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Measurements of the dc Josephson current in proximity systems
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Junctions modeled as S-N/I/S and S-N/I/N-S proximity systems (where S, I, and N indicate a su-

perconductor, an insulator, and a normal metal, respectively) are widely discussed in literature from
both the experimental and theoretical point of view. In the present paper experimental aspects concern-
ing Nb/Nb junctions including a proximity bilayer are considered. Nb-M/I/Nb and M-Nb/I/Nb
structures (where M is a normal metal, a semimetal, or a superconductor) are investigated by using a
semimetal (bismuth) and a superconductor (aluminum} as the M layer. In particular, how the deposition
of a back layer inAuences the behavior of Nb/I/Nb high-quality junctions is discussed, focusing the in-

terest on measurements of the temperature dependence of the maximum dc Josephson current. Experi-
mental data are discussed in the framework of Kresin s theoretical calculations based on the thermo-
dynamic Green's function method.

I. INTRODUCTION

The presence of proximity systems in superconducting
tunnel junctions is a widely investigated topic from both
the experimental and theoretical point of view. ' More re-
cently, its role in determining the quality of all refractory
Nb/Nb Josephson junctions has promoted experimental
investigations. The results have been discussed in the
framework of theoretical models available in literature
generally referring to the McMillan one. However, in
spite of a large interest in S/I/N Sand S N-/I/N S--
structures (S and N are a superconductor and a normal
metal, respectively), there is a lack of information about
tunnel junctions in which the proximity effect occurrence
is related to the presence of a normal metal layer on the
back of one of the two superconducting electrodes (back
layer). Experiments on this kind of structures were per-
formed since 1979 and their behavior was discussed,
near the critical temperature T„ in the framework of the
de Gennes approach.

More recently, experiments were proposed by Kresin'
in order to study the effect of semimetal back layers.
This proposal was discussed in the framework of a
theoretical approach to Josephson tunnel junctions in-
cluding proximity systems just developed by the same au-
thor, this being a more general approach than the
McMillan one.

In the present paper, the occurrence of proximity
effects in Josephson tunnel junctions is experimentally in-
vestigated, focusing attention on the temperature depen-
dence of the dc Josephson current, I, vs T, in structures
having a back layer. Proximity systems constituted by
quite thin films have been considered to investigate the
feasibility of observations of normal layer properties (e.g. ,
self-quantization and structural transitions) by Josephson
junctions. Different kinds of back layers, including nor-
mal metals, superconductors, semiconductors, and semi-

metals, have been deposited onto high-quality Nb/Nb all
refractory junctions. In particular, data concerning junc-
tions with back layers by aluminum and. bismuth are re-
ported. In order to distinguish the effects due to such
layers from those ones coming from an incomplete oxida-
tion of the aluminum barrier film, which leads to the for-
mation of a proximity system, careful control of the fabri-
cation process has been maintained. So, back layers have
been deposited only on samples exhibiting no evidence of
proximity coming from the barrier layer (this point shall
be better discussed in the following). The experimental
data are compared with calculations performed in the
framework of Kresin's theoretical approach to Joseph-
son tunneling in junctions including a S-M proximity sys-
tem (M is either a normal metal or a superconductor with
a transition temperature T,M & T,s ) on either one or both
sides of the barrier. Such an approach is based on the
thermodynamic Green's function method, and it supplies
calculations of the I,(T) taking into account the presence
of a back layer and strong coupling effects. The descrip-
tion of the M-S inhomogeneous system is carried out
starting from the McMillan tunneling approach to prox-
imity effect including the electron-phonon interaction. "
In this framework the layers S and M have to be con-
sidered as separated from each other by a potential bar-
rier having a transmission probability o. «1, S is as-
sumed to be "dirty" in the Anderson sense, ' and the
coupling between the two layers is characterized by the
parameter I M(s) ~V+M(s)cr /2Bd~(s) where vF is the
Fermi velocity and B is a function of the ratio between
the electron mean free path and the film thickness d.
Compared to the McMillan model, Kresin's needs the
less restrictive conditions on the film thicknesses

de «g~ and d~ & ds, g being the coherence length. An
exhaustive discussion on the theoretical aspects can be
found in Refs. 6, 11, and 13. Limiting the attention to
junctions which can be modeled as M-S /I /S and
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S M-/I /S structures, calculations of I, ( T ) have been car-
ried out for the following three cases.

A. S -S&/I/S~ structure

where k~ and e have the usual meaning, R& is the tunnel-
ing resistance, c ~~] the energy gap, n is an integer,
t=mkpT, /1 p(1+Ap), Ap being the electron-phonon in-

teraction constant, and S„ is

This case refers to a junction in which the M layer is a
weak coupling superconductor S& with T,&

& T, .
The temperature dependence of the maximum dc

Josephson current is

2mk~T er(T)Ic(T)= g S„(T,t),
eR~ E~ T with

f (x„)+5tk(x„)
[x„[1+tk(x„)]+[f (x„)+5tk(x„)] ]'~

f (x„)
X

[x„+[Ez(T)/c. (T)]fr(x„)]'
(2)

A.f3~k~ T S„(T,t)pp

(1+~p)E~(T), &o fr(x„)/[x„+[Er(T)/e'(T))fr(x„)]'~

PAQ
p

R Qp+x„E (T)

(2n + 1)m.kp T
e (T)

(4)

f (r)(x„)=1+[x„e( )(T)/RQ, ( )]

k(x„)=[8 (T)/nk~T, ][x„+f (x„)]'i

Here AQ& and AQ,
~ ] are the energy values correspond-

ing to the Debye frequency and to the transverse branch
in the phonon spectrum of the superconductor, respec-
tively.

It is worth noting that strong coupling effects on the
normalized order parameter b, (r~/E (r&=f (~~ are con-
sidered by Eq. (6); for a weak coupling electron-phonon
interaction the value off (r~ reduces to 1.

Obviously if f =f =1 and t=0, Eq. (1) gives the
same I,(T) dependence calculated for a S /I/Sr junc-
tion by Ambegaokar and Baratoff. '

(6)

(7)

I

ture dependence of the maximum dc Josephson current is
still given by Eq. (1) with

f (x„)S„=
[x„[l+tk(x„)]+f (x„)]'

fr(x„)
X

[x„+[8 (T)/E (T)]f~(x„)]'i

B. S -N/I/S~ structure

This is a limit case of the previous one for T,&=D. M
is a normal metal (i.e., A p=0) so that 5 =0. The tempera-

C. N-S /I/S~ structure

In such a case it is

Ic(T)= 2+k~ T 1

eR~ „o [1+x„'(T)]'~'[1+[8'(T)/e'(T)]x„'(T)]'~'

2mk~ TI x„(T)/[1+x„(T)]
(1+A)eR~e (T) „, 0 [x„(T)[1+x„(T)+y]}' [1+[E (T)/E ( T)] x(T)]'~

(9)

with y=I &/e (T). Equation (9) is obtained in weak
coupling approximation and in the limit
1 ~, l" ((e (T).' ' lt is easy to verify that for I —+0
(either ds »g or o ~0) and I ~~ ~(d&~0) the
I,(T) reduces to the expression for a S /I/Sr structure.
Since a typical procedure to compare theory and experi-

ments uses normalized I, ( T ) /I, (0) dependences, the
I,(0) value can be easily evaluated from the above report-
ed equations by substituting

f dx for [2+k&T/E (0)]g .



51 MEASUREMENTS OF THE dc JOSEPHSON CURRENT IN. . . 6495

II. EXPERIMENTAL PROCEDURES

A. Sample fabrication

All the experiments considered in the present paper are
dealing with structures based on Nb-Al/A10x/Nb high-
quality junctions. Their fabrication is widely described
elsewhere, ' so only an outline of the procedure is report-
ed here together with details of the steps involved in the
formation of the S-M proximity bilayers.

The samples have been fabricated on 7059 Corning
glass substrates. The basic Nb-Al/A10x/Nb structure
has been obtained from a trilayer formed in situ by rf
magnetron sputtering in an argon atmosphere. The tun-
neling barrier is obtained by thermal oxidation of the
aluminum layer in a pure oxygen atmosphere for 1 hour
at room temperature. Some fabrication parameters are
summarized in Table I. Obviously different aluminum
thicknesses have to be used to get junctions which can be
modeled as S/I/S, S/I/S-M or S/I/M Sstructur-es.
In order to neglect any contribution to the critical
current from the proximity effect in the aluminum layer,
its thickness has to be of the order of a few nanometers.
So values of dA&

~ 3 nm have been considered. Further-
more it is worth noting that the thickness of the top
niobium layer is comparable with its coherence length
(g =40 nm) to allow a better observation of the effects
due to the back layer. This circumstance together with a
further thinning of the top niobium film performed before
the back layer deposition leads to a lowering of the criti-
cal temperature T, ; so the two niobium electrodes have
to be generally regarded as different superconductors.
Standard photolitography techniques, reactive ion etch-
ing in CF OG+02(5%%uo) rf plasma (for Nb) and a wet etch-
ing in dilute H3POz at 80 C (for Al and A10x) are used to
pattern the whole trilayer. The junction geometry is ob-
tained by a selective niobium anodization process
(SNAP).

On each substrate there are six junctions having a
(50X50) pm square geometry with a small tail for elec-
trical connection to the top layer, its area is less than 3%
of the total one. As a final step a niobium film (150 nm
thick) is deposited and patterned by a lift-off process to
provide the proper wiring. It is worth noting that the
wiring covers only the tail area.

At this stage the basic structures (S /I /Sr and
S S&/I/Sr like) -are ready for low-temperature mea-
surements. Samples in which the proximity effect due to
the aluminum layer is negligible can be processed after-

wards to deposit a back layer (Sr/I/S -M). The fabri-
cation procedure consists in the deposition of the M layer
just after a soft sputter cleaning of the top niobium elec-
trode without breaking the vacuum. This procedure is
carried out in an UHV vacuum system equipped with a rf
back sputtering station and a 2 kW three crucible elec-
tron gun source. The samples are mounted on a 12.7 cm
cathode and sputtered in an argon atmosphere (p~, =3.5
m Torr) at a peak to peak voltage V,r= 500 V correspond-
ing to an etching rate r =1.3 nm/min. Typically about
10 nm of niobium are etched to get a clean surface
without a detectable degradation of the insulating layer.
After the cleaning process the back layer is deposited by
the e-gun source; the initial pressure is in the 10 Torr
range. The film geometry is defined by an aluminum
stencil mask.

B. Experimental technique

The junctions are investigated down to a limiting tem-
perature of about 1 K in a He cryostat connected to a
Roots pump. Temperatures above 4.2 K are achieved al-
lowing a slow cooling down of the sample by carefully
controlling its distance from the helium bath by a suit-
able mechanical device. To improve temperature stabili-
ty the samples are mounted on a copper block. Tempera-
ture values below 4.2 K are achieved by regulating the
helium vapor pressure by a manostat. The temperature is
measured by a Lake Shore 820 cryogenic thermometer
with a germanium sensor in close contact with the junc-
tion, the overall accuracy being better than 0.01 K.

The whole cryostat is shielded by three p-metal cans
and a copper one. An external magnetic field is provided
by a long solenoid (0.986 G/mA) surrounding the junc-
tions.

The current-voltage characteristics of the junctions are
displayed on a HP 7090A plotting system and careful
measurements of the maximum dc Josephson current are
performed by a differential comparator using a Tektron-
ics 7630 x-y oscilloscope. The maximum error in the nor-
malized current measurements is less than 0.005.

For each junction, together with the I, ( T ) dependence,
the current-voltage characteristics I-V and magnetic field
dependence I,(H ) are measured at T=4.2 K and T = 1.2
K. All the junctions considered exhibit only small devia-
tions from a Fraunhofer-like I,(H) as expected for their
exotic geometrical configuration. Moreover the measure-
ments performed at T=1.2 K guarantee substantial uni-

TABLE I. Main fabrication parameters of the Nb-Al/A10x/Nb trilayers used as basic tunneling
structures.

Layer

First Nb
Al
AlOx
Second Nb

p (Ar)
[mbar]

7X10-'
5X10

7X10-'

Dep. rate
[nm/s]

1.5
0.2

1.5

Thickness
[nm]

200-300
3—5'

20-40

p (02)
[mbar]

0.1 —50"

'These values refer to trilayers exhibiting a S/I/S-like behavior (Ref. 14).
This range of oxygen pressure value leads to critical current densities within 500 and 50 A cm
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formity of the critical current density and junction nor-
malized dimensions i. /k ~1, A, . being the Josephson
penetration depth.

1.2

'l, 0

III. EXPERIMENTAL RESULTS AND DISCUSSION

As previously discussed, different sets of measurements
have been carried out following the procedure reported in
Sec. II 8. A first set is dealing with Nb-Al/A10x/Nb
junctions having different aluminum thicknesses
(2 (d Ai ( 30 nm). To identify the junction parameters
leading to negligible proximity effect contributions to the
I,(T) dependence, measurements have been compared
with Kresin's calculations assuming a S -S&/I/Sz mod-
el, see Sec. IA. This analysis has shown that junctions
with d&I &3 nm can be modeled as a "pure" S /I/Sz
structure and their I,(T) can be compared with the Am-
begaokar and Baratoff calculations. '

This chance of obtaining S /I/Sz junctions by a suit-
able choice of the fabrication parameters, allows one to
investigate Josephson structures including a back layer.
Data concerning the I,(T) dependence in presence of a
back layer by bismuth and aluminum are compared with
Kresin's calculation for a M S/I/S st-ructure, see Sec. I.
In such an analysis two different experimental procedures
are followed. The former concerns measurements on the
same sample performed before and after the back layer
deposition. The latter involves a comparison of
M S/I/S s-amples with junctions on their own substrate
with d~=0. The adoption of both procedures better
clarify the role of the M layer in the junction behavior.

A. Nb-Al/A10x/Nb junctions

To investigate the effect of the aluminum barrier layer
on the I,(T) dependence of a Nb/Nb junction and to
compare the experimental results with the theoretical
behavior described by Eq. (1), structures with an alumi-
num thickness in the range 10—30 nrn have been con-
sidered. It is worth noting that the reported dA&~Nb~ are
effective values as evaluated by the anodization spectros-
copy technique.

In Fig. 1 a typical experimental I,(T)/I, (0) depen-
dence is reported. It refers to a sample having
d~)=13+2 nm, dNb~=200 nm, and dNb&=40 nm. For a
comparison between experimental data and theory, in-
dependent measurements of T, and c for both niobium
layers are performed. The same 2c/kz T, ratio in the two
electrodes is assumed. As expected the experimental
I, ( T ) dependence clearly disagrees with the behavior cal-
culated by Arnbegaokar and Baratoff for a S /I/S
junction. To compare the data with the behavior com-
puted by Eq. (1), tabulated values for k&, Qn, and 0,
have been employed using t as a free parameter. A best-
fitting procedure to the experimental data allows its eval-
uation which turns in the evaluation of I AI and o.. For
the sample reported in Fig. 1 a best-fitting value t =1.05
corresponding to I AI=1.66 meV is obtained. From this
result, by using a tabulated value of vF, the measured
thickness dA, , and 8 =2, o. =0.06 is estimated; this value

0.8

—0.6

00.4

0.2

0,0 I

0.2 0.4 0.6 0.8 I.O

~/~,
FIG. 1. Normalized temperature dependence of the max-

imum dc Josephson current for a Nb-Al/A10x/Nb tunnel junc-
tion. The experimental data (circles) refer to a sample having a
"thick" aluminum layer (dA& = 13 nm), see text. The solid curve
is the theoretical behavior computed by Eq. (1); the value of the
best-fitting parameter is t = 1.05. The theoretical behavior
(dashed line) obtained following the Ambegaokar and Baratoff
calculations (Ref. 14) is also reported for comparison.

B. M-Nb/A10x/Nb junctions

The feasibility of junctions exhibiting no evidence of
proximity effect in the I, ( T ) dependence makes them
suitable to investigate the inhuence of an additional M
layer. In particular junctions with a niobium film thick-

is in agreement with the theoretical hypothesis o. «1.
Generally speaking all the experimental I,(T) data are
well accounted in the framework of Kresin's calculations.
As previously discussed, a suitable choice of the alumi-
num layer thickness (d~, ~ 3 nm) allows junctions exhib-
iting negligible proximity effect. A reduction of dA, leads
to an I, ( T) dependence undistinguishable from the Am-
begaokar and Baratoff behavior. This circumstance is re-
ported in Fig. 2 where experimental data and calculations
for a S /I/S structure are shown. Data refer to a
junction having dA, =3 nm, d» =200 nm, and

dN„~ =40 nm. In computing the theoretical behavior, ex-
perimental evaluations of the tunneling resistance R&,
T,Nb~( ), and energy gap E

~ )
have been used. An excel-

lent agreement between theory and experiment has been
found although a very small tail is observable near T, as
an effect of the niobium wiring. It is worth noting that
effects due to the wiring mainly depend on junction
geometry (contact area) and on fabrication parameters
such as d Nb& and d Nb ~;„„g,so their relevance can be easi-
ly modified. For instance, their enhancement is shown in
Fig. 3 as the occurrence of a further gap structure clearly
detectable in the I-V characteristics. A quantitative dis-
cussion of such an observation shall be reported in a
furthercoming paper mainly devoted to more detailed
measurements of the I-V characteristics.
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FIG. 2. Normalized temperature dependence of the rnax-
irnum dc Josephson current for a Nb/Nb sample having dA~ =3
nm. The experimental data (circles) are compared with the
theoretical behavior (solid line) for a Nb/A10x/Nb junction.
The very good agreement between the experimental behavior
and the Ambegaokar and Baratoff calculations (Ref. 14) justifies
the assumption that a small dA& allows an almost complete oxi-
dation of the layer making negligible the occurrence of proximi-
ty effect.

FIG. 4. Temperature dependence of the maximum dc
Josephson current in a Bi-Nb/A10x/Nb junction. The back
layer has a thickness dB; =20 nm. The experimental data (cir-
cles) are compared with the theoretical behavior calculated by
Ambegaokar and Baratoff (Ref. 14) for a S /I/S~ junction
(dashed curve). By a one-parameter best-fitting procedure the

experimental data are also compared with the behavior of a N-

S /I/S~ structure following Eq. (9) (solid curve).

ness thin enough (dNb ~ /Nb) to allow a clear observa-
tion of the proximity effect are considered (very thin films
would lead to a severe depression of both critical temper-
ature and energy gap). Structures with a M layer of
bismuth, having a thickness ranging from 20 to 150 nm,
have been considered. Compared to samples measured
before the back layer deposition, general features of the
Bi-Nb/A10x/Nb junctions are reduced values of e, T„
and I, ,„ together with a substantially constant value of
R&. Moreover the experimental I, vs T dependence
disagrees with the behavior computed in the framework
of the Ambegaokar and Baratoff theoretical approach.
This circumstance is clearly shown in Fig. 4 which refers
to a Bi-Nb/A10x/Nb junction having dB;=20 nm. The

FIG. 3. Current-voltage characteristics of a Nb/Nb junction
at T=4.2 K and HWO. The occurrence of a double gap struc-
ture due to the wiring layer is exhibited. Vertical scale: 5

mA/div; horizontal scale: 1 mV/div. In the inset the scales are
magnified 5 X and 10X, respectively.

experimental data (circles) are far from the theoretical
curve (dashed curve) calculated by taking into account
the depressed values of c, and T, . The interpretation of
the experimental behavior in the framework of proximity
effect in the Bi-Nb bilayer is justified by the very good
agreement with the dependence computed for a
N S/I/S~ str-ucture, see Eq. (9), using the same best-
fitting procedure described above, with I Nb and I ~; as
free parameters. In practice, by measuring dNb and d~;,
the two parameters can be easily related because
o~;=crNb and I,(T) depend on I"B; very weakly. So Eq.
(9) reduces from a two parameter to a one parameter ex-
pression. For the sample considered, a very good agree-
ment between measurements and theory (solid curve) has
been found for I »=0.82 meV, corresponding to
o. =0.09.

A similar experimental behavior is also observed for
samples having a rather thick bismuth layer. Such a case
is reported in Fig. 5, referring to the same sample con-
sidered in Fig. 2 after the deposition of a 150-nm thick
bismuth layer. A remarkable discrepancy between the
experimental behavior (circles) and Ambegaokar and
Baratoff calculations (dashed curve) is clearly exhibited.
In this case, a quantitative analysis of the experimental
data cannot be performed since d~; is not within the lim-
its of Kresin s calculations and Eq. (9) itself is strictly val-
id only for thin normal layer. In spite of these considera-
tions, in the figure is shown the theoretical dependence
(solid curve) computed for a value of the best-fitting pa-
rameter I Nb =0.55 meV corresponding to o. =0.06.

It is worth noting that, near T„in both the experimen-
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FIG. 5. Temperature dependence of the maximum dc
Josephson current in a Bi-Nb/A10x/Nb junction. The sample
is the same as Fig. 2 but after the deposition of a 150-nm thick
bismuth layer. The experimental data (circles) are compared
with the theoretical behavior calculated by Ambegaokar and
Baratoff (Ref. 14) for a S /I/S~ junction (dashed curve).
Though improperly, the experimental data are compared with
the behavior of a N-S /I/S~ structure (solid curve) by the same
procedure used in Fig. 4.

FIG. 6. Temperature dependence of the maximum dc
Josephson current in an A1-Nb/A10x/Nb junction at tempera-
tures below 4.2 K. The aluminum back layer has a thickness

dA] = 150 nm. Present calculations in the framework of Kresin's
theoretical approach cannot account for the superconducting
properties of the back layer.

tal I, ( T ) dependences reported, the effect of the niobium
wiring is still observable as a tail. In comparison with the
data reported in Fig. 2, a longer tail is exhibited. This
circumstance is mainly due to the reduction of dNb
(turning into a T, reduction) caused by the back-
sputtering process, see Sec. III.

The agreement between theory and experiments sup-
ports the chance of observing the possible occurrence of
size quantization and structural transition' in the
bismuth layer by I, measurements, as suggested by
Kresin. ' To this purpose both measurements of I, ( T) in
junctions with dB; &20 nm and the dependence I, (dB;)
have to be carefully performed. Moreover improvements
in the bismuth deposition process have to be carried out.
So, from this point of view, the experiments discussed
here have to be considered as incomplete and, conse-
quently, no clear evidences of the two effects have been
detected.

Finally, although theoretical calculations do not yet ac-
count for possible superconducting properties of the M
layer, experiments have been carried out using aluminum
films as back layers. Preliminary measurements at tem-
peratures T ~ 4.2 K on a Al-Nb/A10x/Nb with
dA& =150 nm are reported in Fig. 6. As clearly shown in
the figure, the hallmark feature of the I, vs T dependence
is a fast increase of the Josephson current at a tempera-
ture T*= 1.59 K near T,Aj

= 1.18 K, the aluminum bulk
critical temperature. This rise is due to the variation of
the order parameter in the niobium top electrode related
to the normal-superconductor transition of the M layer at
a temperature T*)T,A& as expected for the inhuence of

the niobium electrode itself. Theoretical calculations are
in progress to quantitatively account for such an experi-
mental behavior.

IV. CONCI. USIONS

Proximity effect in different kinds of superconducting
tunnel structures have been considered. Fabrication pro-
cesses have been developed to get high-quality all refrac-
tory niobium junctions with a top electrode thin enough
(dN„& /Nb) to investigate the inAuence on their behavior
of normal and superconducting (T, & T,Nb) layers either
inside or outside the junction trilayer. Nb-Al/A10x/Nb,
Bi-Nb/A10x/Nb, and Al-Nb/A10x/Nb junctions have
been experimentally investigated. In particular the tem-
perature dependence of the maximum dc Josephson
current has been considered referring to Kresin's theoret-
ical approach based on the thermodynamic Green's func-
tion method. Its interest lies in the less restrictive condi-
tions on the film thicknesses compared to other ap-
proaches, in the possibility of taking into account strong
coupling superconductors, and in less tedious calcula-
tions. In this framework, a comparison between experi-
ments and theory has been performed. A fairly good
agreement has been found using I as best fitting parame-
ter.

Presently, a lack in the theoretical calculations does
not allow any comparison for S& S/I /S ~

(with-
T,p& T, ) structures although work is in progress with
this aim. It would be also interesting to perform further
measurements on structures involving a wider range of
film thicknesses and different normal layers.
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