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Structure of Tunnel  Barrier  Oxide for Pb-Alloy 
Josephson  Junctions 

The  oxide  formed  on  Pb-In  and  Pb-In-Au alloy films by processes similar to  those  used  to  fabricate  oxide  tunnel barriers 
f o r  experimental  Josephson  junction  devices  has  been  investigated with transmission  electron  microscopy  and  diffraction 
(TEMITED),  Auger  electron  and  x-ray  photoelectron  spectroscopies  (AES  and XPS),  and  ellipsometry.  Thermal  oxida- 
tion of Pb-In(l3  at%)  alloys at room  temperature  results in a  noncrystalline  oxide,  whereas  oxides  formed  at 260°C in low 
pressures  of 0, result in a  continuous  stable epitaxial layer of cubic In,O, -2.5 nm thick.  The  oxide  formed  by  sputtering 
such  a  thermal  oxide  in  an  rf-excited 0,  glow discharge  (rf  oxidation)  results  in  a  layered  structure 4 . 5  nm  thick,  the 
bulk of which consists  of  an  upper  layer of epitaxial I t 1 ~ 0 ,  and  a  lower  layer  of  crystalline  orthorhombic  and  tetragonal 
PbO.  The  thickness  of  the PbO luyer  depends  on  the  availability of In  at  the  metal-oxide  interface,  and  thus,  on  the alloy 
composition  and  the  temperature  and  rate of oxidation.  For  In  concentrations  above =I8 at%,  the bulk of the  oxide was 
found  to  be entirely epitaxial In,O,. An  additional ~0.3-nm-thick surface  layer of PbO is observed,  which  arises  from 
material sputtered from  the  Pb-coated rf electrode and subsequently  backscattered  onto  the  surface  of  the  oxide.  Altering 
this backscattered  material  from  lead  oxide  to  indium  oxide  increases  the  current  densities of completed  junctions  by 
more  than  a  factor of 40. In  contrast,  variations in the  composition  of  the  lower  portions  of  the  oxide  have little effect  on 
the  junction  Characteristics.  Factors  affecting  the  composition  and reproducibility of the  oxide are discussed. 

Introduction 
Josephson junctions using Pb-alloy base electrode films 
containing In and Au as alloying constituents have  been 
fabricated by several  workers [ 1-51. Junctions made with 
such alloys have shown  an increased  tolerance to re- 
peated thermal  cycling  between  room  temperature  and 
4.2 K [3, 6, 71. Since  the tunnel barrier oxide is formed 
by oxidizing the base  electrode,  the  presence of indium, 
the major alloying constituent,  also affects the composi- 
tion of the oxide. Although the  tunneling characteristics 
of such junctions  are acceptable  for  circuit  fabrication, 
the possibility of having a mixed oxide in the tunnel bar- 
rier makes it difficult to  characterize  the properties of the 
tunnel barrier oxide  and leads to  the possibility that  the 
oxide  composition will be sensitive to details of the oxida- 
tion process. Previous  studies of the thermal  oxidation of 
Pb-In alloys have shown that  a mixed oxide forms, with a 
strong  preference for  the formation of indium oxide [8, 91. 

Ellipsometric measurements of oxides formed by rf oxi- 
dation  have  shown  a  strong dependence of the oxide in- 
dex of refraction on alloy composition, indicating that a 
mixed oxide also  forms  as a  result of rf oxidation [IO]. In 
addition to being affected by the composition of the metal 
from which it is formed,  the oxide  composition  can  also 
be affected by the backscattering of material sputtered 
from  the rf electrode  on which the samples are mounted 
[ll]. The material  with which this electrode is coated  has 
been  found to have  a  strong effect on  the  current density 
of junctions [12]. 

Although the  presence of a mixed oxide has been estab- 
lished, little has  been  known about the factors that influ- 
ence its structure and  composition. With the latter infor- 
mation, it should  be possible to devise  procedures by 
which the oxide composition may be  made less sensitive 
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to process  variables and more stable during  subsequent 
storage  and  use. With these  objectives in mind, we have 
studied the  structure  and composition of the  oxides 
formed on Pb-In  and  Pb-In-Au  alloy films under a  variety 
of conditions. The  structural information  has  come pri- 
marily from transmission  electron  microscopy  (TEM)  and 
diffraction (TED)  studies, whereas the compositional in- 
formation has  come primarily from Auger electron spec- 
troscopy  (AES) studies. X-ray photoelectron spectros- 
copy (XPS or  ESCA)  studies have  also  provided valuable 
information regarding the, oxide properties [ 111. In this 
paper we describe the results of our  studies of the proper- 
ties of the oxides formed using processes similar to  that 
described  by Greiner et  al. for fabricating  experimental 
Josephson  circuits [ 5 ] .  We propose  a model for the oxide 
and  discuss  the factors  that determine  the oxide  structure 
and  composition and  their influence on some of the  prop- 
erties of the tunnel junctions. We also discuss several 
possible process modifications that may result in im- 
proved  reproducibility of junction  properties. 

Experimental procedure 
The procedure by which  samples  were prepared  for  the 
various  investigations is described in this  section. Varia- 
tions in one  or more steps of this procedure were some- 
times  required for a  particular experiment and are noted 
where appropriate. 

Samples  were prepared in a  vacuum chamber similar to 
that described by Greiner [13]. Films were  deposited at 
room temperature from  rf-induction-heated sources  onto 
SiO, or SiO-coated  Si  wafers  precleaned by sputter  etch- 
ing  in 0,. The films were deposited  at  pressures below 
6 X Pa by first evaporating 4.5 nm of  Au at  about 
0.1 n d s  followed by Pb ( ~ 3 . 5   n d s )  and In ( ~ 0 . 5  nrds) 
to give a  total film thickness of  200  nm at the  desired com- 
position [ 141. The films were  then  annealed in vacuum at 
room temperature  for a minimum of 30 rnin to allow the 
layers to interdiffuse. As expected  from consideration of 
the bulk diffusion coefficients [15], this  period was suf- 
ficient for  the  components of the alloy to interdiffuse and 
for  the films to  approach their  equilibrium structure. 

Following the  deposition  and  equilibration,  the films 
were  thermally  oxidized by exposing  them to a  dynamic 
flow  of 0, at 2.7 Pa for 30  min at room temperature.  The 
temperature  was then increased to 75OC and the samples 
were oxidized in 2.7 Pa 0, for 60 min. This  two-step  ther- 
mal oxidation process is referred to  as 75°C thermal oxi- 
dation. If junctions were to be fabricated,  the vacuum 
chamber  was filled to atmospheric pressure with 0, and 
the  samples  were  removed  for photoresist processing, in 
which the photoresist stencil  for the  counter electrode 

224 was applied. The rf oxidation  was  then carried  out with 

the  samples  mounted on a  Pb-coated rf electrode  capaci- 
tively coupled to a 13.56-MHz rfgenerator, which is used 
to excite  a glow discharge in 0,. Energetic  ions from the 
discharge  bombard  the  samples [ 161, resulting in growth 
of an oxide film [ 1, 13, 171. The rf oxidation was carried 
out in two stages,  the first for 30  min at 10 Pa with 125 V 
(all voltages are peak-to-peak)  applied to  the electrode 
followed by an additional 30  min at 2.7 Pa and an rf volt- 
age of  360 V [5].  If junctions were to be formed, this was 
immediately followed by deposition of a Pb-Au or Pb-Bi 
alloy counter  electrode [ 5 ] .  This four-step oxidation pro- 
cess, hereafter  called the nominal  rfoxidation  process, is 
similar to  that which has been  used in forming the tunnel 
barrier for experimental Josephson circuits [5] .  

Analysis of the oxide structure and  composition by 
XPS and AES  was carried out in most cases  on samples 
exposed to room ambient  for 530 min. Contamination of 
the  sample  was  minor for  short  exposures. Samples  were 
prepared for  the  TEM studies by depositing  a  total of 
40  nm Pb plus In  onto a  photoresist or collodian film at  a 
substrate  temperature of  250 K. Typically,  the rf oxida- 
tion was carried out immediately after  the thermal  oxida- 
tion. The films were  then lifted from  the substrate by 
soaking in acetone and floated onto a grid for mounting in 
the  TEM instrument. 

In some cases the  progress of the oxidation  was studied 
in a separate ultra-high-vacuum (uhv) system in which the 
films could be prepared using procedures similar to those 
described above  and examined in situ with AES and el- 
lipsometry [ 181. The ellipsometer used a 632.8-nm-wave- 
length laser beam incident on  the sample at 70" from nor- 
mal. The oxide  thickness was calculated from the mea- 
sured  ellipsometric  parameters A and $ using the 
FORTRAN program of McCracken [ 191. 

Thermal oxide 

0 Oxidation at room  temperature 
Auger spectra were  obtained  from  freshly  deposited films 
within 5 min after deposition,  and  from  these  a PbiIn ratio 
characteristic of the bulk film composition was observed. 
On exposure of clean films to oxygen  at 2.7 Pa, oxide 
grew to 1.0-1.3 nm within 1-2 min, after which little or no 
additional oxide grew. For  213  at%  In, such  oxides were 
found (AES)  to  consist almost  entirely of indium oxide 
within the -0.7-nm escape  depth of the Auger electrons. 
An OiIn peak-height ratio of 0.68 * 0.04,  characteristic of 
In,O,, was consistently observed. 

The results of an XPS  experiment  have further shown 
that the oxide  consists almost  entirely of  In,O, when it  is 
formed  at  room temperature by gradual  oxidation.  A Pb- 
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In( I3 at%) alloy was  sputter-cleaned with Xe, resulting in 
the spectra  shown in Fig. l(a).  The sample was then 
reoxidized by exposure  to 1 Pa-s ( lo4 langmuirs) of 0, at 
1 x Pa followed by 30 min exposure  at 2.7 Pa and 
14 h at IO5 Pa 0,, resulting in the  spectra  shown in Fig. 
I(b). The In 3d peaks  have  increased in intensity  relative 
to the Pb 4f peaks and have shifted by 0.9 eV toward 
higher binding energies. The increase in intensity in- 
dicates that the oxide is predominantly oxidized indium, 
whereas the shift is characteristic of indium in In,O, [ 113. 

From these  results, it is also  possible to estimate the 
thickness L of this In,O, layer. We note  that the  Pb peak 
has not shifted, indicating that it arises  from electrons 
that  are excited in the underlying metal and  escape 
through the overlying  oxide layer.  This is confirmed by 
the  spectra shown in Fig. l(c), in which the sample has 
been tilted such that  the angle 0 between  the photoelec- 
tron detector and the sample  surface  was decreased. This 
results in a decreased escape depth normal to the  surface 
[ 11, 201 and thus  enhances  the signal from the material 
nearest the  surface. By analyzing the change in ratio of 
the  intensity of the  In peak to  that of the  Pb peak from the 
metal using the  method  discussed in Ref. [ I  I], we  find for 
the  oxide thickness L = 1.3A = 2.3 * 0.3 nm, assuming 
A = 1.74  nm for  the  escape  depth of Pb 4f electrons in 
In,O,. This is in good  agreement with ellipsometrically 
determined thicknesses  for Pb-In alloy films oxidized at 
atmospheric pressure [9]. 

A small shoulder is also visible on  the low-energy  side 
of the Pb 4f peaks, suggesting that some  lead  oxide may 
be present. The  increase in the intensity of the shoulder 
relative to  that of the peak originating in the metal at 
smaller 6 also  shows that the shoulder  arises from Pb in 
the oxide layer. It is interesting to  note  that  the chemical 
shift of the  oxidized Pb is 1.8 eV, considerably  greater 
than  the 5 1  eV  from known oxides of Pb (see  sources 
cited in Ref. [ 1 I]). This suggests that  the lead  oxide is not 
present in the  form of isolated particles, but rather is 
mixed on an atomic  scale with the indium oxide [ I  I]. 

The TEM studies were  carried out  on Pb-In alloy films 
containing 11.4, 15.2, and 23.8 at%  In, which were oxi- 
dized at room temperature in =2  Pa 0, and in air during 
transfer of the samples  to the electron microscope.  How- 
ever, none of the films showed evidence of a  crystalline 
oxide layer,  either in the micrograph or  the diffraction 
pattern. It is likely that the  thermal  oxide  formed at room 
temperature  was  not sufficiently ordered  to be detected 
by TEM. 

The  fact  that  the oxide grown on Pb-rich  alloys is pre- 
dominantly In,O, is a consequence of the lower  free en- 

In 3d 

Pb4f n I 

Klndlnp energy ( eV)  

Figure 1 X-ray  photoelectron  spectra  from a Pb-In(l3 at%) al- 
loy film using AI K a  x-rays; (a) sputter-etch-cleaned film taken  at 
a detection  angle B = 6.5" from  glancing; (b) after oxidation at 

2.7, and IO5 Pa  for a total  exposure of 5 X IOy Pa-s, same 0; 
(c) as in (b) except 0 = 28". 

ergy of  In,O, compared  to  PbO. If the system were in 
thermodynamic  equilibrium,  only trace  amounts of PbO 
would be present in the oxide [8]. The formation of any 
PbO must therefore be a  result  only of kinetic limitations 
in the  rate at which In  can be supplied to  the oxide-metal 
interface from  the Pb-rich film. A consequence of this be- 
havior is that  the  oxide composition is sensitive to the 
oxide  growth rate.  This sensitivity is evident in com- 
paring our  results with those of Chou et  al. [8]. They ob- 
served about  four times  more  PbO at the  surface of a Pb- 
In(13 at%) alloy oxidized by "immediate" exposure  to 0, 
at  atmospheric pressure, a  procedure which results in a 
more rapid oxide growth rate. Since  kinetic  factors  ap- 
pear  to be important in determining the oxide  composi- 
tion,  temperature would also  be expected  to be  a factor in 
determining  the oxide composition. 

0 Oxidation at  elevated  temperatures 
In the course of preparing  oxides by rf oxidation at ele- 
vated temperatures,  one sample was thermally  oxidized 
at room temperature  and 2.7 Pa followed  by  thermal oxi- 
dation at 60'C at  pressures ranging between 0.7 and 10 Pa 
for "2 h. Studies of this sample by TEM and TED 
showed that crystalline In,O, had formed,  as indicated in 
Fig. 2. In  the diffraction pattern  shown in Fig. 2(b), rings 
from the { 2  1 I},  {440}, and {222} reflections of cubic In,O, 
are visible. In addition, the In,O, has  a definite orienta- 
tion with respect  to  the alloy, as indicated by the  correla- 
tion of the intensity  modulation  along the  daraction rings 225 
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Figure 2 TED  patterns  and micrographs from  an  ~40-nm-thick Pb-In(12.4  at%) film oxidized at 60°C in =3  Pa 0, for  =lo0 min. Parts 
(a) and (b) were  taken with the 75-keV beam normally  incident on the film, whereas  the film was tilted  for (c) and  (d)  such  that  the  dark- 
field image is formed  from  the {l l l}  reflections  of  Pb-In.  Arrows  refer to  features labeled in the  opposing pattern; the short lines indicate 
the  second ring of a closely spaced  pair, this ring being labeled in the  alternate half of the  same  pattern.  The Pb-In ring labeled  SM is a 
subsidiary  maximum or satellite  peak  related to  the metal film. The marks shown in (a) and  (d) were used in determining  the fringe 
spacing. 

Table 1 Measured  and calculated  spacing of  MoirC fringes between  cubic In,O, and Pb-In  alloy. 

Sample  Interplanar  spacing (nm) Moire fringe  spacing (nm) 

Pbln W ,  Calculated  Measured 

12.4 at%  In; 60°C  1220)  0.1742;  1440) 0.1788; 6.8 7.1 ? 0.6 
{ l l  1) 0.2844 thermal oxidation {222} 0.2921 10.8 11.2 ? 1.0 

25 atyo In, rf (220)  0.1733; {440} 0.1788; 5.6 5.3 
oxidation {I 11) 0.2830  {222) 0.2921 9.0  8.2 

of Pb-In and In,O,. The orientational  relationship of the 
diffracted beams can be seen quite  clearly from dif- 
fraction patterns  from single grains on which an rf oxide 
has been  grown (shown later) from which it is evident that 
the cubic In,O, has grown epitaxially on  the individual 
grains of the face-centered-cubic alloy film. 

The high degree of epitaxy of the In,O, is also  evident 
in the  micrographs from this sample,  as shown in Figs. 
2(a) and (d), in which  striking Moire fringes are  seen.  The 
Moire fringes seen in the bright-field micrograph [Fig. 
2(a)] arise  from the interference between  electrons scat- 
tered from the (220) planes of the alloy and  the {440} 
planes of the In,O,. The difference in spacing of the (440) 
plane of  In,O, and  the (220) plane of Pb-In is such that 
they are coincident every 39 planes,  corresponding to a 
fringe spacing of 6.8 nm. If the  average fringe spacing is 
measured, as  shown in Fig. 2(a), a value of 7.1 2 0.6 nm 

226 is found, in excellent  agreement with the calculated  value 

(Table 1). Similar results  are  obtained from diffraction 
patterns  and dark-field micrographs  obtained from this 
sample in a  tilted  configuration. The { 11 I} ring from Pb-In 
and  the 1222) ring from In,O, are clearly visible in the dif- 
fraction pattern from a tilted sample  [Fig. 2(c)]. Figure 
2(d) shows  the dark-field micrograph  obtained from this 
pair of reflections. Again, Moire fringes  arising  from in- 
terference between  these two  planes are quite  apparent 
and,  as  shown in  Table 1, the observed and  calculated 
fringe spacings are in good  agreement. Thus, in contrast 
to  the oxide  grown at 24"C, the  oxide grown at 60°C is 
highly ordered  and in almost  perfect  epitaxy with the al- 
loy. It also appears  from  the micrographs that  the In,O, is 
continuous  and  in  registry  with  the  alloy  over  an  entire 
grain of alloy with no evidence of dislocations or grain 
boundaries within the oxide  layer. 

Auger spectra suggest that  the primary effect of the 
high-temperature  oxidation is to  form crystalline In,O,, as 
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observed with TEM,  rather  than  to  cause a  change in the 
composition of the oxide. When a sample oxidized at 
room temperature  and 2.7 Pa was further oxidized at 75°C 
and 2.7 Pa, no change was observed in the Auger spec- 
trum.  From  these  results we also  draw the conclusion that 
the  observed  O/In  ratio of 0.68 is  characteristic of  In,O,. 

As mentioned  previously,  oxidation at 24°C and 2.7 Pa 
essentially ceases  after  about 1.3 nm of oxide has formed. 
However, when the  temperature is increased  to 75°C the 
film begins to grow  again, with the  thickness increasing 
approximately logarithmically with time,  as determined 
ellipsometrically. This  leads  to a film thickness of ~ 2 . 5 -  
3.0 nm after 60 min of oxidation.  One such film was  sub- 
sequently exposed  to oxygen at lo5 Pa for 16 h at 24'C,  in 
which case the thickness increased  by about 0.4  nm,  a 
portion of which could  have  been due  to adsorbed 0, 
molecules. Thus  the increased thickness obtained at high 
temperature  appears  to have resulted in a negligible 
growth rate  at 24"C, even  at greatly  increased pressures. 

Oxide  stability 
The epitaxial In,O, formed as a result of the 75°C thermal 
oxidation has  also  been found to remain effectively un- 
changed  when exposed  to  atmosphere and the chemical 
ambients  typically  used  for Josephson circuit  fabrication 
[5]. A  sample on which such  an  oxide had been grown  and 
characterized was  processed through all steps used for 
preparing a  typical  photoresist  stencil [21]. The sample 
was then returned  to  the uhv system  for analysis. The 
measured thickness change  was less  than 0.3 nm (com- 
parable to  the  experimental reproducibility) and  the  O/In 
ratio as  observed with AES changed  by  less than 3%. Ad- 
ditionally, there  was no evidence for  carbon  con- 
tamination of the  surface of this  particular  sample. 

By contrast,  photoresist processing  was  found to pro- 
duce significant changes in the  composition of the mixed 
PbO/In,O, oxide that  forms  on a Pb-In(l3 at%) film when 
exposed  directly to 0, at  atmospheric  pressure.  The pro- 
cessing  reduced the  amount of lead oxide by about a  fac- 
tor of three. This  composition change was found to  occur 
during the  basic aqueous developing and rinsing steps, 
which is reasonable in view of the solubility of PbO in 
H,O and alkaline solution [22]. In  addition,  the thickness 
of an oxide  grown at  room  temperature is still sufficiently 
small that it would continue  to grow in air.  To  the  extent 
that  the growth rate of such  an  oxide  depends  on  the am- 
bient  conditions, including processing in aqueous solu- 
tion, the final thickness can  be dependent  on variations in 
these  conditions. As will be shown,  the composition of 
the  completed  tunneling  oxide can  be affected by the na- 
ture of the initial thermal oxide. Thus,  the  greater stability 
of the initial oxide grown using the 75°C oxidation  process 
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should  result in the formation of more  reproducible  tun- 
neling oxides. Based on  these findings, the 75°C thermal 
oxidation process  has been  incorporated into the  tunnel 
barrier  formation process used to  fabricate exploratory 
Josephson  integrated  circuits [5]. 

RF oxide 
The rf oxidation process is characterized by a very  rapid 
initial growth that  decreases in an exponential  manner 
with increasing oxide thickness [ l ,  10, 13, 171. The 
growth  kinetics have also  been  found to depend on  the 
pressure  and rf voltage  conditions  during  oxidation 
[13, 171. Since the composition of the thermal  oxide 
formed on Pb-In alloy films was  found to depend on  the 
growth  kinetics, we would expect  the composition of the 
oxide  formed on  such films by rf oxidation also  to  be de- 
pendent on  the rf-oxidation  conditions. 

The effect of the first step of the rf-oxidation  sequence 
has  been studied  on samples that were  thermally  oxidized 
at 75'C and then  transferred  to  the uhv system  after  ex- 
posure to air or  photoresist processing. Auger spectra ob- 
tained in situ after this  pre-clean step [ 10 Pa 0, at 125 V 
for 30  min] have shown that  any  carbon initially present 
was  removed and  that  the oxide surface  was In,O,. The 
thickness of the oxide was  found to  increase by -1 nm as 
a  result of this process.  Thus, this step of the rf-oxidation 
process is effective in removing contaminants  that may be 
present as a result of photoresist  processing, resulting in a 
more reproducible oxide  at  the  start of the next  step of the 
oxidation process. 

The  second and  primary step of the rf-oxidation se- 
quence consists of sputtering the sample at room  temper- 
ature, typically for 30 min in 2.7 Pa of oxygen at  an rf volt- 
age of 360 V. We now describe TEM,  XPS,  AES, and 
ellipsometry studies of oxides  formed under such condi- 
tions. The effects of alloy concentration,  temperature, 
and starting oxide  on  the final oxide structure  are also 
explored. 

Oxide  structure-TEM/TED 
We first describe  the  TEM analysis of an  oxide formed by 
the nominal rf-oxidation process  on a Pb-In(12.5 at%) al- 
loy. Diffraction patterns from this  sample  show the pres- 
ence of  In,O, and both  the  orthorhombic  and tetragonal 
modifications of PbO. Bright- and dark-field micrographs 
of the same region of this  sample are given in Figs. 3(a) 
and  (b), respectively,  and show the  presence of all three 
oxides. The Moire fringes between In,O, and  the Pb-In 
alloy are most  evident in the dark-field micrograph,  but 
can also be readily detected in the bright-field micro- 
graph.  Thus  the  presence of an epitaxial layer of  In,O, is 
evident, as was the  case  for  the  oxide formed thermally at 227 
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Figure 3 Bright-field (a) and dark-field (b) micrographs from 
the  same region of a Pb-In(l2.5 at%)  alloy that had  been rf oxi- 
dized using the nominal process.  The Moire fringes are the same 
as described in Fig. 2; labels are  described in the  text. 

Figure 4 Diffraction pattern from  a single grain of the  same 
sample in Fig. 3, showing the orientational  relationship of the 
oxides.  The diffraction spots  are: Pb-In-M  {220};  In,O,-A 
121 I}. B (440); tetragonal PbO-C {112}, D {200}; orthorhombic 
PbO-E (200), F (020), G (220). 

Figure 5 Bright-field (a)  and dark-field (b) micrographs  of  a Pb- 
In(11.4 at%) film that was  thermally  oxidized at room temper- 
ature followed by rfoxidation  at 2.7 Pa, 360 V at 24°C for 30 min. 
Islands of tetragonal PbO  are labeled R; the texture  on the  grains 
labeled Y is characteristic of orthorhombic  PbO. Moire fringes 
due to In,O,, labeled I, are visible in  the vicinity of the grain 

228 boundaries in (a). 

high temperature;  but it is not clear  whether this is the 
original thermally  grown oxide, or whether  the original 
oxide has been  removed by sputtering  and additional 
In,O, (designated I) has been grown. This  question will be 
addressed later. A large number of individual grains of 
red, tetragonal  lead  oxide  (designated R) are visible in 
both  micrographs as high-contrast Moire fringes. Similar 
grains of red PbO have been observed in oxides grown on 
Pb by Matthews et al. and they have discussed  the  prop- 
erties of these  epitaxial grains  in  detail [23]. The grains 
seen in Fig. 3,  however,  appear  to be  considerably 
smaller than those  seen  on Pb. Lastly,  an essentially con- 
tinuous layer of yellow,  orthorhombic PbO  appears to 
cover  the  surface.  This is most evident in the grain at  the 
lower left of Fig. 3(a), in which a mottled texture (desig- 
nated Y) is apparent  across the whole grain.  This is very 
similar to the yellow PbO seen on  Pb [24]. The apparently 
continuous nature of the yellow PbO and the In,O, sug- 
gests that they are  present as layers,  one  above  the  other. 

Although it is clear from the Moire fringes that the red 
PbO  and  the In,O, are epitaxial on the Pb-In,  the orienta- 
tion of the yellow PbO is not evident.  To resolve this 
question, diffraction patterns were  obtained from single 
grains of the alloy. Two  such  patterns  are shown in Fig. 4. 
The spots labeled  A and B arise from reflections from the 
1211) and {440} planes of cubic In,O,. The  sharpness of 
these spots  and their  orientation  relative to  the Pb-In (M) 
spots show conclusively that the In,O, grows with a very 
high degree of epitaxy on  the Pb-In. The  spots labeled C 
and D arise  from the ( 1  12) and (200) reflections of tetrago- 
nal PbO. These  are  almost identical to  those observed in 
the diffraction pattern from  oxidized Pb, and are dis- 
cussed in detail by Matthews et al. [23]. Orthorhombic 
PbO is evidenced by the  arcs labeled E, F, and G, corre- 
sponding to  the (200), (020), and (220) reflections,  respec- 
tively. These  also  are nearly identical to  those observed 
from  oxidized Pb and,  as discussed by Matthews et al. 
[24], show that  the orthorhombic  PbO  grows on the lead 
alloy with a  preferred  orientation. The  fact that  the  two 
modifications of PbO grow in an  oriented manner sug- 
gests that the  PbO has grown at  the oxide-metal  interface 
underneath  the layer of  In,O,. This  hypothesis is con- 
firmed by the  results of the XPS study [ 1 I], as will be 
discussed in detail later. 

Effect of In concentration The effect of In concentra- 
tion in the alloy on  the composition of the rf oxide was 
examined for samples that were  thermally oxidized at 
24°C for 30  min in 2.7 Pa 0, and  then rfoxidized in 2.7 Pa 
0, at 360 V and 24°C for 30 min. Table  2  summarizes  the 
composition of the  oxide  as determined  from TEM/TED 
observations  for  alloys of varying In  concentrations.  For 
an In concentration of 9 at% very little crystalline In,O, 

JOHN M. BAKER  ET AL IBM J .  RES.  DEVELOP. 8 VOL. 24 NO. 2 MARCH 1980 



Table 2 Composition of oxides grown by rf oxidation of Pb-In alloys  of different compositions as determined by TEM/TED*. 

In PbO  Cubic In,O, 
Concentration 

(at%) orthorhombic  tetragonal 

9 Yes Yes Trace  in  real image, 
not detectable in diffraction 

11.8, 11.4 Yes  Yes Visible in  real image, faintly 
in  diffraction  pattern 

14.4 Yes Yes Yes-epitaxial 

17.1 Very little Yes Yes-epitaxial 

18.2 Not detected Not detected Yes-epitaxial 

25.5 Not detected Not detected Yes-epitaxial 
100 No No Yes-epitaxial 

'Oxides were  formed  by  thermal oxidation in 2.7 Pa 0, at 24'C and subsequent rf oxidation in 2.1 Pa 0,. rf voltage = 3 6 0  V, 24'C for 30 min. 

was detected in the oxide.  The only  indication of  In,O, 
was found in small regions near  the grain  boundaries 
where  several Moire fringes like those shown in Figs. 2 
and 3 can be seen. As seen in Fig. 5 ,  at an In concentra- 
tion of 11-12 at%, In,O, is apparent  near the  grain  bound- 
aries (regions  labeled I) but is not visible in the  center 
regions of the  grains. Very faint features attributable to 
In,O, are visible in the diffraction patterns from these 
samples. The sample  containing 14.4% In showed definite 
diffraction spots from the (21 I }  and {440} planes of  In,O,, 
but in this case  the diffraction features from  orthorhombic 
PbO were weak. Moire fringes from In,O, were visible 
over most of the grain, but again were  stronger in the vi- 
cinity of the grain boundaries. When the In concentration 
was increased to 17%, the oxide  became  almost  entirely 
In,O,. Moire fringes  covered an entire grain and In,O, 
reflections were quite  evident in the diffraction patterns. 
Only very weak spots  or rings from either form of PbO 
were visible in the diffraction patterns and  only relatively 
few small islands of red PbO were  seen in the micro- 
graphs. 

For In concentrations above 18% only In,O, was seen 
with TEM or  TED; no evidence  was  found for either of 
the modifications of PbO. At these  concentrations  each 
Pb-In grain was covered with an epitaxial  layer of cubic 
In,O,, resulting in Moire fringes similar to  those shown in 
Fig. 2 for  the 75'C thermal oxide. The higher In concen- 
tration in the alloy has  decreased  the Pb-In  lattice  con- 
stant slightly [25], so the spacing of the Moire fringes be- 
tween In,O, and  Pb-In has  decreased,  as shown in Table 
1. These  results demonstrate  that  the composition and 
structure of the rf oxide can be strongly influenced by the 
alloy concentration, in agreement with previous  studies 
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that used AES or ellipsometry  and  concluded that  for 
both  thermal and rf oxidation  only In,O, is grown for In 
concentrations  above 25 at% [%lo]. 

These  results suggest  a  picture in which In,O, forms 
initially, depleting the surface region of the alloy of In and 
leaving only Pb available to combine with the  oxygen. 
Thus, the amount of  In,O, formed would depend on  the 
amount of In within some effective diffusion distance of 
the surface,  this amount depending  directly on the In con- 
centration of the alloy. However,  due  to  the rapid de- 
crease in the rate of oxidation with increasing  oxide thick- 
ness, the amount of  In,O, formed may be  a  supralinear 
function of the In concentration. As the growth rate 
slows,  the effective diffusion distance should  increase. 
Thus,  above some concentration,  the In that has  com- 
bined with the oxygen may be resupplied by diffusion 
from  the  bulk.  Interesting  evidence  for  this  hypothesis is 
provided by the  electron micrographs  for the 11-12 at% 
In alloys in which, as noted  earlier in connection with Fig. 
5 ,  the In,O, is seen  to form  preferentially at grain bounda- 
ries.  A possible explanation for this  phenomenon is that 
even though the In has been depleted in the  center of the 
grain, the region near the  boundary continues  to be sup- 
plied with In  as a  result of the relatively rapid diffusion of 
In within the grain boundary region. 

Effect of temperature TEM  observations of a sample rf 
oxidized at 60°C have shown  more In,O, than  observed 
on a sample similarly oxidized at 24'C (the sample of 
Figs. 3-4). When the diffraction patterns of the 24°C and 
60°C oxides are  compared, the {2 1 I }  and (440) rings from 
In,O, for the  latter  are found to be significantly more in- 
tense  relative to  those of the  alloy. The higher level of 
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Figure 6 Auger spectra from  Pb-In  films on which the oxide 
was grown using the nominal rf-oxidation process; (a) 10.6 at% 
In alloy on Pb-coated rf electrode, (b) 13.5 at% In alloy on In- 
coated rf electrode. 

In,O, in the 60°C oxide is not  evident from  the micro- 
graphs, however. The  texture of the 60°C oxide  appears 
to be much finer than  for the 24’C oxide. Although Moire 
fringes can be seen,  they  are  either  obscured by the finer 
grain size of the PbO or the In,O, may itself be  contrib- 
uting to  the finer grain size.  In  either  case, it is clear that 
the  concentration of crystalline In,O, is increased by oxi- 
dation at high temperature, in accord with the hypothesis 
that the amount of In,O, formed is dependent on the  rate 
at which In  can  be supplied  from the underlying Pb-In 
film. 

Effect of initial oxide Films that were  thermally oxi- 
dized  under  different  conditions but rf oxidized under  the 
same  conditions were  also analyzed. The micrographs for 
the sample oxidized using a 60°C thermal  oxidation  pro- 
cess prior to rf oxidation  (Fig. 3) indicate an In,O, layer 
over the entire  surface.  However,  when  the thermal  oxide 
was grown at  room  temperature [Fig. 5(a)], In,O, is vis- 
ible only in small  quantities near  the grain  boundaries. 
The diffraction patterns from these samples  also  indicate 
that the 60°C sample contains significantly more In,O,. 
These  results indicate that  the  oxide formed  prior to rf 
oxidation is important in  determining the properties of the 
final oxide and  they suggest that a considerable  portion of 
the original thermal oxide  remains after the rf oxidation. 

Oxide  structure-XPSIAES 

Backscattered  material Thus  far we have considered 
only  factors that influence the composition of the  oxide 

230 grown from the Pb-In alloy film. In a glow-discharge envi- 
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ronment,  however, material sputtered  from  the surface of 
the electrode surrounding  the  sample can be  backscat- 
tered  from the  gas molecules onto  the sample  surface 
[26]. Evidence  for backscattering  during rf oxidation can 
be seen in Fig. 6, which  shows Auger spectra  for samples 
oxidized on rf electrodes  coated with Pb [Fig. 6(a)] and In 
[Fig. 6(b)], all other conditions  being nominally identical. 

The influence of backscattering on  the composition of 
rf oxides has  been investigated using XPS [ 1 I]. Samples 
of Pb-In(l2  at%), Pb-In(25 at%), and  pure  In were  exam- 
ined after  the nominal  rf-oxidation process.  The XPS 
spectra were all nearly  identical. In particular,  the  ratio of 
the  intensities of the  Pb 4f to  the  In 3d peaks was essen- 
tially independent of the sample composition, indicating 
that the observed  Pb did not originate  from Pb in the al- 
loy. A detailed  analysis of data obtained using a variable 
detection  angle method  has indicated that  the equivalent 
of =0.3 nm  of lead oxide is concentrated at the surface of 
a “thick”  layer of indium oxide [ll].  Thus,  the surface 
composition of an rf oxide  can  be affected by  the  back- 
scattering of material sputtered from the rf electrode. No 
evidence  was  found for  backscattered lead  oxide using 
TEM, probably because it was too thin to be detected. 

The  amount of backscattered material  has  also  been 
found to  depend  on  the rf-oxidation conditions. One of 
the  samples  studied  with  XPS,  oxidized at 6.7 Pa  for 120 
min,  was  found to have  about  twice  as much lead  oxide at 
its surface as  samples oxidized at 2.7 Pa for 30 min [l 13. 
This  result can be attributed  to  an increased  backscatter- 
ing rate from the higher  density of oxygen molecules. 
Studies currently in  progress [ 181 have confirmed this de- 
pendence on oxygen pressure.  In  addition, it has  been 
found that  the  rate  at which the  backscattered Pb accu- 
mulates on the surface of the  oxide  depends strongly on 
the  sputtering  voltage. This is due  to  the increased sput- 
ter-etch rate  at higher  voltages. Thus, through  backscat- 
tering, the surface  composition of the oxide can be af- 
fected by the  pressure, the rf voltage,  and the oxidation 
time. As will be discussed, the current density of Joseph- 
son  junctions in which the tunneling oxide was  formed by 
the combined use of thermal  and rf oxidation was found 
to be strongly influenced by  backscattering during the rf 
oxidation  portion of the process. 

Bulk oxide  structure The XPS  analysis of the oxide 
formed using the nominal  rf-oxidation process also  pro- 
vides information about  the  “bulk” of the oxide. AS 
noted  previously,  a “thick”  layer of  In,O, was  observed 
below the  backscattered lead oxide on the  Pb-In(l2 at%) 
alloy. However,  TEM analysis of a similar sample 
showed  crystalline layers of both In,O, and  PbO (cf. Fig. 
3). This  PbO  layer  must therefore lie between the In,O, 
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Table 3 Measured  ellipsometric  parameters from rf oxides on Pb-In alloys  with  calculated values for  oxide thickness and refractive 
index'". 

Sample A Jr n,,(nJ K O A 4  L (nm) 

Pb-In(34 at%) 
Clean film 129.00 35.35 (2.14) (2.14) 
Thermal oxide 124.48 35.51 1.9 0.05 2.5 
RF oxide3 118.81 35.56 1.9  0.09 5.1 

2.68 0 4.2 

- 

Pb-In( 12 at%) 
Clean film 127.34 34.45 (2.18) ( 1.99) 
Thermal  oxide 122.00 34.06 1.9 0.55 2.8 
RF oxide 112.98 34.16 2.35 0.20 1.0 

2.8  0.14  6.0 

- 

ALr4, 2.8 0.03 3.1 
LtIlerma, + AL, 6.5 

(nominal process). 
'Thermal oxides were grown in 2.1 Pa O,,  30 min at 24'C  and 60 min  at  75'C; rfoxides were additionally oxidized in 2.1 Pa O,, 360 V,  24'C for 30 min on a Pb-coated rfelectrcde 

'Measured  with A = 632.8 nm light, 70° angle of incidence; Ao, JI, measured on clean metal film. 
'RF voltage was slowly increased to 360 V, oxidized for a total of 160 min. 
'Substrate assumed to be thermal oxide 

layer  and the alloy. Since this  PbO layer  does not  contrib- 
ute significantly to  the intensity of the Pb 4f peak from the 
oxide, the thickness of the In,O, layer must exceed  the 
escape  depth of -1.7  nm for Pb 4f photoelectrons [ I  I]. 
The similarity in thickness of this In,O, layer and the ini- 
tial thermal  oxide suggests  that  the thermal oxide  has re- 
mained essentially intact throughout the rf-oxidation pro- 
cess. This interpretation is consistent with measurements 
of the rate (0.01-0.04 ndmin)  [18, 271 at which In,O, is 
sputtered  away as a  result of bombardment with oxygen 
ions  from the rf plasma  under these conditions (360 V, 
2.7 Pa). 

Oxide  thickness 
Because the rf oxide is in general  a  mixture of three 
oxides, an accurate determination of the total  oxide thick- 
ness is quite difficult. The situation is further complicated 
because In,O, is generally highly conducting  and thus has 
a non-negligible imaginary  contribution K to its  index of 
refraction n* = n( 1 - i K ) .  This  makes  a  unique  determina- 
tion of the oxide thickness by standard ellipsometry im- 
possible, even  for a single component  oxide [28]. How- 
ever, the  oxide thickness can be calculated if a value for n 
or K is assumed [28]. Since the  oxides formed on alloys 
with high In  concentration were  found to be entirely 
In,O,,  we have  used n = 1.9, the value reported for bulk 
In,O,  [29]. For this fixed value of n, values of oxide thick- 
ness  and  extinction coefficient K were  calculated from the 
ellipsometric measurements,  as  shown in Table 3. For a 
Pb-In(34 at%) alloy,  thicknesses of  2.5 and 5.7 nm were 
obtained for  the  thermal and rf oxides, respectively.  Our 
choice of n = 1.9  resulted in calculated K values of ~ 0 . 0 7 ,  
which are  reasonable because In,O, is known to be a con- 
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ducting,  oxygen-deficient semiconductor [29], and high 
carrier  levels would be expected to lead to optical  absorp- 
tion. If we assume K = 0, we calculate  a  thickness L = 

4.2  nm and n = 2.68, an unreasonably large value [29]. 
Donaldson  and  Faghihi-Nejad  used the assumption that 
K = 0 to  interpret  their ellipsometric  measurements  for rf- 
oxidized  Pb-In  alloys. For high In  concentrations they  re- 
ported L = 4 nm and n = 1.9 [lo]. We would expect their 
oxides to  be similar to ours and cannot  account  for  the 
disparity in the  results. 

For the case of a Pb-In( 12 at%) alloy the determination 
of the thickness of an rf oxide becomes more  com- 
plicated,  since both PbO  and In,O, layers  are present. We 
have  estimated the thickness for this case  two ways: In 
the first, it was assumed  that  the oxide consists of equal 
amounts of PbO and In,O, and that n is the average of the 
n values for  the individual  oxides,  resulting  in  a  calculated 
thickness of 7 nm. (For  comparison,  the 6-nm value ob- 
tained  assuming n = 2.8, the value  for  PbO, is also  shown 
in Table 3.) In  the  second, the substrate is taken  to be the 
metal plus the  thermal oxide  and we have  calculated the 
thickness increase ALrf assuming that only PbO forms  as 
a  result of the rf oxidation.  This procedure results in a 
total  thickness of 6.5 nm, in reasonable agreement with 
the result of the first method. 

An estimate of the  thickness of the rfoxide formed on a 
Pb-In(l2 at%)  alloy can  also be  obtained  from the slight 
shoulder evident in the Pb peaks of the XPS spectrum 
shown in Fig. 7. When each peak is resolved  into  two 
components, it is seen  that  the  shoulder is due  to a small 
narrow  peak - 1 . 1  eV from  the main peak. Although this 231 
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Figure 7 XPS  spectrum of the  Pb 4f levels taken at  8 = 65" from 
glancing from  a Pb-In(l3 at%) alloy on which the  oxide  was 
formed using the  nominal process on  a  Pb-coated rf electrode. 
Each peak is resolved into  two Gaussian components (---), corre- 
sponding to  Pb in the oxidized state  at  the surface of the  oxide 
and Pb in the metallic state in the alloy beneath the  oxide. 

After thermal oxidation at 75°C 

In20, (cubic,  epitaxial) 

Auh2 
(21) 

After rf oxidation at 24'C 

Pb-coated electrode 
Pb- ln(13at%)  

'.' nm I Info,  PbOr  (backscattered) 

Pb-In ( 2 20 at % ) 
In-coated electrode 

PbO  (ortho.) 
I 

PbO (tetr. ) "I 0 

( b )  (C) 

Figure 8 Schematic illustration of the oxide structure resulting 
from several  different  oxidation procedures. (a) In,O, layer  after 
thermal  oxidation at =75"C, 1-10 Pa 0,; (b) -13 at%  In alloy 
with thermal oxide  as in (a) after nominal process; (c) oxide  re- 
sulting from rf oxidation of a 220 at%  In alloy on  an In-coated rf 
electrode. 

small peak is -0.3 eV below the predicted position of the 
metal peak,  its width suggests that it arises from metallic 
Pb in the  alloy. If  we assume  that  the main peak arises 
primarily from the 0.3 nm of lead  oxide at  the surface  and 
that the small peak is due  to  electrons from  the metal 

232 which have been attenuated by the  oxide, we calculate  a 
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total  oxide thickness of -6 nm, in good agreement with 
the values determined ellipsometrically. 

Summary of oxide structure 
It is seen from the  results  presented  that the rf-oxide 
structure and composition  are affected by the alloy com- 
position  and by both  the thermal  and rf-oxidation condi- 
tions. In general,  the  three  oxide  phases (the ortho- 
rhombic and tetragonal  forms of PbO and  cubic In,O,) are 
formed in a  complex  mixture. In certain  cases, however, 
simpler structures  can be  obtained. For  example, thermal 
oxidation of a Pb-In(l3 at%)  alloy at 75°C and 2.7 Pa 
forms  an epitaxial layer of In,O, = 2.5 nm thick [see Fig. 
8(a)]. Subsequent rf oxidation of such a sample (nominal 
rf-oxidation process) results in a  layered structure 
-6.5 nm thick  [Fig. 8(b)]. A  PbO layer of about half the 
total  thickness has grown  between the epitaxial In,O, and 
the metal alloy. In addition, about  a  monolayer ( ~ 0 . 3  nm) 
of oxide  has  been  deposited on the surface as a  result of 
backscattering of Pb  sputtered  from  the Pb-coated rfelec- 
trode  on which the samples  were  mounted. Figure 8(b) 
illustrates the  case  for a sample prepared on a  Pb-coated 
electrode. Even simpler rf-oxide structures were  obtained 
when alloys of In  concentration 220 at% were  used. In 
these  cases, only  epitaxial In,O, was observed; i.e., the 
underlying layer of PbO was  eliminated. When such sam- 
ples were rf oxidized on an In-coated rf electrode the 
layer of backscattered lead oxide was also  eliminated, 
and the  structure shown in Fig. 8(c) was  obtained. 

Tunnel current density 
The ability to  prepare oxides  with  and  without the under- 
lying PbO and/or  the layer of backscattered Pb has  en- 
abled us t o  explore  the effects of these  layers on the  cur- 
rent density of junctions.  The effect of the lower PbO 
layer was tested by making junctions  on 13 and 22 at% In 
alloys using the nominal rf-oxidation process and  a Pb- 
coated rf electrode.  The oxide structure for  the 13 at% 
alloy should be similar to that shown in Fig. 8(b), while 
that  for the 22 at% alloy should be like the  oxide  shown in 
Fig.  8(c) with the addition of a backscattered lead oxide 
layer. The measured  current-voltage ( I -V)  curves for 
junctions  prepared with Pb-Bi(28 at%) counter electrodes 
are shown in Fig. 9 (Curves 1 and 2). It  can  be  seen  that 
the  current  density for  both alloy compositions is almost 
the same. Another  experiment using an In-coated elec- 
trode  has  shown less than  a factor of two difference in 
current density between two  samples with In concentra- 
tions of  13 and 27 at% [30]. This  surprising result in- 
dicates that the current density depends only weakly on 
the composition of the lower  "half" of the oxide. 

The effect of the  backscattered material on  the  junction 
current  density  was tested by making junctions  on Pb- 

IBM I .  RES. DEVELOP. VOL. 24 NO. 2 e MARCH 1980 



In(22 at%) base  electrodes using the nominal rf-oxidation 
process. One group of junctions was prepared  on a Pb- 
coated rf electrode,  another  on  an  In-coated electrode. 
The  junction  counter  electrode used for  both of these was 
a Pb-Au( 1.8 at%)  alloy.  The I-V characteristics  for these 
junctions  are  shown  as  Curves 3 and 4 in Fig. 9 [31]. The 
current density of the  junctions  prepared  on  the In-coated 
electrode  (Curve 4) are higher by a factor of =40  than 
those  prepared on  the Pb-coated electrode (Curve 3). This 
effect was first observed by Greiner  and Basavaiah [ 121, 
who found an increase in current density of - lo3 for  junc- 
tions  prepared on  In-coated  electrodes compared with 
that  for  junctions  prepared on Pb-coated electrodes. Such 
current densities are higher than those which have been 
used for Josephson integrated circuits [32]. At present, 
we do not  have an  adequate explanation for the  strong 
effect that  the  backscattered material  has on  the current 
density of completed junctions. One possibility is that  the 
surface  composition of the oxide  affects the  barrier height 
at the  oxide-counter electrode interface. Another possi- 
bility is that  the  surface composition may affect the thick- 
ness of the tunneling  oxide by altering the growth  kinetics 
of the  oxide, e . g . ,  by changing the surface  concentration 
of oxygen andlor the potential across the growing oxide 
1171. In any event, in contrast  to  the lack of sensitivity of 
the tunnel current density to  the composition of the lower 
2-3 nm  of the oxide, it is clear that the nature of the ap- 
proximate  monolayer of backscattered material on  the 
upper  surface of the tunneling oxide has  a  very marked 
effect on  the  current  density. 

Conclusions 
We have  found that  oxides  prepared by thermal oxidation 
followed by rf oxidation of Pb-In and Pb-In-Au alloy films 
consist in general of a mixture of PbO and In,O,, with a 
thin layer of backscattered material at their  surface. Un- 
der certain  oxidation  conditions  simpler structures can be 
formed.  Variations in the surface  composition of the 
oxide  produced by varying the material backscattered 
during rf oxidation from lead oxide  to In,O, had a  strong 
effect on  the  current density of completed  tunnel junc- 
tions. By contrast, variations in the composition of the 
portion of the oxide  adjacent to  the  base  electrode pro- 
duced by varying the  In  concentration in the  base elec- 
trode had little effect on  the  junction  characteristics. 

The results presented here  suggest several ways in 
which the composition and  structure of the tunnel  barrier 
oxide might be made more reproducible and stable. The 
thermal  oxidation of the base electrode films at 24 and 
75OC in 2.7 Pa 0, prior to removal  from  the  vacuum  sys- 
tem  produces an epitaxial In,O, oxide  layer, which is 
more  stable during subsequent processing. By utilizing an 
alloy containing In  concentrations exceeding -20 at%, or 
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Figure 9 Single-particle-tunneling current  as a  function of volt- 
age across  the  junction.  Curves 1 and 2 (right-hand  axis)  were 
obtained from  junctions  formed  on 13 and 22 at%  In alloys,  re- 
spectively  (nominal process); samples  mounted on Pb-coated rf 
electrode. Curve 3 is displaced  upward for clarity. Curves 3 and 
4 (left-hand axis)  were  obtained  from junctions  prepared using a 
similar oxidation procedure,  except  that  Curve 4 is  for  ajunction 
formed on  an  In-coated  rfelectrode. For Curve 3,  the  measured 
values of current  density have  been scaled  up by a factor of 40 
before plotting. 

by suitably controlling the oxidation kinetics, it is pos- 
sible to grow an rf oxide  consisting  entirely of this  epitax- 
ial In,O,. Alteration of the surface of that  oxide by back- 
scattering  can be avoided by using an In-coated rf elec- 
trode or by choosing rf-oxidation conditions for which 
backscattering is negligible. Thus an oxide consisting  en- 
tirely of  In,O, can be  obtained.  Such an oxide would be 
attractive  for use as a  tunnel  barrier for  Josephson  de- 
vices if suitably  low current density  values  could  also  be 
obtained.  This  single-phase  oxide  should  exhibit im- 
proved chemical stability by comparison with the mixed 
PbO-In,O, presently  used for  the tunnel barrier,  due  to 
the much lower free energy of formation of the In,O,. It 
should  also be more reproducible, since  the composition 
and structure of the mixed oxide are  sensitive  to varia- 
tions in alloy composition  and  oxidation  conditions. In 
addition, the epitaxial In,O, is much simpler  than the 
mixed oxide, a  situation that may allow tunnel junctions 
to be modeled in terms of the physical properties of the 
oxide  and  the electrodes. 233 
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