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©  Method  of  making  an  oxide  superconducting  thin  film. 

©  A  method  of  making  a  superconducting  thin  film 
^   of  a  Y-Ba-Cu-0  series  material  by  using  a  diode 
^   parallel  plate  type  sputtering  apparatus  including  a 

vacuum  chamber  (1),  a  substrate  (6)  disposed  within 
OJ  the  vacuum  chamber  and  having  a  substantially  flat 
O   surface  on  which  the  superconducting  thin  film  is  to 
1^  be  formed,  and  a  plate-shaped  target  (5)  functioning 
00  as  a  cathode  and  disposed  within  the  vacuum  cham- 
W  ber  to  parallelly  face  to  the  flat  surface  of  the  sub- 
©  strate,  the  target  being  made  of  the  same  material 

as  the  superconducting  thin  film,  a  plasma  gas  being 
Ijj  introduced  into  the  vacuum  chamber,  and  a  voltage 

being  applied  between  the  cathode  and  the  sub- 

strate,  wherein  the  method  comprises  the  steps  of 
applying  a  high  frequency  voltage  having  a  fre- 
quency  higher  than  40  MHz  between  the  cathode 
and  the  substrate  to  generate  plasma  of  the  intro- 
duced  gas,  superimposing  a  DC  voltage  (V)  on  the 
high  frequency  voltage  in  a  polarity  that  the  cathode 
becomes  negative,  and  setting  the  DC  voltage  at  a 
value  where  the  DC  voltage  is  substantially  un- 
changed  with  variation  of  a  cathode  current  flowing 
through  the  target  when  adjusting  the  DC  voltage 
and  controlling  a  value  of  the  DC  current  while 
maintaining  the  DC  voltage  substantially  at  the  set 
value. 
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BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention 

The  present  invention  relates  to  a  method  of 
making  an  oxide  superconducting  thin  film  and 
more  particularly,  to  a  method  of  making  an  oxide 
superconducting  thin  film  of  a  Y-Ba-Cu-0  series  by 
sputtering. 

Description  of  the  Related  Art 

The  oxide  superconducting  thin  film  of  the  Y- 
Ba-Cu-0  series  is  utilized  in  an  electronics  field 
such  as  sensor  or  electronic  device,  and  as  a 
known  method  of  fabricating  the  superconducting 
thin  film,  there  is  a  fabricating  method  based  on 
diode  parallel  plate  type  sputtering. 

This  diode  parallel  plate  type  sputtering  is  con- 
venient  when  compared  with  other  methods  and 
excellent  in  the  controllability  of  the  composition  of 
the  product.  When  an  oxide  target  is  used,  how- 
ever,  oxygen  negative  ions  emitted  from  the  target 
are  accelerated  through  a  cathode  sheath  so  that 
the  oxygen  particles  having  high  energy  disad- 
vantageous^  act  to  vary  the  composition  of  the 
thin  film  and  to  impede  its  crystallization. 

For  the  purpose  of  solving  this  problem,  there 
has  been  proposed  various  countermeasures  which 
include  the  following  methods  (1)  to  (4). 

(1)  Film  formation  is  carried  out  under  a  sputter- 
ing  gas  pressure  of  a  high  level  which  is  higher 
by  several  to  several  tens  mTorr  than  a  normal 
pressure,  e.g.,  several  hundred  mTorr,  thereby 
to  decrease  the  density  of  high  energy  particles. 
(For  example,  refer  to  H.  C.  Li  et  al:  Appl.Phys. 
Lett.  52(13),  28  March  1988,  pp.  1098  -  1100). 
(2)  The  position  of  the  target  relative  to  the 
substrate  is  changed  from  a  position  where  the 
target  is  parallel  to  the  substrate  by  rotating  the 
target  or  substrate  by  90  °  degrees  to  a  position 
where  the  target  is  at  a  right  angle  to  the  sub- 
strate  (off-axis  sputtering  method)  thereby  pre- 
venting  the  high  energy  particles  from  colliding 
directly  against  the  substrate.  (For  example,  re- 
fer  to  C.E.  Eom  et  al;  Physics  C171  (1990)  pp. 
354  -  382). 
(3)  A  strong  magnetic  field  is  applied  thereby  to 
lower  a  plasma  sustaining  voltage  and  to  reduce 
a  cathode  sheath  voltage,  thus  suppressing  gen- 
eration  of  high  energy  particles.  (For  example, 
refer  to  M.  Migliuolo  et  al:  Appl.  Phys.  Lett.  56- 
(25)  18  June  1990,  pp.  2572  -  2574). 
(4)  The  cathode  sheath  voltage  is  lowered  with 
use  of  a  sputtering  method  using  a  frequency 
band  of  94.92  MHz  7  times  as  high  as  an 
ordinarily-employed  high  frequency  band  of 
13.56  MHz  thereby  to  suppress  generation  of 

the  high  energy  particles.  (For  example,  refer  to 
N.  Homma  et  al:  Appl.  Phys.  Lett.  59(11),  9 
September  1991  pp.  1383  -  1385). 

However,  any  of  these  methods  has  a  problem 
5  that  a  film  growth  rate  is  reduced. 

Improvement  in  crystallization  of  the  film  is 
important  not  only  in  its  application  research  but 
also  in  its  physical  property  research.  Convention- 
ally,  in  order  to  improve  the  film  crystallization, 

io  various  studies  and  researches  have  been  con- 
ducted  including  the  initial  selection  of  a  film  for- 
mation  technique,  the  research  for  the  optimum 
film  formation  temperature,  the  use  of  a  substrate 
selected  in  consideration  of  the  matching  of  a 

75  lattice  constant  and  the  optimization  of  the  film 
growth  rate  for  hetero-epitaxial  growth.  However, 
since  the  film  growth  mechanism  necessary  for  the 
hetero-epitaxial  growth  has  not  been  clear,  it  has 
been  impossible  to  obtain  a  remarkable  advance- 

20  ment  in  the  improvement  of  the  crystallization  and 
much  attention  has  been  directed  exclusively  to  the 
improvement  of  the  superconducting  properties. 

As  has  been  explained  above,  the  improvement 
of  the  crystallization  has  been  made  of  the  sacrifice 

25  of  the  improvement  of  the  efficiency  in  formation  of 
the  thin  film.  In  other  words,  the  prior  art  method 
has  a  technical  defect  that,  for  the  purpose  of 
minimizing  the  influences  of  high  energy  particles, 
the  flux  of  other  depositing  particles  becomes 

30  smaller.  Further,  even  by  sacrificing  the  efficiency, 
the  level  of  the  crystallization  obtained  by  the  prior 
art  film  formation  method  is  not  so  high. 

SUMMARY  OF  THE  INVENTION 
35 

It  is  an  object  of  the  present  invention  to  solve 
the  above  problems  in  the  prior  art  and  to  provide 
a  method  of  making  an  oxide  superconducting  thin 
film  of  a  Y-Ba-Cu-0  series,  preferably  a 

40  YBa2Cu3  0x  (x=  6.5-7)  series,  which  is  excellent  in 
crystallization. 

In  accordance  with  one  aspect  of  the  present 
invention,  there  is  provided  a  method  of  making  an 
oxide  superconducting  thin  film  of  a  Y-Ba-Cu-0 

45  series  material  by  using  a  diode  parallel  plate  type 
sputtering  apparatus  including  a  vacuum  chamber, 
a  substrate  disposed  within  the  vacuum  chamber 
and  having  a  substantially  flat  surface  on  which  the 
superconducting  thin  film  is  to  be  formed,  a  plate- 

50  shaped  target  functioning  as  a  cathode  and  dis- 
posed  within  the  vacuum  chamber  to  parallelly  face 
to  the  flat  surface  of  the  substrate,  the  target  being 
made  of  the  same  material  as  the  material  of  the 
superconducting  thin  film,  means  for  introducing  a 

55  sputtering  gas  into  the  vacuum  chamber,  and 
means  for  applying  a  voltage  between  the  cathode 
and  the  substrate.  The  method  comprises  the  steps 
of  applying  a  high  frequency  voltage  having  a 

3 
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frequency  higher  than  40  MHz  between  the  cath- 
ode  and  the  substrate  by  the  voltage  application 
means,  to  generate  plasma  of  the  sputtering  gas 
superimposing  a  DC  voltage  on  the  high  frequency 
voltage  in  such  a  polarity  that  the  cathode  be- 
comes  negative,  setting  the  DC  voltage  at  a  value 
where  the  DC  voltage  is  substantially  unchanged 
with  variation  of  a  cathode  current  flowing  through 
the  target  when  adjusting  the  DC  voltage  and  con- 
trolling  a  value  of  the  DC  current  while  maintaining 
the  DC  voltage  at  the  set  value. 

The  diode  parallel  plate  type  sputtering  appara- 
tus  used  in  the  present  invention  is  substantially 
the  same  as  the  prior  art  apparatus,  except  that 
means  for  superimposing  the  DC  voltage  is  added. 
That  is,  in  order  to  implement  the  method  of  the 
present  invention,  the  means  for  superimposing  the 
DC  voltage  is  newly  provided. 

In  the  diode  parallel  plate  type  sputtering  ap- 
paratus,  a  self-bias  appearing  on  the  target  used  as 
the  cathode  can  be  advantageously  made  lower  by 
using  the  high  frequency  voltage  of  a  frequency 
band,  such  as  40  MHz  or  more,  higher  than  13.56 
MHz  which  is  ordinally  used. 

This  means  that  the  energy  of  negative  oxygen 
ions  as  sputtered  from  the  target  can  be  made 
lower,  and  hence  the  use  of  the  high  frequency 
voltage  of  40  MHz  or  more  is  highly  effective  in 
improving  the  crystallization  of  the  film.  Further, 
when  a  frequency  of  40  MHz  or  more  is  employed, 
the  distribution  of  energy  of  argon  ions  can  be 
made  sharp.  This  means  that  the  influences  of  high 
energy  part  of  the  argon  can  be  eliminated  and 
hence  it  is  also  effective  in  improving  the  cry- 
stallization  of  the  film.  At  the  same  time,  however, 
the  lower  self  bias  will  result  in  reducing  the  sput- 
tering  efficiency.  Accordingly,  in  order  to  obtain  a 
suitable  film  growth  rate,  it  becomes  necessary  to 
limit  the  sputtering  atmosphere  to  a  low  pressure 
or  high  vacuum  level.  The  limitation  of  the  sputter- 
ing  atmosphere  to  the  low  pressure  causes  the  film 
to  be  influenced  directly  by  the  necessarily  existing 
high  energy  particles  thereby  causing  re-sputtering 
of  the  film,  resulting  in  damage  of  the  film.  Thus,  it 
has  been  demanded  to  develop  a  process  of  ob- 
taining  a  sufficient  film  growth  rate  under  a  low 
vacuum  condition  where  the  re-sputtering  of  the 
film  can  be  prevented. 

Inventors  of  the  present  invention  have  studied 
and  found  that,  when  an  electrically  conductive 
target  made  of  a  YBCO  series  material  containing 
Y,  Ba  and  CnO  at  atomic  ratios  of  1  :  2  :  3  is  used, 
a  high  frequency  of  40  MHz  or  higher,  preferably 
94.92  MHz  is  employed  to  generate  a  plasma  and 
at  the  same  time,  a  negative  DC  bias  is  applied  to 
the  cathode,  a  DC  plasma  can  be  superimposed  to 
form  a  hybrid  plasma.  The  inventors  have  also 
found  that  a  sufficient  film  growth  rate  can  be 

obtained  by  using  the  hybrid  plasma  even  when 
the  sputtering  pressure  is  increased  up  to  such  a 
level  that  the  re-sputtering  can  be  completely  sup- 
pressed.  In  this  manner,  the  method  of  the  present 

5  invention  has  been  developed. 
It  is  known  to  apply  a  DC  voltage  and  a  high 

frequency  voltage  superimposed  thereon  between 
the  cathode  and  the  substrate  in  the  sputtering 
apparatus,  as  disclosed  in,  for  example,  JP-A-63- 

io  26361,  JP-A-2-54764,  JP-A-3-13573,  JP-A-3- 
249171.  However,  in  these  prior  art  systems,  the 
high  frequency  voltage  is  superimposed  on  the  DC 
voltage  in  order  to  prevent  the  target  from  being 
excessively  charged  by  the  DC  voltage  or  to  facili- 

15  tate  the  sputtering  at  a  low  gas  pressure.  Thus,  the 
purpose  of  any  of  the  prior  art  systems  is  different 
from  that  of  the  present  invention. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
20 

Fig.  1  shows  a  schematic  arrangement  of  a 
diode  parallel  plate  type  sputtering  apparatus  in 
accordance  with  an  embodiment  of  the  present 
invention; 

25  Fig.  2  shows  a  relationship  between  DC  voltage 
(cathode  potential)  and  cathode  current  when  a 
high  frequency  voltage  and  a  DC  voltage  super- 
imposed  on  the  high  frequency  voltage  are  ap- 
plied  to  a  cathode  (target); 

30  Figs.  3A  and  3B  show  emission  intensity-to- 
cathode  current  characteristic  curves,  each  re- 
presenting  a  relationship  between  an  intensity 
(arbitrary  unit)  of  light  emitted  from  each  of  the 
elements  forming  the  plasma  and  the  cathode 

35  current  obtained  from  spectroscopic  analysis  of 
the  plasma  optical  emission  in  the  visible  region; 
Fig.  4  shows  a  relationship  between  a  cathode 
current  and  a  film  growth  rate  in  formation  of  a 
superconducting  thin  film  made  of  Y-Ba-Cu-0 

40  series  material; 
Fig.  5  shows  a  relationship  between  a  diffraction 
angle  and  a  diffraction  intensity  in  an  X-ray 
diffractometry  with  respect  to  different  film 
growth  temperatures; 

45  Fig.  6  shows  a  relationship  between  a  diffraction 
angle  and  a  diffraction  intensity  (arbitrary  unit) 
obtained  through  the  measurement  of  a  rocking 
curve  of  (200)  X-ray  diffraction  peak  in  a  Y-B-C- 
O  series  film  made  in  accordance  with  the 

50  present  invention; 
Fig.  7  is  a  graph  showing  a  Rutherford  backscat- 
tering  spectrum  for  the  film  of  Fig.  6;  and 
Figs.  8A  and  8B  are  high-resolution  SEM  pho- 
tographs  of  the  structure  of  the  film  of  Fig.  6 

55  magnified  by  50000  times,  wherein  Fig.  8A 
shows  a  cross-sectional  view  of  the  film  and  Fig. 
8B  shows  a  view  of  a  slant  surface  (75-degree 
tilt). 

4 
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DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
MENTS 

An  embodiment  of  the  present  invention  will  be 
explained  with  reference  to  the  accompanying 
drawings. 

Referring  first  to  Fig.  1,  there  is  schematically 
shown  an  arrangement  of  a  diode  parallel  plate 
type  sputtering  apparatus  used  in  an  embodiment 
of  the  present  invention.  However,  the  present  in- 
vention  is  not  limited  to  the  use  of  this  apparatus 
but  may  be  modified  as  necessary  in  various  ways 
without  departing  from  the  subject  matter  of  the 
present  invention. 

In  Fig.  1,  a  film  growth  chamber  1  is  a  vacuum 
chamber,  which  is  at  a  pressure  of  the  order  of  1  x 
10-7  Torr.  Introduced  into  the  film  growth  chamber 
I  is  a  mixture  gas  of  argon  and  oxygen  for  plasma 
generation.  The  pressure  of  the  introduced  mixture 
gas  is  held  at  a  predetermined  level  by  controlling 
the  exhaust  rate  of  the  introduced  mixture  gas.  A 
cathode  4,  which  supports  a  target  5,  is  provided 
with  a  magnet  2  for  locally  increasing  plasma  den- 
sity  and  a  cooling  water  path  3.  The  target,  which 
is  made  of  the  material  of  a  superconducting  thin 
film  to  be  formed,  is  formed  into  a  thin  disk  shape 
having  a  substantially  flat  surface.  A  substrate  6  is 
disposed  above  the  target  5  such  that  the  lower 
surface  of  the  substrate  is  opposing  and  in  parallel 
to  the  upper  surface  of  the  target  5  with  a  distance 
of  about  30mm  between  them.  The  superconduc- 
ting  thin  film  is  formed  on  the  surface  of  the 
substrate  6  opposing  to  the  target.  The  substrate  6 
is  heated  to  a  predetermined  temperature  by  a 
header  7  disposed  backward  of  the  substrate.  The 
film  growth  chamber  case  1  is  made  of  a  metallic 
material  and  the  substrate  6  is  grounded  through 
the  chamber  case.  A  high  frequency  voltage  having 
a  frequency  of  94.92  MHz  is  applied  between  the 
cathode  4  and  the  substrate  6  through  an  imped- 
ance  matching  unit  9  from  a  high  frequency  power 
source  8.  On  this  high  frequency  voltage,  a  DC 
voltage  is  superimposed  through  a  low  pass  filter 
10  by  a  constant  voltage/constant  current  DC  pow- 
er  source  11  in  such  a  polarity  that  the  cathode 
becomes  negative.  The  low  pass  filter  10  is  pro- 
vided  for  preventing  the  high  frequency  voltage 
from  being  applied  to  the  DC  power  source  1  1  .  The 
aforementioned  diode  parallel  plate  type  sputtering 
apparatus  has  substantially  the  same  structure  as 
the  prior  art  one,  except  for  the  DC  power  source 
II  and  the  low  pass  filter  10.  As  the  DC  power 
source  11,  it  is  desired  to  use  a  constant  volt- 
age/constant  current  DC  power  source  such  as, 
GP-R  Series  manufactured  by  Takasago  LTD.  662, 
Futago-ku,  Kawasaki-city,  Kanagawa,  Japan,  which 
is  capable  of  controlling  the  allowable  maximum 
voltage  and  the  allowable  maximum  current  in- 

dependently  of  each  other. 
Explanation  will  next  be  made  of  examples  of 

the  method  of  making  a  superconducting  thin  film 
in  accordance  with  the  present  invention  by  using 

5  the  above  system.  In  the  following  embodiments, 
the  substrate  6  was  made  of  SrTi03  or  NdGa03. 

Example  1  : 

io  A  target  made  of  a  YBCO  series  material  is 
used,  a  high  frequency  voltage  having  a  frequency 
of  94.92  MHz  is  applied  between  the  cathode  and 
substrate  from  the  high  frequency  power  source  8 
to  generate  plasma  of  the  introduced  gas,  the  DC 

is  voltage  from  the  DC  power  source  11  is  superim- 
posed  on  the  high  frequency  voltage  in  such  a 
polarity  that  the  cathode  becomes  negative,  and 
the  cathode  voltage  is  gradually  increased.  This 
causes  the  cathode  current  to  be  also  increased. 

20  The  values  of  the  cathode  voltage  and  cathode 
current  A  are  monitored  on  a  voltmeter  22  and  an 
ammeter  20,  respectively.  When  the  cathode  volt- 
age  reaches  a  certain  value,  the  cathode  current 
starts  abruptly  increasing,  while  variation  of  the 

25  cathode  voltage  is  very  small  as  compared  with  the 
increase  in  the  cathode  current.  In  Fig.  2,  black 
dots  show  a  relationship  between  the  cathode  volt- 
age  and  cathode  current  when  the  YBCO  series 
circular  target  has  a  composition  of  Y,  Ba  and  CuO 

30  at  atomic  ratios  of  1  :  2  :  3,  respectively,  (which 
target  will  be  referred  to  merely  as  1  :  2  :  3  YBCO 
target,  hereinafter),  a  diameter  of  60  mm  and  a 
thickness  of  1.5  mm.  In  this  case,  the  cathode 
current  varies  in  a  range  of  0.2  -  0.6  A  and  the 

35  cathode  voltage  is  kept  at  a  constant  level  of  about 
100  V.  Although  the  surface  current  density  of  the 
cathode  is  not  uniform  over  the  whole  surface  area 
of  the  circular  target  having  a  diameter  of  60  mm, 
the  current  value  of  0.2  -  0.6  A  corresponds  to  an 

40  average  current  density  of  about  7-21  mA/cm2. 
Accordingly,  in  the  case  of  the  1  :  2  :  3  YBCO 
series  target,  when  sputtering  is  carried  out  under  a 
condition  that  the  cathode  voltage  is  set  at  100  V, 
the  cathode  average  current  density  is  kept  at  a 

45  constant  value  in  the  range  of  7-21  mA/cm2,  e.g.,  at 
17  mA/cm2,  the  formation  of  the  superconducting 
thin  film  can  be  optimized.  Under  such  a  condition, 
cathode  voltage  cannot  be  controlled  because  the 
cathode  voltage  is  maintained  at  its  constant  volt- 

50  age  region.  However,  so  long  as  the  cathode  cur- 
rent  is  kept  at  17mA/cm2  through  the  current  con- 
trol,  slight  variation  of  the  voltage  has  no  troubles. 

With  variation  of  the  cathode  voltage,  the  cath- 
ode  current  varies  differently  depending  on  the  Y  : 

55  Ba  :  O  composition  ratios  of  the  YBCO  series 
target.  In  Fig.  2,  white  plot  dots  show  a  relationship 
between  the  cathode  current  and  the  cathode  volt- 
age  when  a  1  :  3  :  7  YBCO  series  target  is  used.  In 

5 
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this  case,  the  rate  in  variation  of  the  current  caused 
by  variation  of  the  voltage  is  small  and  thus  it  is 
impossible  to  obtain  such  a  condition  that  the  cath- 
ode  voltage  is  kept  substantially  at  a  constant  level 
with  variation  of  the  cathode  current. 

This  difference  is  concerned  largely  with  the 
electric  conductivity  of  the  target.  That  is,  when  a 
target  having  a  small  electric  resistance  is  em- 
ployed,  a  voltage  drop  of  the  bias  voltage  across 
the  target  is  small  so  that  a  negative  voltage  poten- 
tial  generates  on  the  surface  of  the  target  and  the 
DC  plasma  is  superimposed  on  a  high  frequency 
plasma  in  a  gaseous  phase  having  a  large  electric 
conductivity.  A  current  flowing  through  the  DC  plas- 
ma  provides  the  cathode  current  flowing  through 
the  target  having  a  small  electric  resistance.  Thus, 
even  when  the  1  :  2  :  3  composition  target  is 
employed,  the  voltage/current  characteristic  may 
vary  depending  on  the  thickness  of  the  target. 

The  above  specific  variation  of  the  current  val- 
ue  is  caused  by  the  electrical  characteristics  of  the 
target  as  mentioned  above,  and  is  not  limited  to  the 
1 : 2 : 3   composition  target.  In  other  words,  even 
when  film  formation  is  carried  out  by  using  a  target 
having  a  composition  selected  according  to  the  thin 
film  to  be  formed,  the  formation  of  the  supercon- 
ducting  thin  film  can  be  realized  taking  advantage 
of  this  feature  of  the  high  frequency  plus  DC  plas- 
ma  so  long  as  a  suitable  electric  conductivity  is 
given  to  the  target. 

When  the  electric  conductivity  is  not  so  high, 
however,  the  value  of  the  DC  voltage  where  the 
cathode  current  is  abruptly  increased  becomes  re- 
markably  large.  When  the  superimposed  bias  volt- 
age  exceeds  200  V,  the  characteristics  of  the  DC 
plasma  are  so  emphasized  that  the  characteristics 
of  the  high  frequency  plasma  cannot  be  utilized 
and  also  the  problem  of  re-sputtering  again  ap- 
pears,  thus  remarkably  deteriorating  the  crystalliza- 
tion  of  the  film.  Accordingly,  it  is  desirable  to 
restrict  the  cathode  potential  to  200  V  or  less. 

The  aforementioned  plasma  specific  behaviors 
can  be  confirmed  clearly  not  only  from  the  volt- 
age/current  characteristic  but  also  from  visual  ob- 
servation.  The  optical  emission  of  the  plasma  ele- 
ment  in  the  visual  region  was  spectroscopically 
analyzed.  In  this  case,  a  spectroscope  having  a 
focal  distance  of  500  mm  and  a  grating  with  1200 
grooves/mm  and  a  multi-channel  analyzer  having  a 
1024  silicon  diode  array  were  used  to  detect  the 
emission  intensity. 

The  results  are  shown  in  Figs.  3A  and  3B. 
More  specifically,  Figs.  3A  and  3B  show  various 
values  of  the  intensity  of  typical  optical  emission 
peaks  existing  in  wavelength  ranges  of  about  20 
nm  with  centers  of  400,  450  and  500  nm,  respec- 
tively,  which  are  the  spectrum  wavelengths  of  re- 
spective  elements  forming  the  introduced  gas  and 

YBCO  target  with  respect  to  variation  of  the  cath- 
ode  current.  Except  for  part  of  an  argon  sputtering 
gas,  most  emission  intensities  are  increased  with 
the  increase  of  the  cathode  current.  In  particular, 

5  with  respect  to  the  metal  of  the  target  especially 
having  monovalent  ions,  its  emission  intensity  is 
remarkably  increased.  When  compared  with  the 
ordinary  sputtering  wherein  optical  emission  of  only 
the  sputtering  gas  (argon,  in  this  example)  and 

io  reaction  gas  (oxygen  gas  in  this  example)  can  be 
observed  (for  example,  refer  to  J.D.  Klein  et  al; 
Appl.  Phys.  Lett.  55((25)  18  December  1989,  pp. 
2670  -  2672)  2670),  an  increase  in  the  sputtering 
rate  and  remarkable  improvement  in  the  ionization 

is  efficiency  are  remarkanbly  observed  in  the  plasma 
of  the  present  embodiment.  Accordingly,  when  the 
plasma  is  used  according  to  the  invention,  there 
can  be  realized  high-speed  formation  of  a  super- 
conducting  thin  film  having  an  excellent  crystalliza- 

20  tion. 

Example  2: 

Under  a  condition  that  a  circular  target  having  a 
25  diameter  of  60  mm,  a  thickness  of  1.5  mm  includes 

a  1  :  3  :  7  composition,  a  cathode  bias  is  set  at 
-100  V  so  that  the  cathode  current  is  several  tens 
mA  and  no  DC  plasma  is  superimposed,  and  the 
film  growth  chamber  is  set  at  a  pressure  of  200 

30  mTorr,  the  film  formation  was  carried  out.  The 
result  was  such  that  due  to  compositional  change 
caused  by  film  re-sputtering,  the  composition  ratio 
of  a  resultant  film  was  1  :  2  :  3.  In  this  case,  a  film 
formation  rate  was  7  angstroms/min.  When  a  1  :  2  : 

35  3  composition  target  was  used  in  the  same  system 
and  the  cathode  current  was  set  at  0.5  A,  the 
cathode  bias  was  set  at  -100  V  which  is  the  same 
as  that  used  for  the  1  :  3  :  7  target.  By  increasing 
the  sputtering  pressure  to  600  mTorr,  the  com- 

40  positional  change  was  suppressed  and  a  supercon- 
ducting  thin  film  of  the  target  composition  was 
obtained.  In  this  case,  the  cathode  current  was  0.5 
A.  When  the  sputtering  film  formation  was  carried 
out  with  no  superimposed  DC  plasma  under  the 

45  sputtering  pressure  of  600  mTorr  by  using,  for 
example,  the  1  :  3  :  7  composition  target,  the  film 
growth  rate  was  0.1  angstroms/min  or  less,  i.e. 
substantially  no  film  growth.  In  the  present  embodi- 
ment  using  the  superimposed  DC  plasma,  on  the 

50  other  hand,  the  film  growth  rate  of  100  angstr- 
oms/min.  or  more  was  obtained.  In  this  conjunction, 
the  film  growth  rate  was  calculated  based  on  the 
deposition  time  and  the  film  thickness  which  was 
determined  by  observing  the  section  of  the  ob- 

55  tained  film  by  a  high-resolution  scanning  electron 
microscope  (SEM).  Fig.  4  shows  an  example  of  the 
relationship  between  the  cathode  current  and  the 
film  growth  rate  in  formation  of  a  YBCO  film  by  the 

6 
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method  of  the  present  invention. 
As  the  sputtering  pressure  is  made  higher,  the 

influences  of  the  re-sputtering  can  be  more  greatly 
reduced.  However,  when  the  sputtering  pressure 
exceeds  2  Torr,  the  flux  of  element  sputtered  from 
the  target  cannot  reach  the  substrate  due  to  very 
short  mean  free  path  of  the  flux.  Thus,  it  is  desir- 
able  to  set  the  upper  limit  of  the  sputtering  pres- 
sure  at  2  Torr. 

Example  3: 

Under  a  typical  deposition  condition  of  a  sput- 
tering  pressure  of  600  mTorr,  a  cathode  bias  of 
-100  V  and  a  cathode  current  of  0.5  A,  a  film  was 
formed  on  an  NdGa03  substrate  respectively  at 
different  film  growth  temperatures.  Each  of  the 
films  obtained  at  different  film  growth  temperatures 
was  subjected  to  evaluation  of  its  crystalline  struc- 
ture  by  an  X-ray  diffractometry.  In  the  processes, 
the  temperature  as  measured  in  the  vicinity  of  a 
heater  7  was  regarded  as  the  film  growth  tempera- 
ture  and  the  temperature  control  was  made  by 
referring  to  the  measured  temperature.  Since  the 
actual  temperature  on  the  surface  of  the  substrate 
is  lower  than  the  measured  temperature,  a  calibra- 
tion  of  the  measured  temperature  to  the  actual 
substrate  surface  temperature  was  made  prior  to 
the  film  growth.  It  was  found  that  the  actual  tem- 
perature  on  the  substrate  was  about  100°C  lower 
than  the  measured  temperature.  The  results  of 
evaluations  are  given  in  Fig.  5. 

In  more  detail,  Fig.  5  shows  X-ray  diffraction 
patterns,  each  indicating  a  relationship  between 
diffraction  angle  20  and  a  diffraction  intensity.  It  will 
be  clearly  understood  from  the  X-ray  diffraction 
patterns  that  all  the  films  exhibit  the  property  of  the 
superconducting  structure  (a-axis  orientation)  in  the 
tested  temperature  range  and  as  the  film  growth 
temperature  is  decreased,  the  a-axis  length  be- 
comes  shorter.  This  tendency  can  be  explained 
from  the  differences  in  thermal  expansion  coeffi- 
cient  between  the  film  as  formed  and  the  substrate, 
and  thus  this  method  is  useful  for  performing  ideal 
epitaxial  growth  of  a  superconducting  thin  film. 

In  the  method,  the  substrate  temperature  is 
selected  at  a  temperature  in  a  range  of  600-900  °  C. 
This  is  because,  when  the  substrate  temperature  is 
lower  than  600  °C,  the  crystallization  of  the  resul- 
tant  film  is  remarkably  deteriorated,  while,  when  the 
temperature  exceeds  900  °C,  the  flatness  of  the 
film  surface  is  remarkably  deteriorated.  The  surface 
flatness  will  be  explained  later  in  connection  with 
Example  4. 

Example  4: 

As  a  result  of  studying  the  optimal  condition  for 
the  film  growth  by  using  the  apparatus  shown  in 

5  Fig.  1,  it  has  been  found  that  the  condition  that  the 
sputtering  pressure  is  475  mTorr  (Ar:  O2  =  1;  2) 
and  the  cathode  current  is  0.5  A  is  useful.  Under 
this  condition,  formation  of  a  superconducting  thin 
film  was  carried  out  on  SrTi03  and  NdGa03  sub- 

10  strates  and  resultant  films  were  subjected  to  evalu- 
ations.  From  measuring  of  a  rocking  curve  most 
often  used  in  the  evaluation  of  crystallization  based 
on  the  X-ray  diffractometry,  it  has  been  found  that 
the  resultant  films  are  of  a  complete  a-axis  type, 

15  the  'fall  width  at  half  maximum'  of  the  rocking 
curve  of  (200)  X-ray  diffraction  peak  is  0.02  de- 
grees,  which  is  the  smallest  among  values  so  far 
reported,  and  the  films  have  substantially  the  same 
excellent  crystallization  as  a  single  crystalline  sub- 

20  strate.  The  rocking  curve  by  the  X-ray  diffraction  is 
shown  in  Fig.  6. 

Further,  the  same  films  were  evaluated  with 
respect  to  crystallization  by  a  Rutherford  backscat- 
tering  channeling  method,  but  it  was  found  that  a 

25  value  xmin  indicative  of  crystallization  was  2%  (cal- 
culated  in  the  vicinity  of  the  Ba  surface),  which  was 
the  smallest  among  the  values  so  far  reported,  i.e., 
the  films  were  excellent  in  crystallization.  The  re- 
sults  of  evaluation  by  the  Rutherford  backscattering 

30  channeling  method  are  given  in  Fig.  7. 
By  observing  the  section  and  slanted  section 

(at  a  75  degree  tilt  at  which  the  surface  roughness 
is  highly  emphasized)  of  the  thin  films  formed  in 
this  example  by  a  high-resolution  SEM,  it  has  been 

35  confirmed  that  the  surface  of  the  thin  films  is  very 
flat.  The  SEM  images  are  given  in  Figs.  8A  and  8B. 
It  has  been  observed  from  the  figures  that  the 
surface  roughness  is  50  angstroms  or  less. 

In  accordance  with  the  present  invention,  a 
40  breakthrough  has  been  made  in  improving  the  cry- 

stallization  of  a  superconducting  thin  film,  which 
could  not  be  advanced  largely  so  far.  In  other 
words,  the  crystallization  of  the  film  reaches  a  level 
of  the  crystallization  of  the  substrate,  i.e.,  the  cry- 

45  stallization  of  the  film  has  reached  substantially  as 
high  as  an  ideal  level  on  principle.  In  accordance 
with  the  present  invention,  it  has  been  found  that  a 
superconducting  thin  film  having  an  a-axis  orien- 
tated  YBCO  structure,  which  is  highly  excellent  in 

50  crystallization  and  high  in  surface  smoothness,  can 
be  obtained.  This  can  contribute  largely  to  tech- 
niques  for  fabricating  an  electronic  device  having  a 
multilayered  structure. 

55  Claims 

1.  A  method  of  making  a  superconducting  thin 
film  of  a  Y-Ba-Cu-0  series  material  by  using  a 

7 
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diode  parallel  plate  type  sputtering  apparatus 
including  a  vacuum  chamber  (1),  a  substrate 
(6)  disposed  within  said  vacuum  chamber  and 
having  a  substantially  flat  surface  on  which 
said  superconducting  thin  film  is  to  be  formed, 
a  plate-shaped  target  (5)  functioning  as  a  cath- 
ode  and  disposed  within  said  vacuum  chamber 
to  parallelly  face  to  the  flat  surface  of  said 
substrate,  said  target  being  made  of  the  same 
material  as  said  superconducting  thin  film, 
means  (14)  for  introducing  a  plasma  gas  into 
said  vacuum  chamber,  and  means  (8,  11)  for 
applying  a  voltage  between  said  cathode  and 
said  substrate,  said  method  comprising  the 
steps  of: 

applying  a  high  frequency  voltage  having  a 
frequency  higher  than  40  MHz  between  said 
cathode  and  said  substrate  by  said  voltage 
application  means  (8,  11)  to  generate  plasma 
of  said  introduced  gas; 

superimposing  a  DC  voltage  (V)  on  said 
high  frequency  voltage  in  such  a  polarity  that 
said  cathode  becomes  negative;  and 

setting  the  DC  voltage  at  a  value  where 
the  DC  voltage  is  substantially  unchanged  with 
variation  of  a  cathode  current  flowing  through 
the  target  when  adjusting  the  DC  voltage  and 
controlling  a  value  of  the  DC  current  while 
maintaining  the  DC  voltage  substantially  at  the 
set  value. 

2.  A  method  according  to  claim  1,  wherein  the 
frequency  of  said  high  frequency  voltage  is 
94.92  MHz. 

3.  A  method  according  to  claim  2,  wherein  said 
target  has  a  composition  of  YBa2CU30x  (x  =  6.5- 
7)  and  the  value  of  said  cathode  current  is 
controlled  while  setting  said  cathode  at  a  nega- 
tive  potential  of  about  100  volts. 

4.  A  method  according  to  claim  2,  wherein  said 
target  has  a  composition  of  YBa2CU30x  (x  =  6.5- 
7)  and  said  cathode  is  set  at  a  negative  poten- 
tial  so  that  a  current  density  of  said  cathode 
current  per  1  cm2  of  a  surface  area  of  said 
target  is  at  a  selected  value  in  a  range  of  7-21 
mA. 

5.  A  method  according  to  claim  1,  wherein  said 
DC  voltage  is  set  so  as  to  cause  said  cathode 
to  be  set  at  a  negative  potential  of  200  V  or 
less. 

6.  A  method  according  to  claim  1,  further  com- 
prising  a  step  of  setting  a  pressure  of  said  gas 
introduced  into  said  vacuum  chamber  at  a  se- 
lected  value  in  a  range  of  200  mTorr  to  2  Torr. 

7.  A  method  according  to  claim  1,  further  com- 
prising  a  step  of  setting  a  temperature  of  said 
substrate  at  a  selected  value  in  a  range  of  600- 
900  'C. 
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