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A new technique for the fabrication of electron-tunneling junctions is presented. Ion etching is used to
provide a hole in an insulating layer to define the junction area and to produce a clean surface of the

underlying superconductor, as indicated by Auger electron. spectroscopy, prior to the barrier formation and
the evaporation of the counterelectrode. Knee structure in the current-voltage characteristics of
Ta-Ta„O~-Pb and Nb-Nb„O~-Pb tunneling junctions above the voltage corresponding to the sum of
the energy gaps is shown to be due to a proximity effect between a thin ion implanted normal layer and the
underlying superconductor, and can be explained quantitatively using McMilian s geory of the proximity
effect. Lowering the energy of the etching ions is shown to reduce the thickness of this normal layer and the
associated proximity-induced structure in the tunneling characteristics, so that good values for 6T, and ANb

are obtained. It is proposed that the excess current observed below the voltage corresponding to the sum of
the energy gaps is due to tunneling through normal regions of Nb or Ta in parallel with tunneling through
the superconducting regions.

I. INTRODUCTION

The fabrication of an electron-tunneling junction
requires a clean surface on the metal to be in-
vestigated, covered by a thin tunneling barrier of
approximately 20 A (usually the oxide of that met-
al) and a counterelectrode which is electrically
isolated from the first metal except for a small
area (usually less than 1 mm') where it contacts
the tunneling barrier to make the metal. -insulator-
metal tunneling junction. In the cl,assic work of
Giaever' this was accomplished by evaporating an
aluminum strip onto a microscope slide, allowing
the clean surface of this freshly deposited alumi-
num strip to oxidize thermally in an oxygen at-
mosphere to a limiting thickness of approximately
20 A, and then evaporating a cross strip of another
metal to form the tunneling junction at the inter-
section of the two strips. Since that time, this
basic approach to tunnel junction fabrication has
been used for many different metals in many dif-
ferent tunneling investigations, particularly those
associated with superconductive behavior. (For a
recent review, see. Solymar. ')

However, not all metals can be fabricated into
tunnel junctions by this evaporated-crossed-
strips technique. Some metals are very reactive
and getter active gases during the deposition pro-
cess, so that the evaporated or sputtered film is
not representative of bulk material. Certain ma-
terials may be difficult to evaporate, either be-
cause they evaporate only at very high tempera-
ture or because they are alloys and the constit-
uents have very different vapor pressures. Also,
there has been much interest in tunneling into

single crystals„which are difficult to obtain in a
controlled manner with an evaporated film. For
all these reasons, there have been many investi-
gations concerned with tunneling into bulk sam-
ples. However, in general, the techniques for
obtaining a clean surface on the bulk sample,
isolating the tunnel junction area, and forming
the tunneling barriers have been specific to the
material being studied. (See Table 23.1 in Soly-
mar. ') Only the metal point contact' and the
semiconductor point contact4 have been proposed
as general solutions to the problem of tunneling
into bulk samples. While they give good results
in certain cases, they still suffer from the prob-
lems of cleaning the tip and the surfaces of the
bulk material to be investigated, prior to contact,
and of nonideal tunneling characteristics resulting
from nonuniformity of the tunneling barrier.

In this paper, we present a new approach to
electron-tunneling junction fabrication which ut-
ilizes surface physics techniques such as ion
etching and Auger electron spectroscopy. While
our technique has been applied primarily to
tunneling into bulk polycrystalline sampl. es of
tantalum and niobium to study their supercon-
ductivity, we feel that our technique is. more gen-
eral and could be applied to a whole range of other
superconductors including alloys and single cry-
stals. However, it must be emphasized that our
technique is still in the development stage. As
will be demonstrated later in this paper, ion
etching produces a thin layer on the surface of
the etched sampl. e which is contaminated with
implanted etching ions. On many superconductors
with large coherence lengths, this ion implanted
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layer would have negligible effects on the tunneling
characteristics. However, on tantalum and nio-
bium, with their short coherence lengths, this
ion implanted layer produces a proximity sand-
wich which has major effects on the tunneling
characteristics. We have used this side effect to
study the proximity effect in tantalum and nio-
bium. However, during the course of this in-
vestigation, we found that we could reduce sub-
stantially the thickness of this ion implanted layer,
and hence its effects on the tunneling characteris-
tics, by progressively reducing the energy of the
ion etching beam. In this manner we have been
able to almost eliminate structure in the tunneling
characteristics of our tantalum junctions due to
the proximity effect. We feel that a further re-
duction in the thickness of this ion implanted layer
is possible through an even lower energy ion etch-
ing beam.

We chose tantalum and niobium as the first
materials to use in our new technique for electron-
tunneling junction fabrication for two reasons.
First, these materials are difficult to tunnel into,
and so they constitute a good test of the technique.
Secondly, there is renewed interest in the tunnel-
ing into tantalum and particu1. arly niobium as the
result of recent measurements of Bostock et al.' '
and Robinson et al.' "and so other tunneling re-
sults on these materials are df intrinsic interest.

Electron tunneling into transition metals such as
tantalum and niobium has proven to be difficult
because of the high chemical reactivity of the clean
surfaces of these materials. Shen" points out that
the electron-tunneling technique samples one co-
herence length beyond the insulating oxide at low
energies and that this distance decreases to the
electron mean free path at the higher energies
associated with the phonons producing supercon-
ductivity. The coherence length is much shorter
in transition metals than it is in sp-band materials
such as lead. McMillan and Rowell' point out that
this sampling distance is less than 500 A for lead
at energies greater than 9 meV. For transition
metals, which have a smaller Fermi velocity, this
sampling distance is approximately 100 A. Shen"
calculated this sampling distance for tantalum to
be approximately 7.6 p, m at 1 meV above the gap
energy, approximately 120 A at 11.4 me/ (the
transverse phonon energy) and 60 A at 18 meV
(the longitudinal phonon energy).

A contaminated surface layer of 50 to 100 A on
a transition metal thus may represent a substantial
portion of the distance sampled in a tunneling ex-
periment. This fact explains why it is difficult
to tunnel into these materials and even obtain a
good energy-gap value-. The variation of the
sampling distance with the energy of the electron

II. JUNCTION FABRICATION

The technique that we have developed for the
fabrication of electron tunneling junctions involves
ion etching" a hole through an insulating layer on
the surface of the superconducting sample until
Auger electron spectroscopy" indicates that a
clean surface of the superconductor has been at-
tained. Then thermal or plasma oxidation of the
clean surface at the bottom of the hole produces
the tunneling barrier, and finally a metal evapora-
tion over the hole completes the tunnel junction.
See Fig. 1 for a schematic representation of the
resulting tunnel junction.

The superconducting substrate can take the form
of a foil or a thin bulk slice provided that the sur-
face is reasonably fl.at. Here we present the de-
tails of the technique used for junction fabrication
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FIG. l. Electron tunnel junction configuration.

tunneling explains why the phonon structure at high
energy in the tunneling characteristics may be
too weak even when at lower energy the tunneling
characteristic is giving the correct value for the
superconducting energy gap. So contaminated
surfaces are most important in tunneling investi-
gations of niobium and tanta1. um and other d- and
f-band superconductors, in that they can influence
the tunneling results and cause the observed prop-
erties to be nonrepresentative of the bulk material.

In Sec. I of this paper, we have presented an
introduction to the problems of tunneling into
transition metals. In Sec. II, we present details
of our technique for junction fabrication on bulk
materials. In Sec. III, we present our experi-
mental results on tunneling into tantalum and nio-
bium, including our proximity effect measure-
ments, energy-gap measurements, and our con-
ductance measurements, and a preliminary at-
tempt to tunnel into La,Al using our new tech-
nique. Finally in Sec. IV, we present the con-
clusions of our experimental results.
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on polycrystalline niobium and tantalum. Two
types of superconducting samples have been used.
The first type consisted of 0.005-in. polycrystal-
line foil cut to size» in. by

„

in. , while the second
type consisted of a —,', -in. thick disc of~4-in. diam-
eter, spot welded onto one of the standard-size
foils. The foils were attached to the discs for
clamping purposes and to allow electricat. contacts
to be made to both types of samples in the same
manner in the sample holder used for measuring
the tunneling characteristics. Spot welding was
used because we wanted to try heating the discs
close to their melting point in some of the ex-
periments, but other methods of attachment are
also possible. The discs were sliced on a wire
saw or spark cutter from~4-in. diameter poly-
crystalline rod. Both cutting techniques left a
jitter on the face of the samples, which were
subsequently polished mechanically to a quarter
micron finish.

The samples were washed in acetone and then
the contaminated and strained surface layers were
removed with a chemical etch consisting of 50 m1
of concentrated sulphuric acid, 20 'ml of concen-
trated nitric acid, and 20 ~l of concentrated hy-
drofluoric acid. A 20-sec etch was sufficient to
remove the contaminated and deformed surface
layers, and then the samples were washed with
distilled water to remove all traces of the etchant.

The insulating layer on the clean surfaces of
these samples was formed by anodic oxidation. "
The electrolytic cell consisted of a platinum cat-
hode, 0.2N sulphuric acid electrolyte, and the
sample acting as the anode, The anodic oxide
was grown at constant anode current until a de-
sired anode voltage had been reached. The thick-
ness of the anodic oxide grown is proportional to
the anode voltage, and we used the results of
Ord et al."to calibrate the thickness of our oxide
layers. For tantat. um, the oxide thickness grown
per volt is 17.25 A and for niobium it is 25 A.
Typically a 2 000 A thick oxide was grown on the
surface of the samples as the insulating layer.
The samples were washed with distilled water to
remove ail traces of the electrolyte. A finat. wash
with acetone removed the water and accelerated
the drying process.

The oxidized samples were then carefully
mounted on a carousel specimen manipulator (mod-
el 10-502) of a Physical Electronics Industries
Auger electron spectrometer. The specimen
manipulator has six degrees of mechanical freedom:
X, F, and g translations, tilt about two orthogonal
axes, and 360'rotation. The six degrees of freedom
allow precision positioning of the samples in the
vacuum chamber of the Auger system. The specimen
manipulator has four high-current feedthroughs

connected to a specially designed current com-
mutator, which allows the heating of an individual
sample by passing a current through it, enabling
degassing of the sample in an ultrahigh vacuum.
A specially designed sample stage on the speci-
men manipulator can accommodate ten samples,
but only five of them can be fabricated into com-
pt.ete tunnel junctions. Each of the five tunnel
junction positions on the sample stage is fitted with
two masks. The first has a hole 0.5 mm in diam-
eter and is used for ion etching a hole through the
insulating layer. The mask is hinged and can be
flipped out of the way allowing a second mask to
be flipped into position over the sample. This
second mask has a slit 0.25 in. by 0.06 in. which
defines the area for the fipal metal evaporation.
The mask manipulation was accomplished with a
mask flipping lever which could be operated from
outside the vacuum chamber by means of a rotary
ultrahigh-vacuum (UHV) seal. .

With the specimen manipulator in position and
all flanges tightened, t'he vacuum chamber of the
Auger system was pumped down to less than 5
X10 ' Torr pressure by means of two liquid nitro-
gen cooled sorption pumps. The sorption pumps
were then isolated from the Auger system by
closing a 'UHV valve in the pumping line. The
poppet valve between the ion pump chamber and
the main vacuum space was then opened slowly,
while keeping the pressure below 2 &&10 ' Torr
in the ion pump chamber. Once the poppet valve
was completely open, the pressure in the vacuum
system reached the 10 ' Torr range within an
hour. From time to time a titanium sublimation
pump was used to deposit a fresh layer of titanium
to trap the active gases and speed the pump down.
With overnight pumping and a bakeout to less than
200 'C, a pressure in the 10 "Torr range was
easity achieved.

At this point the samples were ready for ion
etching the tunnel junction area holes through the
insulating layer. A fresh layer of titanium was
deposited on the trapping surface of the titanium
sublimation pump, and then the ion pump was
turned off. An inert gas, i.e. , argon, krypton,
or xenon, was admitted to the vacuum system
through a Varian leak valve until the pressure
reached 5 x10 ' Torr. The titanium layer held
the pressure inside the vacuum chamber at this
value during the ion etching by selectively pumping
any active gases released. The sample to be
etched was aligned so that the electron beam from
the electron gun in the cylindrical mirror analy-
zer passed through the 0.5-mm-diam hole in the
ion etch mask and was focused as a spot of ap-
proximately 0.1-mm-diameter on the surface of the
sample. The secondary electrons coming from
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this 0.1-mm-diam spot were collected and analyzed
by the cylindrical mirror analyzer and associated
electronics to produce an Auger spectrum of the
surface of the sample in the center of the 0.5-mm-
diam junction area defined by the hole in the ion
etching mask. The ion etching beam is much
broader than the hole in the ion etching mask, and

so the sample surface is etched uniformly across
the 0.5-mm-diam circle that is exposed to the ion
beam.

It is possible to ion etch and take an Auger spec-
trum at the same time. Since Auger spectroscopy
yields information about the atomic elements with-
in 10 to 20 A of the surface of the sample, when
combined with ion etching, it allows one to obtain
a depth profile of the atomic constituents of a
sample. The Auger spectra can be analyzed to
yield the atomic concentrations of each of the
elements present at the exact location of the tun-
neling barrier. This gave us great control over
the conditions during the fabrication of a tunnel
junction. We knew exactly when the insulating
layer had been etched through, what impurities
were present, and finally when the uncontaminated
material had been exposed at the bottom of the
tunnel junction area hole by the ion etch.

One limitation of our fabrication technique is
the fact that the etching ions also implant" a
certain distance R~ into the surface. We made
use of this side effect to study the proximity effect
resulting from this ion implanted normal layer
on top of the bulk superconductor, and our results
are described in Sec. III. Since the distance R~
is proportional to E, the energy of the ions, suc-
cessive reduction of the ion beam energy resulted
in the decrease of the depth to which the ions were
being implanted. After the "pure" material had
been exposed by the 2-keV ion beam etch, the
voltage on the ion gun was reduced to 500 V in
steps of 500 V. Inthecaseof argonions, thedepth
of implantation in tantalum reduced from 10.8 A

at 2 keV to 2.7 A at 500 eV. To obtain tunnel junc-
tions which showed a minimum of a proximity ef-
fect, this beam voltage reduction process was
essential.

Once the hole had been etched through the in-
sulating layer and the Auger spectra indicated that
a suitably clean surface of the superconductor had
been reached, the sample was ready for the for-
mation of the tunneling barrier. A final Auger
spectrum was taken so that the atomic concentra-
tions of the impurities present on the freshly
exposed surface of the superconductor could be
determined later. After turning off the electron
gun in the cylindrical mirror analyzer and allow-
ing it to cool for a couple of minutes, the ion pump
was used to pump out the inert gas and then the ion

pump was again isol.ated from the vacuum system,
and oxygen was admitted through a Varian leak
valve to a pressure of 50 p, m. Both niobium and

tantalum oxidize very readily in an oxygen atmos-
phere at room temperature, and it was easy to
grow an oxide layer of approximately 20 A on the
exposed surface of the superconductor to form the
tunneling barrier. We also successfully formed
tunneling barriers using plasma oxidation. A

voltage of —900 V was applied to a cathode made
of tantalum or niobium via a high-voltage feed-
through, and the sampl. e was made slightly posi-
tive with respect to ground. The plasma oxidation
was carried out in the Auger system at 50 p. m of
oxygen pressure. The plasma was kept glowing
greenish-white for approximately 2 min to give
a sufficiently thick oxide barrier for
tunneling.

The final stage of the junction fabrication was
to evaporate the counterelectrode. After the
50 p. m of oxygen pressure had been reduced to
less than 5 p, m by use of the sorption pumps, the
ion pump was used to reduce the pressure to the
10 ' Torr range. Since the system had not been
exposed to water vapor, the pump down was ac-
complished in a few minutes. The Auger system
contained an evaporator with specially designed
evaporation sources that allowed evaporation in
the forward horizontal direction only. The evapo-
ration sources were outgassed prior to the ion
etch process in order not to contaminate the
samples during the final evaporation of the counter-
electrode. Note that it is more important to avoid
contamination on the niobium or tantalum side of
the junction barrier than it is on the evaporated
counterelectrode side, since the sampling distance
is much shorter in the transition metals and since
they are generally more reactive. The sources
were heated slowly to maintain a pressure below
5 x10 ~ Torr at all times during the evaporation.
When the quartz-crystal thickness monitor in-
dicated that the evaporation had begun, the sample
was rotated into position and approximately 3 000
A of lead, silver, or gold were evaporated to form
the counterelectrode. The quartz-crystal thickness
monitor was cal.ibrated by means of an optical
interferometer.

Once all the tunneling samples had their counter-
electrodes evaporated, the junction preparation
was complete and the samples could be removed
from the Auger system without danger of con-
tamination of the junction area except for that
due to internal diffusion processes. The prepared
junctions were then mounted one at a time on a .

sample holder for measurement of the I vs V,

d V/dIvs V, and d' V/dI' vs V tunneling charac-
teristics at helium temperature.
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FIG. 2. Current-voltage characteristic of a Ta-Ta~
—Ta„O„—Pb tunnel junction fabricated using a 2-keV
argon-ion etch.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Tantalum

Figure 2 shows a typical current-voltage char-
acteristic of a tunnel junction fabricated on a
polycrystalline Ta foil using the procedure outlined
in Sec. G. The ion etching was done using a 2-keg

beam of argon ions. %e designate this type of
junction as a Ta- Ta„,-Ta„o,-pb tunnel junction,
because the substrate is Ta with an argon-doped
surface layer, the tunneling barrier is tantalum
oxide, and the counterelectrode is Pb. The effect
of the argon-doped surface l.ayer will be discussed
later in this section.

Figure 3 shows a typical Auger electron spec-
trum of the surface of the Ta at the center of hole
defining the tunneling area after the completion
of the 2-keV argon-ion etch, but before the oxida-
tion and the evaporation of the counterelectrode
to form the type of tunnel junction whose I V-
characteristic is given ih Fig. 2. Such an Auger
electron spectrum can be analyzed to determine
the atomic concentration C„ofthe el.ements x

0
present on the surface and within a 20-A layer
below the surface, using the standard spectra and

the following approximate formula from the Hand-
book of Auger-Electron Spectroscopy":

I„
$&~ + S+A~

where the sum in Eq. (1) is over one peak in the
Auger electron spectrum for each element present
on the surface. I„is the peak-to-peak height of
that one of the peaks, associated with el.ement x
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TABLE I. Atomic concentrations of the various elements

present on the surface of a Ta foil in the center of the junction
area after the argon-ion etch.

Final

Element 0 Ta Ar

60 260 380 24

I
S

Ag

542.50 509.20 6418.92 830.45

6.5% 6.1% 77.3% 10.1%

Without argon

7.3% 6.8% 85.9%

in the experimentally determined dN/dE vs E
Auger spectrum, which is chosen to characterize
the element x. S„„is the relative sensitivity of
the Auger peak of element x compared to that of
Ag and is found from

where I, and IAg are the corresponding peak-to-
peak heights of the standard spectra in the Hand-
book of Auger Electron Spectroscopy for element
x and Ag, respectively. E„is the scale factor
associated with the standard spectrum for element
X4

The results of analyzing Fig. 3 in this manner
are presented in Table I. The exact concentration
of argon in the argon-doped surface layer cannot
be determined for the following reason. The
standard spectrum for Ar is that for an unknown

concentration of Ar embedded into Si. In the
quantitative analysis given in Table I, we have
treated this spectrum as corresponding to
1OO-at. /0 Ar, and on this basis we arrive at a
concentration of 10.1-at.% Ar. This assumption
is obviously not true, and the percentage of Ar
determined in this way is just an upper limit. We
have also shown in Table I an analysis for the
concentration of C, 0, and Ta omitting the peak
associated with Ar from the analysis.

The current-voltage characteristics, shown in
Fig. 2, of tunnel junctions fabricated on surfaces
with the amount of impurities indicated in Table I
have very little excess current below the voltage
corresponding to the sum of the energy gaps. We
use the voltage corresponding to the midpoint of
the current rise as the definition of the sum of
the energy gaps. However, the resulting value of
+»+~T is only 1.95 meV which yields a value of
O. 6 meV for gT„sincewe measure 6»to be 1.35

TABLE II. Listing of the observed energy-gap values for
tantalum.

Reference 26Ta(meV)

Townsend and Sutton (Ref. 31)
Dietrich (Ref. 32)
Giaever (Ref. 33)
Wyatt (Ref. 34)
Neugebauer and Ekvall (Ref. 35)
Shen (Refs. 11, 13)
Keith and Leslie (This work)

1.40 + 0.05
1.42
1.35 + 0.05
1.40
1.30 + 0.05
1 44
1.40 + 0.05

meV. As shown later in Table II, a value of 0.70
to 0.72 meV is the more accepted value for Q .

The I- V characteristic of Fig. 2 also shows
some structure just above the voltage correspond-
ing to the sum of the energy gaps. The ion etching
process used in the fabrication of our tunnel junc-
tions leaves etching ions as impurities in the sur-
face layer of the sample being cleaned. We would
like to show that the "knee" structure that we
observe in our samples is the result of a proximity
effect between this ion implanted layer and the
underlying superconductor and that it can be ex-
plained in terms of the McMillan tunneling model'
(MTM) of the proximity effect. The knee structure
shown in Fig. 2 becomes smaller and less pro-
nounc ed as the temperature is increased, and

eventually disappears.
Similar knee structure in I- V characteristics

has been observed in a number of earlier tunneling
jnvestjgatjons zi, 2x, 22 Shenrx observed knee struc-
ture in the' earliest tunneling experiments with
tantalum and niobium. He attributed it to a thin
layer of normal metal on the surface of the super-
conductor caused by insufficient outgassing of the
carbon in his foil samples. He suggested that the
proximity effect between this normal metal layer
and the underlying superconductor could account
for the knee, but no fit to MTM was presented.
Wyatt et al."observed knee structure in Pb-Zn-
oxide —Pb junctions even when the Zn layer was as
thin as 5 A. They showed that MTM could qualita-
tively explain their results. Frommer et al,"
observed knee structure in tunneling experiments
with niobium single crystals. They suggested that
carbon contamination was a remote possibility due
to the method of preparing their samples, and they
proposed an alternative mechanism for the knee
structure in terms of impurity tunneling caused
by excess adsorbed oxygen in the oxide insulating
barrier.

MTM" assumes that the normal (N) and super-
conducting (S) layers in the proximity sandwich
are both thin, compared to a coherence length,
and are separated by a thin insulating potential
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barrier. Coupling between the S and N layers is
treated as a tunneling process involving the
transmission of electrons through the barrier,
and results in a decrease (increase) in the spat-
ially constant order parameter in the S (A) layer.
The important lifetime broadening parameters in
MTM are

I'„=5/r« = Av«g/2Bd«,

r, = m/T, = r„d„N„(O)/d,N, (0),

(3)

(4)

The applicability of MTM has been studied in a
number of investigations" "by electron tunneling
into the N or S sides of proximity sandwiches for
various thicknesses of the N and S layers. The
usual experimental measurement is that of the
differential conductance of the tunnel junction which
is related to the tunneling el.ectron density of
states N« „(E).Early experiments" '~ showed
reasonable agreement with the general features of
MTM. Vrba and Woods" showed that if the MTM
requirement of weak coupling between the N and S
layers was obtained by allowing slight oxidation
to occur at the interface, then satisfactory quan-
titative agreement with MTM resulted. In most
of their experiments, d„was of the order of 100 A
and d~ was of the order of 1000 A. They showed
that in the fitting to MTM the properties of the
proximity sandwich are strongly dependent on the
value of I'„,but only weakly dependent on the
value of F&. A simil. ar observation was made by
Wyatt et al." in their fitting of MTM to the knee

where 7„and wq are the lifetimes of an electron
in the N and 8 layer, respectively. The thickness
and the density of states in the S (N) layer are
denoted by d«(d„)and Nq(0) [N„(0)],respectively
In Eq. (3), 2Bd„is the average electron path
length in the normal layer between collisions with
the barrier; thus &, which McMillan estimates to
be approximately unity for a clean layer, is a
function of the ratio of the mean free path to the
thickness d„ofthe normal layer. The Fermi ve-
locity and the barrier transmission probability
are denoted by vj, and o, respectively.

The energy-dependent and complex self-energies
4«(E) and A«(E) are found by solving MTM Eqs.
(16) numerically on a digital computer using an

iterative procedure, given values for the lifetime
broadening parameters I „and 1"& and the fixed
BCSpotentials b.'„"and a,'". MTM Eq. (11)specifies the
self-consistency condition on the BCS potentials.
The self-energies hq «(E) are observable in their
effect of the tunneling-electron density of states
in the S(N) layer, i.e. , N« „(E)which involves
b~ „(E)in the following manner:

N««(E) = Re[E/[E —dg «(E)]'~~] .

structure they observed. Toplicar and Finne-
more, '~ in the process of studying the effect on
the phonon spectrum of Pb when it was in a prox-
imity sandwich with Cd, examined the applica-
bility of MTM in the limit that d& is of the same
order as d„.They found reasonable agreement
between their experimental tunneling conductances
and the predictions of MTM.

The ion etching process used in the fabrication
of our tunnel junctions leaves etching ions as
impurities in the surface layer of the sample
being cleaned. The depth R~ to which these ions
are being implanted can be calculated from the
following equations':

(.)
60E(keV)M, (M, +M, )(Z', ~'+ Z2~')'~'

g Z2 Mi

and

R/8 =1+M,/3M, ,

(6)

where R is the total distance travel. led by the ion
before coming to rest, whereas R~ is the projected
distance, i.e. , the perpendicular distance below
the surface of the sample that the ion reaches
after travelling a total distance R. E is the energy
of the bombarding ion and g is the density of the
target in g/cm'. Z and M are the atomic number
and mass, and the subscripts 1 and 2 refer to the
ion and target atoms, respectively. A calculation
based on hqs. (6) and (7) indicated that 2-keV
argon ions would penetrate a tantalum target to a
depth of approximately 10 A. Auger electron
spectroscopy of the argon-ion etched surface had
already shown the presence of argon ions on the
surface of the cleaned Ta in agreement with this
calcul. ation.

In order to do a self-consistent fit to MTM, one
needs information about bulk properties of the S
and K l.ayers, e.g. , the value of the pairing inter-
action X and the characteristic phonon energy ~,
for each layer. ""If 6& is to be used as the one
parameter fitted to experiment, one needs the
sample transition temperature T„the bulk super-
conductor transition temperature T„,and the
density of states N(0), in addition to the thick-
nesses d„and d&.""In our case, we do not have
information about the bulk properties of the thin
(10 A) argon-doped layer and the shift in T, caused
by such a thin l.ayer on a superconducting foil
0.005 in. thick cannot be detected. Consequently,
in our fit to MTM we have had to make certain
assumptions. We have taken d„equal to R~ and
we have assumed 4'„"to be 0.0 meV in all fits,
which corresponds to taking X~ equal to zero.
MTM assumes that d„and d& are both small,
compared to a coherence length, whereas our
superconduc$ing foils are many coherence lengths
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thick. As shown in Eq. (4), the value of d~ in-
fluences the value of the MTM lifetime broadening
parameter I'g. It has been shown" "that when

d„is a small fraction of d~, the fit to MTM is
rather insensitive to the value of I'8. Thus, we
have taken I'& as an adjustable parameter which
we start out at a value corresponding to a d~
=2000 A and then adjust it to get a better fit with
the experimental results. Because of the small
value of I'~/1 „used in our fits to MTM, b~g is.
found to be equal to ~~" ."

The applicability of MTM to describe the tunnel-
ing electron density of states N»(E) in proximity
sandwiches has already been established. "" We
are interested in demonstrating that the knee struc-
ture that we observe in our I-V characteristics is
due to a proximity effect which can be explained
in terms of MTM. The tunneling current I(V)
is given by

I~ = 0 04meV

I-
0)
t lo—
O

8-
(0
R
4J
Cl

Cl
4J

~ 4-
~cf,

K0

05
I I

06 07
ENERGY

I

08
(meV)

FIG. 4.' Densities of states on the + side of a proxi-
mity sandwich, according to McMillan's theory of the
proximity effect, used to calculate the tunneling curves
of Fig. 5.

i(V) Ef N, (E —=e V)N, ( E) f((E —eV) f(E)]EE, —

(8)

where N, (E —eV) and N„(E)are the tunneling
electron density of states for the metals on the
left-hand side (A and the right-hand side (r) of the
tunneling barrier, respectively, f(E) is the Fermi
distribution function, K is a constant depending
on the area and thickness of the tunneling barrier,
E is the energy, and Vis the applied voltage. In
our case, if the proximity sandwich is considered
to be on the right-hand side of the barrier, since
we would be tunneling into the N layer of the
proximity sandwich, N, (Z) in Eq. (8) would become
N„(E)from Eq. (5).

The first step in fitting the proximity induc ed
structure in the I-V characteristics of our
Ta-Ta„,-Ta„O,-Pb tunnel junctions was to obtain
an estimate of the value of 1"„.The Fermi velocity
vz for tantalum is approximately 0.24 &&10' cm/sec,
and inserting this into Eq. (8), along with B=1
and the value of @, we obtain

r„=&Sou/Z„.

Adkins and Kington" estimate o'=OE1 for copper
and silver on the surface of lead fil.ms. From
Eqs. (6) and (7), we have estimated the thickness

O

of our argon-doped normal layer to be 10 A. Sub-
stituting these values for o and d„into Eq. (&),
we find I'~=8 meV. Using this value of I'„,dN
= 10 A and dz = 2 000 A, and assuming that N„(0)
=Nz(0), we find that Eq. (4) gives I'q =0.04 meV.

Using these estimates of I'„and F& as a guide,
we have solved numerically MTM Eqs. (16) for
&~(E) and &„(E),using b, '„"= 0.0 meV and Lz~

=O.V meV and several. values of I'„and 1". The

computed b, ~(E) and h„(E)were then used to cal-
culate the tunneling electron density states N„(E)
from Eq. (5), which was then substituted into
Eq. (8) to generate the I Vcharact-eristics of our
Ta-Ta„,-Ta„O„-Pbtunnel junctions. The counter-
el.ectrode in this calculation was assumed to be a
superconductor with a complex energy gap such
that 6'=1.36 +0.05 imeV' in order to give a
smeared BCS density of states and the numerical
values were chosen to be appropriate for Pb.

Figure 4 shows the tunneling electron density
of states N„(E),calculated from Eq. (5), for
tunneling into the N side of a proximity sandwich
for several values of FN. Figure 5 shows the
corresponding current-voltage characteristics
calculated from Eq. (8) for a Ta-Ta„;Ta„ON-Pb
tunnel junction. Figure 5 shows that as 1

„

is
decreased, i.e. , as d„is increased, the proximity
.induced knee becomes more and more pronounced,
and the voltage corresponding to the sum of the
energy gaps, 4~, + 4pb becomes smaller.

Figures 4 and 5 are just intended to show the
general behavior of N]v(E) and the I Vcharacteris--
tic as a function of I'~. To make a final fit to our
experimental I-V characteristic, we repeated the
calculations leading to Fig. 5 for a range of I"&

values while also varying I &. Figure 6 shows the
best fit to our experimental, I-V curve for a
Ta-Ta„,—Ta 0„-Pbtunnel junction achieved by
using a value of 3.0 meV for X'„and 0.01 meV for
I & in the calculated I-V characteristics. Figure
6 shows that these calcul. ations using MTM can
reproduce both the observed voltage corresponding
to the sum of the energy gaps and the magnitude
and shape of the proximity induced knee in the I-V
characteristics of our Ta- Ta„,-Ta„O,-Pb tunnel
junctions. In fact, the quantitative agreement be-
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(10)

tween the experimental and the calculated I-V
characteristics for V greater than 2 mV in Fig. 6
is quite good, and this suggests that MTM des-
cribes the experimental situation quite well. How-

ever, the excess current for V less than 2 mV in

Fig. 6 cannot be explained on the basis of MTM,
nor can it be explained by increasing the imaginary
part of the lead energy gap. If we ignore the poor
fit in Fig. 6 for V less than 2 mV, which corres-
ponds to the region eV& ~T,++pb then we can
establish a value for o since we know from the
theory of ion implantation that 2-keV argon ions
are implanted to a depth of 10 A in tantalum. From
Eqs. (3) and (9)

50—
Ta —TaA-Ta 0 —Pb

Ar xy
0T=I 5 K

K
K~20-
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lX

EXPERIMENTAL
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FIQ. 6. portion of the calculated current-voltage
characteristic PCXX) with A~&"=0.70 meV, 4& =0.0 meV;
I"&-—0.01 meV, and F&—-3.0 meV compared with the ex-
perimental curve (solid line) for a Ta-Ta~- Ta„0-Pb
tunnel junction at 1.5 K.

I I I I I I

l 8 20 22 24 26 28 50
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F/Q. 5. Portion of the current-voltage characteris-
tics predicted by McMillan's theory of the proximity
effect for tunneling into the argon contaminated Ta side
of a Ta~-Ta proximity sandwich (with the parameters
shown) from a Pb counterelectrode with a smeared
energy gap and at a temperature of 1.5'K.

u = " = 0.04(for d» = 10 A)

which is smaller than the value of 0.1 for cr esti-
mated by Adkins and Kington" for Cu and Ag on
Pb. We leave further discussion of the value of 0

until after the niobium tunneling results have been
presented.

The origin of the excess current below the vol. -
tage corresponding to the sum of the energy gaps
is possibly tunneling through regions which were
left contaminated by impurities other than the
implanted argon ions. One possible source of this
contamination would be diffusion of impurities
from the bulk of the sample to the surface along
the grain boundaries.

If there are regions of tantalum which are nor-
mal, then we have an additional contribution to
the current. We can divide the junction into two
junctions in parallel, i.e. , a Ta&- Ta„,—Ta„O„-Pb
junction in parallel with a Ta„-Ta„O,-Pb junction,
where Ta~ and Ta„represent the superconducting
and normal tantalum, respectively. Since the junc-
tions are in parallel, me can add the currents ai each
voltage point. The contribution to the total current
due to the normal region is

I„=E' N„E E —eV — E+ eV dE, 12
0

where A' is a constant and the other symbols have
their usual meanings as defined in Eq. (8).

The interpretation of I Vand d7/d V—V charac--
teristics in terms of models involving tunneling
junctions in parallel has been employed previously
in the literature. " Rowell and Schmidt" have
suggested that one interpretation of the multiple
gaps that they observe in tunneling into getter
sputtered Nb, oe films is the presence of two
phases within the surface of the film. Milkove
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et al. '8'' have shown that a model consisting of a
series resistance in one leg of a parallel circuit
containing two identical tunneling junctions can
generate structure in the I-V and dI/d V- V char-
acteristics of the combination which is similar to
that which has been attributed to anisotropy and
multiple energy gaps.

We generated an I-V curve with this normal
tunneling term included in the numerical calcula-
tion for a Ta- Ta„,-Ta„O,-Pb tunnel junction in
which one tenth of the current contribution was
from the normal regions of tantalum, i.e. , K/K'
=10. The results showed that the excess current
below the voltage corresponding to the sum of the
energy gaps was due to normal regions of tanta-
lum. The sharp onset of the excess current at
approximately the energy gap of lead which is
observed experimentally was reproduced in the
calculated I-V characteristic as shown in Fig. 7,
where we compare the I-V characteristics calcu-
lated for tunnel junctions with and without any
normal regions of tantalum. This two junctions
in parallel model is an oversimplification of the
actual situation in that there is probably a range
of material going from superconducting to normal
and this would result in additional current con-
tributions smearing out the excess current region
below eV= 4T,+ ~pb. Note that this normal tunnel-
ing contribution does not affect the value of the
energy gaps- or the phonon structure, except to
make the latter a smaller fraction of the junction
conductance, as derived from the tunneling char-
acteristics of the junction.

Figure 8 shows the experimental I-V characteris-
tics of three different Ta- Ta„O,-Pb tunnel junc-
tions at 1.2'K. Each one shows an onset of excess
current at about 1.0 mV, but the amount of excess
current is different in each case. One possible
source of normal, regions would be carbon" dif-
fusing out from the interior of the sample along
grain boundaries. However, we have not been able
to prove this, For example, junction 3 was found
to have a lower concentration of carbon at the
center of the junction than junction 2, and yet the
amount of excess current is greater for junction
3 than it is for junction 2. However, we cannot
rul. e out carbon as the source of thenormal regions
on the basis of this evidence, since we did not
check the carbon concentration at several spots
on the junction area and we also did not control
the time that the junction was exposed to possible
contamination from. the vacuum system prior to
oxidizing and completing the tunnel junction.

We now return to the junction shown in Fig. 6
to try to fit the excess current below the voltage
corresponding to the sum of the energy gaps.
Figure 9 shows a much improved fit below eV
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FIG. 8. Experimental current-voltage characteris-
tics for Ta-Ta+ -Pb tunnel junctions at T = 1.2 'K
showing different amounts of excess current below eV
= &Ta+ &Pb.

FIG. 7. Calculated current-voltage characteristic for
a Ta- Ta„Q-pb tunnel junction with one tenth of the
current coming from normal Ta in the junction area
compared with that for a Ta-Ta„Q~-Pb tunnel junction
without a normal Ta region.
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FIG. 9. Portion of the calculated current-voltage
characteristic for a Ta-Ta~- Ta„O-Pb tunnel junction
at T=1.5'K with 25% of the tunneling current coming
from normal areas of the junction.

++pbat the expense of a small loss of agree-
ment above eV= 4 +4 „.Further adjustment of
the parameters I'~ and I'„,to yield a sharper knee
above eV= 4'+ +pb) results in a poorer overall
agreement since the energy-gap region begins to
shift to too low an energy. The theoretical curve
generated to fit the experimental data indicates
that 25/o of the current in the junction is coming
from normal areas of the junction. However, this
does not necessarily mean that 25% of the tantalum
surface in this junction is behaving as normal
metal, e.g. , if the tunneling barrier were much
thinner over these normal regions, then the actual
area of normal regions needed could be much less.
It is not certain, as we have stated earlier, wheth-
er it is the carbon impurity which is causing the
tantalum to go normal. Another possibility is the
generation of normal-state material by magnetic
flux trapping often seen in type-II superconductors,
as suggested by Testardi. " An argument against
the latter possibility is that we should be able to
trap different amounts of magnetic flux in the
junction and hence vary the amount of excess
current. This did not occur in our junctions.

In summarizing the preceding results, we can
say with confidence that the Ta-Ta„O„-Pbtunnel
junctions that we have prepared using a 2-keV
argon-ion etching beam have a thin argon im-
planted normal Ta layer over the superconducting

Ta- To 0 —Pb
X 60—

Ar ETCH 2 0 keV
I OkeV
0 5keV

T=I 2K 40—

20—
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—20—

I'0 20
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FIG. 10. Experimental current-voltage characteris-
tic for a Ta-Ta„O„-Pbtunnel junction, produced using
successive reduction of the voltage of the argon-ion
etch from 2 keV to 1 keVto 500 eV, at T=1.2'K.

Ta substrate, thus forming a proximity sandwich
which produces a knee in the I-V characteristics
at eV = AT, + 6». In addition the junctions have
regions where the tantalum is completely normal,
giving rise to an excess current below the voltage
corresponding to the sum of the energy gaps.

At this point in the development of our technique
for electron tunneling junction fabrication, we
realized that if we successively reduced the energy
of the etching ions, the thickness of the normal
layer would also be reduced. At 500 eV, the theory
of ion implantation predicts that the argon ions
wil. l penetrate tantalum to a depth of approximately
2.5 A which is equivalent to a 1„of12.5 meV.
Figure 5 shows that I'& values greater than 10
meV will show no trace of the proximity-induced
knee. Experimentally, we fabricated sets of
Ta-Ta„O„-Pbtunnel junctions in which we suc-
cessively reduced the energy of the etching argon
ions from 2 keV to 1 keV to 500 eV, and verified
that by reducing the energy of the etching ions,
we reduced the thickness of the normal layer in
the proximity sandwich. Figure 10 shows the
I-V characteristics for a Ta- Ta„O,-Pb tunnel
junction prepared in this way, and a marked re-
duction in the proximity induced knee can be ob-
served. The data in Fig. 10 yields a value of O. V

meV for the energy gap of tantalum, which is in
complete agreement with the measurements of
other workers as can be seen in Table II.

We point out that an absolute comparison of our
data on the energy gap of tantalum with the data
of other workers is difficult, because in most
cases the voltage, which is taken to correspond
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to the sum of the energy gaps, is not defined. We
use the voltage corresponding to the midpoint of
the current rise as the definition of the sum of the
energy gaps. We found that for most of our junc-
tions the lead films had an energy gap of 1.35
meV at 1.5'K. This was deduced by extrapolating
the data obtained at higher temperatures where
the current peak at the voltage corresponding to
the difference of the energy gaps is more pro-
nounced. The energy gap of tantalum below 1.5'K
was taken to be the voltage corresponding to the
sum of the energy gaps minus 1.35 meV.

In theory, further improvement of the tunneling
I-V characteristics is possible by reducing the
etchirig ion energy to an even lower value, until
the threshold energy for ion etching is reached
when no further cleaning of the sample is possible.
Another possibility is to etch with heavier ions.
Figure 11 shows that as the mass of the ion is in-
creased, for a given ion energy and target, the
depth of penetration of the ions decreases. For
example, xenon ions at 1 keV would penetrate
tantalum to a depth of only 1.5 A, and when the
ion energy is reduced to 500 eV the penetration
depth reduces to 0.75 A. (It must be remembered
that these penetration depths quoted are really
average values predicted by theory. ) Of course
we cannot remove all. the implanted ions by re-
ducing the energy and increasing the mass of the
etching ions, and for an ultraclean surface the
sample would have to be heated to attempt to dis-
lodge the remaining contamination. In order to
examine the effect of such thin layers on the tun-
neling characteristics, one would have to measure
dI/d V-V characteristics which are much more
sensitive than I-V characteristics to proximity
effect structure. As can be seen in Fig. 10, a
2.5 A thick normal layer produced by argon etch-
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FIG. 12. Current-voltage characteristic of a
Ta-Ta„O~-Ag tunnel junction at T = 1.1 K.

ing at 500 eV produces I-V characteristics with
almost no trace of the proximity effect visible.

Our next step was to prepare tantalum tunnel
junctions with silver or gold as the normal metal
counterelectrode in order to check the quality of
the first derivative data obtained from junctions
fabricated using our ion etching technique with
successive reduction of the etching ion energy.
Figure 12 shows the I-'t/'characteristic for a
Ta- Ta„O,-Ag tunnel junction prepared in this
manner. From the I-V characteristic, we estimate
the energy gap of tantalum to be 0.7 meV again in
accordance with Shen's measurements. "'"

The normalized derivative data (dI/d V)z/(dI/
d V)„vs V obtained for the tunnel junction of Fig.
12 is shown in Fig. 13. The drop in conductance
at 12 and f9 meV is due to the transverse and

longitudinal phonons, respectively. The conduc-
tance data of Fig. 13 on a Ta-Ta„o,-Ag tunnel
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FIG. 11. Plot showing the depth of penetration into a
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FIG. 13. Normalized conductance, (dI/dV) &/(dI/d V)N,
versus energy E=eV for a Ta-Ta„O-Ag tunnel junction
at T=1.l 'K.
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junction fabricated on a polycrystalline Ta foil
using our method of ion etching is comparable
to that of Shen's junction fabricated on an outgassed
recrystallized piece of tantalum foil. This shows
that the tantalum foils do not have to be heated to
a very high temperature to outgas before fabrica-
tion of the junction, as was suggested by Shen.
The reason for Shen's poor data on the sputtered
Ta- Ta„O,-Ag junctions may be argon contamina-
tion of the surface during the sputtering process.
Our experience suggests that if the energy of the
bombarding argon ions had been reduced the data
wouM have been comparable to that of his out-
gassed samples. Further anal. ysis of the conduc-'
tance data of Fig. 13 to yield a '(&u)E(~) using
McMillan's inversion program was not under-
taken because we felt that the analysis would not
yield any new information,

B. Niobium

Having successful. ly fabricated el.ectron-tunnel
junctions on tantalum using our new technique, we
turned our attention to the probl. ems of junction
fabrication on niobium. Shen estimates that the
tunneling electron penetration depth for niobium
is approximately one-half that of tantalum, since
v~ is of the same magnitude and T, doubles in
value, Therefore, at the longitudinal phonon en-
ergy (24 meV) the tunneling electron penetration
distance for niobium is approximately 30 A. This
suggests that surface cleaning is even more im-
portant for niobium than it is for tantalum.

With this in mind we proceeded to fabricate

Nb-Ãb, O,-Pb tunnel junctions by the technique
described in Sec. II. The polycrystal. line niobium
was chemically etched and then an insulating layer
was formed by anodic oxidation. The tunneling
area was defined by ion etching a hole through this
insulating layer using a 2-keV argon-ion beam.
Auger spectra were recorded before and after the
ion etch. Figure 14 shows the presence of carbon
and nickel as impurities on the niobium oxide
surface prior to the ion etch. After the ion etch,
as shown in Fig. 15, there is no trace of nickel,
but instead we see the presence of argon and
nitrogen in addition to reduced amounts of carbon
and oxygen. The spectra of Figs. 14 and 15 were
analyzed using Eq. (1) to determine the atomic
concentrations of the various elements present
on the surface of the niobium samples before and
after the ion etch. The results of this analysis
are summarized in Table III. As in the case of
tantalum, the argon concentration is difficult to
determine by this analysis because a standard
spectrum for a known amount of argon is not avail-
able. In Table III, we give an upper limit to the
concentration of argon present on the surface of
the niobium samples.

Figure 16 shows a typical I-V characteristic
of a tunnel. junction fabricated on polycrystalline
Nb using a 2-keV argon-ion etch. We designate
these junctions as Nb-Nb„,-Nb„O,-Pb in the same
manner as in the case of tantalum. From Fig. 16,
it can be seen that these tunnel junctions show
very little excess current below the voltage cor-
responding to the sum of the energy gaps. How-
ever, just as in the case of Ta-Ta~, -Ta„O,-Pb
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junctions, Fig. 16 shows that there is pronounced
structure just above the voltage corresponding to
the sum of the energy gaps. This knee structure
is a manifestation of the proximity effect, indicat-
ing that we have a thin, contaminated layer on

the surface of our niobium. As in the case of Ta,
the knee structure shown in Fig. 16 becomes
smaller and less pronounced as the temperature
is increased and it eventually disappears. The
sum of the energy gaps as derived from the I-V

TABLE III. Atomic concentrations of the various elements present on the surface of a Nb foil in the
center of the junction area before and after the argon-ion etch.

Initial

Element Ar 0 Ni Nb

S
Az

I
S

0. , Ag

0.0289

0.0

0.0

0.0%

0.1106

139

1256.78

31.9%

0.1824

0.0

0.0

0.0%

0.5106

410

802.98

20.4/o

0.2541

35.42

0.9%

0.0137

25.25

1843.07

46.8%

Final

I
S

Ag

C
without Ar

15

519.03

7.9%

0.0%

100

904.16

13.7%

14.8%

191.89

2.9%

3.2%

460.24

7.0%

7.6%

0.0

0.0

0.0/o

0.0%

4525.55

68.5%

74.4%
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Whether this lower value of 0 that we find is
caused by the ion implantation process of pro-
ducing the normal layer, by the extreme thinness
of the normal layer, or by one of our assumptions
in fitting to MTM is unknown at the present time.

As a check on the thickness of the normal layer
used in our fit to MTM, we tried to verify ex-
perimentally the thickness of the contaminated
layer on the tantalum surface after the argon etch.
Tantalum and argon were chosen for this check
because this combination gave an Auger peak for
argon which was observable and showed the least
interference with other Auger peaks from other
elements present in the system. The tantalum
sample was bombarded with 2-keV argon ions to
produce an argon contaminated layer on the sur-
face of the tantalum. Then, an Auger spectrum
was taken, and it showed clearly the presence of
argon. The system was flushed and the argon
etching gas was replaced with krypton. The tan-
talum sample was then etched using 500-eV
krypton ions. An Auger spectrum was taken every
ten sec of ion etch until the Auger spectrum
showed no change. Figure 18 shows the resulting
plot of the height of the argon peak as a function
of etching time.

In an earlier experiment, the etch rate for
tantalum oxide using 500-eV krypton ions had been
established at 0.12 A/sec. Using this as the etch
rate for tantalum we can convert the etching times
of Fig. 18 into thicknesses in angstroms. The
point at which the argon signal disappears repre-
sents the thickness of the argon contaminated
tantalum layer. Hence we estimate the thickness
of this layer to be 90 sec X0.12 A/sec, which

0
equals 10.8 A. This is in excellent agreement with
the value of 10 A determined from the theory of
ion impl. antation.

Thus, these results show that the knee structure
that we observe in these Ta-Ta„,-Ta„O,-Pb and

Nb-Nb„;Nb, O,-Pb tunnel junctions is due to the
proximity effect and can be explained quantitatively
by MTM, in that MTM can fit the reduction in the
voltage corresponding to the sum of the energy
gaps and the magnitude and shape of the knee using
a value of I"„,which is consistent with the known
thickness of the ion implanted layer.

By successively reducing the energy of the etch-
ing ions, i.e. , 2 keV to 1 keV to 500 eV, we re-
duced the thickness of the normal layer at the
surface of the niobium. Figure 1S shows the I-U
characteristic of a typical Nb-Nb„,-Nb„O„-Pb
tunnel junction fabricated ip this way, together
with a theoretical I-U characteristic calculated
using McMillan's model. For the best fit, the
I'„value had to be increased to 20 meV. From the
theory of ion implantation, we calculated the thick-

50
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~so
hC

m30

o20

Io

ness of the normal layer created by etching the
niobium surface with 500-eV krypton ions to be
1.7 A. Using this value for d„,we estimated o
for krypton-doped niobium on niobium to be 0.04.
Figure 1S shows the usual excess current below
the voltage corresponding to the sum of the energy
gaps that we have attributed to tunneling from
normal regions of niobium.
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FIG. 19. Portion of the calculated current-voltage
characteristic pCXX) with A~& =1.55 meV, Az~ 0.0 meV,
I'&=0.01 meV, and I'z =20 meV compared with the ex-
perimental curve (solid line) for a Nb-Nb~-Nb„O -Pb
tunnel junction at T = 1.1 'K.
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FIQ. 18. Plot showing the argon peak height as a
function of time while etching with krypton ions through
the argon-contaminated tantalum layer.
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FIG. 21. Comparison of Shen's current-voltage char-
acteristic on a sputtered Nb-0-Pb tunnel junction with a
current-voltage characteristic from a Nb-Nb„O~-Pb tun-
nel junction fabricated by our technique of successively
reducing the energy of the etching ions.

seen by comparing the theoretical curve of Fig.
20 with that of Fig. 17, we have greatly improved
the fit below the voltage corresponding to the sum
of the energy gaps at the expense of a small loss
of agreement above eV =4„„„.We feel that the
fit between experiment and theory shown in Fig.
20 is really quite good considering that our two-
junction model is just a first approximation. In
reality, there is going to be a gradual variation
of the properties of the niobium around any point
where there is contamination. Thus, the energy
gap will be zero at the center of the contamination
and increase gradually to its full value as we move
towards regions where the niobium is clean. The
omission of this gradual variation in our model
might account for the loss of agreement above
eV= A~+ AT .

In Fig. 21, we compare the I-V characteristic
of Shen" for a sputtered Nb-Nb„O,-Pb tunnel junc-
tion with that of a Nb-Nb„O,-Pb tunnel junction
fabricated by our technique of ion etching and suc-
cessively reducing the energy of the etching ions.
Figure 21 shows that our ion etching technique can
produce tunnel junctions on Nb with I-V character-
istics that are reasonable. We feel that )he poor
results that Shen obtained using sputter cleaning
of his Nb is probably connected both with the
sputtering voltage and the gas pressure employed.
It should be noted that even when we ion etched
using a 2-keV beam of argon atoms in a background
pressure of 5 x10 ' Torr of argon, we never ob-
served the magnitude of depression of the energy
gap of Nb demonstrated by Shen's curve in Fig. 21.

Nb-Nb 0 —Aua 7

T*ll K

E 004-

003—

a 002-
O

00l-

I 0 20 30 40
VOLTAGE (mV)

FIG. 22. Current-voltage characteristic of a
Nb-Nb„O~-Au tunnel junction at 7.'= l.l 'K.

The final test for our technique of tunnel-junction
fabrication on Nb was to see if it allowed the ob-
servation of phonon structure in the tunneling
characteristics of a Nb-Nb„O,-Au tunnel junction.
We prepared tunnel junctions on niobium foils
which had been chemically etched and then covered
with an insulating layer using anodic oxidation.
The tunneling area was defined by ion etching a
hole through this insulating layer using 2-keV
krypton ions. After clean niobium was reached,
the energy of the beam of krypton ions was suc-
cessively reduced to 1 keV and then to 500 eV.
The junction area was thermally oxidized in a
pure oxygen atmosphere, and finally gold was
evaporated as the counterelectrode to complete
the junction. A typical I-V characteristic obtained
for such a Nb-Nb„O, -Au tunnel junction is shown
in Fig. 22. The energy gap of niobium estimated
from the I —V characteristic of Fig. 22 is 1.50
meV in close agreement with Shen's estimate of
1.49 MeV.

The normalized first derivative curve (dlldV) ~l
(dI /dV)„vs V of the same junction is shown in
Fig. 23. The curve shows a 1/o drop in conductance
at 18 meV and a much smaller drop of 0.08/o at
26 meV. Superimposed on the same graph is
data from Shen" on a junction fabricated on an out-
gassed and recrystallized niobium foil. The struc-
ture in Shen's data is sharper and stronger than in
ours. At 18 meV, for example, the drop-in con-
ductance due to the transverse phonons is of ap-
proximately the same magnitude, but in our curve
the drop occurs over a wider energy range. As
expected, the second drop in conductance at 26
meV, due to the longitudinal phonons, is much



18 NE% TECHNIQUE FOR ELECTRON-TUNNELING JUNCTION. . . 4757

]4
1.02-

1.01

ld

z
I-
O
D
Oz
O
CJ 100™
0
Lil
hJ

R
Oz OlJ

NI
0 99- (SP

W

ON AN

BIUM FOIL

FIG. 23. Normalized
conductance curve of a
Nb-Nb„O -Au tunnel junc-
tion at T=1.1'K compared
with Shen"s data of a nor-
malized conductance curve
for a Nb-0-Au tunnel junc-
tion fabricated on an out-
gassed recrystallized nio-
bium foil. '&he two curves
have different zeros of
conductance to separate
them, but the same con-
ductance scale.

I

6
I

10 12
I

14 16

ENERGY

I I I I I I
18 20 22 24 26 28

mcV

smaller than that in Shen's data because of the
contaminated surface layer on our niobium sam-
ples.

Our data on the normalized conductance of Nb-
Nb„O„-Autunnel junctions show that moredevelop-
ment of our technique will be required before we
mill be able to obtain conductance data of sufficient
quality that inversion using McMillan's program to
obtain details of the phonon structure willbe worth-
while. Development of our technique must focus on
two areas of concern.

(i) First, the source of the excess current must
be clearly identified. %'e have shown that the
problem appears to be due to normal regions on
the surface of the superconductor in the junction
area. If these normal regions are due to surface
contamination, then the use of single-crystal sam-
ples mith lower amounts of intrinsic impurities
should reduce the problem considerably. At pres-
ent, the grain boundaries in our polycrystalline Nb
samples may be allowing impurities to diffuse
rapidly to the surface to create centers of con-
tamination on the surface of the Nb.

(ii) Second, the effect of our ion implanted layer
on the conductance data must be examined in more
detail. Toplicar and Finnemore" have shown that
phonon spectra derived from proximity sandwiches
by a direct application of McMillan's inversion
procedure have high-energy tails and an increased
value of the Coulomb pseudopotential p*. They
have shown that a modification to the McMillan
inversion procedure can correct approximately
for these effects caused by the normal layer in

the proximity sandwich. However, their results
deal with tunneling into Pb films backed by Cd
layers of approximately the same thickness and so
are not directly applicable to our situation of
tunneling through a very thin normal layer into a
much thicker superconducting layer.

Wolf and Zasadzinski" have studied electron
tunneling through thin AI layers into Nb. They
evaporate a layer of Al, 30 to VO A thick, onto a
freshly outgassed Nb foil at 10 ' Torr. The tunnel-
junction barrier is obtained by partially oxidizing
the Al layer, aad they estimate that the resulting
&1,0, layer is 30 A thick. When the Al layer re-
maining on the Nb is 25 A thick, the d'V/dI'-V
data of the In-Al, O, -AlNb tunnel junction show
sharp strong peaks corresponding to the transverse
and longitudinal phonons of Nb and only very weak
structure corresponding to the phonons of Al. When
the Al layer is 45.A thick, the corresponding d'V/
dI '-V data show much stronger Al phonon struc-
ture and the peaks associated wjth the transverse and
longitudinal phonons of Nb are weakened and distor-
ted. Wolf and Zasadzinski also express the thickness
of the normal layer in terms of the McMillan energy
parameter 5vz/2d„, and they find values of 260 and
145 meV for the 25- and 45-AA1 layers, respec-
tively. As canbe seenfromEq. (2) withe given its
usual value of 1, Iiv~/2d„isequalto I'~/o. Inorder
to compare our results to those of Wolf and Zasad-
ginski, one would need to know the value of the bar-
rier transmission. probability 0 for their proximity
sandwiches. For example, if o were 0.1, whichisthe

',value found for evaporated layers by Adkins and King-
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ton" and Toplicar and Finnemore, "then 1 „wouldbe
26and14. 5 MeVfor the 25- and 45-A Al layers, re-
spectively. Wolf and Zasadzinski suggest that one
would expect less scattering or barrier reflection in
their Alwb proximity sandwiches and hence a higher
value of o, since the evaporations took place at
10 ' Torr rather than 10 ' Torr as in the earlier
studies. "'" However, they have notdeterminedthe
value of o for their proximity sandwiches. As we
have shown in our MTM fitting shown in Fig. 19,
a 1.7 A thick krypton implanted layer on Nb had
a I,"„of20 MeV and a 0 of 0.03 and was producing
a weak proximity effect in the I —V character-
istics. How close our I

„

is to those which apply
to the Al layers of Won and Zasadzinski could only
be determined if we knew their value of a. Con-
sequently, it is not possible to determine from
their results whether the distorted Nb phonon
structure that we observe in Fig. 23 is due to too
thick an ion implanted layer or is characteristic
of contaminated polycrystalline Nb underlying
the normal layer. If the latter is the case, then
the use of single-crystal Nb samples should im-
prove our phonon spectra considerably. How-
ever, we should be able to reduce the thickness
of the ion-implanted layer even more by reducing
the energy of the ions in the final etch closer to the
threshold energy for sputtering. The reason why

Wolf and Zasadzinski can obtain such high values of
I'„/&x for relatively thick layers of Al is due to the
fact that v~ of Al is approximately a factor of 10
larger than v~ of Nb. It should be noted that
Wolf and Zasadzinski claim that by making the Al
layer 30 A thick, they can completely oxidize the
Al layer in the process of forming the tunneling

barrier and thus not have any normal layer on the
surface of the Nb.

C. La3A1

In order to test the application of our technique
of junction fabrication to more exotic materials,
we made a brief attempt to tunnel into La,Al. A
button of La,Al was made in an argon arc melting
furnace. The sample was sliced into discs and the
flat surfaces were polished mechanically to a
4-p, m finish. The best flat surfaces of the pol-
ished discs were then plasma oxidized to produce
an insulating layer of approximately 2000 A. The
discs were then mounted on standard-sized foils
using silver paint. These mounted samples were
then placed in the Auger system and tunnel junctions
were fabricated using the procedure described for
niobium and tantalum. The tunneling barriers were
formed by oxidizing the exposed surface of the
La,Al for approximately 2 min in 50 pm of pure
oxygen. Lead was then evaporated as the counter-
electrode to complete the junctions.

Figure 24 shows a typical 1 Vcurve for —a
La,Al-O-Pb tunnel junction at 1.1'K. The sum
of the energy gaps is 1.6 MeV. This leads to a
value of 0.25 me& for the energy gap of La,Al at
1.1'K. As can be seen from Fig. 24, the I- V
characteristic is not very ideal in that there is
much excess current at voltages less than that
corresponding to the sum of the energy gaps. The
basic problem was that the junctions were un-
stable and very rapidly became shorts. We tried
driving the junctions using an ac current and
displaying the I- V characteristics on an oscillo-

Lo Al —p —Pb3
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FIG. 24. Current-vol-
tage characteristic of a
La3AI-0- Pb tunnel Junc-
tion at 1.1 K.
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scope. Occasionally we found a junction that gave
a better characteristic initially than the one shown
in Fig. 24, but the junction I- V characteristics
started to change immediately and head towards
a short. Figure 24 represents 'g, junction that lasted
long enough to obtains I- V trace on anX-F
recorder. Because of this problem of junction in-
stability no further measurements were possible.

However, in order to try to understand what was
happening to these tunnel junctions, we fabricated
more tunnel junctions on La,A1 in the Auger
system in the same way, but we used the Auger
system to examine them at various stages of their
preparation. Two facts were discovered in this
way.

(i) The plasma oxidation process appeared to
involve mass transfer from the cathode, i.e., oxide
ions of the tantalum cathode were migrating to
the samples and forming tantalum oxide on the
surface of the La,Al disc. Auger spectroscopy
clearly indicated the presence of tantalum oxide
on the surface of a La,Al sample which had been
"plasma oxidized. " As far as the fabrication tech-
nique is concerned, this is not a serious problem.
The tantalum oxide simply replaces the oxide of
La,Al as the insulating layer on the surface of the
La3Al.

(ii) The more serious problem twas the completed
junction. Auger spectroscopy showed that within
a very short period of time traces of lanthanum
and aluminum could be found on the surface of the
lead films which had been evaporated as counter-
electrodes. This migration of La and Al was
creating shorts in the junctions. The process
appeared to be accelerated when an external cir-
cuit was connected to the sample and a voltage
applied to the junction. A possible explanation is
that an electrochemical reaction is taking place
because of the difference in the electrochemical
potential between the two materials La,Al and Pb.

While this attempt to tunnel into La+i has not
been too successful, it should be apparent that
the problems encountered are more in the nature
of material problems rather 'thanproblems withthe
fabrication technique itself. Indeed, the involve-
ment of Auger spectroscopy in our fabrication
technique has demonstrated its power in being
able to give information about what was going
wrong with the tunnel junctions.

IV. CONCLUSIONS

We have developed a new technique for the fab-
rication of electron-tunneling junctions on bulk
samples of superconductors. The technique in-
volves ion etching a hole through an insulating

layer on the surface of the superconducting sam-
ple until Auger electron spectroscopy indicates
that a clean surface of the superconductor has
been attained. Then thermal or plasma oxidation
of the clean surface at the bottom of the hole pro-
duces the tunneling barrier, and finally a metal
evaporation over the hole completes the tunnel
junction. We have applied this technique to pro-
duce tunnel junctions on bulk samples of Ta, Nb,
and La+i.

Tunneling into tantalum and niobium has been
an excellent test of this fabrication technique in
that these transition metals have very short co-
herence lengths and the tunneling results are very
sensitive to contamination of the Ta or Nb sur-
faces by impurities. We have shown that our fab-
rication technique produces a thin layer (less than
10 A) contaminated with implanted etching ions.
We have shown that this layer acts as the normal
layer in a proximity sandwich, and that it can
produce quite large knee structure in the I-V char-
acteristics at voltages just greater than that cor-
responding to the sum of the energy gaps in a
Ta- Ta„O,-Pb or Nb-Nb„O, -Pb tunnel junction. We
have fitted our I-V characteristics with this proxi-
mity induced structure to MTM and found quanti-
tative agreement between the theory and the ex-
perimental results. In particular, MTM can fit
the reduction in the voltage corresponding to the
sum of the energy gaps and the magnitude and

shape of the kneee structure using a value of the
MTM parameter 1 „which is consistent with the
known thickness of the normal layer determined
in an independent etching experiment. The barrier
transmission probability o between the normal
layer and the underlying superconducting layer
turns out to be 0.03 to 0.04 for all our samples,
significantly lower than the 0.1 value of p found

by Adkins and Kington for Cu-Pb or Ag-Pb films
and Toplicar and Finnemore for Pb-Cd films.

We propose that the excess current observed in
the I-7 characteristics of our Ta- Ta„O,-Pb and
Nb-Nb„O, -Pb tunnel junctions below the voltage
corresponding to the sum of the energy gaps is
due to regions of the transition metal within the
junction area which are behaving as normal metal.
Thus, this excess current is the result of a nor-
mal metal-oxide-lead tunnel junction, in parallel
with the transition-metal-oxide-lead tunnel junc-
tion. Using this two-junction model in conjunction
with the I-7 calculations based on MTM, we can
fit the experimentally observed I-V characteristic
quite well over the entire voltage range. Typi-
cally, we have to assume that up to 25% of the
total junction current is coming from these normal
regions. We have not been able to identify the
source of these normal regions, but we suspect
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that they are caused by impurities diffusing out of
the sample along grain boundaries and producing
centers of contamination on the ion cleaned sur-
face. It is interesting to note that there is a tend-
ency for the samples with the thickest ion-im-
planted layer, i.e., those produced by a 2-keV ion
etching beam, to show the least amount of this
excess current associated with normal regions.
This fact would be consistent with our explanation
of the origin of this excess current, if the implant-
ed etching ions were tending to block the other im-
purities in the sample from diffusing to the sur face.

We have shown that we can reduce the thickness
of the layer implanted with etching ions by suc-
cessively reducing the energy of the etching ions,
i.e., 2 keV to 1 keV to 500 eV, during the ion
etching of the surface. This has allowed us to do
two things. First, it has substantiated our inter-
pretation that the knee structure in the I-V char-
acteristics of our Ta- Ta„O,-Pb and Nb-Nb„O, -Pb
tunnel junctions above the voltage corresponding
to the sum of the energy gaps is the result of a
proximity effect between this normal layer and
the underlying superconductor by allowing us to
demonstrate that as the thickness of the normal
layer is reduced the knee structure is reduced in
agreement with MTM. Secondly, by reducing the
thickness of this normal layer, we are able to get
closer to the tunneling characteristics associated
with clean surfaces of these transition metals. In-
deed, in the case of tantalum, we have made this
normal layer so thin that there is a negligible
proximity induced knee structure in the I-p char
acteristics. Consequently, we have been able to
obtain from our tunneling measurements the value
of 1.40~0.05 meV for 2g T„which is in excellent
agreement with the best measurements on clean
Ta. In the case of Nb, we have not been able to
make this normal layer thin enough, using a final
etch of 500-eV krypton ions, to completely elimi-
nate the proximity induced knee structure. Con-
sequently, although the value of 2&» that we ob-
tain directly from our I-V characteristic is 3.00
~0.05 meV, in excellent agreement with the value
of 2.96 meV obtained by Robinson et al. ,' the fit
to our I-V characteristics using MTM requires the
Nb underlying the normal layer to have 2~» equal
to 3.10 meV. This supports the claim of Bostock
et al. ' that 26„bfor clean Nb is 3.12+0.02 meV.

Our data on the normalized conductance of
Nb-Nb„O, -Au and Ta- Ta„O,-Ag junctions prepared
using our ion etching technique indicate that more
development of the technique will be required be-
fore we will be able to obtain conductance data of
sufficient quality that inversion using McMil)an's
program to obtain details of the phonon structure
will be worthwhile. In order to improve the qual-

ity of our conductance data, we must focus on
two areas of concern, i.e., the source of the ex-
cess current and the exact effect of the ion-im-
planted layer on the conductance data at the phonon
energies. By applying our technique to single-
crystal samples with lower amounts of intrinsic
impurities, we should be able to explore whether
the excess current is associated with surface con-
tamination originating from the bulk. By lowering
the energy of the ions used in the final etching
process towards the threshold for sputtering, we
should be able to reduce the thickness of the ion
implanted layer even more and examine what effect
this has on the conductance data.

The technique that we have developed lends it-
self to junction fabrication on more exotic mater-
ials, such as alloys, which are hard to evaporate.
The work so far indicates that it is possible to
fabricate tunnel junctions on materials such as
La+1, but that the junctions are somewhat un-

stable. The problems appear to be material re-
lated and not fundamental to the technique. The
only fundamental problem that might arise with
the use of our technique on alloys is the possibility
of differential etching, i.e., the possibility that one
constituent of the alloy might ion etch at a different
rate than Imother, and thus leave a. surfa. ce..which
does not have the correct stoichiometry. This
possibility and material related problems, such as
have been experienced with La,Al, are amenable
to investigation by Auger-electron spectroscopy,
which is an integral part of our junction fabrication
technique.

We feel that our junction fabrication technique
at its present stage of development is adequate to
tackle a number of problems. It should be ideal
for tunneling into superconductors with reasonably
large coherence lengths. The use of our technique
should make it easier to tunnel into surfaces of
single crystals with known orientation of various
sp-band superconductors to investigate the exis-
tence of energy-gap anisotropy. 2"" It should be
possible to use our technique for preparing a clean
superconductor-oxide barrier interface, which can
then be exposed to a known amount of an adsorbed
molecule, as determined by Auger spectroscopy,
before evaporating the counterelectrode to com-
plete the tunnel junction. In this way it should be
possible to study the strengths of the electron-
molecular interactions responsible for the struc-
ture in the tunneling characteristics due to inelas-
tic tunneling. '
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