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©  Thin-film  superconductor  and  method  of  fabricating  the  same. 
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©  A  thin-film  superconductor  includes  a  substrate, 
a  ferroelectric  film,  and  a  superconducting  oxide 
film.  The  ferroelectric  film  extends  on  the  substrate. 
The  ferroelectric  film  is  made  of  a  crystal  containing 
Bi  and  O.  The  superconducting  oxide  film  extends 
on  the  ferroelectric  film,  and  containing  Bi,  Cu,  and 
an  alkaline-earth  metal  element.  The  superconduc- 
ting  oxide  film  may  contain  at  least  two  different 
alkaline-earth  metal  elements. 
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BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention 

This  invention  relates  to  a  thin-film  supercon- 
ductor.  This  invention  also  relates  to  a  method  of 
fabricating  a  thin-film  superconductor. 

Description  of  the  Prior  Art 

J.G.  Bednorz  and  K.A.  Muller  discovered  a 
high-Tc  superconductor  including  a  perovskite 
compound  of  the  Ba-La-Cu-0  system  (J.G.  Bed- 
norz  and  K.A.  Muller:  Zeitshrift  Fur  Physik  B,  Con- 
densed  Matter,  Vol.  64,  189-193,  1986). 

H.  Maeda,  Y.  Tanaka,  M.  Fukutomi,  and  T. 
Asano  discovered  a  superconductor  of  the  Bi-Sr- 
Ca-Cu-0  system  which  had  a  temperature  Tc  of 
higher  than  100  K  (H.  Maeda,  Y.  Tanaka,  M. 
Fukutomi,  and  T.  Asano:  Japanese  Journal  of  Ap- 
plied  Physics,  Vol.  27,  L209-L210,  1988). 

There  are  several  different  crystal  phases  of 
Bi-Sr-Ca-Cu-0  superconductors  which  have  differ- 
ent  temperatures  Tc  respectively.  Generally,  it  has 
been  difficult  to  make  a  thin  film  of  a  Bi-Sr-Ca-Cu- 
0  superconductor  in  a  crystal  phase  having  a  tem- 
perature  Tc  of  higher  than  100  K.  The  reason  for 
the  difficulty  is  as  follows.  Bi-Sr-Ca-Cu-0  com- 
pounds  have  laminated  structures  in  which  quasi- 
perovskite  layers  of  Sr-Ca-Cu-0  extend  between 
layers  of  Bi202.  The  quasi-perovskite  layers  usually 
assume  several  different  phases  so  that  the  com- 
pounds  tend  to  be  out  of  single  crystals.  Thus,  it  is 
hard  to  make  a  thin-film  single  crystal  of  a  Bi-Sr- 
Ca-Cu-0  compound  having  a  temperature  Tc  of 
higher  than  100  K. 

Japanese  published  unexamined  patent  appli- 
cation  2-172821  discloses  a  thin-film  superconduc- 
tor  of  the  Bi-Sr-Ca-Cu-0  system  which  extends  on 
a  composite  oxide  substrate  of  (Bi202)2+- 
(An-TRnOan-H)2-  where  "A"  denotes  perovskite- 
structure  A-site  ion  selected  from  K,  Na,  Li,  Bi,  Mg, 
Sr,  Ca,  Ba,  Y,  La,  and  other  rare  earth  metal 
elements,  and  "R"  denotes  perovskite-structure  B- 
site  ion  selected  from  Ti,  Nb,  Cu,  Ni,  and  Cr.  An 
example  of  the  substrate  is  made  of  BkTi30i2-  In 
an  embodiment  disclosed  by  Japanese  application 
2-172821,  the  thin-film  superconductor  is  epitaxially 
formed  on  a  (110)-plane  of  the  substrate.  In  another 
embodiment  disclosed  by  Japanese  application  2- 
172821,  the  substrate  is  cut  along  a  plane  inclined 
with  respect  to  the  c-axis,  and  the  thin-film  super- 
conductor  is  formed  on  that  plane  of  the  substrate. 
In  Japanese  application  2-172821,  the  supercon- 
ductor  and  the  substrate  are  similar  in  crystal  struc- 
ture,  so  that  the  superconductor  can  be  well  orien- 
tated  according  to  the  orientation  of  the  substrate 
and  hence  the  superconductor  can  easily  be  in  a 

desired  single  phase. 

SUMMARY  OF  THE  INVENTION 

5  It  is  an  object  of  this  invention  to  provide  an 
improved  thin-film  superconductor. 

It  is  another  object  of  this  invention  to  provide 
a  method  of  fabricating  an  improved  thin-film 
superconductor. 

io  A  first  aspect  of  this  invention  provides  a  thin- 
film  superconductor  comprising  a  substrate;  a  fer- 
roelectric  film  extending  on  the  substrate  and  being 
made  of  a  crystal  containing  Bi  and  O;  and  a 
superconducting  oxide  film  extending  on  the  fer- 

75  roelectric  film  and  containing  Bi,  Cu,  and  an  al- 
kaline-earth  metal  element. 

The  superconducting  oxide  film  may  contain  at 
least  two  different  alkaline-earth  metal  elements. 

The  substrate  is  preferably  made  of  a  crystal 
20  selected  from  the  group  of  a  crystal  of  LaAI03,  a 

crystal  of  MgO,  a  crystal  of  SrTi03,  a  crystal  of  a- 
AI2O3,  a  crystal  of  MgAI20+,  a  crystal  of  YSZ,  a 
crystal  of  LaGa03,  a  crystal  of  NdGa03,  a  crystal 
of  YAIO3,  a  crystal  of  Si,  and  a  crystal  of  GaAs,  a 

25  crystal  of  LaSrGaO ,̂  a  crystal  of  NdSrGaO ,̂  a 
crystal  of  PrGa03,  and  a  crystal  of  PrAI03. 

The  substrate  may  be  made  of  a  (100)-oriented 
crystal  of  LaAI03. 

It  is  preferable  that  a  boundary  between  the 
30  ferroelectric  film  and  the  superconducting  oxide 

film  extends  along  a  plane  nonperpendicular  to  a  c- 
axis  of  one  of  the  ferroelectric  film  and  the  super- 
conducting  oxide  film. 

It  is  preferable  that  a  boundary  between  the 
35  ferroelectric  film  and  the  superconducting  oxide 

film  extends  along  a  plane  nonparallel  to  both  a  c- 
axis  of  the  ferroelectric  film  and  a  c-axis  of  the 
superconducting  oxide  film. 

It  is  preferable  that  the  crystal  of  the  ferroelec- 
40  trie  film  further  contains  Ti. 

The  crystal  of  the  ferroelectric  film  may  com- 
prise  a  crystal  of  BkTi30i2  or  a  crystal  of  Bi2WOG. 

A  second  aspect  of  this  invention  provides  a 
thin-film  superconductor  comprising  a  ferroelectric 

45  film  extending  on  the  substrate  and  being  made  of 
a  crystal  containing  Bi  and  O;  and  a  superconduc- 
ting  oxide  film  extending  on  the  ferroelectric  film 
and  containing  Bi,  Cu,  and  an  alkaline-earth  metal 
element;  wherein  a  boundary  between  the  ferro- 

50  electric  film  and  the  superconducting  oxide  film 
extends  along  a  plane  nonparallel  to  both  a  c-axis 
of  the  ferroelectric  film  and  a  c-axis  of  the  super- 
conducting  oxide  film. 

The  superconducting  oxide  film  may  contain  at 
55  least  two  different  alkaline-earth  metal  elements. 

It  is  preferable  that  the  boundary  between  the 
ferroelectric  film  and  the  superconducting  oxide 
film  extends  along  a  plane  nonperpendicular  to  the 

2 
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c-axis  of  one  of  the  ferroelectric  film  and  the  super- 
conducting  oxide  film. 

It  is  preferable  that  the  crystal  of  the  ferroelec- 
tric  film  further  contains  Ti. 

The  crystal  of  the  ferroelectric  film  may  com- 
prise  a  crystal  of  BkTi30i2  or  a  crystal  of  Bi2WOG. 

A  third  aspect  of  this  invention  provides  a 
method  of  fabricating  a  thin-film  superconductor 
which  comprises  the  steps  of  periodically  laminat- 
ing  an  oxide  layer  containing  Bi  and  an  oxide  layer 
containing  Bi  and  Ti  on  a  substrate  to  form  a 
ferroelectric  single-crystal  film  on  the  substrate; 
and  periodically  laminating  an  oxide  layer  contain- 
ing  Bi  and  an  oxide  layer  containing  Cu  and  an 
alkaline-earth  metal  element  on  a  surface  of  the 
ferroelectric  film  to  form  a  superconducting  oxide 
film  on  the  surface  of  the  ferroelectric  film,  wherein 
the  surface  of  the  ferroelectric  film  extends  along  a 
plane  nonperpendicular  to  a  c-axis  of  the  ferroelec- 
tric  film. 

It  is  preferable  that  each  of  the  laminating 
steps  comprises  executing  vapor  deposition  by 
sputtering. 

It  is  preferable  that  the  vapor-deposition  ex- 
ecuting  step  comprises  executing  vapor  deposition 
which  uses  at  least  two  different  sources  to  be 
vaporized. 

A  fourth  aspect  of  this  invention  provides  a 
method  of  fabricating  a  thin-film  superconductor 
which  comprises  the  steps  of  preparing  a  substrate 
which  can  exhibit  phase  transition;  forming  a  fer- 
roelectric  film  on  the  substrate  while  heating  the 
substrate  at  a  temperature  at  which  the  phase 
transition  occurs;  and  forming  a  superconducting 
oxide  film  on  the  ferroelectric  film. 

It  is  preferable  that  each  of  the  forming  steps 
comprises  executing  vapor  deposition  by  sputter- 
ing. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Fig.  1  is  a  sectional  diagram  of  a  first  example 
of  a  thin-film  superconductor  according  to  this  in- 
vention. 

Fig.  2  is  a  diagram  of  the  temperature  depen- 
dence  of  the  resistance  of  a  Bi-Sr-Ca-Cu-0  film  in 
the  first  example  of  the  thin-film  superconductor 
according  to  this  invention  and  the  temperature 
dependence  of  the  resistance  of  a  Bi-Sr-Ca-Cu-0 
film  in  a  reference  thin-film  superconductor. 

Fig.  3  is  a  sectional  diagram  of  the  boundary 
between  a  Bi-Ti-0  film  and  the  Bi-Sr-Ca-Cu-0  film 
in  the  first  example  of  the  thin-film  superconductor 
according  to  this  invention. 

Fig.  4  is  a  diagram  of  the  structures  of  a  Bi-Sr- 
Ca-Cu-0  crystal  and  a  Bi-Ti-0  crystal  in  a  ninth 
example  of  a  thin-film  superconductor  according  to 
this  invention. 

Fig.  5  is  a  diagram  of  a  magnetron  sputtering 
apparatus  used  in  fabricating  a  tenth  example  of  a 
thin-film  superconductor  according  to  this  invention. 

Fig.  6  is  a  diagram  of  the  temperature  depen- 
5  dence  of  the  resistance  of  a  Bi-Sr-Ca-Cu-0  film  in 

the  tenth  example  of  the  thin-film  superconductor 
according  to  this  invention. 

DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
70  MENTS 

Generally,  superconducting  oxide  films  are 
formed,  by  vapor  deposition,  on  substrates  heated 
at  a  temperature  in  the  range  of  400  °  C  to  700  °  C. 

75  Then,  the  superconducting  films  are  subjected  to  a 
heat  treatment  or  a  thermal  process  at  a  tempera- 
ture  in  the  range  of  700  °C  to  950  °C  to  improve 
superconducting  characteristics  thereof. 

Usually,  films  of  superconducting  oxides  which 
20  have  a  thickness  of  1,000  angstroms  or  less  are 

approximately  equal  in  Tc  to  bulk  shapes  of  fired 
superconducting  oxides.  The  zero  resistance  tem- 
perature  of  such  a  film  is  generally  lower  than  the 
zero  resistance  temperature  of  a  bulk  shape. 

25  According  to  the  results  of  experiments,  the 
zero  resistance  temperature  of  a  film  of  Bi-Sr-Ca- 
Cu-0  superconductor  which  had  a  thickness  of 
several  hundreds  of  angstroms  was  80  K  or  less 
while  the  zero  resistance  temperature  of  a  bulk 

30  shape  of  fired  Bi-Sr-Ca-Cu-0  superconductor  was 
about  105  K.  It  was  found  that,  in  a  superconduc- 
ting  oxide  film  on  a  substrate,  elements  of  the 
substrate  diffused  into  the  film  via  the  boundary 
therebetween  and  damaged  the  crystal  structure  of 

35  the  film. 
Bi-based  ferroelectrics,  typically  a  ferroelectric 

of  BkTi30i2,  have  crystal  structures  in  which  a 
quasi-perovskite  layer  is  sandwiched  between 
Bi202  layers  as  in  a  crystal  of  Bi-Sr-Ca-Cu-0 

40  superconductor.  In  addition,  the  a-axis  (or  b-axis) 
unit  lengths  of  the  crystals  of  the  Bi-based  fer- 
roelectrics  are  approximately  equal  to  that  of  the 
crystal  of  the  Bi-Sr-Ca-Cu-0  superconductor.  Fur- 
thermore,  the  crystals  of  the  Bi-based  ferroelectrics 

45  have  melting  points  of  about  1,000°C  and  are 
stable  in  wide  temperature  ranges.  In  view  of  these 
facts,  the  inventors  have  investigated  a  lamination 
of  a  Bi-Sr-Ca-Cu-0  superconducting  film  and  a  Bi- 
based  ferroelectric  film.  As  a  result,  the  inventors 

50  have  discovered  that  a  Bi-Sr-Ca-Cu-0  supercon- 
ducting  film  can  be  stably  grown  on  a  Bi-based 
ferroelectric  film  by  epitaxy.  In  addition,  the  in- 
ventors  have  found  that  the  critical  current  density 
in  a  Bi-Sr-Ca-Cu-0  superconducting  film  on  a  Bi- 

55  based  ferroelectric  film  is  higher  than  the  critical 
current  density  in  a  Bi-Sr-Ca-Cu-0  superconduc- 
ting  film  directly  formed  on  a  substrate  other  than  a 
Bi-based  ferroelectric  film.  The  equality  in  a-axis 

3 
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unit  length  between  the  Bi-based  ferroelectric  cry- 
stal  and  the  Bi-Sr-Ca-Cu-0  superconducting  cry- 
stal,  and  the  thermal  stability  of  Bi202  layers  are 
thought  to  prevent  elements  from  diffusing  between 
the  two  films  via  the  boundary. 

The  inventors  have  discovered  that  improved 
superconducting  characteristics  are  given  by  a  Bi- 
Sr-Ca-Cu-0  superconducting  film  formed  on  a  cry- 
stal  plane  of  a  Bi-based  ferroelectric  film  which  is 
not  perpendicular  to  the  c-axis.  Thus,  a  crystal  of 
LaAI03  which  could  exhibit  a  phase  transition  was 
used  as  a  substrate,  and  a  BkTi30i2  film  was 
formed  on  the  substrate.  It  was  found  that  a 
BkTi30i2  film,  which  was  formed  when  a  substrate 
was  heated  at  a  temperature  of  600  °C,  had  a 
stepped  surface.  Generally,  the  temperature  of  the 
phase  transition  of  a  crystal  of  LaAI03  is  in  the 
range  of  550  °C  to  650  °C.  It  is  though  that  the 
phase  transition  of  the  LaAI03  substrate  occurs 
during  the  formation  of  the  BkTi30i2  film,  and  the 
surface  of  the  resultant  BkTi30i2  film  is  stepped 
by  the  occurrence  of  the  phase  transition  of  the 
LaAI03  substrate.  According  to  observation  by  x- 
ray  diffraction,  it  was  found  that  the  BkTi30i2  film 
was  grown  while  being  inclined  with  respect  to  the 
substrate  surface  by  an  angle  of  about  5  degrees. 
Finally,  a  Bi-Sr-Ca-Cu-0  superconducting  film  was 
formed  on  the  BkTi30i2  film  to  complete  a  thin- 
film  superconductor.  The  thin-film  superconductor 
including  the  substrate,  the  BkTi30i2  film,  and  the 
Bi-Sr-Ca-Cu-0  superconducting  film  was  better  in 
superconducting  characteristics  than  a  thin-film 
superconductor  having  a  Bi-Sr-Ca-Cu-0  supercon- 
ducting  film  directly  formed  on  a  substrate. 

Example  1 

With  reference  to  Fig.  1,  a  thin-film  supercon- 
ductor  includes  a  substrate  layer  1  made  of  a 
(100)-oriented  single  crystal  of  LaAI03.  The  thin- 
film  superconductor  also  includes  a  thin  film  2  of  a 
ferroelectric  crystal  of  the  Bi-Ti-0  system  (for  ex- 
ample,  BkTi30i2)  which  extends  on  the  substrate 
layer  1.  The  thin  film  2  has  a  thickness  of  100  nm. 
The  thin-film  superconductor  further  includes  a  thin 
film  3  of  a  superconducting  compound  of  the  Bi-Sr- 
Ca-Cu-0  system  which  extends  on  the  thin  film  2. 
The  thin  film  3  has  a  thickness  of  100  nm. 

The  thin-film  superconductor  of  Fig.  1  was  fab- 
ricated  as  follows.  First,  a  substrate  layer  1  made 
of  a  (100)-oriented  single  crystal  of  LaAI03  was 
prepared.  A  thin  film  2  of  the  Bi-Ti-0  system  was 
deposited  on  the  substrate  layer  1  by  RF  mag- 
netron  sputtering  in  which  fired  ceramics  powder 
was  used  as  a  sputtering  target.  During  the  deposi- 
tion  of  the  thin  film  2,  the  pressure  of  a  gas  or  an 
atmosphere  (Ar:02  =  1  :9)  was  equal  to  5  Pa,  and 
the  RF  power  was  equal  to  60  W.  In  addition,  the 

temperature  of  the  substrate  layer  1  was  600  °C. 
The  thin  film  2  had  a  thickness  of  100  nm.  Subse- 
quently,  a  thin  film  3  of  a  superconducting  com- 
pound  of  the  Bi-Sr-Ca-Cu-0  system  was  deposited 

5  on  the  thin  film  2  by  RF  magnetron  sputtering  in 
which  fired  ceramics  powder  was  used  as  a  sput- 
tering  target.  During  the  deposition  of  the  thin  film 
3,  the  pressure  of  a  gas  or  an  atmosphere 
(Ar:02  =  8:2)  was  equal  to  1  Pa,  and  the  RF  power 

io  was  equal  to  60  W.  In  addition,  the  temperature  of 
the  substrate  layer  1  was  650  °C.  The  thin  film  3 
had  a  thickness  of  100  nm. 

A  reference  thin-film  superconductor  includes  a 
substrate  layer  1  made  of  a  (100)-oriented  single 

is  crystal  of  LaAI03.  The  reference  thin-film  supercon- 
ductor  also  includes  a  thin  film  3  of  a  superconduc- 
ting  compound  of  the  Bi-Sr-Ca-Cu-0  system  which 
extends  on  the  substrate  layer  1.  The  thin  film  3 
has  a  thickness  of  100  nm.  Thus,  the  reference 

20  thin-film  superconductor  lacks  a  thin  film  2.  During 
the  fabrication  of  the  reference  thin-film  supercon- 
ductor,  the  thin  film  3  was  formed  in  a  way  similar 
to  the  way  of  the  formation  of  the  thin  film  3  in  the 
thin-film  superconductor  of  Fig.  1. 

25  Experiments  were  performed  on  the  thin-film 
superconductor  of  Fig.  1  and  the  reference  thin-film 
superconductor.  Specifically,  the  resistance  of  the 
thin  film  3  of  the  Bi-Sr-Ca-Cu-0  system  in  each  of 
the  thin-film  superconductor  of  Fig.  1  and  the  refer- 

30  ence  thin-film  superconductor  was  measured  at 
varying  temperatures.  In  Fig.  2,  the  curved  line  4 
denotes  the  experimentally-obtained  relation  be- 
tween  the  temperature  and  the  resistance  of  the  Bi- 
Sr-Ca-Cu-0  film  3  in  the  thin-film  superconductor 

35  of  Fig.  1,  and  the  curved  line  5  denotes  the  experi- 
mentally-obtained  relation  between  the  temperature 
and  the  resistance  of  the  Bi-Sr-Ca-Cu-0  film  3  in 
the  reference  thin-film  superconductor.  The  tem- 
perature  Tc  of  the  Bi-Sr-Ca-Cu-0  film  3  in  the  thin- 

40  film  superconductor  of  Fig.  1  is  higher  than  the 
temperature  Tc  of  the  Bi-Sr-Ca-Cu-0  film  3  in  the 
reference  thin-film  superconductor  by  about  5  K. 
Furthermore,  in  each  of  the  thin-film  superconduc- 
tor  of  Fig.  1  and  the  reference  thin-film  supercon- 

45  ductor,  the  superconducting  critical  current  density 
in  the  thin  film  3  of  the  Bi-Sr-Ca-Cu-0  system  was 
measured  at  a  temperature  of  50  K.  In  the  thin-film 
superconductor  of  Fig.  1,  the  measured  result  of 
the  superconducting  critical  current  density  in  the 

50  Bi-Sr-Ca-Cu-0  film  3  was  equal  to  5.5  x  105 
A/cm2.  In  the  reference  thin-film  superconductor, 
the  measured  result  of  the  superconducting  critical 
current  density  in  the  Bi-Sr-Ca-Cu-0  film  3  was 
equal  to  1.0  x  105  A/cm2. 

55  The  thin-film  superconductor  of  Fig.  1  was  ob- 
served  by  an  x-ray  diffraction  apparatus  and  a 
transmission  electron  microscope  (TEM).  Conse- 
quently,  it  was  found  that  the  Bi-Ti-0  film  2  and  the 

4 
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Bi-Sr-Ca-Cu-0  film  3  had  structures  with  cross- 
sections  such  as  shown  in  Fig.  3.  Specifically,  the 
surface  of  the  Bi-Ti-0  film  2  extended  on  a  plane 
inclined  with  respect  to  an  a-b  plane  (which  is 
perpendicular  to  the  c-axis)  by  an  angle  of  about  5 
degrees.  The  surface  of  the  Bi-Sr-Ca-Cu-0  film  3 
was  similarly  inclined.  The  crystal  of  the  Bi-Sr-Ca- 
Cu-0  film  3  was  directly  connected  to  a  Bi202 
layer  in  the  crystal  of  the  Bi-Ti-0  film  2.  The  c-axis 
unit  length  of  the  crystal  of  the  Bi-Sr-Ca-Cu-0  film 
3  was  equal  to  3.25  nm,  and  was  equal  to  that  of 
the  crystal  of  the  Bi-Ti-0  film  2.  It  should  be  noted 
that  the  c-axis  unit  length  of  a  bulk  single  crystal  of 
the  Bi-Sr-Ca-Cu-0  system  is  equal  to  3.0  nm. 

Example  2 

A  thin-film  superconductor  according  to  Exam- 
ple  2  is  similar  to  the  thin-film  superconductor  of 
Example  1  except  that  the  LaAI03  substrate  layer  1 
is  replaced  by  a  substrate  layer  made  of  a  single 
crystal  of  MgO,  SrTi03,  a-AI203  (sapphire), 
MgAI20+,  YSZ,  LaGa03,  NdGa03,  YAI03,  Si,  GaAs, 
LaSrGaO*,  NdSrGaO*,  PrGa03,  or  PrAI03. 

Example  3 

A  thin-film  superconductor  according  to  Exam- 
ple  3  is  similar  to  the  thin-film  superconductor  of 
Example  1  except  for  design  changes  indicated 
hereinafter.  A  substrate  layer  1  is  made  of  a  single 
crystal  of  SrTi03. 

The  thin-film  superconductor  of  Example  3  was 
fabricated  as  follows.  First,  a  single  crystal  of 
SrTi03  was  prepared.  The  SrTi03  crystal  was  cut 
along  a  plane  which  formed  an  angle  of  95  degrees 
with  respect  to  the  c-axis.  The  exposed  surface  of 
the  SrTi03  crystal  was  polished.  The  resultant 
SrTi03  crystal  was  used  as  a  substrate  layer  1. 
During  a  subsequent  period,  a  Bi-Ti-0  film  2  and  a 
Bi-Sr-Ca-Cu-0  film  3  were  sequentially  formed  on 
the  substrate  layer  1  as  in  Example  1  . 

Example  4 

A  thin-film  superconductor  according  to  Exam- 
ple  4  is  similar  to  the  thin-film  superconductor  of 
Example  1  except  for  design  changes  indicated 
hereinafter. 

The  thin-film  superconductor  of  Example  4  was 
fabricated  as  follows.  First,  a  substrate  layer  1 
made  of  a  (100)-oriented  single  crystal  of  LaAI03 
was  prepared.  A  single-crystal  layer  of  the  Bi-Ti-0 
system  was  formed  on  the  substrate  layer  1.  The 
Bi-Ti-0  single-crystal  layer  was  cut  along  a  plane 
which  formed  an  angle  of  95  degrees  with  respect 
to  the  c-axis.  The  exposed  surface  of  the  Bi-Ti-0 
layer  was  polished.  The  resultant  Bi-Ti-0  layer  was 

used  as  a  Bi-Ti-0  film  2.  Subsequently,  a  thin  film 
3  of  a  superconducting  compound  of  the  Bi-Sr-Ca- 
Cu-0  system  was  deposited  on  the  thin  film  2  as  in 
Example  1  . 

5 
Example  5 

A  thin-film  superconductor  according  to  Exam- 
ple  5  is  similar  to  the  thin-film  superconductor  of 

io  Example  1  except  for  design  changes  indicated 
hereinafter. 

In  the  thin-film  superconductor  of  Example  5,  a 
Bi-Ti-0  film  2  and  a  Bi-Sr-Ca-Cu-0  film  3  contact 
with  each  other  via  a  plane  (an  interface)  which 

is  forms  a  predetermined  angle  6  with  respect  to  a 
plane  perpendicular  to  the  c-axis.  For  good  super- 
conducting  characteristics,  the  angle  6  is  preferably 
in  the  range  as  "0°<e^10°  ". 

20  Example  6 

A  thin-film  superconductor  according  to  Exam- 
ple  6  is  similar  to  the  thin-film  superconductor  of 
Example  1  except  that  the  Bi-Ti-0  film  2  is  re- 

25  placed  by  a  thin  film  of  a  ferroelectric  crystal  of 
Bi2WOG  or  Bi2Am_1Bm02m+i  where  "m"  denotes  1, 
2,  3,  4,  or  5;  "A"  denotes  an  element  having  a 
valence  of  1  ,  an  element  having  a  valence  of  2,  an 
element  having  a  valence  of  3,  or  a  combination 

30  thereof;  and  "B"  denotes  Ti++,  Nb5+,  Ta5+,  or  a 
combination  thereof. 

Example  7 

35  A  thin-film  superconductor  according  to  Exam- 
ple  7  is  similar  to  the  thin-film  superconductor  of 
Example  1  except  for  design  changes  indicated 
hereinafter. 

In  the  thin-film  superconductor  of  Example  7, 
40  Bi-Ti-0  layers  and  Bi-Sr-Ca-Cu-0  layers  are  al- 

ternately  and  periodically  laminated  at  intervals  in 
an  atomic  order.  The  thin-film  superconductor  of 
Example  7  has  stable  superconducting  characteris- 
tics. 

45 
Example  8 

A  thin-film  superconductor  according  to  Exam- 
ple  8  is  similar  to  the  thin-film  superconductor  of 

50  Example  1  except  for  design  changes  indicated 
hereinafter. 

The  thin-film  superconductor  of  Example  8  was 
fabricated  as  follows.  A  source  of  oxide  containing 
Bi  and  a  source  of  oxide  containing  Ti  were  pre- 

ss  pared.  In  a  vacuum,  the  Bi  oxide  and  the  Ti  oxide 
were  vaporized  from  the  respective  sources  toward 
a  substrate  layer  1  to  deposit  oxide  layers  on  the 
substrate  layer  1  .  Specifically,  a  layer  of  Bi-0  was 

5 
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deposited  on  the  substrate  layer  1.  Then,  a  layer  of 
Ti-0  was  deposited  on  the  Bi-0  layer.  Subse- 
quently,  a  layer  of  Bi-0  was  deposited  on  the  Ti-0 
layer.  These  deposition  processes  were  repeated  a 
given  number  of  times  so  that  Bi-0  layers  and  Ti-0 
layers  were  alternately  and  periodically  laminated. 
In  addition,  activated  oxygen  gas  was  introduced 
and  used.  As  a  result,  a  Bi-Ti-0  film  2  was  formed 
on  the  substrate  layer  1  . 

A  source  of  oxide  containing  Bi,  a  source  of 
oxide  containing  Sr,  a  source  of  oxide  containing 
Ca,  and  a  source  of  oxide  containing  Cu  were 
prepared.  In  a  vacuum,  the  Bi  oxide,  the  Sr  oxide, 
the  Ca  oxide,  and  the  Cu  oxide  were  vaporized 
from  the  respective  sources  toward  the  substrate 
layer  1  coated  with  the  Bi-Ti-0  film  2  to  deposit 
oxide  layers  on  the  Bi-Ti-0  film  2.  Specifically,  a 
layer  of  Bi-0  was  deposited  on  the  Bi-Ti-0  film  2. 
Then,  a  layer  of  Sr-Cu-0  was  deposited  on  the  Bi- 
0  layer,  and  a  layer  of  Ca-Cu-0  layer  was  depos- 
ited  on  the  Sr-Cu-0  layer.  Subsequently,  a  layer  of 
Sr-Cu-0  was  deposited  on  the  Ca-Cu-0  layer,  and 
a  layer  of  Bi-0  was  deposited  on  the  Sr-Cu-0 
layer.  These  deposition  processes  were  repeated  a 
given  number  of  times  so  that  Bi-0  layers,  Sr-Cu-0 
layers,  Ca-Cu-0  layers,  and  Sr-Cu-0  layers  are 
sequentially  and  periodically  laminated.  As  a  result, 
a  Bi-Sr-Ca-Cu-0  film  3  was  formed  on  the  Bi-Ti-0 
film  2. 

Example  9 

A  thin-film  superconductor  according  to  Exam- 
ple  9  is  similar  to  the  thin-film  superconductor  of 
Example  1  except  for  design  changes  indicated 
hereinafter. 

In  the  thin-film  superconductor  of  Example  9, 
Bi-Ti-0  layers  and  Bi-Sr-Ca-Cu-0  layers  are  pe- 
riodically  laminated.  Specifically,  the  lamination  has 
a  periodical  structure  of  m(Bi-Sr-Ca-Cu-0)*n(Bi-Ti- 
0)  where  "m"  and  "n"  denote  given  positive  in- 
tegers  respectively. 

The  thin-film  superconductor  of  Example  9  was 
fabricated  as  follows.  A  source  of  oxide  containing 
Bi,  a  source  of  oxide  containing  Sr  and  Cu,  a 
source  of  oxide  containing  Ca  and  Cu,  and  a 
source  of  oxide  containing  Ti  were  prepared.  The 
Bi  oxide,  the  Sr  and  Cu  oxide,  the  Ca  and  Cu 
oxide,  and  the  Ti  oxide  were  vaporized  from  the 
respective  sources  toward  a  substrate  layer  1  to 
periodically  deposit-oxide  layers  (Bi-O,  Sr-Cu-O, 
Ca-Cu-O,  and  Ti-0  layers)  on  the  substrate  layer  1 
as  shown  in  Fig.  4.  The  deposited  oxide  layers 
composed  a  lamination  of  Bi-Ti-0  layers  and  Bi-Sr- 
Ca-Cu-0  layers.  The  Bi-Ti-0  layers  and  the  Bi-Sr- 
Ca-Cu-0  layers  had  very  flat  surfaces.  The  a-axis 
unit  length  of  a  perovskite  crystal  in  each  Bi-Ti-0 
layer  was  approximately  equal  to  that  of  a  crystal  in 

the  Bi-Sr-Ca-Cu-0  layer.  According  to  this  fact,  it  is 
thought  that  a  crystal  in  the  Bi-Sr-Ca-Cu-0  layer 
can  be  continuously  grown  on  a  crystal  in  the  Bi- 
Ti-0  layer  by  epitaxy. 

5  The  periodical  lamination  of  Bi-O,  Sr-Cu-O,  Ca- 
Cu-O,  and  Ti-0  layers  may  be  formed  by  an  MBE 
(molecular  beam  epitaxy)  apparatus  or  a  multi-type 
EB  vapor  deposition  apparatus  in  which  movable 
shutters  in  front  of  sources  to  be  vaporized  are 

io  suitably  controlled,  a  vapor  phase  epitaxy  appara- 
tus  in  which  gas  types  are  suitably  changed,  or  a 
sputtering  vapor  deposition  apparatus. 

A  first  example  of  the  sputtering  vapor  deposi- 
tion  apparatus  includes  a  single  sputtering  target 

is  provided  with  a  given  composition  distribution.  Dur- 
ing  the  formation  of  the  periodical  lamination,  a 
discharge  area  in  the  sputtering  target  is  periodi- 
cally  controlled. 

A  second  example  of  the  sputtering  vapor  de- 
20  position  apparatus  includes  a  plurality  of  targets 

having  different  compositions  respectively.  During 
the  formation  of  the  periodical  lamination,  the  sput- 
ter  amounts  of  the  targets  are  periodically  con- 
trolled.  Movable  shutters  may  be  provided  in  front 

25  of  the  targets.  In  this  case,  shutters  are  periodically 
closed  and  opened  instead  of  controlling  the  sput- 
ter  amounts  of  the  targets.  Alternatively,  a  substrate 
(substrate  layer  1)  may  be  periodically  moved 
along  a  path  extending  above  the  targets. 

30  A  third  example  of  the  sputtering  vapor  deposi- 
tion  apparatus  is  of  the  laser  beam  sputtering  type 
or  the  ion  beam  sputtering  type  in  which  a  plurality 
of  targets  are  periodically  moved  to  change  a  tar- 
get  exposed  to  the  beam. 

35 
Example  10 

With  reference  to  Fig.  5,  a  magnetron  sputter- 
ing  apparatus  includes  a  Bi-0  target  6,  an  Sr-Ca- 

40  Cu-0  target  7,  and  a  Bi-Ti-0  target  8.  A  substrate  9 
made  of  MgO  is  located  above  the  targets  7,  8, 
and  9.  The  axes  of  the  targets  6,  7,  and  8  are 
inclined  at  angles  of  about  30  degrees  with  respect 
to  the  vertical  direction  toward  the  substrate  9  so 

45  that  focal  points  related  to  the  targets  will  exit  on 
the  substrate  9.  The  substrate  9  can  be  heated  by 
a  heater  10.  A  movable  shutter  11  is  disposed  in  a 
path  between  the  Bi-0  target  6  and  the  substrate  9. 
The  shutter  1  1  extends  in  front  of  the  Bi-0  target  6. 

50  A  movable  shutter  12  is  disposed  in  a  path  be- 
tween  the  Sr-Ca-Cu-0  target  7  and  the  substrate  9. 
The  shutter  12  extends  in  front  of  the  Sr-Ca-Cu-0 
target  7.  A  movable  shutter  13  is  disposed  in  a 
path  between  the  Bi-Ti-0  target  8  and  the  substrate 

55  9.  The  shutter  13  extends  in  front  of-the  Bi-Ti-0 
target  8. 

A  thin-film  superconductor  according  to  Exam- 
ple  10  was  fabricated  by  using  the  magnetron 

6 
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sputtering  apparatus  of  Fig.  5.  Specifically,  a  single 
crystal  of  MgO  was  prepared.  The  MgO  crystal 
was  processed  or  cut  so  that  an  exposed  surface 
thereof  was  inclined  with  respect  to  a  (100)  plane 
by  an  angle  of  5  degrees.  The  resultant  MgO 
crystal  was  used  as  a  substrate  9  placed  into  the 
magnetron  sputtering  apparatus.  While  the  sub- 
strate  9  was  continuously  heated  at  a  temperature 
of  about  600  °C  by  the  heater  10,  the  targets  6,  7, 
and  8  were  subjected  to  sputtering  in  an  atmo- 
sphere  of  a  mixture  of  argon  and  oxygen  (5:1) 
which  had  a  pressure  of  3  Pa.  During  the  sputter- 
ing,  RF  powers  fed  to  the  targets  6,  7,  8  were 
equal  to  30  W,  60  W,  and  60  W  respectively. 

In  more  detail,  the  shutters  11  and  13  were 
sequentially  controlled  so  that  Bi-0  vapor,  Bi-Ti-0 
vapor,  and  Bi-0  vapor  were  sequentially  reached 
the  substrate  9  from  the  targets  6  and  8.  As  a 
result,  a  layer  of  the  Bi-Ti-0  system  was  deposited 
on  the  substrate  9.  The  effective  sputter  times  of 
the  targets  6  and  8  were  adjusted  so  that  the 
element  composition  ratio  in  the  Bi-Ti-0  layer  was 
4:3  (Bi:Ti).  The  sequence  of  the  above-mentioned 
steps  to  form  a  Bi-Ti-0  layer  was  repeated  twenty 
times  (twenty  cycles).  In  this  way,  a  thin  film  of  the 
Bi-Ti-0  system  was  formed  on  the  substrate  9. 
Subsequently,  the  temperature  of  the  substrate  9 
with  the  Bi-Ti-0  film  was  increased  to  650  °C  by 
controlling  the  heater  10.  While  the  the  temperature 
of  the  substrate  9  was  held  at  650  °  C,  the  shutters 
11  and  12  were  sequentially  controlled  so  that  Bi-0 
vapor,  Sr-Ca-Cu-0  vapor,  and  Bi-0  vapor  were 
sequentially  reached  the  substrate  9  from  the  tar- 
gets  6  and  7.  As  a  result,  a  layer  of  the  Bi-Sr-Ca- 
Cu-0  system  was  deposited  on  the  Bi-Ti-0  film. 
The  sequence  of  the  above-mentioned  steps  to 
form  a  Bi-Sr-Ca-Cu-0  layer  was  repeated  twenty 
times  (twenty  cycles).  In  this  way,  a  thin  film  of  the 
Bi-Sr-Ca-Cu-0  system  was  formed  on  the  Bi-Ti-0 
film. 

Experiments  were  performed  on  the  thin-film 
superconductor  of  Example  10.  Specifically,  the 
resistance  of  the  thin  film  of  Bi-Sr-Ca-Cu-0  in  the 
thin-film  superconductor  of  Example  10  was  mea- 
sured  at  varying  temperatures.  In  Fig.  6,  the  curved 
line  denotes  the  experimentally-obtained  relation 
between  the  temperature  and  the  resistance  of  the 
Bi-Sr-Ca-Cu-0  film  in  the  thin-film  superconductor 
of  Example  10.  It  was  found  that  the  temperature 
Tc  of  the  Bi-Sr-Ca-Cu-0  film  in  the  thin-film  super- 
conductor  of  Example  10  was  higher  than  the  tem- 
perature  Tc  of  the  Bi-Sr-Ca-Cu-0  film  in  the  thin- 
film  superconductor  of  Example  1.  In  addition,  the 
Bi-Sr-Ca-Cu-0  film  in  the  thin-film  superconductor 
of  Example  10  was  better  in  critical  current  density 
than  the  Bi-Sr-Ca-Cu-0  film  in  the  thin-film  super- 
conductor  of  Example  1  . 

Example  1  1 

A  thin-film  superconductor  according  to  Exam- 
ple  11  is  similar  to  the  thin-film  superconductor  of 

5  Example  10  except  that  the  MgO  substrate  is  re- 
placed  by  a  substrate  made  of  a  single  crystal  of 
SrTi03,  a-AI203  (sapphire),  MgAI20+,  YSZ, 
LaGa03,  LaAI03,  NdGa03,  YAI03,  Si,  GaAs,  LaSr- 
GaO+,  NdSrGaO*,  PrGa03,  or  PrAI03. 

io  A  thin-film  superconductor  includes  a  sub- 
strate,  a  ferroelectric  film,  and  a  superconducting 
oxide  film.  The  ferroelectric  film  extends  on  the 
substrate.  The  ferroelectric  film  is  made  of  a  crystal 
containing  Bi  and  O.  The  superconducting  oxide 

is  film  extends  on  the  ferroelectric  film,  and  contain- 
ing  Bi,  Cu,  and  an  alkaline-earth  metal  element. 
The  superconducting  oxide  film  may  contain  at 
least  two  different  alkaline-earth  metal  elements. 

20  Claims 

1.  A  thin-film  superconductor  comprising: 
a  substrate; 
a  ferroelectric  film  extending  on  the  sub- 

25  strate  and  being  made  of  a  crystal  containing 
Bi  and  O;  and 

a  superconducting  oxide  film  extending  on 
the  ferroelectric  film  and  containing  Bi,  Cu,  and 
an  alkaline-earth  metal  element. 

30 
2.  The  thin-film  superconductor  of  claim  1, 

wherein  the  superconducting  oxide  film  con- 
tains  at  least  two  different  alkaline-earth  metal 
elements. 

35 
3.  The  thin-film  superconductor  of  claim  1, 

wherein  the  substrate  is  made  of  a  crystal 
selected  from  the  group  of  a  crystal  of  LaAI03, 
a  crystal  of  MgO,  a  crystal  of  SrTi03,  a  crystal 

40  of  a-AI203,  a  crystal  of  MgAbO ,̂  a  crystal  of 
YSZ,  a  crystal  of  LaGa03,  a  crystal  of 
NdGa03,  a  crystal  of  YAI03,  a  crystal  of  Si,  a 
crystal  of  GaAs,  a  crystal  of  LaSrGaO ,̂  a  cry- 
stal  of  NdSrGaO ,̂  a  crystal  of  PrGa03,  and  a 

45  crystal  of  PrAI03. 

4.  The  thin-film  superconductor  of  claim  1, 
wherein  the  substrate  is  made  of  a  (100)-ori- 
ented  crystal  of  LaAI03. 

50 
5.  The  thin-film  superconductor  of  claim  1, 

wherein  a  boundary  between  the  ferroelectric 
film  and  the  superconducting  oxide  film  ex- 
tends  along  a  plane  nonperpendicular  to  a  c- 

55  axis  of  one  of  the  ferroelectric  film  and  the 
superconducting  oxide  film. 

7 
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6.  The  thin-film  superconductor  of  claim  1, 
wherein  a  boundary  between  the  ferroelectric 
film  and  the  superconducting  oxide  film  ex- 
tends  along  a  plane  nonparallel  to  both  a  c- 
axis  of  the  ferroelectric  film  and  a  c-axis  of  the  5 
superconducting  oxide  film. 

7.  The  thin-film  superconductor  of  claim  1, 
wherein  the  crystal  of  the  ferroelectric  film 
further  contains  Ti.  10 

8.  The  thin-film  superconductor  of  claim  1, 
wherein  the  crystal  of  the  ferroelectric  film 
comprises  a  crystal  of  BkTi30i2. 

9.  The  thin-film  superconductor  of  claim  1, 
wherein  the  crystal  of  the  ferroelectric  film 
comprises  a  crystal  of  Bi2WOG. 

periodically  laminating  an  oxide  layer  con- 
taining  Bi  and  an  oxide  layer  containing  Bi  and 
Ti  on  a  substrate  to  form  a  ferroelectric  single- 
crystal  film  on  the  substrate;  and 

5  periodically  laminating  an  oxide  layer  con- 
taining  Bi  and  an  oxide  layer  containing  Cu 
and  an  alkaline-earth  metal  element  on  a  sur- 
face  of  the  ferroelectric  film  to  form  a  super- 
conducting  oxide  film  on  the  surface  of  the 

io  ferroelectric  film,  wherein  the  surface  of  the 
ferroelectric  film  extends  along  a  plane  nonper- 
pendicular  to  a  c-axis  of  the  ferroelectric  film. 

17.  The  method  of  claim  16,  wherein  each  of  the 
is  laminating  steps  comprises  executing  vapor 

deposition  by  sputtering. 

18.  The  method  of  claim  17,  wherein  the  vapor- 
deposition  executing  step  comprises  executing 

20  vapor  deposition  which  uses  at  least  two  dif- 
ferent  sources  to  be  vaporized. 

19.  A  method  of  fabricating  a  thin-film  supercon- 
ductor,  comprising  the  steps  of: 

25  preparing  a  substrate  which  can  exhibit 
phase  transition; 

forming  a  ferroelectric  film  on  the  sub- 
strate  while  heating  the  substrate  at  a  tempera- 
ture  at  which  the  phase  transition  occurs;  and 

30  forming  a  superconducting  oxide  film  on 
the  ferroelectric  film. 

10.  A  thin-film  superconductor  comprising:  20 
a  ferroelectric  film  extending  on  the  sub- 

strate  and  being  made  of  a  crystal  containing 
Bi  and  O;  and 

a  superconducting  oxide  film  extending  on 
the  ferroelectric  film  and  containing  Bi,  Cu,  and  25 
an  alkaline-earth  metal  element; 

wherein  a  boundary  between  the  ferroelec- 
tric  film  and  the  superconducting  oxide  film 
extends  along  a  plane  nonparallel  to  both  a  c- 
axis  of  the  ferroelectric  film  and  a  c-axis  of  the  30 
superconducting  oxide  film. 

11.  The  thin-film  superconductor  of  claim  10, 
wherein  the  superconducting  oxide  film  con- 
tains  at  least  two  different  alkaline-earth  metal  35 
elements. 

20.  The  method  of  claim  19,  wherein  each  of  the 
forming  steps  comprises  executing  vapor  de- 
position  by  sputtering. 

12.  The  thin-film  superconductor  of  claim  10, 
wherein  the  boundary  between  the  ferroelectric 
film  and  the  superconducting  oxide  film  ex-  40 
tends  along  a  plane  nonperpendicular  to  the  c- 
axis  of  one  of  the  ferroelectric  film  and  the 
superconducting  oxide  film. 

13.  The  thin-film  superconductor  of  claim  10,  45 
wherein  the  crystal  of  the  ferroelectric  film 
further  contains  Ti. 

14.  The  thin-film  superconductor  of  claim  10, 
wherein  the  crystal  of  the  ferroelectric  film  50 
comprises  a  crystal  of  BkTi30i2. 

15.  The  thin-film  superconductor  of  claim  10, 
wherein  the  crystal  of  the  ferroelectric  film 
comprises  a  crystal  of  Bi2WOG.  55 

16.  A  method  of  fabricating  a  thin-film  supercon- 
ductor,  comprising  the  steps  of: 
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