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Abstract

It is found experimentally that the critical current in the two-terminal double-barrier Nb/Al-AlO —~Nb/Al-AlO,-Nb
device is considerably larger than the critical current in the bottom junction of the Nb/Al-AlO —-Nb/Al-AlO,-Ta/Nb
device of identical planar configuration produced in the same deposition run. Our data suggest that the origin of the
phenomena is a direct Josephson coupling between the external electrodes rather than the inductive interaction between the

junctions. @ 1997 Elsevier Science B.V.
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1. Introduction

Recently, much attention has been paid to physi-
cal properties and applications of stacked Josephson
devices [1-3). So far, the theoretical description of
the stacked structures is limited to the inductive
coupling between the junctions in the stack [1],
which is valid if the condition d < A, is satisfied
(here o 1is the spacing between the junctions, A, is
the London penetration depth).

However, new effects may appear if the middle
superconducting layer becomes very thin: d~ &,
where £ is the coherence length in the superconduc-
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tor. Such a situation is realized, for example, in
naturally layered high-temperature superconductors
[4], and, in some respects, can be modelled in Nb-
based structures [5].

The interference of the wave functions of the
Josephson junctions separated by a distance [~ &, is
known to occur in the planar structures with direct
conductivity of the junctions and leads to a strong
interaction between them [6]. The interaction is es-
sentially a nonequilibrium effect caused by concen-
tration of the current passing through the constric-
tion, where its magnitude exceeds the Ginzburg—
Landau depairing current. The situation is different
for tunnel junctions, in which there is no nonequilib-
rium in the stationary state. On the other hand, since
all the types of Josephson junctions behave similarly
in all the basic respects [7], one might expect that
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additional coupling appears in vertically integrated
tunnel structures with very thin superconducting lay-
ers between the tunnel barriers.

In this paper we present the results of an experi-
ment intended to verify for the first time the pres-
ence of a direct weak coupling between the external
electrodes in a double-barrier tunnel device with a
thin middle superconducting layer.

2. Experiment

The double-barrier devices were fabricated from
the Nb/Al-AlO —Nb/Al-AlO —-Nb (type one) and
Nb/Al-AlO -Nb/Al-AlO ~Ta/Nb (type two)
structures deposited in the same vacuum run. The
fabrication route is essentially the same as that de-
scribed elsewhere [3,8]. Deposition of both structures
and oxidation of the barriers have been performed
simultaneously under the same conditions up to the
second tunnel barrier. After formation of the second
barrier, one half of the substrates was screened by a
shutter and Ta was deposited on the rest of the
substrates. Then the shutter was opened and a Nb
counterelectrode was deposited on all the substrates.
Thus we have obtained structures identical in all the
respects except the different counterelectrode. The
parameters of the films as deposited are as follows:
d, =150 nm, d, =4 nm, and d; = 130 nm are the
thicknesses of the bottom, middle, and top Nb films,
respectively; d,, = 5 nm is the thickness of each Al
layer, and dy, = 40 nm is the thickness of Ta film.

The two-terminal devices of the same geometry
have been fabricated from each type of structure.
Fig. | shows schematically the configuration of the
Nb/Al-AlO -Nb/Al-AlO -Nb and Nb/Al-
AlO -Nb/Al-AlO,-Ta/Nb devices. The devices
are square-shaped with the area in the plane 9 X9
wm?. Both top and bottom junctions have approxi-
mately equal specific tunnel resistances of order
107% O cm? and Josephson critical current densities
(for the Nb/Al-AlO ~Nb junctions) of order 1
kA/cm? at T=42 K. The ratio of the subgap
resistance at the voltage V=(4, +24, + A4,)/2¢
(where 4., 4,, and A, are superconducting energy
gups of the bottom, middle, and top superconducting
Nb layers, respectively) to the resistance well above
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Fig. 1. Schematical cross-sectional view of the Nb/Al-AlO, -
Nb/Al-AlO,-Nb (a) and Nb/Al-AlO, -Nb/Al-AlO, -Ta/Nb
(b) devices.

the gap sum voltage is approximately equal to 9 at
T=42 K. This is a reasonably good value taking
into account that the thin middle layer has a reduced
superconducting transition temperature 7, = 6.3 K.

3. Results and discussion

Current-voltage characteristics (IVCs) of the pla-
nar arrays consisting of seven double-barrier devices
connected in series are shown in Fig. 2. Curves for
type | and type 2 devices are marked by squares
(curve 1) and circles (curve 2), respectively. At
successive voltages, the IVCs reveal the fine step
structure which is due to the transition into the
resistive state of the single junctions from the array.

CURRENT, mA
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Fig. 2. Current-voltage characteristics of the series arrays consist-
ing of double-barrier type | (boxes) and type 2 (circles) devices.
The arrow shows the feature related with the gap difference
n( Ay, — d¢,) of the Nb/AI-AlO, ~Nb /Ta junctions.
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On the expanded scale, this allows one to determine
the critical current values for the single junctions.
For type 1 devices, the critical currents averaged
over the two opposite directions of the bias current
for the array shown in Fig. 2 (curve 1) are in the
range from 749 to 882 1 A. Here we suppose that the
nth step for the positive bias current and the nth step
for the negative bias current are for the same junc-
tion. The average critical current value (for 14 junc-
tions in the array) is /.= 803 wA. We could not
distinguish the critical currents of the top and bottom
junctions because they are very close to each other.

Now we consider the curve 2 in Fig. 2. It is the
sum of IVCs of Nb/Al-AlO,—Nb/Al and Nb/Al-
AlO -Ta/Nb junctions. Since the superconducting
transition temperature of Ta film is only slightly
above T =4.2 K, the IVC of the top junction has a
shape close to that of the SIN junction. The bottom
Nb/Al-AlO —~Nb /Al junction is a SIS-type junc-
tion. So the total IVC of the device has the shape of
a ““twisted”” Josephson junction. It is seen from the
plot that the critical currents of 6 junctions perfectly
coincide with each other, while the 7th junction has
slightly larger critical current (there is a small step
from this junction near the gap-sum voltage). The
averaging procedure described above gives for the
critical currents of 7 bottom junctions of this array
the range from 606 to 717 wA. The average value of
the critical current is [, = 640 pA.

Both the visual comparison of the curves 1 and 2
in Fig. 2 and critical current values derived from
them above clearly demonstrate the difference in
supercurrent through the bottom junction of type 2
devices and type 1 devices. In fact, the average value
of I, of the Nb/Al-AlO —Nb /Al junctions of type
2 devices is about 20% smaller than that of the
Nb/Al-AlO -Nb/Al-AlO -Nb devices. We be-
lieve this difference is of physical, rather than tech-
nological, origin. The bottom Nb/Al-AlO -Nb/Al
junction in the type 2 devices is identical to the
bottom junction in the type | devices. Although the
type | and type 2 devices were fabricated on differ-
ent chips. our experience shows that the critical
current of the junctions is highly reproducible for the
chips prepared in the same vacuum run. The spread
of /. values for different chips does not exceed the
spread of /. values within a single chip.

We should analyze a possible influence of para-

sitic effects which may be responsible for a reduced
critical current of the bottom junction in type 2
devices. One effect might be heating: one can sup-
pose that power dissipated in the device due to the
bias current is larger for type 2 devices as compared
with type 1 devices. To produce a critical current
reduction by 20%, the energy gap of the supercon-
ducting electrodes should be reduced by an amount
of the same order of magnitude. However, as can be
seen from Fig. 2, the total gap-sum voltage of
Nb/Al-AlO,~Nb junctions in type 2 devices V, =
n(A, + A,)/e (here n =7 is the number of devices
connected in series) obtained from curve 2 is equal
to 0.5V, = n(4A, + 24, + 4;) /e, where Vyy,, is the
total gap-sum voltage obtained from curve 1. There-
fore, even if heating affects the IVC, the effect is
small and equal for both types of devices. Hence, the
heating should be ruled out as an explanation of the
phenomena.

Second, one should take into account possible
inhomogeneous current distribution over the area of
the type 2 device. As a result, the total critical
current through the bottom junction might be re-
duced as compared with the magnitude of /. through
the type 1 device, because of the shorter Josephson
penetration depth A; in the first case. Such an effect
occurs in the devices with very thin middle layer [3],
even if the lateral dimensions of the device are a few
tens of wm. The analysis of the experimental data in
our case would be much simpler if the Ta layer had a
thickness large enough for the proximity effect to be
neglected. However, the temperature dependence of
IVC of type 2 devices shows that the A, — A4,
gap-difference feature persists up to the temperature
Tuse = 6.0 K, which is above the equilibrium critical
temperature of bar Ta, 7. = 4.5 K. Such a behavior
reveals the proximity effect in the Ta/Nb bilayer.
Quantitative analysis of the effective magnetic pene-
tration depth of the proximity bilayers is quite com-
plicated [9,10] and is beyond of the scope of this
paper. However, the available experimental data al-
low one to draw a correct, to our belief, qualitative
conclusion. It is known that the screening length in
the normal metal being a part of the N /S proximity
bilayer is A (v, 7)™ a A (x, T) [11], where A is
the energy gap induced in N, x is the coordinate
perpendicular to the N /S interface (x = 0 at the free
surface of the N layer). Since at the temperature
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Fig. 3. The /,(H) dependences for the type | and type 2 devices.
Curve | is the [ (H) dependence of the critical current at which
the type | device as a whole switches to the resistive state, curve 2
is for the critical current of the single junction in the same device,
when the second junction is already in the resistive state, and
curve 3 is for the critical current of the bottom junction in the type
2 device. The second period in the curve 2 has not appeared due
to the poor resolution of the automatic data acquisition system
when tracing the maximum current of the resistive branches at
small bias currents.

T=42 K, at which the samples have been mea-
sured, A, =0.07 meV (the value derived from the
gap-difference feature in IVC, see Fig. 2), which is a
small value as compared with A (T = 0) = 0.7 meV,
the London penetration depth A;,(T = 4.2 K) is much
larger than A, (7 = 0). It means that the system is in
the high-7 limit [10], in which the magnetic field
penetrates deep into Ta, and screening currents only
flow near the Ta/Nb interface. Therefore, the Ta
layer produces a negligibly small screening effect
and the bias current flows across it homogeneously,
as it does in a normal metal.

Further evidence that both type 1 and type 2
devices are working in the lumped-junction regime
comes from the /.(H) dependences. The magnetic
field was applied in parallel to the junction plane.
The dependences for the two devices (type 1 and
type 2) are shown in Fig. 3. Curve 1 is the I.(H)
dependence for the critical current at which the type
1 device switches to the resistive state, curve 2 is for
the critical current of the single junction in the same
device, when the second junction is already in the
resistive state, and curve 3 is for the critical current
of the bottom junction in the type 2 device. All the
curves are symmetric with respect to the /. axis, and

reveal the shape characteristic of high-quality lumped
junctions without any noticeable influence of the
self-field effects. It is important that the curves 2 and
3 which represent the first period of the diffraction
pattern are considerably wider than the first period of
the pattern in curve 1, and approach the same value
of the critical magnetic field at which the critical
current first falls to zero. The last fact gives support
to the assumption made in Ref. [3] that the curve 2 of
the I.(H) dependence represents the I.(H) depen-
dence of the single junction from the stack, as if the
second junction, biased to the gaps-sum voltage, is
not present. Since the size of the devices is small and
high magnetic fields were required to trace several
periods of the diffraction pattern, we could only
measure the first period in this case. For the type 1
device working in the *‘single-junction’’ regime [3],
the critical magnetic field is smaller (curve 1) than in
the other two cases (curves 2 and 3).

The simplest and most straightforward assumption
to explain an enhanced critical current in the type 1
devices is to consider the two barriers and the super-
conducting layer in between as a junction in parallel
to the bottom and top junctions. Then we have an
additional channel of Josephson tunneling and, in the
case of identical junctions, can write the expression
for the supercurrent through the device as

I=1_sin ¢, +1, sin(¢, + @),

where ¢, and ¢, are the phase differences across the
bottom and top junction, respectively, [ is the maxi-
mum critical current of the assumed junction con-
nected in parallel. From the standard tunneling the-
ory, one can estimate the magnitude of /I, as com-
pared with /.. Using, for example, the approach
described in Ref. {12], we obtain the single-particle
probability of order o ~ 107> for the junctions with
the specific tunnel resistance of order 107% Q ¢m?.
The probability of Josephson tunneling is of the
same order of magnitude [13]. Taking into account
that in a simple model assumed above the tunneling
through each of the two barriers in the stack is
uncorrelated, the probability of simultaneous tunnel-
ing through the two barriers is the product of the
probabilities for the single junctions, ie. 1t is of
order 10~ '°. This implies that the magnitude of 1,
should be of order 10777 , which is much smaller
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than the experimentally observed value 2 X 10727,
Therefore, the model cannot describe the phenom-
ena.

Finally, we should analyze a possible influence of
the proximity effect. One may argue that the middle
Nb/ Al layer in type 1 devices is proximitised through
the tunnel barrier from the top by a different envi-
ronment than in type 2 devices, which results in an
induced superconductivity in the first case. An im-
portant parameter which defines the strength of the
proximity effect is the coupling energy I'y [14}

3 hvewo

N 4Bd,

»

where vy is the Fermi velocity in N metal (in our
case, the middle Nb/Al layer with reduced super-
conductivity), dy 1s the N thickness and B is a
function of dy and the mean free path, B ~ 1. With
vy ~ 1 X 10° cm/s and dy, ~ 9 nm for the interme-
diate layer, and o~ 107>, we obtain [’y =2 x 107*
meV. In fact, this gives the order of magnitude of the
correction to the BCS energy gap of the intermediate
electrode, induced by the proximity effect. It is
obvious that such a small value cannot produce any
noticeable change in the supercurrent through the
tunnel barrier. An indirect indication of the negligi-
ble proximity effect through the tunnel barriers is the
shape of the 7.(T) dependence (Fig. 4). Near T, of
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Fig. 4. The experimental /{T) dependence for the Nb/Al-
A0, -Nb/Al-AlO, -Nb device (scatier plot). The solid line is
the polynomial fit of the experimental points. The error bars are of
the order of the symbol size.

the middle layer, it does not display a positive
curvature, unlike the dependence characteristic of the
proximitised junctions [15].

One may suggest that the devices described here
reveal a complicated nonlinear interaction between
the junctions, which, however, is dependent on the
barrier transparency. For comparison, we have fabri-
cated devices from the similar structures, in which
the critical current density j. of the junctions is 10
times smaller than j, of the junctions considered
here. In this case, the difference between the critical
currents of the type 1 device and the bottom junction
of the type 2 device has not exceeded the spread of
I, of the type 1 devices within the array. We suppose
that the observed phenomenon is a manifestation of a
mesoscopic behavior of the system, in which the
details of the device structure such as composition of
the thin middle Nb/Al layer and the quality of
interfaces between the layers play a role. A more
detailed experimental and theoretical investigation of
the system is necessary to establish the nature of the
phenomena.
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