R. F. Broom
R. Jaggi

Th. O. Mohr
A. Oosenbrug

Effect of Process Variables on Electrical Properties of
Pb-Alloy Josephson Junctions

Our studies on the effect of process variables on the electrical properties of Josephson tunnel junctions were directed
toward optimization of the process for cryogenic memory applications, for which special importance is placed on the dc
Josephson current density j,, its stability and reproducibility, and the junction quality. Variables studied included rf
voltage, oxygen plasma pressure, the presence of oxygen during deposition of the counter electrode, the composition and
surface state of the base electrode, junction geometry, radial position on the wafer, and storage and annealing condi-
tions. Various process adjustments were made in order to obtain acceptable device characteristics. For example, good
tunnel characteristics could be obtained using Pb-Au-In alloys if In concentrations >8 wt% (for a fixed 3% Au concentra-
tion) were used in the base electrode. High pressure and low rf voltage during oxidation were preferable, since these
conditions led to low annealing factors. We were also able to adjust j, locally by irradiation with high-energy (>5 keV)

electrons.

Introduction

The advantages of a high-performance, low-power cryo-
genic memory have been demonstrated with a single-flux-
quantum (SFQ) memory cell [1-2]. The demonstration
vehicle based on this cell contains the critical elements of
a main memory in Josephson technology [3]. The tech-
niques used to fabricate the memory cross-sectional
model were adapted from ones already in use [4-7].

The effects of varying process parameters on the elec-
trical properties of Josephson tunnel junctions are de-
scribed in this paper. Two categories can be distin-
guished: effects on the Josephson current density and ef-
fects on the single-particle tunnel characteristics.

The composition, thickness, and purpose of the various
layers used are slightly different from those discussed by
Greiner et al. in an accompanying paper in this issue [8].
The basic differences are the absence of the I, C, and L,
layers; base-electrode (M,) and control-line (M,) com-
positions of Pb-In(12 wt%)-Au(3 wt%); and a counter-
electrode (M,) composition of Pb-Au(2.5 wt%)-Pb(36
wt%).

All the metal and insulating layers, except for the M,
ground plane (subtractively wet-etched) are patterned by
using lift-off techniques. See Refs. [8-9] for a detailed de-
scription of the profile requirements and patterning pro-
cess.

The high-vacuum systems used for deposition of junc-
tion electrodes and control lines and for rf oxidation of
the tunnel barrier [10] were equipped for simultaneous
processing of multiple wafers. The evaporation sources
for Pb, In, and Au were tungsten crucibles with vitreous
carbon inserts, thermally heated by electron bombard-
ment. A schematic drawing of the system is shown in Fig.
1.

Current density dependences

Josephson current density j, is an important parameter in
electrical device performance. To satisfy circuit require-
ments j, should be within =10% of a prescribed value.
This section outlines key process variables and their ef-
fects on j,. In addition, methods are described to adjust j,

- with post-fabrication treatments.
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Figure 1 Schematic diagram of the vacuum system.

® RF voltage

During the formation of the tunnel barrier two mecha-
nisms are competing: oxide growth and oxide sputter
etching. After a 40-min rf oxidation these mechanisms are
in equilibrium. The resulting tunnel-barrier-layer thick-
ness, which determines j,, strongly depends on plasma
energy. At a constant oxygen plasma pressure there is an
inverse proportionality, with j, decreasing with increasing
rf voltage (all voltages are peak-to-peak). Higher plasma
energies result in thicker barrier layers, indicating that
oxidation exceeds sputter etching.

The high sensitivity of j, to changes in the tunnel barrier
explains why the rf voltage dependence is different in
each vacuum system, since the geometrical arrangement
influences properties of the plasma and backscattering of
material during rf oxidation.

® Pressure of oxygen plasma

Figure 2 shows the dependence of j, on oxygen plasma
pressure at fixed rf voltage. At low but increasing pres-
sures (=0.5 Pa), j, first decreases because of the larger
number of ions available for oxidation. Above the mini-
mum (=4 Pa), j, is dependent on several competing pro-
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Figure2 Dependence of j, on oxygen plasma pressure forV =
230 V.
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Figure 3 Dependence of j, on partial pressure of oxygen in the
system during deposition of the first monolayers of M,. The
range A represents data for M, deposition after Ar or N, rf clean-
ing; range B is for M, deposition in an oxygen atmosphere.

cesses: charge neutralization caused by collisions of posi-
tive and negative oxygen ions, energy losses and reduc-
tion in the primary sputtering rate due to collisions of ions
with molecules, and increased backscattering at higher
pressures.

o Influence of oxygen during deposition of counter
electrode (M)

In addition to the plasma-grown and backscattered bar-
rier layer, some oxide is formed at the interface between
the barrier and counter electrode by reaction of Pb with
adsorbed oxygen. The amount of adsorbed oxygen is pri-
marily determined by the background conditions prior to
M, deposition. Figure 3 shows the dependence of the Jo-
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Figure 4 Dependence of j, on the indium concentration in the
base electrode (M,).
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Figure 5 Systematic variation of j, over a 32-mm wafer for rf
oxidation at O, pressures of 0.4 (---) and 0.8 Pa (—); r is the dis-
tance of the chip from the center of the wafer (defined as r = 0).

sephson current density on the partial oxygen pressure in
the system measured during the deposition of the first
monolayers of Pb of the Pb-Au-Pb counter electrode.

The partial pressure of oxygen increases during deposi-
tion due to release of oxygen atoms adsorbed on the parts-
of the system. This increase can be related to the source
temperature, the bell-jar temperature, the amount of
metal evaporant on the system parts, and in particular to
the history of the system. Rf-system cleaning with Ar or
N, after tunnel-barrier formation results in a hardly de-
tectable amount of oxygen desorbed during M, deposi-
tion, and a much higher j,. On the other hand, j, is drasti-
cally reduced if M, deposition occurs in an increased
background of oxygen.
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& Base-electrode (M) composition and surface state
The composition of the base electrode M, should be care-
fully controlled to achieve acceptable run-to-run repro-
ducibility in j,. The influence on j, of a varying In concen-
tration in M, is shown in Fig. 4. The Au content was kept
constant at 3 wt%. It can be seen that j, increases with the
In concentration. The more In available in M,, the higher
its concentration will be at the top surface. This leads to
more In,O, in the tunnel barrier layer and thus, increased
current density [11].

During resist processing the surface of the M, layer is
exposed to atmosphere and to chemical solutions. Result-
ing surface reactions and gas adsorption cause irrepro-
ducible changes in the M, surface, as evidenced by el-
lipsometric measurements of M, layers before and after
resist processing. The original readings could not be re-
stored by rf cleaning in Ar. Junctions prepared on rf-ar-
gon-cleaned M, surfaces usually had a lower j, and a
much larger spread o in j, as compared to junctions pre-
pared on untreated wafers. Apparently the rf cleaning of
the alloy surface introduces local variations in surface
composition.

No clear dependence of j, on resist development times
was found; however, j, is increased considerably by ex-
tended washing of the M, layer in deionized water. An
increase of ~50% was found for a washing time of 210 s
as compared to 90 s. During washing some Pb is etched
off and dissolved in deionized water (as lead hydroxide).
This leads to a higher In concentration at the M, surface
and thus a j, increase.

e Junction geometry

Current density is influenced by junction geometry. It is
lower for small-area junctions and levels off with increas-
ing dimensions. This j, *‘size effect’” is affected by the
thickness of and the material used for I,, and becomes
more pronounced with increasing thickness, suggesting
that backscattering of insulating material from the steep
L, edges to the periphery of the junction during rf oxida-
tion is an important factor in understanding the size ef-
fect. The observation that long narrow junctions exhib-
ited lower j, values than square junctions of the same area
is consistent with this model. A further possible ex-
planation involves different charging of the oxide.

The differences observed in the area dependence of j,
with the use of different I,, materials probably result from
variations in sputtering yield for these materials and/or
from material-dependent changes in the local potential
distribution at the wafer surface during rf oxidation. In an
experiment where we compared the use of Nb, Si, ALO,,
Al or In as thin layers on top of I,, (SiO), Nb showed the
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smallest (1.08), and In the largest (1.30), size effect (ex-
pressed in j, ratios for 200-m” and 30-um’ junctions).

& Radial position on the wafer

Current density is nonuniform over the area of a wafer.
With an rf oxidation at 0.8 Pa of O,, j, is higher at the
center of a 32-mm wafer than at the periphery, the dif-
ference being =25%. See Fig. 5, where r is the distance of
the chip from the center of the wafer. The steepest de-
crease in j, is observed at the wafer periphery. The local
variation in current density on a wafer can be reversed by
a change in plasma pressure. For rf oxidation at 0.1 or
0.4 Pa, the lowest value of j, is found in the center of the
wafer [=,(0)].

Factors which affect uniformity are the perturbation of
the cathode potential by a static charge on the wafer [12]
and backscattering of material from the cathode body

[11].

& Storage
Storage stability of j, was tested on interferometer struc-
tures [13] protected by 2 um of SiO under four different
conditions:

1. At room temperature in dry air of a desiccator.

2. At room temperature in vacuum better than 10~ Pa.
3. At —24°C not protected from humidity.

4. At liquid-nitrogen temperature.

The results are shown for full-window junction inter-
ferometers (junction area defined by I,, ) in Fig. 6, where
J,(after storage)/j(initial), averaged over eighty inter-
ferometers, is plotted versus storage time. Best stability is
found on samples stored in liquid nitrogen. The results
are still reasonable for storage in vacuum and dry air,
where only small changes in j, have been observed; how-
ever, the results from chips stored at —24°C in a humid
atmosphere are unacceptable. The I, layer apparently
does not prevent penetration of water vapor into the junc-
tion.

& Annealing
Annealing changes the current density of Josephson de-
vices. In Fig. 7, the annealing factor

J, (after annealing)

J, {before annealing) M
is plotted versus the oxygen pressure during rf oxidation.
The four curves refer to different rf voltages and anneal-
ing times. In the low-pressure range, « is generally
greater than unity and increases for higher rf voltages. At
high pressure and low voltage, current density is reduced
by annealing. The changes observed in j, indicate that the
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Figure 6 Storage behavior for full-window junction inter-
ferometers protected by 2 um of SiO. Data points are for the
following storage conditions: +, liquid N,; A, vacuum; X, desic-
cator; and [J, —20°C.
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Figure 7 Annealing factor versus pressure during 40-min rf oxi-
dation at 100 (—) and 200 V (---). Data points are for 80°C anneal
for 1 (@) and 4 h (8).

as-fabricated barrier layer is not in its equilibrium state.
To explain the junction behavior during annealing at least
two competing processes would have to occur, j, being
increased by one and decreased by the other. Possible
mechanisms invoke changes in oxide composition or
crystal structure, densification of backsputtered oxide, or
reaction of excess oxygen with the electrode material.

The current density approaches a constant value with
extended annealing time. Thus structures baked a number
of times during resist processing are partially stabilized
on completion.

& Local adjustment of current density
The temperature treatment of completed devices can be
used to make j, adjustments. The increase (or decrease) in
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Figure 8 Junction quality Q versus concentration of indium in
M
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J, is uniform over the chip or wafer area. A local adjust-
ment of j, is possible by irradiating particular junctions
with electrons with energies higher than 5 keV. The
room-temperature resistance of these junctions decreases
with increasing electron exposure. This is most likely due
to the creation of disorder in the tunneling oxide by the
high-energy electrons [14]. According to this resistance
decrease, j, is increased. A j, increase of 50% is seen with
an electron dosage of 10" C/cm” and an accelerating volt-
age of 30 kV. It is noteworthy that the electron irradiation
treatment has no measurable effect on either the room-
temperature storage or annealing behavior.

Single-particle tunnel-characteristic dependences
Two measures are used in the determination of the single-
particle characteristics: the junction quality Q (measured
below the half-gap voltage A/e) and V,_ (an empirical
measure of the single-particle current above A/e). The
junction quality is given by

Q =100 {1 ~ [R_I(1 mV) — R2°I_ (1 mV)]/1 mV},(2)

in which R, is the normal-state tunnel resistance,
I(1 mV) is the measured single-particle current at 1 mV,
and I, (1 mV) is the tunnel current calculated from the
Bardeen-Cooper-Schrieffer theory for an “‘ideal”” junc-
tion at 4.2 K having a gap voltage 2A/e = 2.5 mV. [For
RS = 1Q, I, (1 mV) = 0.063 mA.] Thus, Q represents
the deviation from BCS theory. The value for V_ is given
by R, where R, is defined as the linear resistance at
1.7 mV and i, is the maximum dc Josephson current (j, X

area).

® Dependence of Q on base-electrode (M,) composition
Figure 8 shows ( as a function of the In concentration in
M,. The degradation of Q at low-In concentrations is be-
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lieved to be the result of the increasing influence of nor-
mal conducting material in M, when located close to the
barrier. As In, Au, and Pb are deposited consecutively, it
is to be expected that for higher In concentrations, less
unreacted Au, AuPb,, or AuPb, are found in the film
because Auln, is formed as a bottom layer [15, 16]. The
excess In goes into solid solution with Pb and only small
quantities of Au can diffuse into this solution. The junc-
tion quality is fairly constant for In concentrations
>8-10%. For this reason the base-electrode (M,) compo-
sition was fixed at Pb-In(12 wt%)-Au(3 wt%).

® Dependence of V,, on the proximity of Au in the
counter electrode (M)

The Au concentration of 2.5 wt% is well below that re-
quired to convert the entire M, film to AuPb, or AuPb,.
These phases remain as thin films centered at the original
location of the Au. Their influence on the tunnel charac-
teristics will be a function of the separation between the
Au/Pb phases and the oxide-M, interface. Indeed a con-
siderable increase in V is seen (from 12 to 17 mV) for the
Pb-Au(2.5 wt%)-Pb(36 wi%) M, composition compared to
Pb(36 wt%)-Au(2.5 wt%)-Pb. Depositing more than 61
wt% Pb before Au deposition did not show further signifi-
cant increase of V.

® Dependence of V,, on current density

It is reasonable to expect a decrease in V but little
change in quality factor Q as j, is increased, because these
quantities are measured at voltages above and below A/e,
respectively. Qualitatively, such behavior is in fact ob-
served.

The appropriate functional V, dependence on j, should
be of the form V, = V_ /(A + Bj ). However, many addi-
tional material variations such as alloy composition, free
gold in grain boundaries, and the abruptness of the super-
conductor-oxide interface influence the first-order tunnel
current and obscure the second-order effects by in-
troducing relatively large random variations in V. For
this reason, a simple linear approximation has been ap-
plied to the results. The overall downward trend of V
with increasing j, is indeed found. A least-squares fit to
the mean values of V  for all junctions lying within in-
tervals of 0.5 kA/cm® yields the relationship V, =
18.1 — 0.45j,, where j, is in kA/cm® and V,_ in mV.

Summary

The main purpose of this paper is to describe how junc-
tion characteristics depend on process conditions. The re-
sults illustrate the measures taken to obtain acceptable
device characteristics. The principal results are as fol-
lows. For a fixed Au concentration of 3 wt% in the base
electrode (M,), the In concentration must be >8 wt% to
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obtain good tunnel characteristics. Current density j, is a
function of rf voltage and oxygen plasma pressure, but
other preparation parameters must be considered. Some
freedom of choice is available in adjusting these parame-
ters for a given j, and a desired junction behavior. Finally,
high pressure and low voltage lead to a low annealing fac-
tor and are therefore to be preferred.
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