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Abstract

We have investigated the critical current, IR,
and oxide barrier shape in Nb/Ta/0x/C.E. tunnel Junc-
tions. Here, layers of Ta in the thickness range
0<D7,<10004 were deposited, in situ, on 20004 thick Nb
underlayers. Junctions were completed with Pb, PbBi,
and Ag counter-electrodes. We find that as D a ¥s in-
creased, there is a more rapid decrease of I E compared
with the effective energy gap, in accord with an ex-
tended version of the Gallagher theoryl including
strong-coupling and electron-scattering effects. In

addition, we have investigated the average barrier
height, ¢, and width, s, of the oxide barriers which
form on the Ta over]ayers It is observed empirically
that ¢ ~ 6/(s-s o) where s, ~ 104 and § is measured in
eV. This relat1onsh1p is also found to hold for
barrier formation on a wide variety of pure and com-
posite metallic systems. These results are discussed

in conjunction with the Fromhold-Mott-Cabrera theory2
for self-1imiting oxide growth on metal surfaces.

Introduction

In this paper we discuss the critical current and
oxide barrier propert1es of tunnel junctions with base
electrodes comprising T& surface layers on Nb. As pre-
v1ous1¥ g1scussed Ta3>* and a number of other
metals®™” with desirable oxidation properties have been
deposited on Nb to form high quality tunnel junctions.

However, along with the 1mprovement in I-V charac-
teristics come an associated decrease in the energy
gap and I.R product and a strong change in oxide
barrier propert1es. A study of the systematics of
these effects in Ta overlayer systems on Nb is
discussed.

Experimental

The junctions were prepared by depositing thin Ta
overlayers, in situ, on 20007 Nb fi;ms by ion-beam
deposition as previously discussed. In order to pre-
pare a series of samples each with a different Ta
thickness and an identical Nb/Ta interface, a sample
holder was employed which sequentially shuttered up to
5 samples after the Ta deposition had been initiated.
After deposition, and ~ 30 min. had elapsed to allow
internal cryogenically cooled surfaces to warm, the
chamber was either vented with room air, or first
brought to ~ 1-2 Torr with pure oxygen for 3-4 minu-
tes.  The samples were then transferred to a thermal
evaporation chamber (within ~ 12 minutes) wherein 20004
of Ge was deposited on samples through a wire mask to
insulate base elecrode edges and define a 75um line.

To ‘create 75um x 75um area junctions a second Ge deposi-
tion was made orthogonal to the first. Otherwise (and

more typically) 75um x 350um junctions were made by de-
positing counterelectrodes through a mechanically slot-

ted mask. Ag, Pb, and 29 wt. % Bi PbBi films were used
to complete the junctions.
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Fig. 1. Current-voltage curves for a tunnel junction

with a base electrode comprising 754 Ta on 2000 Nb.

Energy Gap and I.R Product

Surface layers on Nb, while providing sharp, low
leakage I-V characteristics, can also have a strong
effect on junction characteristics in the -vicinity of
the sum gap. Since overlayer materials charac-
teristically have T¢'s less than that of Nb, any
overlayer metal remaining after oxidation will form a
proximity system w1t8 the underlying Nb. As discussed
by Arnotd and Wolf,10 because of the lower pair poten-
tial, ;in the surface Tayer compared with that of
Nb, A Tiicxnd consequent Andreev scattering at the N/S
boundary, a bound quasi-particle state will be created
in the surface layer. This effect is'clearly evident
in Fig. 1 for a junction with 75& Ta on Nb, the bound
state being manifest as a clear peak or "knee at an
energy Eg + Apppi. The position of this peak, which
decreases in energy with increasing overlayer thick-
ness, Dy, sets an upper 1imit on the effective energy
gap of the system. In addition, as discussed by
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GaHagher,1 as Dy increases there should also be a
coincident and proportionally more rapid decrease in
the I.R product in the vicinity of Dy = 0.

Shown in Fig. 2 are the results for a variety of
gap parameters and the measured I.R products of a
series of Nb/Ta/Ox/C.E. junctions with varying Ta
overlayer thickness, Dy,. Plotted are Eg, defined as
the peak position on the proximity "knee™ minus Appgj
and also,for reference, the effective energy gap, 4ys
and the energy at which conduction first occurs, Ay,
defined here as the point of maximum slope and the
extrapolated voltage intercept, respectively, of the
rising I-V characteristic, minus Appps
( APbB'i=1 .75meV11) .

We note that there is a significant decrease of
I.R with Junction resistance at fixed Dy,. This inter-
esting behavior has been reported for Si barrier
systems as well.12  gince, for a given system, the IR
product should be a universal parameter, it has been
postulated that, for our junctions, the presence of
non-thermal - presumably extrinsic - noise and the
increased susceptibility of the junction to this noise
-as resistance increases, may contribute to this beha-
vior. However, as implied by the measurements of Smith
et a1.12 3 complete explanation of this behavior in Si
barrier junctions may well involve a phenomenon of
intrinsic origin, perhaps related to the detailed
nature of the tunnel barrier itself. In any case, for
our samples, since a measyrement on a relatively low-
resistance (7.5x10-% g-cm?) junction was available {7
=25, I.R = 1.9meV), this point was plotted as measqrea
and data for differing Dra were extrapolated to this
resistance. We note, however, that for a given
(higher) resistance the as-measured data showed a
parallel behavior of decreasing I.R with increasing

Dra-

According to the theory of the proximity effect,10
the density of states for tunneling into a thin N layer
of an N/S proximity sandwich consists of a sharp, non-
BCS-1ike peak at an energy E,, due to a quasi-particle
bound state. In a clean N layer, there are no states
between E, and A_, the gap of the underlying supercon-
ductor. gt Ag, %he density of states rises sharply
from zero to a peak just above A.. ‘UWhen this density
of states is convoluted with the BCS density of states
of a counter electrode, as in the case for tunneling in
our Nb/Ta/Ox/PbBi junctions, the result is a sharp peak
at Ey + o, (C=PbBi counterelectrode) in the I vs. V
curve, as in Fig. 1. (The additional small peak just
above E, + A may be due to a very thin proximity layer
in the 3bBi counterelectrode, which would produce such
a peak at Ac + Ag (S=Nb}).

The energy E, can thus be obtained quite accura-
tely in these samples. In theory, it depends on ANQ’
DTa/gTas Bpas Ts and d/%, which are, respectively, the
Nb gap, the ratio of Ta thickness to Ta coherence
length, the gap induced in the Ta overlayer, the proba-
bility amplitude for reflection at the Ta/Nb interface,
and the ratio of Ta thickness to mean free path for s-
wave elastic scattering in the Ta layer.

The IR product, determined from an extended ver-
sion of the Gallagher theory,” also depends on the same
parameters, in addition to its dependence on tem-
perature and Apppj, the PbBi gap, both of which are
accurately known. The only quantities which are not
directly obtained from the experiment are r and d/¢
{once r and d/% are known, Ay, is determined, using ay
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and Dy /ETE; by the equations of the theory,l0 ysing
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Fig. 2. Reduced gap parameters and I.R product as a

function of Ta surface layer thickness. E,, the posi-
tions of the bound state conductance peak and the I.R
product have been self-consistently fit with values of
the reflection amplitude, r, of 0.1. The theory for
IcR includes both strong coupling and interlayer scat-
tering effects.

Shown in Fig. 2 are theoretical fits to our two
experimentally derived parameters, E, and IR, for Ta
thicknesses from 104 to 1000A, using two parameters, r
and d/%. Because of the way in which the junctions
were prepared, these two parameters should be nearly
the same for all junctions. In our fitting, we found
that E, is most sensitive to r, so that Eq determines r
which 1n our case was found to be 0.1, giving a reflec-
tion probability r“=.01. This is approximately what
one would calculate for reflection from a step barrier
at the Nb/Ta interface, with a height equal to the
{smal1) difference between the Fermi energies of Nb and
Ta. The I.R product showed very Tittle sensitivity to
the parame%ers r and d/4. Though we chose d/2=5 for
the curve in Fig. 2, a choice of d/2~1 uniformly raises
the curve by only a slight amount. I.R is primarily
sensitive to Ayp. Apppis and DTa/ETa’ all of which can
be determined from experiment. The small offset in the
data may represent some residual overall intrinsic
suppression or an artifact of our extrapolation proce-
dure. :

Tunnel Barrier Properties

It has been observed that the application of sur-
face layers on Nb changes the barrier shape from the
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Fig. 3. Average barrier height and width for oxide
layers grown on Ta surface layers on Nb, pure Ta, and
pure Nb. Junctions shown were completed with a variety
of counterelectrode materials. Insert shows the repre-
sentative shape of barriers on Ta as a function of
increasing resistance (oxidation time).

lTow (~0.3eV), broad (~30R) barriers characteristic of
pure Nb to much higher (~leV) and narrower (~20R)
barriers associated with the surface layer magexia]s
themse]ves Th1s ha; been observed in our Ta’»" and
for the A2556 and zr overlayer systems. This link
between 1arge barrier height and good I-V charac-
teristics is particularly st£1k1ng in recent results

on Nb where Celaschi et al.1% “have shown that under
the appropriate deposition conditions high, narrow
barriers can be grown on Nb itself and produce charac-
teristics comparable to those achievable in surface
layer systems. We have also observed for our Ta
overlayers that barrier shape is a function of oxida-
tion time. A shown in the inset of Fig. 3, there is

a systematic decrease of the average barrier height
with increased oxidation time, that is, with increasing
barrier width, s. The dependence of the average bar-
rier height, ¢, with s, for the data shown in the
inset along with those for a variety of Ta thicknesses
and counterelectrodes have been plotted in the Figure.
It is clear that as oxidation proceeds there is a
systematic decrease in ¢ with s, a trend which is
roughly universal and al 1nc1udfg data for pure Ta, 15
agd those for both high'™ and low"° barriers on pure
Nb.

To obtain a broader perspective of this behavior,
data for a variety of systems available in the litera-
ture, which span a large range of §, have been plotted

in Fig. 4, 1nc18ding data for pure A2l7518 and Az over-
layer systems. It is clear here that both within a
given system and for the data in general there is a
systematic decrease in measured barrier height with
width. As shown, this behavior can be empirically
parameterized by ¢ ~ 6eV/{s-10A). Also shown in the
figure are the results from the Fromhold-Mott-Cabrerra
theory.2 This theory describes self-1imiting oxide
growth on metals wherein there is an initial rapid for-
mation of a thin oxide layer - the growth of which is
dominated by ionic diffusion through the oxide and
typically represents a major fraction of the final
thickness - and the subsequent transition to a much
slower growth rate governed principally by electron
tunneling. Here, a description of electron tunneling
is employed which is similar to the trapezoidal barrier
model used to derive f’and s from high bias I-V junc-
tion characteristics. As described by the
theory, there is an initial potential difference,

Vg = Vy {(the Mott potential) between the metal and
surface-oxide Fermi levels which drives the ion-
dominated growth stage. As oxidation proceeds, the
oxide Fermi level rises, decreasing V- The transition
to the slower, electron-dominated growth stage can be
defined as the point where Vy = 0.
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Fig. 4. Average height as a function of width for

barriers grown a variety of pure and surface layer
systems. Dotted lines show results for the Fromhold-
Mott-Cabrerra theory for self-1imiting oxide growth on
metals. Parameters discussed in text.

In Fig. 4, we show calculated values of oxide
thickness at this transition point versus ?verage
overall barrier height § and asymetry Vy. Also
included are the results for a pre-transition thickness
defined for Vg = 0.95 Vy. Although, as seen in Fig. 3,



the measured barrier asymmetry of completed junctions
can vary with §, an average asymmetry taken as 20% of 3
{Vy = - 0.2§) in conjunction with values of Vy = 0 and
0.95 VM represents the obtainable range of theoretical
results in the vicinity of the data shown. Because
these data encompass a wide variety of materials and
oxidation conditions, the transition thickness and
barrier parameters for completed junctions will not
necessarily be represented by this calculation which is
based on barrier shape prior to counterelectrode depo-
sition. We note that the theory tends to predict
values of the ionic diffusion constant D;, (here of10-6
em?/sec and 10-8 cm?/sec for Vg = 0 and Vk = 0.95 Vy
respectively) which are large in comparison with values
jmplied from post-transition oxide growth studies at

elevated temperatures for Nb,1%4 a2 It ap-
pears that fgr a given barrier hé%ght?nghgatheory con-

sistently implies oxide thicknesses too large by ~ 53,
to compensate for which large values of D; must be
employed {changing Dy tends simply to shi}t the theore-
tical curves along the abscissa). Nonetheless, the
theory gives a good overall description of the data and
we note that a general offset in the calculated barrier
width may have its origin in the complex nature of (and
potentials present at) the oxide-counterelectrode
interface. Experiments combining insitu oxidation and
jdentical base and counterelectrodes, for example,
would be especially helpful in a further understanding
of this behavior.

Conclusions

We have investigated the behavior of the IR pro-
duct and the general oxidation properties of tunnel
junctions containing Ta surface layers on Nb. As
suggested by theory' an initial and proportionally more
rapid decrease of I.R, in comparison with the effective
energy gap, with increasing Ta layer thickness is
observed. In addition, we have employed a modified
version of the Gallagher theory' including strong-
coupling and electron-scattering effects to self con-
sistently fit both the bound state energy and IR
product as a function of Dy, oOver a wide range of
overlayer thicknesses.

A study of the oxidation properties of Ta over-
Tayer and other systems reveals a general empirical
dependence of barrier height with width of the form
¢ ~ 6eV/(s - 10A). A representative description of_the
data can be obtained from the Fromhold-Mott-Cabrera
theory of self-1imiting oxide growth on metals,
although at present a definitive evaluation of the
association between measured and thickness-determining
barrier shape is precluded in part by a lack of
" detailed information concerning the oxide/counter-
electrode interface.
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