
1. Ames 

188 

I. AMES 

An Overview of Materials and Process  Aspects of 
Josephson Integrated Circuit  Fabrication 

Presented  here is an  overview  of  materials  and  process  aspects  of  a  method  that  has  been  developed  for  fabricating 
experimental  integrated  circuits  containing  Josephson  junctions  as  active  elements.  Superconducting  Pb-alloy  thinjilms 
are  used for  forming  the  junction  electrodes,  and  a  combination  of  thermal  and rf oxidation is used  for  forming  the  tunnel 
barrier oxides. In addition  to  the  junctions,  the  circuits,  which  are  formed  above  an  insulated,  superconducting N b  
ground  plane,  also  contain:  superconducting Pb-alloy lines,  contacts,  and  transformers;  Auln,  damping  and  terminating 
resistors;  insulated  crossings;  etc.  Insulation  between  the  ground  plane  and  overlying  conducting  layers  is  achieved 
through  use of a combination o f  Nb,O,  and  SiO.  The  latter  is  also  used  to  achieve  insulation  between overlying con- 
ducting  layers  and  as  a $nul protective  coating.  Photoresist  processes  are  used  for  layer  patterning. 

Introduction 
This  paper  provides an overview of the materials and pro- 
cess  aspects of a method  for  fabricating  experimental in- 
tegrated  circuits that use Josephson  junctions  as active 
elements. Specifically considered are photolithographic 
patterning of layers,  junction  electrode  strength, and tun- 
nel barrier oxide  formation.  Other relevant  materials  and 
process  studies  are  discussed in the accompanying paper 
by Greiner et al. [ I ]  and its  cited references. 

An initial description of the  method  used in this  labora- 
tory  for  fabricating  experimental Josephson integrated 
circuits is contained in the  paper by Greiner et  al. [2]. 
That paper  also  reviews previous, related efforts. A de- 
scription of the  method,  as it is presently being practiced, 
is contained in the accompanying paper by Greiner et  al. 
[I]. Experimental circuits which have been  fabricated 
through its  use,  together with device and circuit design 
aspects,  are reviewed in the accompanying paper by Ma- 
tisoo [3]. Adaptations of the method which have  been 
used in other  laboratories have been  described by others 
[4]. In the circuits,  Josephson tunneling  devices are used 
mainly to  achieve  current steering and,  thereby, memory 
and logic circuit function implementation. The motivation 
for investigating such circuits is primarily the promise 
they hold of  high speed  at low power in computer appli- 
cations [5] .  

Circuit fabrication begins with the formation of a super- 
conducting Nb ground  plane. The  Nb is deposited as a 
300-nm-thick film either by means of rf sputtering or vac- 
uum evaporation  onto  an oxidized silicon wafer and is 
patterned by etching in the  presence of a  photoresist 
layer;  the  Nb is next anodized  by liquid anodization in 
order  to form an overlying Nb,O, insulation layer. Over- 
lying superconductive  and resistive layers  are formed by 
vacuum deposition of alloy films up  to  about 800 nm  in 
thickness  consisting of two or  three of the materials: Pb, 
In,  Au, and Bi. Associated  insulation layers  are formed 
by vacuum  deposition of SiO. A  combination of thermal 
and rf oxidation processes is used in order  to form the 
Josephson  tunneling  oxides.  Optical  photolithographic 
techniques  (primarily the so-called “photoresist  lift-off’ 
technique) are used for  pattern  formation,  thereby mak- 
ing it possible to  fabricate circuit  configurations  contain- 
ing minimum dimensions of about 2.5 pm.  The configura- 
tions thus formed constitute  the circuit  elements  required 
for  formation of integrated logic and memory circuits; 
viz., Josephson tunneling junctions  and associated  super- 
conducting controls, lines  and contacts, insulated cross- 
ings, damping  and  terminating resistors, etc.-all above 
an insulated  superconducting Nb ground  plane.  After 
completion of the circuits, a  2-pm-thick  coating of S i0  is 
formed everywhere  but  over  the regions at which  solder 
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terminals [6] or  contact pads are  formed. Finally,  circuit 
chip  formation is achieved by dicing of the completed sili- 
con wafer into multiple 6.35 x 6.35 mm2 chips [2]. 

An illustrative Josephson device is the logic circuit in- 
terferometer [7] shown in Fig. 1. The passage of current 
through either of the Pb-In(l2 wt%)-Au(4 wt%) control 
lines gives rise to a magnetic field that  alters  the Joseph- 
son  current threshold of the underlying junction configu- 
ration. The Pb-In-Au  ternary consists of the Pb-In solid 
solution  phase with In( 13 at%) and  second phase particles 
of the  intermetallic compound AuIn,. An Si0  layer which 
contains 5-pm-diameter circular  openings  (“windows”) 
is used between  its  Pb-In-Au  base electrode (same  com- 
position used for the  control lines) and the Pb-Bi (€-phase) 
counter  electrode  to define the  junctions. Circular  open- 
ings are used in order  to favor achievement of minimum 
junction  area variability. To avoid resonances, which 
arise  because of the inherent high Q of interferometer 
configurations, use is made of several AuIn, damping re- 
sistors which are located  directly beneath  the base elec- 
trode layer  and  shunt  the  junctions to each  other. Dele- 
terious interdiffusion effects at  base electrode-to-resistor 
contacts  are avoided primarily because of the  choice of 
the AuIn, phase of the  base  electrode  for formation of the 
resistor [8]. Recently, circuit  fabrication has been  ex- 
tended to  circuits containing devices with 2.5-pm-diame- 
ter  junctions. Logic  circuit delays  thus achieved  have 
been the  lowest reported  to  date:  average delays per cir- 
cuit of  26 and 13 ps for ten-stage,  two-input AND and OR 

circuits,  respectively [9]. 

Generally, as in semiconductor  integrated  circuits,  use 
is made of the  layers used in device  formation for forming 
most of the  additional elements needed for circuit  forma- 
tion. For  example,  the layer with which insulation is 
achieved between  the tunneling junctions  and overlying 
control lines also  provides  insulation at insulated cross- 
ings; the superconducting layers used for formation of the 
base electrode and control lines are also  used for forming 
x and y lines which interconnect different logic circuits or 
memory cells.  Since the compositions of the  latter two 
are the same,  deleterious interdiffusion effects at x and y 
line contacts  are  thus avoided. 

Photolithographic  patterning of layers 
In the past, vacuum  deposition through metal masks was 
commonly used to  fabricate  the configurations  used in su- 
perconducting thin-film circuits [IO]. However, when this 
approach was used, linewidths  were  generally limited to 
about 125-250 pm.  Results  reported by Matisoo [ll] sug- 
gested that  subnanosecond circuit operation should be 
within reach  through the use of such circuits if they con- 
tained Josephson  junctions  as  active  elements and could 
be fabricated with narrower lines. 

Figure 1 Scanning electron micrograph of a  typical logic circuit 
interferometer  (from [7] ) .  Beneath  the  interferometer is an in- 
sulated  ground  plane and AuIn,  damping resistors (not visible in 
the  micrograph). The interferometer contains  four  Josephson 
tunneling junctions, which are formed  through the use of a  Pb-In- 
Au base electrode, Pb-Bi counter  electrode,  and an  intervening 
S i0  layer;  the latter  contains four 5-pm-diameter circular open- 
ings (“windows”) which define the  junction  areas. Above the 
junctions,  separated  from  them by another S i0  layer,  are  two 
2.5-pm-wide  Pb-In-Au control lines. The  functions of two addi- 
tional,  peripheral layers (Si0 and Pb-In-Au) are described in the 
cited  reference. 

Achievement of the latter required the use of photo- 
lithographic processes  rather  than  evaporation through 
masks for  patterning  purposes.  There were  several 
choices  available if such  processes were to  be used. The 
one most frequently  used  involves the use of photoresist 
as  an  etch  resist.  Another, which is more  suitable for pat- 
terning multilevel thin-film structures and  materials that 
are ditlicult to  etch, is the so-called “stencil  lift-off’ 
choice. It involves  formation of a  photoresist “stencil” 
on the substrate  on which formation of a patterned layer 
is desired, followed by film deposition and  subsequent re- 
moval of the stencil (and  the portions of the film which 
have  been  deposited onto it) by immersion in a  suitable 
solvent.  Some  degree of agitation is usually  needed in or- 
der  to  assure effective  removal. Although the  approach is 
quite effective for patterning  relatively thin films, it is of- 
ten  dBicult to avoid the formation of frayed  edges of pat- 
terned  layers  unless the photoresist  edges are quite sharp 
or contain  a reverse  taper.  Studies by Hatzakis [12] in- 
dicated that  such a reverse  taper could be  obtained,  for 
example, by electron-beam exposure.  Studies by Grebe 
et al. [13] indicated that  an equivalent  effect, involving 
instead optical exposure, could be obtained through use 
of an aluminum-photoresist composite.  The  latter was 
used in our initial circuit  fabrication  work. Two pro- 
cesses, which were  subsequently  devised for use with op- 
tical exposure, involve utilization of a photoresist stencil 
that is formed in a manner which renders its  lower  portion 
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relatively more  sensitive to  exposure  and/or develop- 
ment. The first,  which  resulted from  studies described by 
Warnecke et al. [14], involves  use of a  composite  con- 
sisting of a spun-on  layer of positive photoresist and an 
overlying less  sensitive, positive photoresist layer that  is 
first formed as a membrane  and applied in that  manner  to 
minimize solvent intermixing between  the  layers (which 
reduces  the differential  sensitivity of the  composite).  The 
second, which resulted  from  studies by  Canavello et al. 
[I51 and is presently in  use for circuit  fabrication, in- 
volves use of a single positive photoresist  layer  that ac- 
quires  a  differential  sensitivity after immersion in chloro- 
benzene. 

Whichever process is used,  constraints  arise  that  are 
associated  with the particular layer being patterned  as 
well as with those  that  have previously been formed on 
the  substrate. If the  layer being deposited  tends  to de- 
velop a high intrinsic stress upon deposition,  as,  for ex- 
ample, in the  case of vacuum-deposited Nb,  use must be 
made of a sufficiently thin  stencil to avoid “tearing” of 
the stencil  upon  deposition [16]. Adhesion of the stencil 
to underlying layers is usually essential. Generally adhe- 
sion can be improved  by  means of additional resist curing 
or curing at a higher temperature.  If,  however, curing 
times  and temperatures must  be kept below certain levels 
to avoid possible deleterious effects on underlying  layers 
that arise, e.g., from  thermally actuated diffusion pro- 
cesses, it is often necessary  to utilize adhesion  pro- 
moters. Experience with the materials and  processes  de- 
scribed in this paper  has generally  suggested that curing 
times  and temperatures should be  kept below 1 hour  and 
80°C, respectively. That  restriction  has, e . g . ,  caused 
photoresist stencil  adhesion  to underlying S i 0  layers to 
be marginal at  times; it has been improved by deposition 
of an approximately  I-nm-thick TiO, layer upon com- 
pletion of S i0  deposition and use of an  appropriate photo- 
resist  adhesion promoter [ I]. 

Junction electrode strength 
Considerations of performance and processing trade-offs 
have thus  far  favored  the use in the circuit  fabrication 
method under review here of Pb-In-Au films as  junction 
base electrodes. Although the use of Nb might be  more 
favorable on the  basis of mechanical strength consid- 
erations,  junctions  fabricated  on  Nb  base  electrodes  have 
been  found to  have  capacitances which are higher (by 
about a factor of three)  than comparabre junctions fabri- 
cated  on Pb-In-Au films [16, 171; thus, slower  circuit  op- 
eration would result [18]. Lower  junction  capacitances, 
however,  have recently  been  obtained through  the use of 
Si- or Al-clad Nb or Nb-alloy films [19-211, but more ef- 
fort would be required  on  junction fabrication using such 

190 films before  they  could  be  regarded as viable  alternatives. 

The choice of Pb-In-Au was an outgrowth of attempts 
to  use  Pb as a base  electrode material.  Junctions  fabri- 
cated through the  use of Pb films develop  shorts upon  cy- 
cling to 4.2 K-most likely as a result of plastic  deforma- 
tion of the  Pb  and associated  rupturing of the tunneling 
oxide.  Such  deformation  results from  the inability of the 
films to elastically  sustain  the strains arising  from dif- 
ferences in expansion coefficients of the films and  their 
underlying substrates [22]. On a  typical  glass or oxidized 
silicon substrate, e.g., because of the relatively large ex- 
pansion coefficient of Pb ( ~ 3 0  x 10-6/oC), the films expe- 
rience a tensile stress upon cooling and, unless  they are 
capable of supporting  the  stress elastically,  experience an 
associated compressive  stress  upon warming.  Comparing 
calculated strains  expected from 4.2 to 350 K if the stress 
could  be supported elastically with those obtained  experi- 
mentally from in situ x-ray measurements of  film lattice 
parameters, Murakami et al. [23, 241 found the following 
for Pb films thicker  than about 200 nm which had been 
deposited onto oxidized silicon wafers: (1) At low temper- 
atures,  the relaxation of tensile stress upon cooling and 
compressive stress upon subsequent warming take place 
primarily by dislocation glide, and (2) at temperatures 
above about 50 K ,  diffusion-related  relaxation processes 
become  increasingly evident;  the  latter  appear  to contrib- 
ute, in part at least,  to  the  appearance of nonuniform de- 
formations-such as grain growth, grain rotation, whisker 
growth, hillock growth,  etc. 

Initial attempts  at strengthening of Pb  base electrodes 
involved the  use by Anacker et al. [25] of a relatively thin 
underlayer of In.  Since  Pb  and  In interdiffuse rapidly at 
room temperature ( D  2 cm2/s), this  procedure  re- 
sults in formation of a Pb-In alloy film [26, 271. Junctions 
formed  through  use of the Pb-In(6-10 wt%) base elec- 
trode films showed  considerably  improved  resistance to 
shorting  upon  cycling to 4.2 K .  Subsequent studies by 
Lahiri [28] of hillock growth upon heating of such Pb-In 
films to  about 75°C (necessary  for  the photoresist  curing 
steps  that would need to follow junction formation in the 
fabrication of completed  circuits), as well as cooling to 
4.2 K,  indicated that  further improvement could be 
achieved  by  the  addition of several wt% of Au. Similar 
results  obtained in those studies using Au itself as  an ad- 
dition to  Pb films led to  the  subsequent use of Pb-Au(l.7 
wt%) films for  junction  counter  electrodes. X-ray dif- 
fraction  and  transmission electron microscopy  studies of 
typical Pb-In-Au films (containing up  to  about 12 wt% In 
and  several wt% Au) have indicated that  such films con- 
sist of grains of Pb-In solid solution and interspersed  sec- 
ond  phase  particles of AuIn, [28, 291. 

An illustration of the effect of the additional Au on  the 
ability of Josephson  junction  devices  to survive cycling 
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Figure 2 Illustrative  cumulative  failure data for  two sets of 
junctions  as a  function of the number of cycles to 4.2 K to which 
they  were  subjected  (from  reference [30]). Companion data in- 
dicate that  the superiority of set B is  due primarily to the  addition 
of 4 wt% Au to  the  Pb-In  base  electrodes of the junctions in that 
set. 

from room temperature  to 4.2 K is shown in Fig. 2. The 
data  are  for two sets of 19 devices and  are  from a  paper by 
Basavaiah and Greiner [30]. The  Josephson devices they 
used were fabricated using the approach described by 
Greiner et a / .  [ l ]  and  contained 25 x 25 pm2 junctions 
and  overlying,  insulated  superconducting  controls. For 
set  A, use was made of 400-nm-thick Pb-In(8 wt%) base 
electrodes; for set B, base  electrodes which contained, in 
addition,  4 wt% Au were  used. In  both  sets, use was 
made of 500-nm-thick Pb-Au(l.7 wt%) counter elec- 
trodes.  The cumulative failure level is plotted  against  the 
number of cycles  to 4.2 K.  Using the indicated  vertical 
axis, straight-line behavior implies that  the  data  can be 
characterized by a log-normal statistical  distribution. As 
can be seen, the  addition of the Au reduced the failure 
level from, e . g . ,  about 90% to 5% after 70-80 cycles. As- 
sociated  results  cited by the authors indicate that the  re- 
duction could be attributed primarily to  the addition of 
the Au. 

A further improvement-a reduction by about  an  order 
of magnitude in the failure level-was obtained by reduc- 
ing the thickness of the junction electrodes by about  a 
factor of two and making several other  changes [31]. It 
was  attributed in part  at least to  the thickness  reduction. 
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Figure 3 Illustrative thickness  dependence of strain at 4.2 K of 
two  types of Pb-alloy films (from  reference [34]). The designa- 
tions Au+Pb+In  and  Pb+Au+Pb refer to  the deposition  se- 
quences of the  layers  from which the alloy films were  formed. 

Previous studies by  Caswell et a/ .  [32]  of stresses in Pb 
films at low temperatures  and, in addition,  more recent 
studies by Murakami [33] and by Murakami  and  Kircher 
[34] have indicated that a  thickness reduction should re- 
sult in  film strengthening.  Surprisingly,  however,  the 
strain  levels (as obtained  from  lattice parameter measure- 
ments) that could  be  supported at 4.2 K by Pb-alloy films 
of the type  used for  the  junction  electrodes were similar 
to those  found for  Pb films. In their  paper, Murakami  and 
Kircher [34] suggest that this is an indication that  the uni- 
formity as well as  the magnitude of the resulting plastic 
deformation in such films needs to be considered in as- 
sessing  possible  causal factors responsible for improved 
junction  “cyclability” [35]. Figure  3 shows their data  for 
Pb-In( 12 wt%)-Au(4 wt%) and  Pb-Au( 1.7 wt%) films on 
oxidized silicon wafers, illustrating the  dependence of the 
tensile strain E;, at 4.2 K that  such films acquire  upon 
cooling to  that  temperature  as a  function of film thick- 
ness. The indicated  values of E;, were cdculated from the 
measured  lattice parameter d at 4.2 K using the relation 
E;, = (d - do)/do, where do is  the  strain-free value of d. 
The dashed line imax represents  the  strain level  calculated 
using thermal expansion coefficient data for Pb and Si  that 
would have been  expected had no strain-relaxation  oc- 
curred  as a result of the cooling; correspondingly,  the 19 
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Figure 4 Illustrative states of Pb-In-Au junction base electrode 
after thermal  oxidation and  subsequent rf oxidation (from refer- 
ence [38]). The  upper portion  depicts its  state  after thermal oxi- 
dation at 75°C. The lower  portions depict its state after  sub- 
sequent rf oxidation at  24°C; portion  (a) depicts  its  state if about 
13 at% In is in solution with the  Pb  and rf oxidation is carried out 
on a  Pb-coated rf electrode; portion (b) depicts its state if about 
20 at% or more In is in solution with the Pb  and rf oxidation is 
carried out  on  an In-coated rf electrode. 

amount of strain-relaxation  that occurred is given by the 
quantity A€ = - As can be seen, it decreases 
with decreasing film thickness. 

Recently,  the  use of Pb-Au( 1.7 wt%) counter elec- 
trodes has  been  replaced by use of Pb-Bi  (€-phase) for 
that  purpose;  the  latter contains about 29 wt% Bi. The 
change  was  made primarily because of the relative  superi- 
ority of films  of the  latter type  with  regard to cycling-in- 
duced hillock formation [36], but other  advantages also 
resulted. For  example,  sharper  junction I-V character- 
istics-advantageous for logic circuit design-resulted 
because of a decrease by about 40% which occurred in 
the  excess  junction  current at  voltages  less than the gap 
voltage [37]. This could  be attributed  to  the  fact that the 
Pb-Bi (€-phase) is a single phase superconductor  whereas, 
in the  case of the Pb-Au, excess tunneling currents  arose 
from the nonsuperconducting AuPb, second phase  mate- 
rial which was  present in the Pb-Au [28]. The change 
caused a corresponding improvement  by about a factor of 
three in junction cyclability [37]. 

Clearly,  more  work will be  needed in order to further 
elucidate and  address  the mechanisms  responsible for Pb- 
alloy electrode  strain-relaxation and  associated deforma- 
tion. Our hope is that  that effort will continue  to result in 
the achieving of improved junction cyclability. 

which contains In,O, and  several types of Pb oxide [38]. 
Since aspects of this are  covered in two companion pa- 
pers in this  issue [ l ,  381, only a brief overview of it is 
presented here.  First, following vacuum  deposition of the 
alloying constituents of the Pb-In-Au base  electrode layer 
and  “annealing” of that layer  at room  temperature in vac- 
uum for a minimum of 30 minutes to allow completion of 
its alloy formation, a “thermal”  oxide is formed on it as 
follows: oxygen is admitted  into the vacuum  chamber in 
which the base  electrode  layer  has  just been  prepared and 
maintained at a pressure of  2.7 Pa  for 30 minutes;  oxida- 
tion is continued at 75°C at the same  pressure for an addi- 
tional 60 minutes. TEM and XPS [38] studies have in- 
dicated  that  this  oxidation  process leads  to formation of a 
continuous,  epitaxial In,O, layer on  the surface of each 
grain of the  Pb-In-Au base  electrode film, as depicted in 
the upper  portion of Fig. 4. By contrast,  exposure of the 
Pb-In-Au film to  an  atmosphere of oxygen  at room tem- 
perature  results in formation of a PbO-In,O, composite. 
Preference for  the  former is based on  the observation that 
the In,O, which is thus formed has  been found to be virtu- 
ally unaffected by the  subsequent air exposure and photo- 
resist  coating  and  developing process  steps which are re- 
quired next in junction fabrication. 

The second  stage of tunnel barrier oxide  formation, 
which usually takes place after  the intervening  formation 
of a window-defining S i0  layer, involves  use of an rf dis- 
charge in oxygen.  This so-called “rf  oxidation” process 
gives rise to  an oxidation  rate which is initially rapid, and, 
at least  for  the  oxidation of lead,  tends toward zero  as a 
function of time,  causing  a  resulting asymptotic oxide 
thickness to be achieved. AES studies [38] have indicated 
that  the rf oxygen  discharge surface cleaning step which 
is used just prior to rf oxidation results in the removal of 
any carbon which might have  been  introduced by the pre- 
ceding photoresist  processing and,  other than  causing  a 
slight increase in the thickness of the In,O, layer, leaves it 
essentially unchanged.  Subsequent use of the rfoxidation 
process  involves exposure for 30 minutes to  an rf dis- 
charge at a  typical  oxygen pressure of 2.7 Pa and a  peak- 
to-peak rf voltage of 360 V. As a  result of the  TEM,  XPS, 
AES, and ellipsometric  studies which have  been  carried 
out [38], the following has been  inferred regarding the fi- 
nal state of the  oxide  thus formed (as depicted in the 
lower  left  portion of Fig. 4): (1) Its overall thickness ap- 
pears to be about 6.5 nm; (2) its lower portion appears  to 
consist of crystalline  PbO (a mixture of the tetragonal  and 
orthorhombic forms of PbO), the amount of which de- 
creases with an  increase in the  In  concentration in the 
base electrode; (3) above the  crystalline  PbO  layer  ap- 

Tunnel barrier oxide formation pears  to lie the initial epitaxial In,O, layer, which is only 
Formation of the tunnel  barrier oxides of the junctions is slightly altered by the rf oxidation process; and (4) its up- 

192 carried  out in two  stages, resulting in a  composite  oxide permost  portion consists of about a  monolayer of PbO 
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which  arises  from  backscattering  during  the rf oxidation 
from a Pb-Bi  layer  which  normally  would  have  been  de- 
posited  onto  the rf electrode  on  which  the  samples  are 
mounted as a result  of  its  previous  use  for  junction  fabri- 
cation-viz., deposition of a Pb-Bi  counter-electrode 
layer.  Baker [39] has  shown  that  the  latter  oxidizes  pref- 
erentially  to  form  PbO,  thus  accounting  for  the  appear- 
ance of that  material  as a result  of  backscattering  during 
the  rfoxidation  process.  The  lower  right  portion  of  Fig. 4 
depicts  the  resulting  oxide  which  is  obtained if use is 
made of a base  electrode  containing  greater  than  about 20 
at%  In in its  Pb-In  phase  and  the rf electrode  is  coated 
with  In  prior  to rf oxidation-conditions  which  favor  sup- 
ply of In as  the  dominant  oxidizable  metallic  species  to 
the  growing  oxide  during  oxidation. 

Although  an  initial  picture of the  composite  oxide  in 
use  for  tunnel  barrier  formation  has  thus  been  developed, 
much  remains  to  be  done  before  an  understanding is 
achieved  of  associated  mechanisms  which  account,  for 
example,  for  the  following:  the  relatively  large  sensitivity 
of the  Josephson  tunneling  current  level  to  whether  Pb  or 
In are  backscattered  onto  the  growing  oxide  during rf oxi- 
dation [38]; its  insensitivity  to  the  composition of the 
lower  portion of the  oxide [38]; and  its  increase  upon  an- 
nealing  (when  Pb is the  backscattered  material) [40]. 

Concluding remarks 
Materials  and  process  studies  have  constituted  an  inher- 
ent  part  of  the  development  of  the  circuit  fabrication 
method  to  which  this  overview  and  the  accompanying pa- 
per  by  Greiner et d .  [ I ]  have  pertained.  For  example, 
among  the  studies  reviewed  here,  the  photoresist  stencil 
studies  have  led  to  the  development  of lift-off processes 
suitable  for  use  in  circuit  layer  patterning  by  means of 
optical  exposure  down  to  the  2.5-pm  linewidth  and  junc- 
tion  diameter  levels;  the  Pb  and  Pb-alloy thin-film studies 
have  led  to  the  achievement  of  considerable  improvement 
in the  ability of our  junctions  to  survive  repeated  cycling 
to  4.2 K without  failure;  and  the  tunneling  oxide  studies 
reviewed  here  have  led  to  an  improved  understanding of 
the  composition  and  structure  of  the  tunneling  oxide  and 
to  the  introduction  of  means  into  circuit  fabrication  for 
improving  the  chemical  stability  of  that  oxide  during  its 
formation.  In  addition  to  their  role  in  advancing  the  cir- 
cuit  fabrication  method  to  its  present  level,  such  studies 
have  also  provided  important  insights  regarding  possible 
means  to  facilitate  its  further  advancement. 

References and notes 
1. J. H. Greiner et a / . ,  IBM J .  Res.   Develop. 24 (1980, this 

2. J. H. Greiner, S. Basavaiah, and I.  Ames,J. Vac.  Sci.  Tech- 

3. J .  Matisoo, IBM J .  Res.   Develop. 24 (1980, this issue). 

issue). 

nol. 11, 81 (1974). 

4. See, for example, R. F. Broom, R. Jaggi, Th. 0. Mohr, and 
A. Oosenbrug, IBM J .  Res.  Develop. 24 (1980, this issue); 
A. F. Hebard and R. H. Eick, J .  Appl.  Phys. 49, 339 (1978); 
R. H. Havermann, C. A. Hamilton, and R. E. Harris, J .  
Vac.  Sci.  Technol. 15, 392 (1978); and K. Kuroda, T. Waho, 
H. Yamada, and A. Ishida, Jpn.  J .  Appl.   Phys.  18, 189 
(1979). 

5 .  See, for example, W. Anacker, IBM J. Res.  Develop. 24 
(1980, this issue). 

6. C. Kircher, K. Grebe, I. Ames, and W. Anacker, IBM 
Thomas J. Watson Research Center, Yorktown Heights, 
NY, unpublished results; H. C. Jones, D. J. Herrell, and 
Y. L. Yao, IEEE  Trans.  Magnetics MAG-l5,432 (1979); and 
C. Y. Ting  and P. Geldermans, IBM Thomas J. Watson  Re- 
search Center, Yorktown Heights, NY, unpublished results. 

7. L. M. Geppert, J. H. Greiner, D. J. Herrell, and S. P. Klep- 
ner, IEEE Trans.  Magnetics MAG-15, 412 (1979). 

8. S. K. Lahiri, Thin  Solid  Films 41, 209 (1977); recent studies 
of factors which  affect the resistivity of such resistors are 
discussed in the paper by C. J. Kircher and S.  K. Lahiri, 
IBM J .  Res. Develop. 24 (1980, this issue). 

9. T. R. Gheewala, Appl.   Phys.   Lett .  34, 670 (1979). 
10. See, for example, I .  Ames, M. F. Gendron, and H. Seki, 

Transactions of the  Ninth  Vacuum  Symposium, The  Mac- 
Millan Company, New York, 1962, p. 133. 

1 1 .  J. Matisoo, Proc.  IEEE 55, 172 (1967). 
12. M. Hatzakis, J .  Electrochem. Soc. 116, 1033 (1969). 
13. K. Grebe, I. Ames, and A. Ginzberg, J .  Vac.  Sci.  Technol. 

11, 458 (1974). 
14. A. Warnecke, R. M. Patt, and C. J .  Johnson, Jr., Kodak 

Microelectronics  Seminar  Proceedings (INTERFACE '77), 
Eastman Kodak Company, Rochester, NY, 1978, p. 145. 

15. B. J. Canavello, M. Hatzakis, and J .  M. Shaw, IBM Tech. 
Disclosure  Bull. 19, 4048 (1977); also, M. Hatzakis et  al., 
IBM Thomas J. Watson Research Center, Yorktown 
Heights, NY, unpublished work. 

16. R. F. Broom, R. B. Laibowitz, Th. 0. Mohr, and W. Walter, 
IBM J .  Res.   Develop. 24 (1980, this issue). 

17. S. Basavaiah and J .  H. Greiner, IBM Thomas J .  Watson  Re- 
search Center, Yorktown Heights, NY, private communica- 
tion; also J .  Appl .   Phys.  47, 4201 (1976). 

18. H. Zappe, IBM Thomas J .  Watson Research Center, York- 
town Heights, NY, private communication. 

19. H. L. Caswell, P. Chaudhari, C. J. Kircher, R. B. Laibowitz, 
S.  I. Raider, and C. C. Tsuei, IBM Tech.  Disclosure  Bull. 20, 
4135 (1978). 

20. R. E. Howard, D. A. Rudman, and M. R. Beasley, Appl .  
Phys.   Lett .  33, 671 (1978). 

21. J. T. C. Yeh  and C. C. Tsuei, IEEE  Trans.  Magnetics MAG- 
15, 591 (1979). 

22. See, e . g . ,  M. Murakami, Acta.   Met .  26, 175 (1978) and cited 
references. 

23. M. Murakami, Thin  Solid  Films 55, 101 (1978) and cited ref- 
erences. 

24. M.  Murakami and T. S.  Kuan, Thin  Solid  Films, accepted 
for publication. 

25. W. Anacker, K. R. Grebe, J. H. Greiner, S.  K. Lahiri, K. C. 
Park, and H. Zappe, U.S. Patent 3,733,526, 1973. 

26. S. K. Lahiri, Thin  Solid  Films 28, 279 (1975). 
27. D. R. Campbell, K .  N. Tu, and  R. E. Robinson, Acta.   Met .  

28. S. K. Lahiri, J .  Vac.  Sci.   Technol.  13, 148 (1976). 
29. S. K. Lahiri, IBM Thomas J .  Watson Research Center, 

Yorktown Heights, NY, unpublished results. 
30. S. Basavaiah and J. H. Greiner, J .  Appl.   Phys.  48, 4630 

(1977). 
31. S .  K. Lahiri and S.  Basavaiah, J .  Appl.  Phys. 49, 2880 

(1978). 
32. H. L. Caswell, J. R. Priest, and  Y. Budo, J .  Appl. Phys. 34, 

3261 (1963). 
33. M. Murakami, Thin  Solid  Films 59, 105 (1979). 

24, 609 ( 1976). 

193 

IBM J .  RES. DEVELOP. VOL. 24 NO. 2 MARCH 1980 



34. M. Murakami and  C. J. Kircher, ZEEE Trans.  Magnetics 

35. See  also, e.g., the following paper  for  more  support  for this 
inference: S. Basavaiah, M. Murakami, and C. J. Kircher, J .  
de Physique 40, C6-1247 (1978). 

MAG-15, 443 (1979). 

36. S .  K.  Lahiri, ZBM Tech.  Disclosure  Bull. 21, 3403 (1979). 
37. S .  K.  Lahiri, S.  Basavaiah,  and C. Kircher, IBM Thomas J. 

Watson Research  Center, Yorktown  Heights, NY, unpub- 
lished results. 

38. J. M. Baker,  C. J. Kircher,  and J. W. Matthews, ZBMJ. Res. 
Develop. 24 (1980, this issue) and cited references. 

39. J. M. Baker, IBM Thomas J. Watson Research  Center, 
Yorktown Heights,  NY, unpublished results. 

1 94 

I. AMES 

40. S. Basavaiah, K .  R.  Grebe, J .  H. Greiner, S. K. Lahiri, and 
A. Scott, ZBM Tech.  Disclosure  Bull. 17, 3488 (1975). 

Received  May 23, 1979 

The author is located  at the ZBM Thomas J .  Watson  Re- 
search  Center,  Yorktown  Heights,  New York 10598. 

IBM J. RES.  DEVELOP. VOL. 24 NO. 2 MARCH 1980 


