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Nb-Nb Thin Film Josephson Junctions
Gilbert Hawkins+ and John Clarke
Department of Physics, University of California, and

Inorganic'Materials Research Division, Lawrence Berkeley Laboratory,
Berkeley, California 94720

ABSTRACT

We report a simple technique for the construction
of thin film Josephson tunnel junctions in which both elec-
trodes are of sputtered Nb. A thin (8A-20A) layer of Cu
evaporated over the fifst oxidized Nb film prevents the for-
mation of supershorts between the Nb films. The junctions
are extremely rugged, can be stored.and cycled indefinitely,
and do not require protection against condensation pf water
vapor. Critical cgrrents in the range 1uA<IC<lOmA may be
achieved with an accuracy of *20%. The dependence of junc-
tion characteristics on temperature, oxidation time, and Cu
thickness is described in detail , and a brief discussion is
given of anomalous features in the I~V characteristics. The
junctions are particularly suited to the fabrication of

practical devices such as SQUIDs.



-2- LBL-4113

I. INTRODUCTION

A number of authofsl—6 have reéérted the successful fabri&ation
of NB—NbngPb Josephson tunnel junctions with reasonably predictable
characteristics. These junctions can be stored indefinitely at room
temperatﬁre‘aﬁd.cycled repeatedly to liquid helium temperatures, indicat-
ing that the NbOi barrier is very stable. However, while the Nb thin
film strips have high mechanical strength, adhere strongly to glass
substrates, and are very resistant to corrosion, the lead strips sha;é
none of these desifable characteristics. The Pb must be well_protected‘
against oxidation, which is particularly rapid in the presence of water
vapor, and must be handled ﬁith considerable care to avoid peeling or
aBrasion. Nb-NbOirNb junctions would appear to overcome the drawbacks
associated with the use of Pb while still preserving high junction
transition temperatures. The purpose of these experiments was to
develop a simple and reiiable procedure for constructing thin film
Nb-Nb junctions wifh predictable and reproduqible critical currents.

Although there is little discussion in the literature, it is
apparently well known that the deposition of a sgcond Nb Strip directlyf
on a first, thermally éxidized Nb film usually produces_a superconducting
short. Laibowitz and Cuon% have successfully produced Nb—NbQ#—Nb_
junctions by epitaxially growingisingle—crystal Nb films on single

crystal A120 substrates and forming a barrier by sulphuric acid

3
anodization. They were chiefly concerned with quasiparticle tunneling

and mention onlv briefly the Josephson critical current. Laibowitz and

MagadaysShave utilized the good oxide. forming characteristics of Al to

V]
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construct éomposite Nb—Al—Alzo ~Nb junctions, with Al film.thickness

3
in the range 400A to 1600A. Josephson tunneling‘is possible due to
the proximity of the normal metal film to the superconducting Nb. In
our téchnique, an insulating barriér is formed by evaporating a few
Angstroms of Cu over an oxide barrier thermally grown on the first Nb
film. The Angstrom thick Cu layer reliably prevents the Nb fiims from

superconductively shorting, although the physical mechanism involved is

not fully understood.

IT. FABRICATION TECHNIQUES

The first step in junction fabrication is the dc sputter deposition
of Nb strips 2000A thick and 150um to 400uUm wide on a soda glass slide
using a Sloan Corporation S-300 Sputtergun.5 The sputter chamber is
initially evacuated to 10_6 Torr, and sputtering is performed in argon
at 9><10_3 Torr. Commerically available Sputtergun targets of 99.9%
purity are used. The substrate is initially at room temperature and
experiences a temperatufe rise of about 50°C during the two;minute
sputtering process. Sputtering is terminated either by switching off
the diséharge or by rapidl§ moving a shutter over the sample. Eifher
procedure avoids the gradual decrease in the sputtering rate at the
surface of the Nb strip whiéh occurs if the discharge current is slowly
reduced to zero. Immediately after the deposition of the first strip,
the sample is removed from the sputterer and thermally oxidized in éir

at temperatures between 25°C and 130°C for times of 1 min to 20 min..



e | LBL-4113

The sample is then transferred to an evaporator where é thin layer of
Cu is deposited on the oxidized strips in the regions where junctions
are to be forﬁed. Evaporation occurs at pressures below 5><10—S Torr
with the sample well shuttered until the evaporation rate stabilizes

at approximately lAsec—l. Typical Cu thicknesses, as measured by a
crystal monitor, range from 88 to 20 and are controlled by opening and

closing the shutter. Immediately after evaporation, the chamber is

vented to air or backfilled with dry NZ’ The sample is transferred to
the sputtering system for the deposition of a final Nb cross strip of
dimensions similar to those of the first.‘ Since the purity of the
first atomic layers of Nb is here expected to.be most crucial, the
sample is well shielded during an initial presputtering period of 1 min
to remove adsorbates from the sputter target and tc provide some
measure of Nb gettering of residual chamber gases.

The masks used in sputtering are machined from Al.” There is some
evidence that the Nb films are slightly contaminatedeith Al sputtered
from the masks. This contamination is reduced by allowing Nb to -
accumulate on the masks. Elaborate cleaning of tﬁe glass substrates
produces results no better than those obtainéd by washing the slideé in
laboratory detergent, rinsing them thoroughly in hot tap water, and -
quickly blowing them dry with a strong jet of'oil—free nitrogen to
avoid leaving a residue on the substrate. There is no necessity for
handling the substrates with plastic gloves; and excessive vacuum‘
chamber cleanliness and long pump down times do not appear.to iﬁprove
junction quality. The total time required to construct a sampie slide
of eight junctions is typically lh; Transition temperatures of the

Nb films lie between 8K and 8.5K.
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 IIT. JUNCTION CHARACTERISTICS .

Typical I-V and differential resistance characteristics for a
junction made wifh an oxidation time of 2 min at 125°C and a Cu‘.
thickness of 8A are shown in Fig. 1. The primary features of interest
are the existence of a Josephson critical current and the rapid rise
in quasiparticle current that occurs near 2.3mV at 4.2K. Also apparent
are a structure near 0,7mV labeled A, consisting of a slight current rise
féllowed by ‘a. conductance minimum, and a "knee'" ,or region of high dif-
ferential resisfance,just above the rapid current rise.1-6’9 When
the junctions are cooled from 4.2K to 1.5K the current rise at 2.3mV
steepens slightly and moves to roughly 2.5mV. The return to ohmic
behavior above the knee moves to higher voltages in a similar manner,
while the differential resistance of the knee increases by at least two.
orders of magnitude and may become negative, with consequent switching
effects when the junction is current-biased. The zero voltage conduc-
tance decreases by a factor of about 15 on cooling. These features are
quite reproducible under a wide range of junction parameters.

There are substantiél excess quasiparticle currents at voltages
below that of the rapid current rise, an effect commonly observed in
junctions having one Nb electrode.l_ 9 The excess currents below 0.7mV
diminish rapidiy with temperature while those above 0.7mV are less
dependent on T. As discussed by Rowell and Feldmangi)such excess
currents preclude a detailed theoretical analysis. However, the rapid
rise in current is undoubtedly associated with the sum (A1+A2) of the

superconducting energy gapsbin the two Nb films. If we take the voltage

at which dI/dV is a maximum as a measure of (A1+A2) (J. M. Rowell,
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private commﬁnication), then for the junction of Fig. 1 we obtain
(A1+Az)/e*2.3mv. This value is several tenths bf a mV lower than that
expectedl_'9 for an ideal Nb—Nbe-Nb junction with the same transition
temperature (8.5K), suggesting that the gap in one or both of the Nb
strips is slightly suppressed. If we associate the weak current rise

at 0.6mV with a gap difference (Al—Az), we find Afel.4mv and A2z0.9mV

at 4.2K. This procedure may not be wholly justified: Although the
structure labeled A contains a component whose position decreases™ a
few tenths of a millivolt whenvthe junction is cooled to 2K, it also

has components that appear as conduction minimaloand depend in a éompli—
cated manner on temperature. Nonetheless, the value of Al deduced from
this procedure is comparable with values reported elsewhere l_gand 1iké1Y
. corresponds fo.the gap in the lower Nb strip. The smaller value of A2
may then be interpreted as the gap in the upper film, which is reduced
by the presence of the Cu layer.

This intefpretation is consistent with the observation that the
voltage at which dI/dVis a maximum depends strongly on the Cu thiékness.
_As shown in Fig. 2, this voltage decreases from 2.%4mV for 8A of Cu to
1.4mV (approximately ANb) for 50A of Cu. Copcurrently, the structure A
moves to higher voltages,while the deduced values of Al remain at
1.4%0.2mV. The gap depression by a relatively thin layer of Cu is too
large to be explained by a simple proximity effect model. It is more
likely that the Cu, or gases adsorbed -on the Cu, act as an impurity
in the surface of the second Nb strip, thus producing a gapless sﬁrface

layer. This effect may also be responsible for the knee4 above (A1+A
1.4,10

2)

and the large excess currents below (A1+A2).
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IV. CRITICAL CURRENTS

IC can be varied predictably from less than 1lUA to about 10OmA by
controlling the oxidation time of the first Nb strip and the thickness
of the Cu layer. The reproducibility is about. *20%Z for samples made at
different times, and about 13% for junctions made simultaneously and
in close proximity. Figure 3 shows the dependence of Ic on Cu thickness
for an oxidation time of 5 min at 125°C. IC decreases by two orders of
magnitude as the Cu thickness is increased from 10A to 20A. Although
the Cu film is ﬁndoubtedly non~-uniform across the junction area, the
critical current varies smoothly with the average Cu thickness as
measured on a crystal monitor. For a given thickness of Cu, the criti-
cal current decreases by roughly one order of magnitude as the oxidation
time at 125°C is increased from 2 min to 20 min, as shown in Fig. 4 for
a 158 Cu layer.

The ﬁemperature dependence of the critical currents for various
thicknesses of Cu is shown in Fig. 5. For an 8A& Cu layer, the variation
in IC over the temperature range 1,2K to 4.2K is weak and close to that

~predicted for an ideal oxide barrier tunnel junction.. For Cu thicknesses
of 10A and 15A, the temperature dependence of I_ is more pronounced.

This dependence is not understood, but it may be associated with the
increase in gaplessness as the Cu thickness is increased. Figure 5

also includes data for two samples (oxidation time 2 min) with much
thicker and presumably more uniform-Cu layers. The strong temperature
dependence of'IC is primarily due to the increase in the pailr decay
length in the Cu (-~ th/kBT) as the temperature is lowered and is

12
reminiscent of that observed in SNS Josephson junctions.
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The junction critical currents modulate to zero in the présence
of an external magnetic field applied parallel to one of the Nb strips,
usualiy with several modulation periods observable. Figure 6vshows a
typical Frauenhofer-like diffraction pattern. Although the modulation
is not precisely of the form4|(sin'x)/x|its general shape impliés that
the supercurrent has a reasonably uniform distribution across the
junction and is not carried by a small number of microshorts. From the
modulation period of approximately 0.5G and the Nb strip width of 375um
we deduce a value of 500A for the penetration depth in the Nb films,
assuming it to be equal in each film. Schw'idtal'4 fouﬁd values varying
between 674A and 1215A, depending on the film purity. The bulk value13
is about 400A.

The normal state resistances (R) of our junctions lie in the range
0.1 to 100§i. The maximum Joséphéon crifical current is élways less
than that predicted for an ideal oxide barrier tunnel junction4’14 of
the same normal state resistance by a factor pf typicaily 6. The low
values of IcR are to some extent caused by fhé conduction mechaniSm
which is responsible for the excess currents and which shunts the
jﬁnétions to lower resistances. Iﬁpurity induced gaplessness and mechanical
strains are also likely causes for reduced values of Ic.l5 Nb-NbQ, -Pb

junctions constructed in the same apparatus have values of ICR no

greater than one-half the theoretical maximum.
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V. JUNCTION RELIABILITY

The Nb-Nb junctions have extremely stable storage and cycling
characteristics, which we attribute to the stability of the NbOx.
After several initial thermal cyclings, during which the critical
currents usually rise about 10%, the junction chéracteristics exhibit
no significant changes, at least after 50 thermal cyclings over a
period of 6 months. The junctions require no protective coatings.  They
may be removed from. the cryostat, exposed to the atmosphere, and replaced
’in thevcryostat, even though a layer of wéter and ice forms in the process.
The junctions can withstand high currents and current pulses (>300mA)
without destruction and usually without flux trapping. Flux trapping
from pulsed magnetic fields is significantly less in the Nb-Nb samples.

than in unshunted Nb—NbOd;Pb junctions -
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VI. DISCUSSION .

0f the many explanationslo’Aéadvanced to account for excess currents
in tunnel junctions, microshorts and gaplessnesé appear to bé the only
possibilities consistent with the magnitude of the obéerved effects.
The rapid decrease in the zero bias conductance of our junctions with de-
creasing temperature would appear to be inconsistent with a microshort
model4 . Also, we have made Nb-Nb junctions without Cu by presssing to-
gether, in liquid helium, two tﬁermally oxidized Nb strips deposited on
separate glass slides. These junctions have I-V characteristics similar to
those‘shown in Fig. 1, with critical currénts suppressed by a field of
about 1G. Microshorts are less likely to bevpresent in this configuratioh,
since oxide defects are less likely to overlap in a geometry em-
ploying-two separately oxidized strips than for Nb sputtered directly
onto a single oxidized film. Although we cannot rule out the possi-
bilities that abrasion could damage the surface oxide and thereBy pro-
duce microshorts, we obsefvevno irreversible behavior in breaking and
reforming the pressed film junctions under helium.. We tend to believe that
gaplessness «at the Nb surface most likely accounts for the excess
currents and that Cu.alone is not entirely responsible for this effect.

The role of the Cu in preventing superconductive shorting between
the Nb films is not well understood. We have investigated the com-
position of the junctions in the vicinity of the interface using sim~
ultaneousbion etching and Auger analysis. The presence of fhe Cu‘

layer is just detectable. The total oxygen content of the barrier
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region is essentially independent of Cu thickness, suggestingithat the
Cu serves brimatily to stabilize an existing oxide against destructive
penetration by freshly sputtered Nb. There are several mechanisms by
which this might occur. The Cu could preferentially fill point defects
in the thermal oxide of the first Nb strip. SEM studies of the oxidized
Nb film, with or without Cu, show an essentially featurelgss surface on
a lbOA scale. However, it is not clear whether this techniqﬁe would
reveal oxide defects. Alternatively, the Cu could alloy uniformly
onto a defect-free oxide surface to form a composite barrier that is
not penétrated by the second Nb film. In this case, we speculate that
without Cu, shorting occurs when the second Nb strip is deposit-

ed because of a chemical reduction of the final surface oxide
phase,NbZOS, an insulator, to non-insulating oxide phases stable

at lower oxygen concentrations. In particular NBO, which is a con-
ductor, has been proposed as a source of excess currents.2 Laibowitz
and Cuomg have successfﬁlly produced oxide barriers that are not des-
tructively reduced by the deposition of a second Nb strip. However,

it is unclear whether anodization produces a defect free surface or
whether the insulating oxide layer is simply too thick to be fully
reduced. J. Matisoo (private communication) has suggested that the
. Cu layer might absorb the kinetic energy of the inciaent Nb atoms

that would otherwise penetrate the oxide layer.

We have also constructed junctions with similar characteristics

using anstrom layers of Ti, Cr, and Pb in place of Cu. The range of
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acceptable thicknesses is much narrower than for Cu. Howevér,vthe
possibility of using a high melting point ma;erial, such as Ti,.should
be investigated more fully, since there are some indications'17 that high
temperature outgassing just prior to depositibn of the second electrode
is effective in reducing excess currents.

We have fabricated dc SQUIDs using Nb-Nb junctions shunted with
Ti'underlays to eliminate hysteresis in the I;V characterisiic. A thick
oxide layer may be grown on the Ti and Nb by immersing the films in
hydrogen peroxide. A Pb ground plane can then be evaporated directly
over the structure with no further insulating layer. The resistance
between the Ti, Nb and the Pb is typically 100 to 10002 for an ovérlap
area of 1 cm2.

Depite the existence of substantial excess currents and the lack
of a good physical model of the barrier structure, the predictable |
charactefistics, simplicity of preparétion, and durability of Nb-Nb
junctions make them attractive candidate; for applied devices such as

SQUIDs and for maintaining and comparing standards of EMF.
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FIGURE CAPTIONS

1. I-V and differential resistance characteristics at 4.2K and
1.5K of a typical Nb-Nb thin film junction with an oxidation
time of 2 min at 125°C and a Cu thickness of 8A,
2. Voltage of maximum (1/dV as a.function of Cu thickness.
3. IC versus Cu thickness for a thermal oxidation period of 5 min
at 125°C.
4, Ic versus oxidatién time at 125°C for 15A Cu.
5. IC versus temperature for several values of Cu thickness.
6. Modulation of IC by an external magnetic fieldf The dotted

curve is I(éin x) /x| fitted at Héx = 0 and at the first

t

minimum.
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