
Josephson superconducting devices 
have exciting potential for use in building 
ultrahigh-speed computers. These de- 
vices, based on the phenomena theoreti- 
cally predicted by Brian Josephson in 
1962, possess two key properties that are 
essential to building such computers: 
fast switching speeds and low power dis- 
sipation levels (1, 2). The switching 
speeds of - 10-11 second obtained for re- 
cent Josephson logic devices are faster 

ciently dense packaging is already diffi- 
cult to achieve because the power dis- 
sipation of the transistors (> 100 times 
higher than that of Josephson devices) 
exceeds the limits for which direct liquid 
cooling could be used to maintain safe 
operating temperatures. It is therefore 
necessary to use bulky heat sinks that re- 
sult in lower packaging densities. For the 
potential of Josephson devices to be real- 
ized, novel materials and processes must 
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than those of the most advanced semi- 
conductor devices (3). In addition to 
having fast switching speeds, the devices 
must be small and closely packed, be- 
cause the time required for electrical sig- 
nals to propagate between devices can 
be the main factor limiting computer per- 
formance. (Electrical signals travel only 
- 1.5 millimeters in the device switching 
time of - 10-~ second; thus to achieve 
the highest performance most of the 
many thousands of logic and fast memo- 
ry devices in a high-speed computer 
should be located within a few centime- 
ters of each other.) The low power dis- 
sipation of Josephson devices (< 10-6 
watt per device) should allow them to be 
packed densely without incurring heat 
removal problems (1, 4). For very fast 
semiconductor logic circuitry, suffi- 
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be developed to enable them to be fabri- 
cated with the electrical characteristics 
desired for logic and memory devices 
and with the ability to withstand cooling 
to - 4 K above absolute zero (by immer- 
sion in liquid helium), the temperature 
region at which these devices operate. 

Josephson Devices 

The type of Josephson device most 
suitable for high-speed computer appli- 
cations is a SQUID (Superconducting 
QUantum Interference Device) com- 
posed of several superconducting tunnel- 
ing junctions that share common elec- 
trodes (2). A schematic cross section 
through the center of such a device is 
shown in Fig. 1. The junction portions of 
the device consist of two electrodes sep- 
arated by an ultrathin (5 nanometers) in- 
sulating layer. The electrodes are super- 
conductors (metals that have an in- 
finitely small electrical resistivity when 
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cooled to below a characteristic temper- 
ature Tc 10 K). The junction regions 
are defined by windows in a thicker in- 
sulating layer. The ultrathin insulating 
layer is typically an oxide grown on the 
base electrode. It is sufficiently thin that 
current flow can pass through it by elec- 
tron tunneling; hence, it is referred to as 
a tunneling barrier. The current-voltage 
characteristic of such a junction has two 
branches, as shown in Fig. 2. A normal 
tunneling-current branch (b) for which a 
voltage occurs across the tunneling bar- 
rier, and a superconducting or Josephson 
tunneling-current branch (a) for which 
no voltage develops across the barrier. 
Because the Josephson current is very 
sensitive to magnetic fields, the junction 
can be switched from one branch to the 
other by passing a small current through 
a thin film wire (the control line in Fig. 1) 
located in close proximity to the junc- 
tion. The remaining element of the de- 
vice is a superconducting ground plane 
which is used to confine electrical signals 
to the close proximity of the device, 
thereby permitting close packing of de- 
vices without incurring cross-coupling 
between them. The control line and 
ground plane are separated from the 
junction electrodes by insulating layers 
not shown in Fig. 1. In addition, a thin- 
film layer of a nonsuperconducting metal 
is used to provide load and damping re- 
sistors. Integrated logic and memory cir- 
cuits can be obtained by using the elec- 
trode and control-line layers for device 
interconnections. Such circuits (5) con- 
tain up to 14 thin-film layers that range in 
thickness from 0.02 to 2 micrometers, 
and are patterned in shapes with mini- 
mum dimensions of 2.5 ,m by means of 
photolithography techniques similar to 
those developed for fabrication of semi- 
conductor circuits. Most of the layers 
are prepared in vacuum by evaporating a 
source material and condensing the va- 
por on a silicon substrate containing any 
previously deposited patterned layers. 

Electrode Materials 

The properties desired for Josephson 
junction electrode materials can be di- 
vided into two categories: those which 
affect the junction characteristics needed 
for logic and memory device design and 
those needed to make possible the fabri- 
cation of thin-film, multilayer integrated 
circuits. 

Properties desired for junctions. The 
superconducting property of the elec- 
trodes that is of most importance for 
junctions is the energy gap Eg. (When a 
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metal is cooled below its supercon- 
ducting transition temperature, Tc, its 
conduction electrons attain a lower ener- 
gy state in which they are grouped into 
pairs. The energy gap can be thought of 
as the energy required to break up the 
pairs.) The size of the energy gap influ- 
ences two features of the normal branch 
of the junction current-voltage charac- 
teristics (see Fig. 2, branch b): the ener- 
gy gap voltage Vg at which the normal 
tunneling current rises steeply and the 
current level I, below the energy gap. 
The value of Eg must be large compared 
to the thermal energy of the electrons in 
order for the value of I, to be small com- 
pared to the maximum Josephson cur- 
rent Im and in order for Vg to be well de- 
fined, as desired for logic and memory 
device design. To operate devices at 4.2 
K, the boiling temperature of conve- 
niently available liquid helium, a value of 
Eg > 2.5 x 10-3 electron volts is needed. 
Such Eg values are obtained by using su- 
perconducting materials having a Tc ' 7 
K. Of the elements, only lead and nio- 
bium have high enough Tc values. There 
are, however, a sizable number of alloys 
and intermetallic compounds that would 
also satisfy the Eg (Tc) requirement. 

Electrode properties can also affect 
the tunneling barrier and hence the value 
of Im, a junction characteristic that 
should be controlled to within ? 30 per-- 
cent for proper circuit operation, as well 
as the value of the junction capacitance 
which affects the switching speed of a 
junction. The Im value is exponentially 
dependent on the barrier thickness; as a 
consequence the barrier thickness typi- 
cally needs to be controlled to within less 
than one atomic layer in average thick- 
ness. To achieve this degree of control, it 
is advantageous for several reasons to 
use an oxide grown on the lower junction 
electrode as the tunnel barrier. The 
growth rate of the oxides formed on 
many metals at low (ambient) temper- 
atures decreases very strongly with in- 
creasing oxide thickness, leading to the 
growth of oxides having a very uniform 
thickness (6). Moreover, the growth rate 
becomes slow at oxide thicknesses simi- 
lar to those desired for tunnel barriers (in 
part because electron tunneling from the 
metal to the surface of its oxide is an im- 
portant factor governing the oxide 
growth), favoring good control of the 
oxide thickness. In addition, oxides are 
among the most chemically stable com- 
pounds of metals; thus use of an oxide 
tunnel barrier favors good stability of 
junction properties. 

The tunnel barrier material will also af- 
fect the value of Cj, the junction capaci- 
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tance per unit area. Since the switching 
and resetting times required for junctions 
are governed by the rate at which the ca- 
pacitance can be charged and discharged 
(7), small Cj's are desired for devices. 
The Cj value is determined by the ratio of 
the dielectric constant of the tunnel bar- 
rier to its thickness. Thus, supercon- 
ductors having metal oxides with small 
dielectric constants are favored for de- 
vices. 

Unfortunately, efforts to use metal 
oxide tunnel barriers have not been suc- 
cessful for all superconductors of inter- 
est. This has led to the exploration of 
tunnel barriers that can be deposited, 
rather than grown, on the lower elec- 
trode (8). Such an approach has the ad- 
vantages that the barrier material charac- 
teristics could be selected independently 
of those of the electrode-thereby avoid- 
ing the high dielectric constant oxides of 
some potential electrode materials, for 
example. In addition, the same barrier 
could be used with different electrodes. 
However, a problem with this approach 
is that deposited layers typically grow in 
a nonuniform manner on the thickness 
scale of interest for tunnel barriers. They 
initially form as nuclei at local sites 
(similar to the water droplets that form 
when steam condenses on a cool surface) 
and become a uniform, hole-free film on- 
ly at larger thicknesses. The difficulty in 
obtaining pin-hole-free barriers with 
well-controlled Im values is thus in- 
creased. It is not clear from the experi- 
ments that have been tried with this ap- 
proach whether it could meet the re- 
quirements for integrated circuit appli- 
cations. 

Properties desired for integrated cir- 
cuits. Integrated circuits involve the 
preparation on a substrate of many su- 
perimposed layers of different thin-film 
materials that are patterned into very 
small geometries. For Josephson cir- 
cuits, most of the preparation is carried 
out at near-ambient temperatures, but 

the circuits are operated at 4 K. Thus, a 
large number of materials and processes 
must be compatible with each other to al- 
low such circuits to be made successful- 
ly. Because of the great diversity of ma- 
terials, fabrication techniques, and struc- 
tures possible, as well as the trade-offs 
that can be made between them, the re- 
quirements for this compatibility can 
really only be considered with any de- 
gree of completeness for a rather specific 
set of the variables. However, a few gen- 
eral constraints that integrated circuit 
compatibility places on the choice of 
electrode materials are discernible from 
the experience we have gained to date. 

The first concerns the magnitude of su- 
perconducting penetration depth, X, an 
exponential decay length that describes 
the distance that magnetic fields pene- 
trate into a superconductor before they 
become vanishingly small. For proper 
electrical operation of circuits the thick- 
ness of the superconductors must usual- 
ly exceed - 1.5 x X to avoid undesir- 
able penetration of magnetic fields (9). 
However, for small geometries to be pat- 
terned on them, the film thicknesses 
must be small compared to their lateral 
dimensions. Because each successive 
layer in a multilayer structure is typically 
made with a greater thickness than that 
of those that precede it in order to ensure 
the coverage of underlying edges, it is 
important for the first patterned layers to 
be as thin as possible, for example, - 0.1 
,/m for Josephson devices. Thus, elec- 
trode materials with small X values of 
- 0.1 m are desirable for use in in- 
tegrated circuits. 

Another superconducting property 
that can be a constraint on the usefulness 
of a material for integrated circuits is the 
superconducting coherence length 6, a 
measure of the distance over which a 
change in the structure or composition of 
a material will cause a change in its ener- 
gy gap or transition temperature. In the 
course of preparing multilayer struc- 
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tures, materials are necessarily exposed 
to a variety of ambients, chemical solu- 
tions and cleaning processes that can al- 
ter the composition or structure of the 
surfaces of the materials to which they 
are exposed. For materials with values 
of s that correspond to thicknesses of 
few atom layers, for example, high-ener- 
gy gap, high-transition temperature su- 
perconductors having the A-15 crystal 
structure such as NbsSn and Nb3Ge, 
these procedures may cause deteriora- 
tion of the characteristics of junctions 
and interconnections between super- 
conductors (8). 

There are several other constraints 
that the multilayer nature of integrated 
circuits places on the materials and pro- 
cesses which can be used to prepare 
them. The stresses present in thin films 
that are prepared on substrates held at 
temperatures less than - 1/4 of their 
melting temperature, for example, nio- 
bium and other high melting temperature 
alloys, are typically very high and may 
exceed the values that underlying thin 
films or photoresist stencils can with- 
stand. Also, the temperature at which 
some superconducting materials must be 
prepared to exhibit desirable super- 

(a) 
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Fig. 2. Current-voltage characteristi 
interferometer similar to that shown i 

conducting properties, for e: 
above 500?C for the A-15 su 
ductors, is too high for many ot 
ful thin-film materials to withsta 

Finally, the thermal expansio 
cient of a material can be im 
During cooling of devices from 
to liquid helium temperatures 
films are constrained to follow 
mensional changes of their r 
massive substrate. A difference 

mal expansion coefficients between film 
and substrate thus can cause large 
stresses to develop in the films. These 
stresses are a problem for supercon- 

(b) ductors with low melting temperatures, 
such as those containing lead, which typ- 
ically have both high thermal expansion 
coefficients compared to those of useful 
substrate materials and a lesser ability to 
support stress without deforming. 

Comparing materials. In comparing 
the properties discussed above with 
those of various superconducting materi- 
als that have been used or have potential 

V for use as Josephson junction electrodes, 
ics of an we find that the materials can be classi- 
n Fig. 1. fled into three groups. The properties of 

a representative material from each 
group that has been used to prepare suc- 

xample, cessful junctions have been summarized 
ipercon- in Table 1. The first group is that of the 
her use- superconductors with low melting tem- 
nd. peratures, exemplified by the Pb0.84- 
n coeffi- Ino.12Auo.04 alloy and including, for ex- 
portant. ample, lead, tin, indium, and gallium and 
ambient their various alloys. This group is distin- 
the thin guished from the others primarily by the 

the di- mechanical properties of its members. 
elatively They have low values of intrinsic stress 
in ther- oi, but larger values of thermal stress (rT 

and a greater susceptibility to stress re- 

Table 1. The properties of several superconducting materials that have been used as electrodes 
in Josephson junctions. Each is representative of one of the three groups discussed in the text. 

Properties (units) Pb-In-Au Nb NbsSn 

Superconducting 
Tc (K) 7 9.2 17 
X (nm) 150 85 170 
e (nm) - 30 - 30 - 3 

Tunnel barrier 
Im Control Good Good Unknown 
Cj(/zF/cm2) 4.3 - 15 > 2 

Mechanical stress 
o'i Low High High 
o-T High Low Low 

Preparation conditions 
Ts (?C) < Ambient - Ambient 2 500 

Table 2. Thin film layers used in lead-alloy logic circuits. 

Layer Material Thikness Function 
(nm) 

1 Nb 300 Ground plane 
2 Nb205 25 to 35 Ground plane insulation 
3 SiO 145 to 275 Ground plane insulation 
4 AuIn2 30 to 43 Terminating, loading, and damping resistors 
5 SiO 200 Logic interferometer isolation and resistor 

insulation 
6 Pbo.84Ino.12Auo.o4 300 Ground plane contacts and logic 

interferometer inductance 
7 Pb0.84In0.12Auo.04 200 Base electrodes, interconnections, and 

resistor contacts 
8 SiO 275 Junction definition and insulation 
9 PbO/In203 6.5 Tunneling barriers 

10 Pbo.71Bi0.29 400 Counterelectrodes 
11 SiO 100 Counterelectrode protection layer 
12 SiO 500 Control line and interconnection insulation 
13 Pb0.841n0o.2Auo.04 800 Control lines and interconnections 
14 SiO 2000 Protective layer 
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laxation. 
The second group is exemplified by 

niobium and includes, for example, tan- 
talum and vanadium. The third is ex- 
emplified by Nb3Sn and includes, for ex- 
ample, NbsSi, V3Si, Nb3Al, and other al- 
loys of niobium, vanadium, or molybde- 
num with aluminum or silicon. Films of 
members from both of these groups are 
typified by their superior mechanical 
strength and by the large stresses they 
contain at ambient temperature. The 
members of the third group are distin- 
guished from those of the second primar- 
ily by their much smaller coherence 
length (s) values, by the high substrate 
temperatures Ts typically required to 
prepare them, and by the potential they 
offer for obtaining junctions with re- 
duced capacitance compared to those of 
the second group because of the ele- 
ments they contain that form lower di- 
electric constant oxides. 

The present status of efforts to prepare 
junctions or integrated circuits, or both, 
from these materials varies. Substantial 
experience has been gained in the use of 
lead-alloy Josephson junctions. A pro- 
cess has been developed and successful- 
ly used to fabricate experimental in- 
tegrated circuits containing - 100 
SQUID devices (5). The materials used 
and the functions they serve are listed in 
Table 2. The substrates are oxidized sili- 
con wafers, chosen principally for their 
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high thermal conductivity'and their suit- 
ability for use as the structural members 
in packaging large numbers of integrated 
circuits. Most of the superconducting 
layers are lead alloys which allow low- 
capacitance junctions to be formed. The 
alloy additions were selected to obtain 
films with improved chemical, mechani- 
cal, and superconducting properties 
compared to those of pure lead. The in- 
sulation layers are primarily SiO, se- 
lected because it can be prepared at the 
low substrate temperature and low stress 
levels desired for use with lead-alloy 
films. The tunnel barrier is an oxide 
grown on the Pb-In-Au base electrode al- 
loy. 

A scanning electron micrograph of a 
logic SQUID prepared by this process is 
shown in Fig. 3. The two - 2.5-,um-wide 
control line loops (Fig. 3A) pass over the 
top of the device. The four junctions 
(Fig. 3B) of the same size are faintly vis- 
ible beneath the inner control line. The 
counterelectrode (Fig. 3C) occupies the 
center region of the device, with the base 
electrode (Fig. 3D) extending beneath 
most of the region under the control 
lines. Logic devices of this type have 
been operated with an average logic 
delay of 1.3 x 10-11 second (10). Memo- 
ry cells suitable for use in a memory with 
a 1 x 10-9 second access time have been 
fabricated using similar techniques and 
operated with a stored energy of only 
- 6 x 0-20 joules (watt-second) (1I). 

The experience gained to date in- 

dicates that with further development 
this process has good potential for meet- 
ing the yield, tolerance, and reliability 
levels that will be required to make com- 
puters with large numbers of Josephson 
integrated circuits. The principal materi- 
als-related concern is the stability of the 
devices during thermal cycling between 
300 K and 4.2 K. Devices similar to that 
shown in Fig. 3 will withstand - 100 cy- 
cles before the first failures are observed 
in a population of 100 devices (12). Com- 
puters made with Josephson devices 
would probably not be subjected to very 
large numbers of thermal cycles (several 
hundred are estimated), but they would 
contain a very large number of devices. 
Thus, it is clear that further improve- 
ment in the thermal cycling stability of 
lead-alloy devices is needed. Investiga- 
tion of the strain behavior of lead and 
lead-alloy thin films has recently resulted 
in the development of lead-alloy junc- 
tions with significantly improved thermal 
cycling stability, as discussed below. 

For the case of niobium electrode ma- 
terials, SQUID devices have been made 
with niobium base electrodes, niobium- 
oxide tunnel barriers, and counter- 
electrodes of either niobium (13) or lead 
alloys (14). At present, only those with 
lead-alloy counterelectrodes have been 
made with current-voltage character- 
istics with the low Is values desired for 
integrated circuit applications. Much 
less experience has been gained with 
these devices than for the all lead-alloy 

devices. However, arrays containing 
substantial numbers of individual de- 
vices have been made successfully. They 
exhibit excellent thermal cycling stabil- 
ity and the desired values of the Joseph- 
son current can be obtained with reason- 
able reproducibility and uniformity. 
These devices offer good potential for in- 
tegrated circuit fabrication. Much of the 
experience gained during the develop- 
ment of circuits with lead-alloy junctions 
could be applied to the development of 
circuits using niobium electrodes. The 
principal concern with them is the - 3.5 
times higher values of their junction ca- 
pacitance which would reduce computer 
performance by approximately a factor 
of 2 (15), according to estimates based on 
present circuit design concepts. It is not 
yet clear whether the effect of this ca- 
pacitance can be reduced or circum- 
vented. 

For NbsSn and other materials in the 
third group, small numbers of large area 
junctions have been made, usually with 
lead counterelectrodes. Some junctions 
with current-voltage characteristics of 
good quality have been obtained. The ca- 
pacitance of Nb3Sn:Pb junctions was 
found to be promisingly low (16), al- 
though this result may have been due to 
the presence of excess tin on the surface 
of the Nb3Sn (17). However, too little ex- 
perience has been gained to date to allow 
a realistic assessment of the potential of 
such junctions for integrated circuit ap- 
plications. For example, the effect on the 

Fig. 3. Scanning electron micrograph of a Josephson logic interferometer containing 2.5-/um-diameter junctions. 
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junction properties of preparing the junc- 
tions by methods compatible with in- 
tegrated circuit fabrication are not yet 
known. The development of a barrier 
formation process that would provide re- 
producible Josephson currents in the 
range needed for integrated circuits has 
not yet been attempted. A consistent set 
of materials and processes compatible 
with the - 700?C substrate temperatures 
needed for preparation of these materials 
has not yet been devised. 
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cycling until it becomes dominant. This 
additional current has the properties of a 
superconducting microbridge of - 0.1- 

lem. aum size shunting the tunnel barrier (18). 
curs The microbridge is believed to form be- 
iring cause of stress relaxation in the junction 
re of electrodes during cycling. 

oc- Hillocks, micrometer-size protrusions 
f cy- that grow up from the film surface when 
ltun- a lead-alloy film on a substrate is repeat- 
ltage edly cycled to 4.2 K (19), are macroscop- 
onal ic evidence that stress relaxation is oc- 

curring. Such hillocks are suppressed 
when lead-alloy films are covered by ad- 
ditional layers, thus they are not ob- 
served in failed devices. Nevertheless it 
seems likely that device failures are due 
to the formation of "incipient" hillocks. 

Hillocks can occur in a thin film when 
it is subjected to a compressive stress in 
the plane of the film. Such a compressive 
stress can develop in (initially stress- 
free) lead-alloy films during thermal cy- 

echa- cling: the difference in thermal expan- 
thin sion coefficients of lead and the under- 

lying silicon substrate are such that a 
lead-alloy film would be under tensile 
strain (elongation) during the cooling. If 
some relaxation of this strain occurs, the 
film would be compressively stressed up- 
on rewarming to ambient temperature. 
According to this picture, hillock forma- 
tion should be reduced if strain relaxa- 
tion in the lead-alloy films could be re- 
duced during cooling so that the films 
would return to ambient temperature in 
their original near-zero stress condition. 
We would thus like to determine the 
mechanisms by which strain relaxation 
can occur in lead-alloy films and to deter- 
mine the amount of strain that such films 
will support elastically at 4.2 K, that is, 
without strain relaxation. 

Strain relaxation. The amount of 
strain that a film actually supports elas- 
tically at 4.2 K, s'33, can be determined 
by using an x-ray diffraction technique to 
measure the spacing between atom 
planes in the film material after it has 
been cooled to 4.2 K (20). The total 

for amount by which the film is strained dur- 
arge- ing cooling, emax, can be calculated for 

zes. lead by using known thermal expansion 
coefficient data for lead and silicon. The 
amount of strain relaxation is then 
^- = Emax - 8'33. The stresses corre- 
sponding to the strains can be calculated 
from the known elastic constants of 
lead. 

The dominant strain relaxation mecha- 
nism in a material in a given region of 
stress and temperature can be identified 
by preparing a deformation mechanism 
map. The map constructed for 0.2-Am 
thick Pb-In-Au films (21) is shown in Fig. 
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4. It was prepared by calculating for each 
stress o- (normalized by its shear modu- 
lus ,) and temperature, the strain relaxa- 
tion rate for all relevant mechanisms to 
identify the dominant (fastest) mecha- 
nism. The (r-T map can then be divided 
into regions labeled by the dominant 
mechanism. The boundary between two 
regions is located at the set of (or, T) val- 
ues where the strain relaxation rates of 
the two corresponding mechanisms are 
equal. Three regions (mechanisms) are 
evident in Fig. 4. Also shown in Fig. 4, 
curve a, is the calculated (cr, T) trace that 
would be followed by a lead film (initial 
a = 0) on a silicon substrate when 
cooled to 4.2 K, assuming no strain re- 
laxation occurs. It is seen that the fields 
of two deformation mechanisms are tra- 
versed during cooling, that is, grain 
boundary diffusion creep at T > 200 K 
and dislocation glide at aou- > 2 x 10-2. 
Because the cooling rates are very rapid 
near 300 K, the amount of strain relaxa- 
tion by diffusion creep (strain relaxation 
by transport of atoms along the film grain 
boundaries) should be small. Thus, dis- 
location glide (strain relaxation inside 
grains of a film by shearing between 
planes of atoms) is expected to be the 
dominant deformation mechanism dur- 
ing cooling. If no strain relaxation occurs 
during cooling, the (o-, T) path during re- 
warming would reversibly follow the 
cooling curve, provided that the heating 
rate is sufficiently high (near 300 K) that 
diffusion creep is again negligible. If, 
however, dislocation glide does occur 
during cooling, then the path followed 
during rewarming would be along a 
curve such as curve b in Fig. 4: the ten- 
sile stress would reach 0 near 200 K, be- 
coming compressive between 200 and 
300 K and lying within the diffusion 
creep field, producing a driving force for 
hillock formation. 

We would thus like to prevent dis- 
location movement in the electrode ma- 
terials to improve the thermal cycling 
stability of lead-alloy devices. For bulk 
materials this is accomplished primarily 
by alloying or adding impurities to inter- 
rupt the almost perfect periodicity of the 
crystal structure within the grains of the 
material, thereby creating obstacles 
which inhibit or prevent dislocation mo- 
tion. The stress that a material will sup- 
port is -c oc 1-1, where I is the spacing 
between the obstacles. Lahiri (19) added 
gold or indium or both to lead (to retard 
grain boundary movement), and this re- 
sulted in the formation of small inter- 
metallic compound particles in the films. 
Both a lower incidence of hillock forma- 
tion and an improvement in thermal cy- 
cling stability were obtained (22). The 
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elastic strains supported by these alloys 
as well as by pure lead are very similar 
and are below emax. Thus, the primary 
effect of such additions was to improve 
the uniformity of the strain relaxation, 
rather than to reduce its average val- 
ue. 

For thin films, additional obstacles to 
dislocation movement are present, for 
example, the native oxide on the film 
surface, the substrate, and grain bounda- 
ries. Thus, the film thickness, h, and 
grain size, g, may be thought of as ob- 
stacle spacings where I - h or g. 

The level of elastic strain e'33 sup- 
ported by Pb.84InO.2Au0.04 films of various 
thicknesses and grain sizes that were de- 
posited on silicon substrates and cooled 
to 4.2 K is shown in Fig. 5. The depen- 
dence of e'33 on film thickness for large- 
grained films (prepared by deposition on 
substrates held at 24?C) is given in curve 
a (18). For this case the film thickness 
controls the level of strain relaxation Ae = 

emax - E133. It is seen that '33 is less 
than emax and decreases with film thick- 
ness, that is, strain relaxation occurred 
during cooling at a level that decreased 
with decreasing film thickness. Decreas- 
ing the film thickness from - 0.45 ,m to 
- 0.23 tum, which resulted in a decrease 
in Ae of- 30 percent, also resulted in a 
decrease in the level of hillock formation 
and a tenfold improvement in thermal 
cycling stability (23). 

The effect of reducing grain size of 
Pb0.84In0.12Au0.o4 films is shown in Fig. 5, 
curve b (24), which gives the strain level 
supported by fine-grained films prepared 
at 77 K according to a process developed 
by Huang et al. (14) in order to obtain 
g < h. In this case the grain size controls 
the strain behavior: e'33 is thickness-in- 
dependent and nearly equal to Emax, simi- 
lar to the results previously obtained for 
pure lead films (25). At h = 0.2 ,m (the 
minimum thickness currently used for 
lead alloy Josephson junction base elec- 

Fig. 6. Scanning electron micrograph of (a) large-grained and (b) small-grained Pb-In-Au films 
after repeated thermal cycling. 
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trodes, chosen to maintain h > X), the 
strain relaxation upon cooling from 300 
K to 4.2 K is much smaller in a fine- 
grained film than in the large-grained 
film. Thus, upon rewarming to room 
temperature, a compressive stress that 
can cause hillock formation is expected 
for the large-grained films, but not for the 
fine-grained films. 

In Fig. 6, scanning electron micro- 
graphs are shown for two such 0.2-,um- 
thick films that have been cycled repeat- 
edly to 4.2 K. In Fig. 6a a large-grained 
Pb-In-Au film (of the type used to pre- 
pare the device of Fig. 3) that was cycled 
100 times can be seen to have several 
hillocks that developed during cycling. 
In Fig. 6b, a fine-grained film is shown 
that was cycled 725 times. No changes 
were visible. Nor were any cycling-in- 
duced changes evident in either the more 
sensitive x-ray analyses carried out on 
such films (24) or the more stringent tests 
to promote hillock formation (12). Thus, 
the fine-grained films exhibit significant- 
ly improved strain behavior. 

Devices with improved thermal cy- 
cling stability. The stability during ther- 
mal cycling of devices fabricated with 
0.2-,um-thick, fine-grained Pb-In-Au al- 

loy base electrodes is substantially better 
than that of otherwise similar devices 
prepared with large-grained base elec- 
trode films (12). Figure 7 shows the best 
results obtained for each case from sev- 
eral controlled experiments in which 
- 1300 large area junctions were used. 
(The large junctions, chosen to enhance 
the probability of failure, were equiva- 
lent in area to - 375 devices of the type 
shown in Fig. 3.) The junctions with the 
fine-grained base electrodes appear to 
follow a log-normal statistical distribu- 
tion with the first failures occurring only 
after 400 cycles between 300 K and 4.2 
K. The companion junctions with large- 
grained base electrodes showed - 100 
percent failure at this point. The use of 
fine-grained base electrodes has thus im- 
proved the junction cycling stability by 
more than a factor of 100. Further signifi- 
cant improvements in the thermal cy- 
cling stability in lead-alloy junctions may 
be obtainable by using fine-grained films 
for the junction counterelectrodes. The 
potential for meeting the device stability 
levels required for computer applications 
by using such fine-grained lead-alloy film 
electrode materials appears to be very 
good. 
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