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Fabrication  and  Properties of Niobium  Josephson 
Tunnel  Junctions 

The fabrication of thin-film Nb tunnel  junctions is described. The  main emphasis is on improvement of the tunneling 
characteristics  through  studies of the conditions  influencing the  formation of the tunnel barrier. In situ  ellipsometric 
measurements  have  been made during growth of the tunnel oxide on the  base  electrode of the  junctions in an rf plasma. 
The results  are  compared with electrical measurements on completed junctions.  Two additional processes are found  to 
have an important influence on the  junction characteristics:  precleaning of the base electrode in an Ar plasma  before 
oxidation and a  further treatment of the grown oxide in a low-voltage,  high-pressure plasma.  At  the  present  time,  the 
most  effective  gas f o r  this process is N,.  Data on annealing, storage effects, and thermal cycling are discussed. Finally, 
the results  obtained on arrays of 80 two-junction  interferometers are found  to be rather  encouraging for the design and 
construction of high-density memory arrays. 

Introduction 
Niobium is an  attractive element for  the  electrodes of Jo- 
sephson  tunnel  junctions  for  several  reasons.  In  com- 
parison to  other elemental superconductors  such  as  In, 
Sn, and Pb, it is harder, is more stable, and  has a much 
greater tensile strength. As a result, thin films deposited 
on insulating substrates  are  able  to withstand the strains 
induced by differential thermal contraction  on cooling to 
4 K without rupture or plastic flow. Resistance to damage 
by repeated thermal cycling is an  important consideration 
for all applications, in particular for cryogenic  computer 
circuits [ 1 ,  21. 

Niobium has  several oxides, among which NbO, NbO,, 
and Nb,O, have been identified [3, 41. The  latter can be 
grown to a precisely  controlled thickness by anodic  oxi- 
dation.  In this form it is stable and  free  from  defects  such 
as  pinholes,  and is therefore  very  suitable for electrical 
isolation and protection of the underlying  metal  against 
chemical attack. For complex structures with several lay- 
ers of insulation and metallization, the use of such a  na- 
tive oxide considerably  improves the isolation  integrity. 

Among the elemental superconductors,  Nb  has the 
highest superconducting  transition temperature: T, = 

9.2 K. Thus,  junctions can be operated in liquid He  at 
atmospheric  pressure where the  temperature is suffi- 
ciently low (4.2 K) that small temperature fluctuations 
have a negligible effect on  junction  parameters  such  as  the 
gap voltage 2Ale and the  dc  Josephson  current  i,. On the 
other  hand, Nb is  difficult to evaporate, requiring high tem- 
peratures (-3000 K) and nearly ultrahigh-vacuum (uhv) 
conditions. The  latter is especially  important  because of 
the propensity of Nb  to  getter  gaseous impurities,  particu- 
larly 0,, which can lead to degradation of the films’ super- 
conducting properties [5 ] .  Thin oxides (2-4 nm) suitable 
for tunneling have a relatively poorly defined structure,  as 
evidenced by nonideal  current-voltage ( I -V)  character- 
istics  in the Bardeen-Cooper-Schrieffer (BCS) sense. Fi- 
nally, the dielectric constant E of the oxide is approxi- 
mately three times  higher  than that of PbO or In,O,. For 
some  applications this  can be a disadvantage because of 
the reduction in switching  speed or decreased voltage be- 
tween junction  resonances. 
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However,  the good features of Nb  are sufficiently re- 
warding to justify a serious effort to  overcome  the disad- 
vantages.  Thin films of Nb having a T, close to the bulk 
value and  resistance ratios greater  than  three  can be made 
by sputtering [6] and by evaporation using e-beam  heating 
[7]. As long as  the native  oxide of Nb is used to  form  the 
tunneling barrier we cannot expect  to greatly modify E ;  

however, in situations  where the high capacitance pre- 
sents problems,  some measures  are available to minimize 
the  effect, e.g . , increasing the  Josephson  current density 
j ,  or making a  corresponding  reduction in junction  area. 

The most important problem at  present is attainment of 
reproducible and good Z-V characteristics, i.e., behavior 
as close as possible to the  “ideal” BCS predictions.  This 
goal is the principal motivation for  the studies  described 
in this paper. 

The first reported tunneling experiments  on  Nb were 
made by Sherrill  and Edwards [8], using bulk material 
oxidized in air with evaporated Pb  counter  electrodes. 
Shortly afterwards, Townsend and Sutton performed tun- 
neling experiments with Pb [9] and  Sn [ 101 counter elec- 
trodes.  The  rather good tunnel characteristics yielded a 
gap voltage 2A(O)/e = 3.05 mV and 2A(0)/kTc = 3.84 [9] 
(close to presently  accepted  values [I l l ) .  

The first measurements on  evaporated  Nb films were 
reported by Giaever in 1962 [12]. Since then  there  have 
been many publications in which Pb [6, 1 1 ,  13-20], In 
[ I  1, 21-24]), and  Sn [25, 261 have been  used as  counter 
electrodes. In most cases  the  Nb films were  deposited by 
sputtering [6, 13-20]; however,  Nb foil [25, 261 and 
single-crystal Nb [ 1 1 ,  21-24] have also been  used.  A vari- 
ety of methods have been used for growing tunnel oxides, 
most frequently  thermal  oxidation in air  or  dry 0, [ I  1- 
13, 15-16, 19-24]. Gas discharges, either  dc [6, 14, 171 or 
rf [7] have  also  been used successfully,  although the oxi- 
dation in these  cases proceeds  much  more rapidly (suit- 
able tunnel resistances  are obtained in = 1  min, as  com- 
pared with -1 h for thermal  oxidation).  Barriers com- 
posed of Ge and  InSb have been  studied by Keller  and 
Nordman [ 181. 

At present  there is not very plentiful data  on all-Nb  tun- 
nel junctions; Laibowitz and Mayadas [27] have  de- 
scribed junctions having the  barrier  formed by oxidized 
AI. The first all-Nb  junctions having a tunnel  barrier  com- 
posed of native Nb oxide were reported by Laibowitz  and 
Cuomo [24]; the  oxide was formed by wet  anodization. 
However,  they found rather  poor I-V characteristics in 
comparison  with those they  obtained with Pb,  In,  or  Sn 
counter  electrodes. Hawkins and Clarke [28] found that a 
thin film  of Cu (-0.8 nm) deposited on top of a  thermally 

grown oxide before  deposition of the  Nb  counter elec- 
trode  was necessary  to  prevent  short circuits. In  contrast, 
tunnel oxides formed by  rf plasma  oxidation [7] do not 
require  this  intermediate film and very  rarely yield shorts. 
In all cases,  however,  the I-V characteristics with Nb 
counter  electrodes deviated  more  strongly  from the BCS 
dependence  than  the  best  examples having Pb, Sn, or  In 
counter  electrodes [7, 291. 

Experimental details 

Junction fabrication 
Fabrication of Josephson  junctions requires  three  basic 
processing techniques: patterning of the electrodes and 
lines,  deposition of superconducting  material, and barrier 
preparation.  The  Josephson  devices were placed on Si 
wafers because  these offer readily available clean, pol- 
ished, and thermally  oxidized surfaces.  These wafers can 
also be easily  sectioned (diced) into chips  as desired. The 
base- and counter-electrode  patterns were obtained by the 
standard photoresist lift-off technique (OAZ-1350 [30]). 
Because of high internal  strain in the  Nb films, the  resist 
layer  had to be kept  as thin as possible to avoid poor  edge 
definition of the  patterned films. In addition,  resist adhe- 
sion to  the  substrate required  improvement to  prevent 
peeling before film deposition was  completed.  To  date, 
the best  solution has been  a 5-min exposure of the wafer 
to  an rf argon  plasma of = 1 Pa and 400 V  prior to resist 
spinning. (All rf voltages given in this paper  are peak-to- 
peak  voltages  measured  at the  cathode.)  The deposition 
of Nb from an e-gun and  barrier growth in an oxidizing rf 
plasma  ambient  were  performed in the vacuum  system 
shown  schematically in Fig. 1. 

Five  wafers  mounted on  the  cathode could be pro- 
cessed  individually, or simultaneously in one  pump- 
down. They were  cleaned for 10 min in an rf  Ar plasma 
(as above)  before  starting the base-electrode  deposition. 
Typical conditions  for  Nb  evaporation were  a pressure 
below = Pa  Pa  at  start), a substrate  temper- 
ature of 40°C for  the deposition of both electrodes,  and 
a Nb deposition  rate of 1-4 rids. Usual  thicknesses 
for the electrodes were 110-130 nm for  the base elec- 
trode  and 220-300 nm for  the  counter  electrode.  Junc- 
tions  were  fabricated with dimensions ranging from 
2 x 2 pm2  to 30 X 20 pm2  and both  cross-line  and in- 
line geometries  were  realized.  A  scanning electron 
micrograph of a 10 X 4.6-pm2 Nb  junction is shown in 
Fig. 2. The  smooth well-defined films and film edges are 
typical of all-Nb junctions. 

The fabrication step with most influence on  junction 
properties is formation of the tunneling  barrier. We 
adopted the technique of rf plasma  oxidation in order  to 21 3 
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Figure 1 Schematic  diagram of the rf oxidation  system. 
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Figure 2 SEM photograph of an all-Nb junction. In this  ex- 
ample the base- and counter-electrode  thicknesses  are 115 and 
250 nm, respectively. 
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grow the  barrier  as a thin niobium oxide layer out of the 
base-electrode  material.  This  technique has been success- 
ful in the fabrication of Pb and Pb-alloy Josephson junc- 
tions [3 1 ,  321. The two basic processes taking place in the 
rf plasma are  oxide growth and sputter etching. If both 
proceed at  an  equal  rate,  an equilibrium  oxide  thickness is 
reached. In  the vacuum  system the rf-plasma discharge 
occurs in the  space between the cathode and the grounded 
bell jar  and  base  plate. Discharge conditions are easily 
varied by changing gas  pressure, composition, and rf 
power or voltage.  This variability was  very valuable in 
our investigations  because the tunneling characteristics 
were found  to be strongly influenced by both the oxida- 
tion conditions  and any plasma treatment of the  surface 
before (pre-cleaning) or after (post-treatment)  formation 
of the tunneling  oxide. The various gases used were O,, 
Ar, and N,. Pure Ar and N, were  used to clean the base- 
electrode  layer and to change surface conditions of the  as- 
grown barrier layer.  A mixture of 0, with Ar or N, was 
used to grow the barrier.  Typical data and  dependencies 
are given later. 

Conventional  equipment  was  used for controlling and 
monitoring gas  pressure, gas  composition, substrate  tem- 
perature, rf power and  voltage,  deposition rate,  and film 
thickness.  In addition, an ellipsometer  was  mounted di- 
rectly to  the vacuum  system to  determine the  polarization 
state of monochromatic light (A = 546.1 nm) reflected 
from  the  sample at 70°, and to calculate the thickness and 
refractive  index of the barrier layer according to  the eval- 
uation procedure described by F. L. McCrackin [32]. The 
rf glow discharge  was  switched off during the measure- 
ment to avoid stray light. This  interruption had no detect- 
able influence on barrier growth. 

Electrical measurements 
Electrical  measurements  were  made with the junctions 
immersed in liquid He  at 4.2 K.  Samples of the cross-line 
geometry had  current and  potential contacts  as shown in 
Fig. 3; however,  the small in-line junctions had only  a 
single contact pad for  the  counter electrode  and in this 
case, a superconducting contact  between  the pad and the 
Pb-coated  springs of the sample  holder  was  necessary to 
avoid distortion of the  true  characteristic by contact resis- 
tance. 

In  order  to make  quantitative  comparisons  between dif- 
ferent fabrication  conditions, it is necessary to have  a 
means of describing critical regions of the characteristic 
by easily definable parameters.  To this end the  measure- 
ments  must  be accurate and  reproducible. The method 
adopted here was to automatically  record  the junction 
data (point by point) with a Research Device Coupler 
[33]. The  accuracy  and reproducibility of the  measuring 
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system is better  than 1%. An I-V plot normalized to Z,, the 
maximum current  at 4 mV, is shown in Fig. 4. The mini- 
mum number of points required to  reconstruct the essen- 
tial parts of the original characteristic  was found to be 
sixteen. 

The basic data of such plots are then  used to calculate  a 
number of parameters useful in comparing small changes 
not easily distinguishable in the I-V curves [34]. This  pro- 
cedure has  the  advantage of yielding some basis for  com- 
parison between  Nb and Pb-alloy junctions.  The parame- 
ters  are  as follows: 

Superconducting  gap voltage 2A/e = (1/2)[V(O.4 I,) + 

Normal-state  tunnel  resistance Rnn = 4 mV/I,; 
Rj, the  resistance  at 2 mV; 
Maximum dc  Josephson  current i, = 1.68 [(l/Rnn) - 

Vm = Rji,; and 
Josephson current density j ,  = i, /fW (e = junction 

W . 6  1,)l; 

( 1 lRJ ; 

length, W = junction width). 

The  factor 1.68 in the equation for i ,  is somewhat  arbi- 
trary but represents  an approximate upper limit to the ex- 
perimentally observed Josephson current.  It  is,  however, 
considerably  lower than that  obtained  from the Ambegao- 
kar  and Baratoff relation [35], 

T A(T) I UT) 
- tanh - i 1 =  " 

2 e R n n  2kT ' 

which yields i, = 2.15/Rnn for Ale = 1.42 mV and T = 

4.2 K,  and ignores the strong coupling factor (which in 
any case is not expected  to be significantly less  than 0.9 
for Nb [36]). In judging junction quality the most useful 
parameter is Vm because it yields a measure of the non- 
BCS tunnel current. 

Results  and  discussion 

Ellipsometry and tunnel oxide growth 
The tunnel barrier was grown as a  thin niobium oxide 
layer  from the  Nb base-electrode  material. The oxides 
were fabricated in a controlled rf process (130 V) using 
5 Pa of Ado, mixtures with 0.5-4.0 vol% 0,. Fig- 
ure 5 gives the  oxide thickness to, as a  function of the 
oxidation  time. The  Nb films for  these  studies  covered  the 
whole wafer,  but junctions were prepared simultaneously 
on neighboring wafers. The first ellipsometric  reading was 
taken  from the as-deposited or rf-cleaned (Ar) Nb sur- 
face,  and resulted in an index of refraction (n  = n' - i ~ )  of 
2.85 and a K of 3.39 for  Nb, which compares reasonably 
well with  published data [37, 381. 
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Figure 3 The junction test pattern used for measurement of 
electrical characteristics. 
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Figure 4 Plot of a typical I-V characteristic obtained with the 
automated system. The recorded points are indicated by the 
crosses. The ordinate is normalized to I,,, the junction current  at 
4 mV. 

Reproducibility  from  run to run was within *5%.  Ellip- 
someter  data  from oxidized Nb  surfaces were  taken in the 
time span  between 0.25 and I5 min  of rf-plasma oxida- 
tion. The index of refraction finally reached  for  the nio- 
bium oxide  was 2.75 * 1% ( K  = 0) ,  independent of the 
Ar/O  ratio and  consistent with published data  for  ther- 
mally grown [37] and  dc-plasma-anodized [38] films. 
Thinner oxide films usually had  a  larger n. 21 5 
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Figure 5 Results of ellipsometric  measurements of oxide thick- 
ness versus rf oxidation  time; the curves were  obtained with 04 
Ar ratios of 33 (+), 4 (X), 2 (A), 1 (V), and 0.5 vol% (0). 

The  dependence of oxide thickness tox on oxidation 
time for varying amounts of oxygen in the plasma is 
shown in Fig. 5 .  The slowest  oxide  growth occurs,  as  ex- 
pected, at the  lowest oxygen content.  The oxidation  time 
at 0.5 vol% oxygen is long enough to permit thickness 
measurements of the first few monolayers. The initial 
slope of the growth curve is quite different from the re- 
gion starting at  about tox 2 1 nm. The slope  changes again 
between 3.0 5 tox 5 3.5 nm, illustrating the nonuniform 
character of the oxidation  mechanism  where at least two 
parameters limit the rate of oxide  growth. A  detailed ex- 
planation is not available at  present;  however, the  growth 
mechanism is believed to be complex  because of the rf 
plasma that  interacts electrochemically  and mechanically 
with the  surface of the Nb film and  the as-grown oxide 
layer.  This might be one  reason why the logarithmic 
growth law observed  for initial growth (50.8 nm) of tan- 
talum-oxide films [39] is not  generally  found in our experi- 
ments. The rf plasma definitely accelerates oxide  growth. 
In this context it might be interesting to note that  rfclean- 
ing of the  surface of the base electrode with Ar also influ- 
ences  the oxidation  process. The higher the rf voltage 
during argon  cleaning, the  thicker  the as-grown  oxide film 
and the lower the  current density of junctions oxidized 
under  otherwise identical  conditions. The difference  in 
the growth curves between the rf-cleaned and as-depos- 
ited Nb films is basically a  parallel shift towards  larger 
thicknesses. This implies acceleration of oxide  growth in 
the very early stage of oxidation and may be understood 
as a consequence of surface  damage by ion bombard- 
ment. 

In Fig. 5 there is no evidence for a  thickness limit, as 
expected from competing processes of oxide  growth and 
sputter  etching. This might be a consequence of the low 
plasma  voltage  used in this  experiment resulting in a neg- 
ligible sputter-etching rate.  However,  even for  plasma 
voltages up to 400 V with 1 vol% 0, in Ar there  was no 
indication of saturation of the oxide  thickness. The 
growth process  appears  to  dominate  over  sputter etching, 
resulting in an oxide  thickness that  increases steadily with 
time. As will be shown,  sputter etching of niobium oxide 
in pure Ar starts below 300 V; thickness saturation might 
therefore still be obtainable for a  lower 0, content in the 
plasma,  especially if operated at a low total pressure. 
This, however, was not tried  because of the difficulty of 
accurately defining the  gas composition  and  the  increas- 
ing influence of gas desorption from  the  chamber walls. 
The conclusion  from our ellipsometric  studies is that 
oxide-thickness saturation,  where j ,  becomes  indepen- 
dent of time, could not  be  achieved  under well-controlled 
experimental  conditions.  This is in contrast to the results 
for Pb  and Pb-alloy junctions [31]. The interesting  thick- 
ness  range for  Nb  tunnel  junctions is 2.5-3.5 nm ( j ,  = 1 
to lo4 A/cm2; see Fig. 6). The Nb/NbO,/Pb junctions (0) 
have current densities that  are  an  order of magnitude 
lower  than those  for identical as-grown  oxide  thicknesses 
(x )  [40]. This reflects a strong  interaction of the Nb  coun- 
ter-electrode  material with the barrier  layer for the  all-Nb 
junctions  and/or formation of lead oxide  at the  barrier-to- 
counter-electrode  interface for  the Nb/Pb junctions. 

Electrical  characteristics 
The  junction  characteristics  are relatively  insensitive to 
changes in the fabrication  conditions of the electrodes 
( e . g . ,  varying the base-electrode  thickness  between 80 
and 200 nm, varying  the  deposition rate between 1 and 
4 rids, substituting base electrodes deposited in another 
uhv system,  or patterning by etching v s  lift-off). These 
variations all had little influence on Vm in comparison to 
the values obtained  from  reference junctions prepared si- 
multaneously with standard electrodes in the same  oxida- 
tion run. In  contrast,  the rf-plasma treatment of the base 
electrode  immediately  before,  during,  and  after  formation 
of the  tunnel barrier had a much more  drastic effect on  the 
electrical characteristics.  The principal  results are sum- 
marized in Fig. 7 ,  which shows the successive  improve- 
ments in the I-V characteristic following introduction of 
various  processing steps. All curves  are normalized to a 
tunnel resistance Rnn = 1 R. The characteristic of an 
"ideal" BCS tunnel junction is indicated by the  dashed 
line. Formation of the tunnel barrier  directly on  the  as- 
deposited  base electrode,  after development of the stencil 
for  the counter  electrode, gave junctions with widely 
varying characteristics, sometimes nearly linear with only 
a small indication of the gap voltage. Curve 1 represents 
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one of the  best examples. The  oxidation  conditions  used 
are given in Table 1. No pre- or post-cleaning processes 
were used for  these  junctions. 

Except  where noted, these  conditions  were used for all 
the  junctions reported here. Introduction of the pre-clean- 
ing Ar plasma  stage (see Table 1) greatly  improved the 
reproducibility of the characteristics  (Curve 2 of Fig. 7 ) .  
Since the main purpose of this step is to remove surface 
contamination, thermal oxides, and  thin films of the un- 
derlying Nb by means of sputter etching, we expect some 
dependence of the tunnel characteristics  on  the energy of 
the  bombarding ions, which in turn is determined by both 
the gas pressure and the rf voltage. The threshold energy 
for  oxide  removal at  an Ar pressure of 1 Pa is =300 V. 
Variation of Ar pressure from 0.5-5 Pa at a constant 
voltage of 350 V  showed  a decrease in Vm with pressures 
22.7 Pa. This is most likely caused by a  reduction in the 
energy of the Ar ions  through the  decrease in mean free 
path  and/or  increased  backscattering of materia1 from the 
surrounding cathode surface. In both  cases  the  Josephson 
current  density j , ,  for  constant oxidation  conditions,  de- 
creased with increasing ion energy  (increasing voltage or 
decreasing pressure).  Thus,  the  cleaned  Nb surface must 
oxidize more rapidly with higher-energy Ar ion bombard- 
ment, indicating possible  surface  damage. 

After oxidation of the  tunnel  barrier  the rf discharge is 
terminated and  the vacuum system is pumped down  to 1- 
3 x IO-‘ Pa.  The adsorbed  residual  gases are removed 
(or  another gas  species is substituted) by a light plasma 
etch  after formation of the barrier (see Table 1). This 
step improves  the characteristics,  as  shown by Curve 
3 in Fig. 7. A further improvement results when Ar is 
replaced with N, (see Table I); the quasi-particle current 
at voltages <2A/r  is reduced (Curve 4) and  there is a 
marked increase in the  dc  Josephson  current i ,  [see the 
shaded  bands marked on Fig. 7 ;  i,(4) corresponds to i ,  for 
Curve 4 conditions,  etc.] although the value is still well 
below the  theoretical maximum, i,(BCS). 

Figure 6 Josephson  current density jl versus ellipsometrically 
determined oxide thickness for all-Nb junctions (O) ,  in com- 
parison  with data for NbiNbOJPb junctions (+) obtained from 
~401. 

> 
E - 

~ 

Table 1 Optimal rf plasma  conditions for preparation of tunnel barriers. 

Figure 7 The influence of various  processing steps on the I-V 
characteristics of Nb  tunnel junctions. The  conditions yielding 
Curves 1-4 are  described in the  text. Also shown is the  “ideal” 
BCS quasi-particle  characteristic (---) calculated for A l e  = 
1.42 mV and T = 4.2 K .  All curves  are for Rnn = 1 a. The value 
of i, obtained for Curve 4 conditions is shown  as i1(4), that for the 
ideal BCS case  as i,(BCS), etc. 

No pre-cleaning 1.5-2.0 0.43 2 10% 
he-cleaning Ar 15 1 340-400 3.0-3.5 0.45 f 10% 
Oxidation Ar + 0, 1-2 5 140-160 - 
Post-cleaning Ar 12 I O  I40 4.0-4.5” 0.47 f 10% 
Post-cleaning N, 12 10 190 6.0-8.0” 0.60 k 1 0 %  

- 

“Includes pre-cleaning. 
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Figure 8 Influence of rf post-treatment  voltage on j ,  normalized 
to j,(140), the value ofj, for VF = 140 V. Time and gas pressure 
are 12 min and 10 Pa, respectively; Ar (0) and N, (X) .  

The  dependence of j, on  the rf voltage V,, used for  post- 
treatment is shown in Fig. 8. The  ordinate is normalized 
to  the value of j, at a  post-treatment voltage of 140 V. 
Little change in j, occurs  for V,, 5 140 V for both Ar and 
N,; Ar yields a much steeper  dependence than N,. Above 
140 V, however,  there is a tenfold  increase  in i,, corre- 
sponding to  about a  monolayer change in barrier  thick- 
ness. Data  from subgap  tunnel currents  (excess  currents) 
for  NblNb0,lNb and  Nb/NbO,/Pb junctions suggest that 
the upper  interface between  metal and oxide is mainly re- 
sponsible for  the higher quasi-particle currents of the 
former [7, 291. Thus it appears  that  the interaction of the 
Nb atoms from  the  counter  electrode with weakly bound 
oxygen atoms  at  the oxide  surface is responsible for this 
degradation of the all-Nb I-V characteristics. This  inter- 
action  could consist of the formation of lower (more con- 
ductive) oxides of Nb  at  the  top interface. The improved 
characteristics with the Ar post-treatment  appear  to  be 
the result of removing these weakly bound  oxygen atoms 
from the  surface  just prior to  the  Nb evaporation. The 
increased j ,  for  the Ar post-treatment may be due  to a 
similar mechanism, i . e . ,  removal of adsorbed oxygen 
from the  oxide surface. 

In the case of N, the effect is somewhat  harder  to clari- 
fy because N, can  react  both with the  oxide, causing  a 
reduction in the oxygen concentration  at  the  surface, and 
with the Nb  counter  electrode, causing  formation of 
NbN,. Pure NbN is a superconductor with T,  = 15 K 
[41, 421. Thus,  the  presence of nitrogen in the  counter 
electrode may assist in counteracting degradation of T, by 

small amounts of oxygen  present  via interaction  with the 
oxide. In  the  absence of supporting data from  surface 
analysis, such  as  AES or ESCA,  the explanations given 
here are speculative. 

The optimum conditions (highest V,) listed  in Table 1 
were arrived at  after numerous experiments in which 
pressure, rf voltage, and time were individually varied 
while all other  parameters were fixed. The range of values 
obtained for  the various processes  are  also listed in Table 
1 .  No significant improvement was found on increasing 
the post-cleaning  voltage  above 200 V, or on reducing the 
pressure, suggesting that  actual removal of the  oxide  (as 
opposed to removal of adsorbed atoms)  does not improve 
the characteristics. Because of the rapid  increase in j ,  
with post-cleaning voltage (Fig. 8) it seems preferable to 
use the minimum voltage for  control of the final current 
density j,. 

For both  Nb/NbO,/Nb  and  NblNbOJPb junctions  (Ar 
pre-cleaned, no post-treatment)  the  quality (V,) de- 
creased  for  rf-plasma  voltages greater  than 200-250 V. In 
contrast, the Josephson  current  density showed a strong 
dependence on oxidation time and  the  Arlo, gas  ratio (see 
Fig. 9). The  logj,  decreased with increasing rf voltage at a 
pressure of 5 Pa  for  an  Ado, ratio of 0.5 vol% and a con- 
stant oxidation  time of 45 s .  The value of log j, is plotted 
against  the independent variables to facilitate  a  com- 
parison with the  oxide  thickness tax. The  current density 
j ,  is proportional to the tunneling conductance G,,, which 
in turn  depends  on to,: 

G,, X (-atOx), 

where a is a function of barrier  height  and tunneling ef- 
fective  mass [43]. For small changes in fox it is reasonable 
to assume that a is constant;  hence,  logj, fox. It  can be 
seen  that fox depends fairly linearly on log (oxidation time) 
and on Vrf, within the range investigated.  Because of the 
small oxide thickness range (2.5-3.5 nm),  these  results, 
and in particular the  absence of saturation in oxide thick- 
ness with time, are  consistent with the  ellipsometric mea- 
surements described previously. 

For many applications the stability of junctions  at ele- 
vated temperatures (annealing), under  extended storage 
at room temperature, and during thermal cycling between 
room temperatures  and 4 K is of considerable impor- 
tance. Annealing is necessary for more  complex  struc- 
tures  or processing requirements.  Heat  treatment  ofjunc- 
tions at 80°C in pure N, led to an increase in j, and  a small 
change in V,. The average  fractional  change in j , ,  
j,(t)/j,(O), for a group of six 10 x 4.6 pm’ junctions  as a 
function of (annealing time t)’”, varied linearly from 1 to 
1.5, indicating that  the change in j ,  arises from a diffusion 
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process within the  barrier.  The  increase in j ,  further sug- 
gests that  the effective  oxide thickness is reduced, possi- 
bly by out-diffusion of oxygen into  the  electrodes. This 
supposition is supported by the observation  that any 
changes in Vm are usually towards  lower values (about 
-0.5 mV). Such  changes  are  to be expected if the super- 
conductor-oxide interfaces become  more  gradual. An- 
nealing at  temperatures above 100°C caused a  more rapid 
deterioration in quality, and at 160°C many junctions 
short-circuited. Samples annealed for 40 h  showed  an- 
nealing factors of about 2.15 with a 35% reduction in Vm. 

Table 2 lists  some  results on  the fractional  change in 
Josephson current density  after  various  periods of storage 
in dry air (desiccator)  at room temperature (20-24°C). 
With two exceptions (array structures)  the  junctions were 
all of the type  sketched in Fig. 3; they were  not  encapsu- 
lated by any  surface  coating and  not annealed  before the 
initial measurement  determining j , (O) .  Junctions having 
post-treatment in N, rather than Ar  show  the larger  ratios 
jl(t)/jl(0), despite the longer storage times for  the  latter. 
The array structure  junctions  (to be discussed later)  were 
covered by an  evaporated film of S i0  and  control lines, 
and were annealed  before the initial measurement. For 
these junctions  the  ratios j,(t)/j,(O) are much smaller. In 
view of the linear dependence of this  ratio on  the square 
root of the  annealing  time, it is  evident that  a large part of 
the change in the "unannealed" junctions  arises simply 
from "annealing" at room temperature.  Thus, junctions 
can be stabilized  by  annealing. 

Interferometer arrays 
Josephson junction  interferometers [44] have  been pro- 
posed as memory devices to store information as a single 
flux quantum a0 = h/2e [45, 461. Details and  experimen- 
tal results  obtained with Pb-alloy junctions  have been de- 
scribed by Gueret,  Mohr, and Wolf [47]. They concluded 
from computer simulations that large arrays of single- 
flux-quantum (SFQ) memory cells could  be  realized,  pro- 
vided the  necessary tolerances in the design parameters 
could be attained in practice.  Of  special  interest is the 
operation of such memory cells in an  array environment 
and, from a technological  viewpoint,  the  variation in Jo- 
sephson  currents i, among the  interferometers of the ar- 
ray.  Experimental data  on both these  aspects  are neces- 
sary to  determine  whether or not acceptable operating 
margins are possible. For these preliminary investiga- 
tions,  arrays of 80 interferometers have  been designed 
and  fabricated. The details  have  already been described 
for Pb-alloy junctions [48]. 

The  absence of separate  connections  to  every inter- 
ferometer in the  test  pattern used  (see Fig. 10) necessi- 
tated  measurement  only of the maximum dc Josephson 

'ime ( s )  

I I I I 1 
4 8 12 16 20 

Ar/O, ratio 

Figure 9 (a) Josephson current density j ,  versus rf oxidation 
time for OJAr ratio of 12.5 vol%, V,, = 100 V (X) ;  and for O,/Ar 
ratio of 4 vol%, Vrf = 130 V (0). The pressure was =5 Pa. 
(b) Josephson current density versus the AriO, ratio  for V ,  = 
100 V, oxidation time = 45 s, and pressure =5 Pa. 

Table 2 Results on wafer  storage  at  room tem2erature. Aver- 
age values for 10 X 4.6 pm2 and 50 X 10 pm junctions, 6-9 
junctions per wafer; no annealing unless indicated otherwise. 

Post-treatment 

Ar N2 

J 
J 
J 
J 
v 

J 
J 

124 
151 
174 
350" 
400" 
619 
700 

1.30 
1.37 
1.44 
l . lra 
1.04' 
1.22 
1.27 

"Annealed at 80°C 50 min, array structures of 80 two-junction interferometers 

current i,, although in principle Vm can  also be obtained. 
Selected chips (eliminating those with poorly defined 
films or other  obvious  defects) were measured.  The mean 
current densities for  some 13 wafers, with a total of 200 
measured chips, ranged from 0.93-3.89 kA/cm* and 83% 
of the  chips had a standard deviation u in the  Josephson 
current density of less than 2%. It is of particular interest 21 9 
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Figure 10 Projection of the  Josephson  currents of twelve 80- 
interferometer arrays. The  values  for a given  array  are  normalized 
to its mean  value  of i,. 

to  note  that in the  selection process  no defective junction 
was  found  among the  interferometers. In almost all the 
cases exceptionally good reproducibility of i, within the 
arrays is obtained and u is less than the maximum allow- 
able value for a large SFQ array and also considerably 
lower  than the values  generally  achieved with Pb-alloy 
junctions [48]. 

Several  investigations  into the effects of thermal  cy- 
cling have been  performed with encouraging  results. 
Simple junctions  and  interferometer  arrays  have been  cy- 
cled  between room  temperature  and 4 K for 457 and 527 
cycles. None of the  devices were  defective after these 
tests. It is also  noteworthy  that  no insulation failures were 
observed between  any of the films. The maximum spread 
of i, on  the chips was within *6% and  the maximum 
change in i, after cycling was  generally not greater  than 
1%. Some chips were  annealed before cycling was begun, 
for times ranging from 45-576 min, and for  these chips  the 
change in i, is very small.  Chips that had no annealing 
other than that introduced  by the photoprocessing 
showed  larger changes in i, (1-9%). These changes  were 
not caused by the cycling itself but were most likely the 
result of some  room-temperature "annealing" during 
storage after  the first measurement. The  absence of any 
cycling-induced defects indicates  a  failure probability per 
junction  per  cycle of less than 6 X IOp7. 

Summary 
We have described the  fabrication of thin-film Nb tunnel 
junctions using the techniques of e-beam  evaporation and 

220 photoresist  stenciling for making the  electrodes, and oxi- 

dation in an rf plasma to form the tunnel  barrier.  The 
oxide  formed  by the plasma has been  studied in situ by 
ellipsometry and indirectly by measurement of the tunnel- 
ing characteristics  after completion of the junctions.  The 
ellipsometry measurements show that  the  oxide growth 
rate has a complex  dependence on oxidation  time, im- 
plying more than  one mechanism. Unlike the plasma oxi- 
dation of Pb alloys [3 I], the  Nb  oxide growth rate has not 
been found to  reach a saturation  thickness with time 
within the  range of parameters  studied. 

The  junction I-V characteristic was  found to depend 
rather critically on  the  processes used to form  the tunnel 
oxid-. In particular,  pre-cleaning of the Nb surface in an 
Ar  plasma with sufficiently energetic ions to remove  ther- 
mal oxides  by sputter etching is essential to obtain  repro- 
ducible junction  resistance and  tunnel characteristics. A 
further new process,  carried out after growth of the oxide 
(post-treatment), yielded  a significant improvement. The 
post-treatment consisted in exposing the newly grown 
oxide to a  low-voltage (5200 V), high-pressure ( = l  Pa) 
plasma of either  Ar  or N,. For  both  gases, the  tunnel  cur- 
rent  at voltages below the gap voltage was  reduced  com- 
pared with untreated  junctions. We believe the  improve- 
ment was due primarily to  the  removal of adsorbed oxy- 
gen atoms  on  the  surface of the  oxide. Nitrogen was 
found to be  more  effective  than Ar  for  post-treatment; not 
only was the reduction in the  subgap  quasi-particle cur- 
rent  greater,  but  the  dc  Josephson  current i, was  also in- 
creased in comparison  to those obtained  for Ar-treated or 
untreated junctions. In this case, it is most likely that 
some N,  is incorporated by substitution or inclusion in 
the  surface of the  oxide, where it may reduce  the inter- 
action of the Nb counter electrode with oxygen  and  de- 
crease the thickness of the transition region between  the 
tunnel barrier  and  the  counter  electrode.  Furthermore, 
compared with 0, treatment,  the reaction of a small frac- 
tion of N, with the  Nb should  result in less  degradation of 
the  superconducting properties of the  counter  electrode, 
particularly in the neighborhood of the interface. Our 
comparative studies of junctions fabricated using all-Nb 
and Nb base  electrodes with a Pb  or Pb-alloy counter 
electrode [7, 491 also indicate that  the interface  between 
the  tunnel barrier  and  the  top  electrode is important for 
obtaining high-quality junctions. 

The  junction quality was relatively  insensitive to  the 
conditions of the actual oxidation stage, provided the rf 
voltage was not too high (<200 V). In contrast,  the  Jo- 
sephson current density j ,  was strongly dependent  on 
time, rf voltage, and  the Ar/O, ratio. As with the ellip- 
someter  measurements,  there was no evidence of a  satu- 
ration in oxide thickness with increasing  oxidation  time. 
Within the small thickness range covered by the  electrical 
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measurements,  the  oxide thickness tllx was proportional 
to the logarithm of the oxidation time,  and  to  the plasma 
voltage at fixed pressure and AriO, ratio. 

Studies on  the  annealing ofjunctions  at 80°C showed an 
increase in j ,  with time, roughly following a square root 
dependence.  There was also a slight decrease in the  junc- 
tion quality, expressed by V,. A possible  explanation 
consistent with these  observations is out-diffusion of oxy- 
gen from the  oxide into the  electrodes.  Junctions  that 
have been  annealed and covered  by a protective  coating 
show very little change in their characteristics  after long 
periods of storage at room temperature;  changes in j ,  as 
low as 4.3% have  been  recorded after  one  year. 

Thermal cycling between room temperature and 4 K 
was carried out on  both simple unprotected  junctions and 
on more complex arrays of 80 interferometers. None of 
the  total of 1600 junctions failed after up to 527 cycles, 
nor did the  characteristics change  measurably  except for 
a slight increase in j , .  

Fabrication and electrical  measurement of arrays of 80 
two-junction interferometers were carried  out as  part of a 
preliminary investigation into the suitability of such de- 
vices for  storage elements  for cryogenic computers [45- 
471. Of particular interest were the fabrication  problems 
associated with the densely  packed structure and  the vari- 
ations in the Josephson  currents of the interferometers 
within the  arrays. Fine structures with linewidths of 5 p m  
could be successfully made with Nb.  Recent work [50] 
using e-beam  lithography  has  shown that  I-pm  structures 
and 1 x I-pm’ Josephson tunnel junctions can also be 
fabricated using Nb thin films. The  standard deviation rr 
in i, within the arrays was in most cases less than 2% and 
in some cases  less  than 1%. These findings,  together with 
the good stability of the  junctions,  are highly encouraging 
for  the  future design of working memory arrays having 
many thousands of cells. 
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