the top was due to erosion of the pho-
toresist stencil during etching. Initially, the trenching
process left resist residue along the top edges of the
trenches. The residue was a result of incomplete develop-
ment of the photoresist stencil prior to etching. After ex-
posure to the ion beam, cross-linking from ion bombard-
ment made this residue difficult to remove in organic sol-
vents. The residue could be removed by lightly polishing
with Syton polish which also removed approximately 300
A of SrTi03 from the top surface of the wafers which
were processed in this way. The mechanical polishing
procedure had the effect of severely rounding over the
edges of the trenches, so this procedure was discontinued,
although 3 chips of the 30 processed were polished in this
way after the trenches were etched. These wafers are re-
ferred to in the remainder of the paper as "polished. "
Subsequent improvements in the trenching process (elim-
ination of back rejections from the aligner chuck during
exposure of the trenching stencil) routinely allowed the
fabrication of trenches with narrow widths and clean
edges.

FIG. 2. Device fabrication process. (a) YBCO is deposited
over a trenched substrate. (b) Ag is sputtered in situ over the
first layer. (c) The bridge is defined by photolithography and
ion milling. (d) Ag is etched away in the vicinity of the bridge,
defining the contact length L„„.
direction, allowing current to How both directly across
the trench and through the YBCO film at the trench bot-
tom. Using this trench geometry allowed one to make
contact to the YBCO film without exposing the edges to
any chemical or ion beam processing.

After the Ag deposition, the sample was removed from
the ablation system and patterned using photolithogra-
phy and ion milling to define the bridges [Fig. 2 (c)]. All
bridges were 3IM wide. Most wafers underwent an addi-
tional lithographic and ion mill step to remove the Ag
metal from YBCO in the vicinity of the trench [Fig. 2(d)],
so an accurate determination of the contact resistance be-
tween YBCO and the Ag film could be made. This fabri-
cation step formed a Ag strip across the trench, with the
length of the strip between 1.5 and 4 pm, resulting in
contact areas between 4.5X10 and 1.2X10 cm .
The top view of the completed device is also shown in
Fig. 2(d). A high-resolution scanning-electron-
microscope (SEM) photo of one of the bridges is shown in
Fig. 3, which shows both top and side views of the device.
The completed chip was silver pasted and wire bonded to
a chip carrier which is inserted into a low-temperature
probe for standard four-point electrical characterization.
Each wafer had 52 individual bridges.

The trenches 0.6 ~ I. ~ 2pm were etched into the
SrTi03 wafers using photoresist as an etch mask and ar-
gon ion milling. SEM observation revealed that the side
walls of the trenches were rounded, being nearly vertical
at the bottom but sloping outwards towards the top,
making the average sidewall angle 56'. Presumably, the
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FIG. 3. SEM micrograph of completed SNS device, (a) top
and (b) side.
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III. NORMAL COHERENCE LENGTH
AND CRI'I ICAL CURRENT

100

I( T)
L /g„(T)—

(3)

This expression should be applicable to any long bridge if
the appropriate coherence length is used. '

Few discussions of the proximity effect with high-
temperature superconductors consider the range of appli-
cability of the clean and dirty limits. The ratio l/g„
defines a crossover temperature, T&=3Avf/2~kl, well
above which the elean limit holds and well below which
the dirty limit holds. For Ag, To-—34 K for i=1500 A,
scaling inversely with l. Clearly a device based with
YBCO electrodes will crossover from the clean to the dir-
ty limit as temperature is lowered. Thus, we expect (1)
close to T„I, ~ (1—T/T, ); (2) as T decreases,—T/TlI, -e '; and (3) at lower temperatures the behavior

Qrzr, —
crosses over to -e

The fact that the crossover temperature is in the mid-
dle of the temperature range of interest for YBCO experi-
ments means that these simple temperature dependences
should be expected only over very limited ranges. The

The Ag films were electrically characterized by fabri-
cating Ag bars from an 1850-A-thick Ag film sputtered
over a 1000-A-thick YBCO film (on a SrTi03 substrate)
which had been depleted of oxygen by annealing in an Ar
atmosphere at 700'C. The depleted YBCO film had a
surface morphology similar to that of the films used in
the SNS devices and was electrically insulating. This
sample was used to obtain the temperature dependence of
the Ag resistivity, which was 2.3 IMQ cm at 295 K, drop-
ping to 0.56 pQ cm at 4.2 K, giving a residual resistance
ratio of 4.1 and a 4.2-K sheet resistance of 0.038 0/0 for
this Ag thickness.

The mean free path can be calculated from the mea-
sured resistivity. At 4.2 K, l = 1500 A. Since
Ruf /2m. kT =4020 A, the dirty limit applies and, from Eq.
(2), g„= 1400 A. At 77 K, l =930 A and
Auf/2~kT=220 A, so the clean limit applies and
(„=220A. It should be noted that the clean-limit coher-
ence length, which depends only on Fermi velocity and
temperature, is an upper limit for the actual coherence
length in any situation. Thus -200 A is a rough upper
limit for the coherence length in any weak link at 77 K.
Based upon the fabricated trench lengths, all of our
bridges were long (L »g„)at all temperatures used in
the experiment.

The critical current of an SNS bridge can be quite a
complex function of temperature. ' Proper theoretical
treatments, which take into account the correct boundary
conditions and are applicable to all bridge lengths, exist
only for the dirty limit. "' However, the pair amplitude
in N decreases exponentially at large distances from an
SN interface in all cases, insuring that the dominant tem-
perature dependence of a long bridge [L »g„(T,)] is
due to the coherence length factor in the exponent. Quite
generally,
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FIG. 4. Temperature dependence of the normal-metal coher-
ence length in Ag. (a) Clean limit. (b) Dirty limit, assuming
that p is constant and equal to its value at 4.3 K. (c) Dirty limit,
using the measured temperature dependence of p. (d) General
expression from Ref. 13 using p(4. 2 K). (e) General expression
using the measured temperature dependence of p.

exponent is not simply proportional to T or T' over any
significant temperature range, as is almost universally as-
sumed in fitting experiment to theory. An expression for
g„applicable to the dirty, clean, and intermediate re-

gimes 1s
' —I /2

1+ l

nc

(4)

where g„,and g„d are given by Eqs. (1) and (2), respec-
tively.

This result has been tested experimentally, ' but not
extensively, and recent experiments raise some questions
as to its applicability. ' Also, there are no experiments
involving high-T, superconductors or temperatures
above 15 K which give a reliable value for the coherence
length in a normal metal (i.e., one in agreement with that
calculated from material parameters).

There is yet another problem, namely, the temperature
dependence of the mean free path (which can generally be
ignored in low T, experiments-). Taking all of these
points into account, Fig. 4 is a plot of the reciprocal of
coherence length as a function of temperature. The
clean, dirty, and general cases are all plotted, using both
the low-temperature mean free path and the (correct)
temperature-dependent one. Clearly neither expression
(1) nor (2) is applicable over the entire temperature range
of interest for YBCO SNS bridges. The actual coherence
length is smaller than the calculated dirty-limit value at
temperatures above a few K.

IV. INITIAL EXPERIMENTAL RESULTS

Several wafers were processed without deposition of
Ag to test how well the YBCO banks were electrically
isolated, and to see if devices with Josephson properties
could be fabricated without the presence of the Ag layer.
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TABLE II. Electrical properties of devices fabricated
without the top Ag layer.

Sample
No. No. (a), Total No.

shorts open X/No. tested devices tested

SNS18 {YBCO
only)
SNS24
{MgO/YBCO)

13 0.037/26

12.2/17

44

This was an important check, since it is well known that
Josephson devices can be formed by depositing films over
steps in the substrate. ' The first test was made on a pol-
ished wafer onto which only 1000 A of YBCO was depos-
ited. The wafer was then etched to define the bridges,
and Au pads were applied in order to make good electri-
cal contacts. Table II summarizes the results of the ex-
periment. No Josephson effects were observed in any of
the 44 devices tested. The devices which were not open
circuit or shorted had basically ohmic current voltage
characteristics. This experiment was repeated with a
second polished wafer, onto which 1000 A of MgO was
sputter deposited to serve as a nonconducting passivation
layer, to protect the YBCO film from subsequent pho-
toresist processing steps. The results of this experiment
are also reported in Table II. No Josephson effects were
observed during these tests either, but the average device
conductance among devices which were not open circuit
or shorted increased, indicating that the passivation layer
was protecting YBCO which coated the trench side wall
from damage during photoresist processing. From the
electrical measurements performed on unpolished wafers,
it was concluded that the average electrical isolation be-
tween banks was greater than 30 Q when 1000 A or less
YBCO was deposited over trenches which were 3000 A
deep.

Figure 5(a) shows the IV characteristics of a device
typical of those which exhibited good Josephson proper-
ties. Wafers which yielded good devices were polished
after the trenches were etched, as described in the fabri-
cation section. These devices had I,R„=100pV at 4.2
K. The devices showed excellent microwave response to
9-GHz microwave radiation, as can be seen from the IV
curve shown in Fig. 5(b). Up to nine harmonics of the
fundamental step were observed on the IV characteristics
of some devices. Figure 6 shows the magnitude of the
N =0 (the zero-voltage critical current), l, and 2 Joseph-
son rf steps as a function of applied rf current for sample
SNS19, device No. 16. It was assumed that the rf current
amplitude was proportional to &P, where P is the ap-
plied generator power. The steps appear at units of the
Josephson voltage V~ =Naif /2e, where f is the rf drive
frequency. Five nodes of the 1V =0 step were observed.
The size of the steps was in good qualitative agreement
with the predictions of the rf current bias model, which is
more appropriate than the voltage bias model in this ex-
perimental situation because of the high impedance of
free space (a quarter-wave dipole antenna was used to
couple the radiation into the junction) relative to the
junction resistance of 0.7 Q. Numerical simulations, us-

50@V/div.

50' V/div.

9 3GHz.

FIG. 5. Current-voltage characteristic of SNS 19 device No.
16, {a) without and (b) with 9.30-GHz radiation applied, at
T= 10 K. The device was fabricated on a polished substrate.

ing the junction critical current and normal-state resis-
tance, are required for quantitative comparisons.

In general, the behavior of devices which demonstrated
good Josephson effects was not characteristic of classical
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FIG. 6. Magnitude of the N=O, 1, and 2 Josephson steps as a
function of the rf current amplitude for a drive frequency of 9.3
GHz.
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SNS devices, as we now discuss. Perhaps most surprising
was the lack of any dependence of critical current on
trench length L. Considering the device structure, three
modes of coupling between the superconducting banks
appear possible.

(i) Pairs may diffuse directly across the metal bridge,
from one bank to the other. In this case the length of the
bridge is simply the length of the trench. In this situa-
tion, observable supercurrents are expected only at very
low temperatures, where the bridge is only a few coher-
ence lengths long.

(ii) Pairs may diffuse from the banks down to YBCO in

the bottom of the trench. In this case each device would
consist of two SNS bridges in series, with the length of
the bridges determined by the depth of the trench and the
thickness of the YBCO film. Pairs would evidently have
to tunnel predominantly in the c direction in order to
enter YBCO in the bottom of the trenches. A similar
geometry was employed by DiIorio et al. ' and Ono
et al. "

(iii) The weak link is an unintended grain boundary or
step edge device (in other words, a continuous YBCO
path exists between the superconducting banks).

Since 2- and 0.6-pm-long devices were equally likely to
show Josephson effects, the working devices (about 5% of
those fabricated) were evidently coupled from the top to
the bottom of the trench, suggesting (ii) or (iii}. Since the
first (N=1} Josephson step occurred at the expected
voltage for the rf drive frequency f, only one Josephson
weak link was present, leading to the conclusion that the
devices consisted of a weak link in series with a short.
For case (ii), we estimate the bridge length for these de-
vices at L =2000 A since the trenches were 3000 A deep
and the YBCO thickness was 1000 A.

The temperature dependence of the critical current for
one of these bridges is shown in Fig. 7. I, decreases
linearly with increasing temperature over most of the
temperature range, with a tail near 75 K, where the criti-
cal current vanishes. From the observed linear tempera-
ture dependence ofI„it seemed unlikely that the Joseph-

son current was flowing through the Ag metal film,
conflicting with both cases (i) and (ii). Other results sup-
port this conclusion. The occurrence of single, rather
than series, links indicate that the weak link was always
formed on one side of the trench with a short on the oth-
er. SEM investigation of the devices which demonstrated
Josephson effects revealed that one side of the trench was
almost smooth as a result of the polishing process (prob-
ably the side which was shorted) while the other side was
sloped at a shallow angle. Since no clean break in the
YBCO film was observed, it seemed reasonable that the
weak link was of the grain boundary or step edge type,
case (iii). Disregarding the nature of the junction (wheth-
er SNS or grain boundary), the fact that typical device
resistances, on the order 0.4 0 for these devices, were
much higher than the bridge resistance (which should be
on the order of 0.01 0) indicates that significant barriers
are present between YBCO and the Ag film.

Attempts to fabricate bridges using the same process
on unpolished wafers were unsuccessful. Of over 200 de-
vices fabricated, none displayed Josephson characteris-
tics. Since the device impedances were all higher than
expected, it was concluded that the lack of Josephson
effect was due to the presence of barriers at the
YBCO/Ag interface. (Such barriers would lead to a
severe reduction of the order parameter in the normal
material, with a commensurate degradation of the
Josephson coupling. ) The metal contacts for these sam-
ples were produced by the in situ process described in the
fabrication section, with the Ag deposited onto cool
(T=30—40'C) YBCO with no postanneal of the con-
tacts. It was found that such contacts typically had a
specific contact resistance of r«„=1-7X 10 0 cm,
which should severely degrade the Josephson coupling in
even short bridges. The contact resistance measurements
will be discussed in more detail later. At this point, we
discuss the influence of the YBCO/Ag contact resistance
on the I,R„product.

V. INFLUENCE OF CONTACT RESISTANCE
ON SNS JOSEPHSON CURRENT
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The degradation of the Josephson current in SNS de-
vices by barriers at the SN interfaces can be easily under-
stood in the case of very short SNS bridges. We will first
discuss this issue in general terms, rather than relying on
a specific model calculation.

In a short bridge with ideal SN contacts, theory '

predicts I,R„prd octsuof order b,(0)/e. This is roughly
the value obtained by Ambegaokar and Baratoff (AB}for
tunnel junctions: '

~ 6(0)
c n

0
0

I

20
I I

T (K)

FIG. 7. Critical current vs temperature for a Ag bridge SNS
device fabricated on a polished substrate.

and may be thought of as an upper limit for the I,R„
product of any type of Josephson device. Assuming an
energy gap for YBCO of 6=15 meV, AB predict that
I,R„=20meV should be obtainable, if the bulk value of
the gap is maintained up to the interface of the normal
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material.
Drastic reductions of the I,R„product are expected if

barriers exist at the SN interfaces, even for short SNS
bridges. Such barriers might originate from imperfections
at the N/YBCO interface which lead to scattering or ox-
ygen depletion of the YBCO surface leading to a
N/semiconductor/YBCO structure. Alternatively, an
impedance to electron tunneling might be intrinsic, aris-
ing from the basically two-dimensional (2D) nature of
YBCO, which constrains values of momentum of elec-
trons tunneling from a 30 electrode to values consistent
with the YBCO Fermi surface.

With barriers present, the device is most suitably de-
scribed as SINIS. The reduction in I,R„due to the bar-
riers is easily understood. Carriers (pairs or quasiparti-
cles) inust tunnel into N. Once in the N region, there are
two possibilities for quasiparticle transport across N to
the second barrier.

(i) Quasiparticles can travel ballistically, without
scattering, across N. In this case they encounter the
second barrier with momentum, in particular, the com-
ponent of momentum perpendicular to the barrier, un-
changed. Then the transmission coefficient for tunneling
through the second barrier will be the same as that for
the first (for identical barriers). If each barrier has
transmission coefficient f', the net transmission coefficient
for this process will be f .

(ii) Quasiparticles scatter in the N region. After
transmission through the first interface, most quasiparti-
cles have a large momentum component perpendicular to
the barrier, since the transmission coefficient for these
carriers is largest. After one (or more) scattering events,
quasiparticles which reach the second barrier will no
longer penetrate as easily, since they scatter in all direc-
tions. Under these conditions, a potential will develop
between N and the second S layer which drives quasipar-
ticles across the second barrier in the same way they were
driven across the first.

If case (i) dominates quasiparticle transport in N, the
resistance of the SINIS structure will be proportional to
Rs,N, s I/1 . If case (ii) dominates, the situation is

similar to adding two resistors in series: each barrier has
resistance R ~ I/f'; if the resistance of the N region is
negligible compared to that of the barriers,
Rs,Nis =2R ~ 1/f'.

Pair transport across N is a coherent process which
links the pair wave functions on either side of the junc-
tion. We consider the limit in which the width of the
normal region is small compared to the coherence length
there but longer than one scattering length for quasiparti-
cle excitations. Neglecting any attenuation of the pair
amplitude due to the proximity effect in the short bridge,
if each barrier has a transmission coefficient f', then the
total ~air current will be proportional to ? . Since
I, ~ f' and R ~1/f', the I,R„prod ct wuill be propor-
tional to T instead of being constant as in the tunnel junc-
tion case. If the width of the normal-metal region is re-
duced to the point of negligible scattering, we again ap-
proach the single-barrier (tunnel junction) case and the
AB result is recovered.

We therefore estimate the I,R„product of a short

SINIS structure with scattering in the N layer by

I,R„—f—' .

f' is proportional to the specific (zero-bias) conductance
of the contact:

rcon

where k& is the Fermi wave vector of the low carrier den-

sity electrode. (The specific contact resistance r„„has
the units of resistanceXarea. ) From this result we can
estimate the minimum specific contact resistance neces-
sary in order to approach the full AB I,R„product in a
short SNS bridge, with scattering in the N region. Using
n ggcQ 6 0 X 10 ' cm for the carrier concentration in
YBCO, ' a specific interface resistance of the order of
5X10 " Qcm is required in order to approach unity
transmittance. This estimate of r„„for a perfect noble-
metal/YBCO interface is consistent with those calculated
by other methods. ' Thus, we see that specific contact
resistances below 5X10 Q cm are required to achieve
better than 1% of the AB I,R„product when there is
scattering in the N layer, even in short bridges at low
temperatures. At low temperatures most metal films are
dominated by impurity or surface scattering, yielding
typical elastic mean free paths of l 1000 A. This makes
fabrication requirements rather stringent to avoid the
drastic reductions in the I,R„product predicted by Eq.
(6).

This discussion is consistent with microscopic calcula-
tions which take the finite transparency of the SN inter-
face into account in the dirty-limit case."' In such a
treatment, I,R„is a function of two parameters,

Psks r con
yB

Pnkn Pnkn

in addition to the bridge length L of the normal material.
Here p, and p„arethe normal-state resistivities of the su-

perconductor and normal metal, respectively, while g,
and g„are the respective coherence lengths. Physically,
the y parameters have the following interpretation:" y
is a measure of the suppression of the order parameter at
the SN interface due to the diffusion of quasiparticles
from N to S (assuming good contact between N and S,
and no barrier). y is determined by the ratio of electron
densities n„and n, and the scattering lengths in the
respective materials. If y & 1, quasiparticle diffusion at
the SN interface causes a large suppression of the order
parameter in the S region over a length scale g, . In the
opposite limit, y (1, the order parameter is almost con-
stant up to the interface, and pairs penetrate a distance

g„into N. The parameter y~ is nonzero when a barrier
is present at the SN interface. This limits quasiparticle
diffusion into the S region but also impairs the transfer of
pairs across the interface. The results of the microscopic
calculations show that an increase in either of the param-
eters y or y~ reduces the I,R„product."In addition, the
calculations predict that, for T~O for short bridges,
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I,R„&4 mV are possible for values of yz ~0
(r„„&10 "Q cm for typical values ofp„and g„~.

For long [L)g„(T, ) ] SNS bridges which are dominat-
ed by the specific contact resistance, the temperature
dependence of the critical current computed from this
theory yields curves that are basically exponential with
temperature at low temperatures. " This temperature
dependence is similar to that predicted by Eq. (3), the
difference being that, in the microscopic theory, I,R„is
reduced by an additional temperature-independent factor
of yet cc1/f' Th. us, a roughly linear temperature depen-
dence of the critical current cannot be explained by these
calculations, at least for long bridges.

On the basis of either the microscopic theory of Kupri-
yanov" or our general simplified discussion of the can-
tact resistance problem, it appears that, in order to max-
imize the I,R„products of high-T, SNS devices, short N
bridges with (i} low electron densities, (ii) long elastic
mean free paths, and (iii} long coherence lengths should
be employed. These characteristics point to the use of
semimetals. Of course, such materials would only prove
useful if reaction with the YBCO surface were minimal.

VI. OPTIMIZATION AND CHARAC:TKRIZATION
OF in situ CONTACTS

It is clear from the discussion in the previous section
that the high values of specific contact resistance typical
of our initial unannealed SINIS samples, 1-7X10
Qcm, result in the suppression of Josephson critical
currents to immeasurably small values. In order to lower
the contact resistance, a study of annealing effects on
contact resistance was undertaken. Samples were fabri-
cated with Ag etched away near the trench leaving nar-
row strips, as described in the fabrication section. The
specific contact resistance could then be inferred from
resistance measurements, since the contact area was
known.

For a superconductor-normal-metal contact, in an
overlap geometry, current initially flowing in the super-
conductor will transfer into the normal metal over a
characteristic transfer length a '. Using a transmission
line model for current flow, a contact of width W,
length I.„„,and normal-metal sheet resistance R z
(Q/0) results in

cal value for the Ag sheet resistance at 4.2 K and

pro~ 10 Q cm, we find a ' =5 pm. All of the con-
tacts measured were sufBciently short that this approxi-
mation is sufBcient.

The total resistance of a bridge is the sum of the con-
tact resistances and the resistance of the Ag-metal link
across the trench:

2~con
R =Rb+

eff
(13)

0.6
0

0 0

where Rb is the resistance of the metal bridge alone and
A ff 2A, Az/(A, + A2), A, and A2 being the individu-
al contact areas. Ideally the contacts to each bank are of
equal area (A,s = A, = A2}, however, slight misalign-
ment of the stencils used to define the contact areas can
lead to asymmetry. If the bridge resistance is negligible
compared with the contact resistance, we have
R =2r~„/A,tt.

Figure 8 shows the dependence of the device conduc-
tance on the quantity A,z for in situ, unannealed contacts
at 4.2 K. The data are from devices fabricated in the
same way in three separate runs. The average value of
r„„obtained from a linear fit to the data is

r„„=5X10Qcm (the arithmetic mean value for the
34 devices measured was r„„=9X 10 Q cm ); values as
low as 7X10 Qcm were obtained on individual de-
vices. Extrapolation to zero overlap area gives a residual
conductance of 0.03 S. A nonzero intercept is expected
because of the contacts to the YBCO film edges at the top
edge of each trench. Since these contacts are principally
in the ab direction, their contribution to the total contact
conductance can be considerable. ' This residual conduc-
tance gives a specific contact resistance for contact on the
planes of r„„,b=5X10 Qcm (of course, this number
is not known to us with any precision since we are limited
by the scatter in the resistance data).

The specific contact resistance was measured as a func-
tion of annealing temperature, for 15-min ex situ anneals
in 1 atm of 02. Figure 9 summarizes the results of these

a '=Qr „/R~ .

If we define a characteristic impedance

Z = 1/IVER ~r„„,

(9)

(10)

04

the contribution of the contact to the total sample resis-
tance will be

0.2

R „=Zcoth(aL„„).
For contacts shorter than roughly one transfer length
(L, „&a '), the current flow is uniform and 4x10 8x10 1.2x10 1.6x10

R con "con /~L con (12) A„,(cm2)

In plactlce, this approximation 18 Rcculate to within 30%
for contacts up to one transfer length long. Using R typi-

FIG. 8. Device conductance vs e8'ective area for unannealed
in situ Ag/YBCO contacts, at T =4.2 K.
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FIG. 9. The average specific contact resistance vs annealing
temperature for 15 min ex situ anneals of the Ag/YBCO con-
tacts, in 1 atm of oxygen (open circles). The data point
represented by the circle and cross was obtained for a sample
prepared with an in situ anneal and elevated temperature Ag
deposition, as described in the text. The data were taken at
T=4.2 K.

experiments. The contacts were measured at T=4.2 K.
Prior to annealing, the contacts were made with a low-
temperature, in situ Ag deposition followed by standard
patterning to define the bridges. Data for T=250, 350,
and 450'C was obtained by annealing the same sample
for 15 min first at 250'C and then at 350 and 450'C,
measuring the average contact resistance at 4.2 K after
each anneal. Additional data for 450 and 550'C was ob-
tained in a similar fashion using a second sample. An-
nealing at 650'C caused Ag to ball up on the surface of
YBCO. From this data it was observed that the optimal
annealing temperature for a 15-min anneal time was
somewhere in the vicinity of 400'C. (The data point at
400'C was obtained for an in situ anneal with an elevated
temperature deposition of Ag, as will be described below. )

The specific contact resistance was investigated as a
function of annealing time for an annealing temperature
of 450'C. The results of these measurements are present-
ed in Fig. 10. A reduction in r„„bya factor of approxi-
mately 10 is obtained after the first 15 min; further an-
nealing to 60 min does little to improve the contact quali-

ty, and additional annealing deteriorates the contacts
rapidly. Optical inspection of the sample after 300 min at
450 C revealed severe oxidation of the Ag film, which
probably accounts for the steep upturn in r„„afterthis
amount of heat treatment.

The temperature dependence of one in situ contact, as
deposited and after annealing at 250 and 450'C, is shown
in Fig. 11. The data curve for 250 C is scaled by a factor
of —,

' so that it could be plotted on the same scale with the
other curves. The data is typical of most contacts mea-
sured. Above the transition temperature, the high resis-
tivity of the YBCO film in series with the contact dom-
inates the resistance of the device. At T, there is a rapid
decrease in the device resistance with a minimum in r„„

Anneal Time (Min)

FIG. 10. Average contact resistivity vs annealing time for an
annealing temperature of 450'C. The contact was measured at
T=4.2 K.

10
250 C (.~0.5)

Un~nnealed

450 'c

4G 8G 100

FIG. 11. Temperature dependence of the contact resistance
for a Ag/YBCO contact as fabricated in situ (solid line), an-

nealed at 250'C (dotted line) and at 450 C (dashed hne) for 15

min in 1 atm of oxygen. The data at 250 C were scaled by 0.5
so that they could be plotted with the other curves.

occurring at a temperature just below the transition tem-
perature of the YBCO film. As the temperature is de-
creased further, the resistance of the contact rises, indi-
cating a semiconducting nature of the interfacial layer be-
tween the YBCO and Ag films. Annealing at 250'C ac-
centuates this semiconducting behavior, so that the resis-
tance of the contact increases and the drop in r„„atT,
becomes much more broad than the unannealed curve.
Further annealing at 450'C improves the contact
markedly. There is a large overall decrease in the resis-
tance, with a nearly Hat temperature dependence as the
temperature is lowered further. The lowest resistance
contacts had resistances which decreased monotonically
with temperature below the film T, . Annealing at tem-

peratures at or above 400 C seems to restore 02 which
becomes depleted from the surface YBCO layer before
Ag is deposited.

The increase in r„„from the unannealed value after
annealing at 250'C may be due to a depletion of oxygen
from the YBCO/Ag interface in excess of any depletion
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present in the unannealed contact. This hypothesis is
consistent with measurements of the oxygen concentra-
tion at the YBCO/Ag interface by Auger microprobe
analysis. In these studies a depleted interfacial layer
was observed after annealing Ag-coated bulk ceramic
samples for 1 h at 250'C in 1 atm of oxygen. Annealing
at 600 C for the same period of time resulted in a much
higher oxygen concentration at the interface, commensu-
rate with a much lower specific contact resistance. Oxy-
gen diffusion through the Ag film at 250'C from the oxy-
gen atmosphere may not be rapid enough to replace small
amounts lost into the bulk of Ag from the YBCO surface.
Higher temperatures (400'C) might reverse these condi-
tions, significantly improving the electrical properties on
the contact.

The qualitative change in the temperature dependence
of the contact resistance between annealed and unan-
nealed contacts supports the view that a true reduction in

r„„wasachieved by annealing above 350'C, reducing
barriers present at the SN interfaces. If the only effect of
the anneal was to increase the effective area of the con-
tact through diffusion of the Ag into YBCO, the tempera-
ture dependence of r„„wouldbe similar to the unan-

TABLE III. Variation of r„„withfilm transition temperature.

Sample T, No. devices r„„,Qcm High r„„Low rgp~

SNS21 85
SNS27 88
SNS28 90

9
12

5

7.0X10-' 1.6X10"-' 2.5X10-'
4.9X10 8.0X10 3.5X10
1.0X 10-' 1.3X 10-' 6.5X 10-'

nealed data. The fact that Josephson effects were ob-
served in devices when r„„wasreduced below
=5X10 0 cm also supports this conclusion.

Figure 12 shows IV curves at 7 K for a contact before
and after annealing at 450'C for 15 min, which reducedr„„from 2.6X10 to 1.8X10 Qcm . Before anneal-

ing, the IV exhibited excess conductance at low voltages,
possibly a noise rounded Josephson characteristic. After
annealing, the device exhibited a zero voltage current,
presumably a Josephson current. Only a few bridges with
the lowest values of r„„displayedsuch characteristics.

A dependence of r„„onthe YBCO film transition tem-
perature was observed. Table III summarizes this data,
which gives the average specific contact resistance, the
number of devices measured, and the high and low values
for as-deposited (unannealed) contacts. The lowest resis-
tance contacts were made to the films with the highest
transition temperature. The spread in T, is thought to be
due to the YBCO target being slightly off stoichiometry
for the lower T, films, since all other deposition parame-
ters were the same for these samples. This could explain
the T, dependence of r„„whichis observed: other
phases or an excess of one component might be present
on the surface of the poorer films making them harder to
contact. In general, as can be seen from the table, a
spread of a factor of 3—5 was found between average and
high and low values of r„„.Smaller spreads were found
on samples with the lowest resistance contacts.

VII. WEAK LINKS WITH OPTIMIZED CONTACTS

50@V/dlv. ~

FIG. 12. IV characteristics of a Ag/YBCO contact as depos-
ited (a) in situ and (b) after a 15 min anneal at 450 C in oxygen.
The anneal lowered r„„from 2.6 X 10 to 1.8 X 10 ' 0 cm .

Based on the data from the annealing study, the con-
tact process was modified. One concern with the in situ
process was the contamination of the YBCO surface
while roughing out the chamber after the anneal cycle.
Because the vent pressure was 600 Torr, the chamber
could only be pumped out using the mechanical pump.
Although the rough line had a trap (see Sec. II), some
backstreaming of oil and carbon contamination of the
surface was feared. In addition, it was clear from the an-
nealing temperature data that the optimal annealing tern. -

perature was probably around 400 C. For sample
SNS29, the in situ contact procedure was therefore
modified as follows: The trenched substrate was loaded
into the deposition chamber and a YBCO film grown on
it according to the parameters outlined in Table I. After
the film growth was completed, the system was vented
with 02 to 10 Torr, reduced from the standard 600 Torr.
This pressure was low enough so that the chamber could
be pumped out by opening the gate valve to the tur-
bopump, eliminating any possibility of oil contamination
of the YBCO surface due to roughing with the mechani-
cal pump. The sample was cooled in this partial pressure
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of 02 to 400'C, at which point the chamber was pumped
out and 10 mT of Ar admitted. Then 100 A of Ag was
sputtered on the YBCO fibn with the substrate ternpera-
ture at 400 C. After this first Ag deposition, the
chamber was backfilled with 02 to 600 Torr and the sam-

ple was annealed for 15 min. After the anneal, the sam-
ple was then allowed to cool to 40'C, at which point the
chamber was pumped out and the remainder of the Ag
was deposited. Only 100 A of Ag was deposited initially
to aid in 02 transport to the YBCO/Ag interface.

Figure 13 shows the device conductance vs A,& for
SNS29. The average value of rgp 3 8X10 Qcm was
the lowest obtained for all the samples we fabricated,
with a high value of 5.6X 10 0 cm and a low value of
1.7X10 0cm . The extrapolation of average bridge
conductance to zero contact overlap area gives a max-
imum contribution to the conductance from contact with
YBCO at the trench edges of 0.18 S, which puts a bound
on the specific contact resistance to the ab planes ofr„„,b

&10 Qcm . About 10%%uo of the devices on this
chip (5 out of 50 tested) showed Josephson effects, and
these devices were always the ones with the lowest values
of contact resistance.

The temperature dependence of the resistance of one of
the contacts which had a supercurrent is shown in Fig.
14. The resistance of the contact drops rnonotonically as
the temperature is lowered below the film transition tem-
perature and remains Oat from 88 to 55 K. As the tem-
perature is lowered below about 45 K, the device devel-
ops a critical current. When the critical current becomes
larger than the excitation current used to measure the
resistance, the measured resistance becomes zero at ap-
proxirnately 20 K.

The IV characteristic at 5.1 K of one device is shown
in Fig. 15. The critical current of this device was I, =43
pA with I,R„=11pV and r„„=3.1X10 Qcm .
Three of the five devices with zero-voltage current were
tested for rf response. In all three cases, the first Joseph-
son step occurred at twice the voltage expected for a sin-

gle junction, indicating that each of these devices was ac-

0.6

SNS29, Device No. 26

0.4

0.2
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FIG. 14. Temperature dependence of the contact resistance
for a Ag/YBCO contact fabricated under optimized conditions.
The device develops a Josephson current at approximately 45
K.

tually two Josephson weak links in series. Observable
critical currents in these devices persisted to =45 K.
This is consistent with coupling from top to bottom of
the trench, giving a maximum bridge length of L =2000
A =5(„(45K) as opposed to over 16$„(45K) for coupling
across the trench.

The I,R„products at 4.2 K of the five devices tested
were lower than would be expected from the contact
resistivities measured if the devices were in the short
bridge limit at this temperature. For example, Eqs. (6)
and (7) predict that device No. 26 should have I,R„=50
pV for r„„=3. 1 X 10 0 cm, whereas the measured
value is I,R„=11pV. Since there are two weak links in

series, and assuming each has the same critical current
I, =43 pA, each junction would have I,R„=5.5 pV,
which is an order of magnitude below the predictions of

200

SNS29 Device No. 26

I~R~ = 11 p,V„=3.lx10 Hcm

4x1Q 8x10

A„,(cm2)

1.2x10 1.6x10
—200 I

—0.04
I

—0.02

V (mV)

I

0.02
I

0.04

FIG. 13. Device conductance vs effective area for Ag/YBCO
contacts fabricated under optimized conditions at T =4.2 K.

FIG. 1S. IV characteristic of an optimized SNS device at 5.1

K. y'con=3. 1X 10 Ocm .
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these equations. This discrepancy may result from the
fact that the length of the contact exceeds the length over
which supercurrent Qows into the normal bridge, which
is of order the normal coherence length. The product of
device width (3 pm) and g„(T)at 4.2 K gives an efFective
area of 4.2X10 cm, far smaller than the contact area
contributing to the normal conductance. Thus, the de-
vice is effectively shunted; it is the normal resistance rath-
er than the supercurrent that is low. Using the measured
value of r, „=3.1X10 0 cm, we obtain an unshunted
device resistance of 15 0, or an I,R„product of 645 pV,
an order of magnitude larger than the predicted value.
Given these facts, and considering the simplifications
made in deriving Eqs. (6) and (7), the agreement between
the predicted and measured I,R„products is satisfactory.

Of course, the actual device structure at the SN inter-
face is more complex than assumed, and there could be
other reasons why the I,R„product is lower. Degrada-
tion of YBCO due to 02 deficiency at the surface, or
through slight reactivity with Ag, would weaken the or-
der parameter at this point, lowering the I,R„product.
Alternatively, the specific contact resistance might be
smaller than the measured (average) value in the vicinity
of the trench edge. In addition, the calculation of the
coherence length is only an estimate; the exact value will
depend on the scattering in the Ag film at the trench edge
and might be significantly shorter than the calculated
value.

The temperature dependence of the critical current of
the device whose IV characteristics are shown in Fig. 15
was measured through noise rounding analysis of the IV
curves, which was necessary because of the small critical
current. In applying the Ambegoakar-Halperin theory
it was assumed that this device was composed of two
identical SNS devices in series. This was an acceptable
assumption since the IV characteristic showed no indica-
tion of a lower critical current device in series, which
would have added a voltage kink to the series IV curve at
a bias current equal to the lower critical current. The de-
tails of the noise rounding analysis, as well as an explana-
tion of how the error bars were obtained, may be found in
Appendix B. Figure 16 shows the temperature depen-
dence of the critical current obtained. The solid line is a
theoretical prediction which is discussed below.

The temperature dependence of the critical current
shown in Fig. 16 is somewhat surprising. At the temper-
ature at which the critical current vanishes (or becomes
unobservably small), =50 K, g„(50K) =300 A. As dis-
cussed previously, microwave experiments demonstrated
that this device was comprised of two weak links in
series. Postulating a weak-link bridging from the top to
bottom of the trench requires a bridge length of =2000
A, which would make L/g„(50 K)=7 (assuming the
clean limit). Thus, the observed increase of I, with de-
creasing temperature, which does not have the exponen-
tial character expected for a long SNS bridge, suggests a
short bridge, while the dimensions of the structure are in-
consistent with the short bridge limit [L g„(T,)]. With
a trench depth of 3000 A, a short bridge is possible only
if the Ag metal bridges YBCO grains which are separated

0.8—
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FIG. 16. Temperature dependence of the critical current for
sample SNS 29 device No. 26. Open circles represent the data
points. The solid line is a fit to the theory of Kupriyanov
with L =g„(T, ) and ys =20. The dotted line is a fit to a quad-
ratic temperature dependence I,(T)=I,O [a(1—T/T, o)
+(1—a)(1—T/T, o) ). Here I,O=43 pA and T,0=52 K.

I,(T)=I,0[a(1—T/T, o)+(1—a)(l —T/T, o) ) .

Extrapolation to zero critical current gives a critical tem-
perature for the device T,0=52 K (the temperature at
which the critical current vanishes), as well as the zero-
temperature critical current I,0=43 pA. The critical
temperature could not be measured directly because the
fitting procedure failed for temperatures higher than the
last data point plotted, due to the high noise Boor of the
apparatus.

The data were analyzed using the theory of Kurpri-

by a smaller distance along the trench edge. If YBCO,
which is deposited over the trench edge, grows with a
mixed orientation, such grains could grow there. Since
the trench edge is much closer to a (110) or ( 111) face
of SrTi03 than a (100) face, a change in orientation of
the material on this surface is expected. In fact, recent
experiments appear to indicate that YBCO growth
might be expected to proceed with the c direction perpen-
dicular to the trench face for a trench wall angle greater
than 40'. Superconducting grains of YBCO along the
trench edge might be imbedded in and separated by non-
superconducting material. Thus, the trench walls, once
coated with YBCO, would not support supercurrents or a
significant normal current by themselves, but would form
SNS devices when coated with Ag, if the Ag metal
bridges grains which are close enough together with the
correct orientation for good ab-plane contacts. Such a
model of the device can also account for a reduced criti-
cal temperature (from the bulk film transition tempera-
ture) for the critical current of the junction if YBCO on
the trench edge is degraded due to misorientation.

The critical current shown in Fig. 16 was well fit to a
simple quadratic temperature dependence (dashed line):
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yanov and Lukichev for SNS 1D (sandwich) junctions. "
This theory assumes the dirty limit, which holds over
only a small range of temperatures for these devices, and
small values of y [see Eq. (8)], which are unlikely with
YBCO and ordinary metals. This theory does, however,
treat the case of low transmittance interfaces and we are
led to the conclusion that the bridges are very short no
matter what model we use. The results appeared to be in-
consistent with the 20 variable thickness bridge theory,
which is not surprising given the indications that the su-
percurrent flows between closely spaced grains on the
trench edge, with contacts to the YBCO ab planes.

The solid line fit is derived from Eq. (34) in Ref. 11.
The fit used the above value of T,p and a BCS coupling
constant of 3 (6/k T, =3).The resulting curve was scaled
so that the theoretical critical current at T=O was I p. A
value of yz =20 was required to produce a curve of the
proper shape to fit the data. This value of y~ implies a
specific contact resistance r„„=1.6X 10 ' 0 cm using
values of p„and g„at4.2 K, which is 2 orders of magni-
tude lower than the average value measured over the en-
tire contact area but not inconsistent with a small frac-
tion of the contact area having a very low specific contact
resistance (presumably the ab-plane contact). The con-
ductance of such a contact could not be accurately deter-
mined due to the large scatter in the data of Fig. 13. A
very nonuniform r„„wouldbe expected for ab-plane
contacts to a small number of grains on the trench side
walls. For y~ =20, theory predicts a much larger I,R„
product [(I,R„}~K„~-—3 mV] than was measured (hence
the need to scale the curves), but close to the value es-
timated above (0.7 mV) after correcting for the shunting
effects associated with the long contacts used. For com-
parison, Eq. (6) predicts that I,R„=8.7 mV for
r„„=1.6X10 ' Qcm .

The temperature dependence of the critical current is
not inconsistent with the available theory, but only if the
device structure is assumed to be considerably different
from that originally intended. As discussed earlier, the
available theory is inadequate in that treatments of
contact-dominated weak links exist only for the dirty-
limit case, which is clearly not applicable to Ag bridges
with YBCO electrodes. Nevertheless, the devices, if SNS,
are clearly shorter than either the trench length or the
step height. This is not surprising since examination of
the devices by SEM revealed that, in fact, a clean break
in YBCO was not achieved at the trench wall. This
structure could be improved if the trench walls could be
made vertical, or perhaps slightly undercut so that more
of the ab plane of YBCO could be exposed for contact to
the Ag bridge. In several other investigations' ' in
which a single step edge geometry was used to make in
situ SNS bridges, I,R„products exceeding 1 mV at 4.2 K
have been achieved. In both studies, the device resistance
was clearly dominated by contact resistance. In neither
of these studies were measurements of the specific contact
resistance reported. The size of the J,R„products and
the temperature dependence of the critical current shown
in Ref. 19 imply that the bridges were very short and
were qua1itatively similar to the results obtained in this

work. It is clear that no unambiguous demonstration of
an SNS device with YBCO electrodes has been made to
date. In order to test the SNS theory to which we have
appealed to fit our critical current data, longer devices
[I.& 3g„(T, ) ] demonstrating an exponential dependence
of critical current on length and temperature must be fa-
bricated, even though the performance of such devices
would be inferior. Good measurements of contact resis-
tance are also needed. Ho~ever, unless values of r„.,„

below 10 ' Q cm can be achieved in such structures,
supercurrents may not be observed even at extremely low
temperatures.

VIII. CONCLUSIONS

Based upon our data and the available models, it is
clear that the electrical properties of our SNS devices
were dominated by barriers at the SN interfaces. Al-
though some devices fabricated early in the investigation
displayed excellent Josephson properties, the lack of
reproducibility and other experimental evidence indicat-
ed that these were grain boundary or step edge junctions.
Improvements in the fabrication process allowed the fa-
brication of junctions in which the claim that the super-
conducting banks were coupled only by the normal-metal
bridge was justified. On these samples (approximately 30
chips fabricated}, we consistently observed Josephson
effects only for the devices with the lowest specific con-
tact resistances.

The nature of the interfacial barrier between YBCO
and Ag, whether intrinsic or extrinsic, is still somewhat
of a mystery. Theoretical estimates of the ideal minimum
resistances for r„„,b and r„„,between Ag and YBCO,
based on solutions of the Schrodinger equation using an
effective-mass approximation, have been made. ' The re-
sults were r„„,t, (min) = 10 " 0 cm andr„„,(min)=10 Qcm . The c-direction estimate is

close to some of the values of the specific contact resis-
tance measured during the course of these experiments,
but there has been a single report of a much lower
value, r„„,=4X 10 ' 0 cm . What the intrinsic lim-

its on contact resistivity are and the precise nature of in-

terfacial barriers in experimental structures such as ours
(the latter being process dependent) remain as open ques-
tions.
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APPENDIX A: SURVEY
OF THE YBCO CONTACT LITERATURE

Clearly, an improvement in our device geometry could
be made to insure good ab-plane contact. It is possible
that we do not make good contact to the ab planes at the
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TABLE IV. Contact resistance summary.

Structure

Ag/YBCO

Nb/Au/YBCO

Nb/Au/YBCO

Pb/Au/YBCO

Nb/Au/YBCO

Nb/Au/YBCO

Nb/Au/YBCO

Nb/Ag/YBCO

Ag/YBCO

YBCO/Ag/YBCO

YBCO/Ag/YBCO

YBCO/Au/YBCO

YBCO/Ag/YBCO

Comments

In situ, 400'C 02 anneal,
10 Torr, 15 min
In situ, 450 C 02 anneal,
500 Torr, 30 min

Edge junction, 450'C 02
anneal, 500 Torr, 30 min
In situ or ex situ with ion
beam clean
In situ or ex situ with
ion beam clean
Ex situ?; 02 plasma
treatment before Au deposition
Ex situ?; 02 plasma
treatment before Au deposition
In situ, Ag deposited
below 200'C
In situ, vacuum-cleaved
single crystal
In situ, vacuum-cleaved
epi film

In situ, vacuum-cleaved
epi film

In situ and ex situ, 600'
0& anneal
In situ, 400'C 02 anneal

~con~A cm

2X 10

6�X1-'

08�X-'

4X10-"

5X10-"

1X10-'?'

7.2X 10

2X 10-"

6X 10-'

1.5X10-'

10 -10

3X 10-"

Direction

ab

ab and c

Josephson
effects?

Yes

Yes

Yes

No

Not shown

Yes

No

Yes

No

No

Yes

Yes

Reference

This work

32

33

34,35

34,35

36

36

37

38

39

39

41

'Calculated from reported parameters.
Estimate of upper bound.

trench wall, since we have not engineered a clean break in
the YBCO film at this point. Nevertheless, an equally
valid possibility is that we do, in fact, contact the planes
and that the same barriers are present at these contacts as
for those in the c direction. If this were the case, the bar-
rier would presumably have an extrinsic origin, such as
contamination of the YBCO surface before the deposition
of the Ag counter electrode, or oxygen loss there. The
stability of the oxide superconductor surface in vacuum
has been the subject of investigation ' and some contro-
versy. ' The temperature dependence of the contact
resistance of our in situ unannealed contacts may be attri-
butable to oxygen-deficient YBCO surfaces. On the other
hand, it is well known that the YBCO surface is highly
reactive; hydroxides and carbonates form readily on fresh
surfaces when water vapor or sources of carbon contam-
ination are present. If such contamination is limiting the
lowest contact resistivities that our process can achieve,
an improvement may require device growth under UHV
conditions with specially purified process gases to lower
contaminants below the 1 —10-ppm level usually encoun-
tered with research quality materials.

However, it is clear form a review of the contact litera-
ture that more experimental work needs to be done be-
fore a determination of the ultimate specific contact resis-
tances, as well as the origin of the barriers often encoun-
tered in YBCO/noble-metal contacts, can be made.
Table IV summarizes some of the most recent results for

the lowest values of the specific contact resistance be-
tween YBCO and either Ag or Au. As can be seen from
the table, there is a rather large spread in the reported
values even among in situ contact processes.

Future investigations are planned in which we will im-
plement the SNS devices described here with'a-axis films.
For these devices, the largest area of the Ag contact will
be along the ab planes allowing measurements of r„„,b

to be performed. If the high contact resistivities mea-
sured in these experiments are intrinsic to transport in
the c direction, a change in film orientation should effect
a great reduction in the value of r„„obtained,hopefully
enhancing the Josephson coupling in these structures.

APPENDIX B: NOISE ROUNDING ANALYSIS

In an initial analysis of the critical current data for
sample SNS29, both the critical current and noise tem-
perature were used as fitting parameters in applying the
Ambegaokar-Halperin noise rounding theory. The noise
temperature T„,z found from this analysis as a function
of the thermal temperature T,h, is shown in Fig. 17.
For low values of the bath temperature, the fit tempera-
ture increases linearly with T,h, as the line fit through
the data shows. Below T,h, =20 K, the critical current
is large and the IV curves are highly nonlinear; this al-
lows the most precise determination of I, and T„since
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FIG. 17. Effective noise temperature extracted from fitting
the IV characteristic of sample SNS 29 device No. 26 at various
temperatures to the Ambegoakar-Halperin theory. The device
temperature is T,h„,while the dotted line is a guide to the eye.
The solid line shows the expected variation of T„,ff assuming a
constant external background noise temperature of T,„,=150
K.

FIG. 18. IVcharacteristic of sample SNS 29 device No. 26 at
T,&„=4.2 K, along with noise rounded IV curves predicted by
the Ambegaokar-Halperin theory. Data points are open circles.
The solid line was calculated assuming an effective noise tem-

perature of T„,ff
= 160 K, while the dotted line assumes

T„,g=73 K.

small changes in the fitting parameters produce large
changes in X, the rms deviation between the data points,
and the theoretical IV curve. As the temperature in-

creases, the IVs become more washed out increasing the
uncertainty in the values obtained for I, and T„.If the
IV curves which are analyzed are not precisely the form
predicted by the theory, the nonlinear least-squares algo-
rithm may minimize X through selection of parameter
values which may be unphysical. This is believed to be
what is happening at temperatures above 20 K for the fit

value of T„,ff. As the sample temperature rises from 4.2
to 45 K (a difference of =40 K), the extracted noise tem-
perature rises from 160 to 270 K (a difference of 110 K).
If we assume that the total effective noise temperature is
a sum of thermal and external contributions, we may
write

Tn, eff Ttherm + Text (B1)

where T,„,is an efFective noise temperature associated
with the external noise, presumably electrical, from the
measurement electronics, rf sources, etc. This com-
ponent of T„,ff will be temperature independent and
should only be a function of the measurement apparatus,
not the sample. The analysis indicates a high external
noise temperature, on the order of 150 K. Because the
IV curves of the SNS junctions measured were not pre-
cisely the resistively shunted junction (RSJ) shape, this
represents only an estimate of T,„,.

For this reason an independent value of T,„,was ob-
tained by measuring the IV characteristics (at 4.2 K) of
shunted, 1 pmX1 pm Nb/Alz03/Nb tunnel junctions
with critical current density 2000 A/cm and fitting the
data to the noise rounding theory. These junctions had

classical RSJ IV characteristics and were ideal test sam-

ples for evaluation the level of the external noise. From
these measurements a value of T,„,=68K was obtained.
Measurements of the critical current suppression in

unshunted junctions of the same current density showed

that the magnitude of the critical current could be fit to
the transition state model of Fulton ' with a noise tem-

perature of 30 K. These experiments indicated that

T,„,=30—70 K. Using a value of T,„,=68 K, the SNS
IV curves were analyzed by fixing the value of T„ff

through Eq. (Bl), eliminating this variable as a fitting pa-
rameter.

In the graph, the error bars were generated by setting

T„,s to different values. The upper values were obtained

through fits which used both I, and T„,ff as parameters

(so that the values for T„,s were equal to those given in

Fig. 17), while the lower values were obtained with

T,„,=30 K and the total noise temperature given by Eq
(Bl). Figure 18 shows calculated noise rounded IV
curves of SNS device No. 26, using the extracted noise

temperature T„=160K as well as an assumed noise tem-

perature of 73 K. The data were taken at a temperature
of 4.2 K. As can be seen from the fits, reducing the noise

temperature by more than a factor of 2 degrades the qual-

ity of the fit very little and changes the extracted value of
I, by only 10%%uo at this temperature. However, at higher

temperatures, where the critical current is smaller, the
effects of this analysis are more pronounced, as can be
seen from the size of the error bars in Fig. 16. Fixing

T„drthrough Eq. (Bl) was thought to be the most physi-

cal way to extract the temperature dependence of I, .
However, from the graph it is clear that the functional
form obtained is rather insensitive to the exact functional

form of T„,ff assumed.
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