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@  Described  is  a  process  for  manufacturing  thin 
films  by  periodically  depositing  (DEP)  a  number  of 
block  layers  consisting  of  different  base  materials  on 
a  substrate  (multilayer  deposition),  wherein  the  thick- 
ness  of  the  layers  (LT)  is  restricted  to  one  to  20 
monolayers  and  deposition  as  well  as  crystallization 
of  the  thin  film  is  completed  at  approximately  con- 
stant  temperature  without  performing  a  seperate  an- 
nealing  step.  The  method  can  be  used  to  produce 
thin  films  of  high-Tc-superconductors.  It  allows  a 
better  control  of  the  crystal  growth  of  ternary  or 
higher  compounds  with  comparatively  large  unit 
cells. 
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TECHNICAL  FIELD 

The  present  invention  relates  to  a  process  for 
manufacturing  solid  compounds  of  three  or  more 
different  base  materials.  More  particularly,  it  relates 
to  a  method  for  manufacturing  high-Tc-superconduc- 
tors  as  thin  films. 

BACKGROUND  OF  THE  INVENTION 

Recently,  there  have  been  intense  research 
and  development  activities  on  the  possible  uses  of 
high-Tc-superconductor  materials.  For  example, 
high-Tc-superconductors  were  found  useful  in  ap- 
plications  such  as  semiconductor  devices  and  cir- 
cuit  interconnections.  Accordingly,  there  are  now 
demands  for  methods  for  producing  uniform  high- 
Tc-superconductor  layers  combining  a  satisfactory 
quality  with  high  efficiency. 

Conventional  methods  for  the  manufacture  of 
compounds,  especially  superconductors  consisting 
of  three  base  materials,  so-called  ternary  com- 
pounds,  are  described  in  a  great  number  of  pub- 
lications,  e.g.  EP-A-0450394,  EP-A-0444698,  EP-A- 
0299870,  EP-A-0426570  and  EP-A-0446789.  Films 
of  high-Tc-superconductor  material  are  usually  de- 
posited  on  a  suitable  substrate,  in  most  cases  on 
the  clean  surface  of  a  single  crystal.  Often  the 
substrate  is  additionally  covered  by  a  buffer  layer 
to  avoid  interactions  between  substrate  and  depos- 
ited  layers  and  to  facilitate  crystal  growth  in  a 
defined  orientation.  Deposited  onto  said  substrate 
or  buffer  layer  are  layers  of  base  material,  selected 
to  form  the  high-Tc-superconductor,  using  a  variety 
of  techniques  like  sputtering,  laser  ablation,  co- 
evaporation  and  monolayer-by-monolayer  deposi- 
tion.  These  deposition  techniques  can  roughly  be 
divided  into  two  different  categories:  either  all  ma- 
terials  necessary  to  build  up  the  unit  cell  of  the 
compound  are  deposited  simultaneously,  or  the 
different  base  materials  are  deposited  consecu- 
tively  by  piling  up  monolayers  of  the  different  base 
materials.  As  understood  herein,  a  unit  cell  of  an 
ideal  crystal  is  an  identical  volume  which  com- 
pletely  fills  the  space  of  the  crystal  without  any 
overlapping.  A  monolayer  is  the  amount  of  an  ele- 
ment  or  compound  necessary  to  cover  the  entire 
surface  of  a  substrate  with  a  layer  of  single  atoms 
or  molecules,  respectively. 

Both  deposition  techniques,  as  described 
above,  are  not  satisfactory  with  regard  to  impurities 
and  defects  of  the  resulting  high-Tc-superconductor 
material.  These  faults  cause  an  undesired  decrease 
in  the  mechanical  and  electrical  properties  of  the 
grown  crystal  structure  of  the  superconductor. 

The  multilayer  deposition  technique  is  known 
from  various  publications  (Y.  Sorimachi  et  al.,  Jap. 
Journal  of  Appl.  Phys.26(9),  1987,  pp.L1451-L1452; 

B.-Y.  Tsaur  et  al.,  Appl.Phys.Lett.  51(11),  1987, 
pp.858-860;  Z.L  Bao  et  al,  Appl.Phys.Lett.  51(12), 
1987,  pp.946-947;  C.X.  Qiu  et  al.,  Appl.Phys.Lett. 
52(7),  1988,  pp.587-589,  N.  Hess  et  al., 

5  Appl.Phys.Lett.  53(8),  1988,  pp.698-699;  X.K.  Wang 
et  al.,  Appl.Phys.Lett.  54(16),  1989,  pp.1  573-1  575). 
This  technique  is  characterized  by  sequentially  de- 
positing  layers  of  suitable  base  materials  onto  a 
heated  substrate.  In  contrast  to  the  monolayer-by- 

io  monolayer  technique,  the  thickness  of  the  layers  is 
determined  by  the  stoichiometric  ratio  of  the  com- 
pound  to  be  produced.  Usually  the  thickness  of  a 
single  layer  lies  within  a  range  from  8nm  to  100nm, 
corresponding  to  30  to  over  300  monolayers.  The 

75  layers  of  different  base  materials  are  combined  to  a 
period  of  layers,  a  number  of  which  may  be  repeat- 
edly  deposited  until  the  desired  thickness  of  the 
film  is  reached.  The  known  multilayer  deposition  of 
thick  layers  requires  an  annealing  step,  during 

20  which  the  deposited  layers  are  heated  in  an  oxy- 
gen  atmosphere.  This  annealing  step  is  necessary 
to  balance  the  deficiency  in  the  oxygen  content  of 
the  deposited  layers  to  transform  these  layers  into 
superconducting  material. 

25  As  the  temperature  of  the  substrate  has  to  be 
increased  substantially  by  more  than  100  Kelvin, 
and  often  the  vacuum  chamber  has  to  be  changed 
to  proceed,  the  known  multilayer  deposition  tech- 
nique  is  a  relatively  slow  process.  The  annealing 

30  step  further  prevents  an  in-situ  control  over  the 
growth  of  the  desired  compound. 

It  is,  therefore,  an  object  of  the  present  inven- 
tion  to  overcome  the  above-mentioned  problems 
and  to  provide  a  new  process  based  on  the  mul- 

35  tilayer  deposition  to  manufacture  thin  films  of  solid 
compounds  having  crystal  structure  with  improved 
qualities.  Another  object  of  the  invention  is  to  pro- 
vide  a  method  for  producing  films  of  high-Tc-super- 
conducting  material  showing  an  homogeneous  cry- 

40  stal  structure.  It  is  a  further  object  of  the  invention 
to  provide  a  method  for  producing  films  having  a 
smooth  surface.  Another  important  object  of  the 
invention  is  to  eliminate  the  previously  required 
annealing  step  from  the  manufacturing  process  of 

45  high-Tc-superconducting  material. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  provides  a  method  for 
50  manufacturing  thin  films  of  solid  compounds,  espe- 

cially  high-Tc-superconductors  by  an  improved  pe- 
riodic  multilayer  deposition  technique,  wherein  the 
layer  thickness  is  reduced  and  the  crystallization  of 
the  compound  takes  place  at  approximately  the 

55  same  temperature  as  the  deposition  of  the  layers 
and  before  depositing  a  further  period  of  layers. 
The  thickness  of  a  layer  is  reduced  to  one  to 
twenty,  preferably  to  two  to  ten  monolayers.  This 
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corresponds  to  layer  thicknesses  of  approximately 
0,3nm  to  6,0nm,  and  0,6nm  to  3,0nm,  respectively. 
The  number  of  monolayers  within  a  single  layer 
does  not  necessarily  have  to  be  an  integer.  As  a 
monolayer  is  primarily  defined  as  an  amount  of 
material,  it  is  possible  to  deposit  layers  consisting 
of  a  fractional  number  of  monolayers,  e.g.  1,5  mon- 
olayers.  Such  a  layer  is  also  hereinafter  referred  to 
as  block  layer  or  bulk  layer.  Referring  to  Bao  et  al., 
the  deposition  is  called  periodic.  Thus,  a  period  is 
a  fixed  number  of  block  layers  of  different  base 
materials  being  repeatedly  deposited.  These  lay- 
ers,  preferably  three  to  six,  are  sufficient  to  form 
the  desired  compound.  It  is  nevertheless  possible 
to  manufacture  a  very  thin  film  of  the  compound  by 
depositing  only  one  period  of  layers.  But  to  manu- 
facture  more  stable  films,  it  is  preferred  to  deposit 
at  least  two  periods  of  layers. 

Typical  compounds  preferably  produced  in  ac- 
cordance  with  the  new  method  are  ceramic  super- 
conductors.  In  particular,  the  method  may  be  used 
to  manufacture  superconductors  as  listed  in  EP-A- 
0426570,  page  3,  II.  36-55  and  superconductors 
belonging  to  the  "infinite  layers"  category,  such  as 
CaT-xSrxCuOy  ,  Sn-xLnxCuOy  with  Ln  standing  for 
an  element  selected  from  the  lanthanides,  including 
yttrium  and  lanthanum,  BaT-xSrxCuOy  ,  compounds 
of  the  above-mentioned  category  including  dopants 
selected  from  the  group  comprising  C,  N,  F,  and 
CI,  or  electron  doped  superconductors. 

The  new  method  can  also  be  used  to  produce 
selenides,  phosphides,  nitrides,  arsenides,  or  tel- 
lurides  of  CuZn,  Culn  or  similar  compounds. 

The  stoichiometric  ratio,  also  known  as  atomic 
ratio,  defines  the  thickness  ratio  of  the  layers  within 
one  deposition  period.  For  a  compound  having  the 
stoichiometric  ratio  1:2:3  (e.g.  a  YBa2Cu307  high- 
Tc-superconductor)  each  deposition  period  will  con- 
sist  of  a  block  layer  or  block  of  one  or  more 
monolayers  of  the  first  base  material,  a  second 
block  layer  of  twice  as  many  monolayers  of  the 
second  base  material  and  a  third  block  layer  of  the 
third  base  material  consisting  of  thrice  as  many 
monolayers  as  the  first  block.  Thus,  instead  of 
supplying  the  different  elements  simultaneously  or 
sequentially  as  monolayers  of  different  base  ma- 
terials,  large  blocks  (the  thickness  of  one  to  several 
monolayers)  of  each  element  are  deposited  se- 
quentially.  To  allow  a  better  diffusion  through  the 
blocks,  it  is  advantageous  to  restrict  the  thickness 
of  the  block  layer  of  the  base  material  with  the 
smallest  portion  in  the  compound  to  preferably  to 
five  or  less  monolayers.  The  upper  limit  of  the 
thickness  of  the  layer  is  selected  according  to  the 
diffusion  length  of  the  mobile  component.  In  order 
to  prevent  a  time  consuming  deposition,  it  is  further 
advantageous  to  deposit  block  layers  of  a  thickness 
of  at  least  two  monolayers. 

To  achieve  the  desired  thickness  of  the  whole 
film,  it  may  be  necessary  to  repeat  the  deposition 
period,  depending  on  the  thickness  of  the  block 
layers.  However,  it  should  be  understood  that  each 

5  period  in  itself  is  sufficient  for  producing  a  layer  of 
the  desired  compound  almost  free  of  impurities, 
compared  with  films  produced  by  known  tech- 
niques. 

As  the  invention  does  not  depend  on  any  spe- 
io  cific  deposition  method,  it  lies  within  the  scope  of 

any  person  skilled  in  the  art  to  apply  any  of  such 
methods.  Methods  well  known  in  this  technical  field 
are  for  example  sputtering,  laser  ablation,  metal 
organic  chemical  vapor  deposition  (MOCVD),  mo- 

is  lecular  beam  epitaxy  (MBE)  and  the  like.  It  is 
advantageous  to  select  the  sequence  of  the  layers 
with  regard  to  their  deposition  and  diffusion  prop- 
erties:  preferably,  the  block  of  base  material  show- 
ing  the  best  epitaxial  growth  on  the  surface  of  the 

20  substrate  is  applied  first.  The  selection  can  be 
made  according  to  suitable  experiments  or  by  se- 
lecting  the  base  material  with  the  smallest  unit  cell. 
Thus,  a  smooth  covering  of  the  substrate  almost 
free  of  defects  can  be  achieved.  It  is  possible  to 

25  avoid  the  usual  buffer  layer,  which  is  placed  be- 
tween  the  substrate  and  the  layers  composing  the 
desired  compound,  by  selecting  a  base  material 
which  does  not  react  with  the  substrate  as  starting 
layer.  In  this  case,  the  first  bulk  layer  or  block 

30  serves  as  (intrinsic)  buffer  layer,  itself. 
The  proper  selection  of  the  order  in  which  the 

layers  are  deposited  improves  the  control  over  the 
crystal  growth  of  the  solid  compound.  Within  each 
deposition  period,  the  blocks  or  layers  having  a 

35  small  diffusion  coefficient  are  preferably  deposited 
first,  and  the  block  consisting  of  base  material  with 
the  greatest  diffusion  coefficient  or  length  is  depos- 
ited  last.  Thus,  the  diffusion  process,  which  leads 
to  the  forming  of  the  desired  compound,  only  starts 

40  when  the  last  layer  within  each  deposition  cycle  or 
period  is  deposited.  In  the  production  of  copper- 
containing  high-Tc-superconductors,  Cu  or  its  oxide 
is  preferably  chosen  as  last  layer. 

In  contrast  to  the  known  methods,  where  either 
45  all  base  materials  are  deposited  simultaneously  or 

in  subsequent  monolayers  of  different  base  materi- 
als,  in  accordance  with  the  new  invention  the  cry- 
stallization  process  is  initiated  when  all  layers  of 
one  period,  except  the  last,  have  been  deposited 

50  with  their  correct  stoichiometric  ratio,  i.e.  the  cor- 
rect  thickness  by  the  start  of  the  deposition  of  the 
last  layer.  Within  one  deposition  period,  the  cry- 
stallization  also  ends  with  the  last  layer  being  de- 
posited.  As  the  last  layer  is  also  being  deposited 

55  according  to  the  correct  stoichiometric  ratio,  the 
desired  compound  is  accomplished  without  defects 
due  to  incorrect  stoichiometry.  Contrary  to  the 
monolayer-by-monolayer  method,  the  crystalliza- 
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tion  of  the  desired  compound  starts  and  ends  with 
the  deposition  of  the  last  layer  within  the  deposition 
period.  As  the  deposition  is  carried  out  in  the 
presence  of  a  surplus  amount  of  atomic  oxygen,  a 
seperate  annealing  step,  as  used  within  the  de- 
scribed  multilayer  deposition  methods,  becomes 
unnecessary.  The  desired  compound,  e.g.  a  super- 
conductor,  is  formed  without  a  significant  change  in 
temperature.  Although  in  accordance  with  the 
present  invention  the  temperature  of  the  substrate 
or  of  the  deposition  chamber  does  not  have  to  be 
changed  at  all,  fluctuation  of  temperature  in  a  range 
of  up  to  +/-10%  around  the  deposition  temperature 
is  considered  to  lie  within  the  scope  of  this  inven- 
tion.  Abandoning  the  seperate  annealing  step  al- 
lows  a  continuous  monitoring  of  the  crystallization. 
Further,  it  is  an  advantage  that  the  crystallization 
starts  evenly  across  the  entire  surface  of  the  layer. 
It  was  found  that  the  method  according  to  the 
invention  provides  an  improved  control  over  the 
crystal  growth  as  already  mentioned  above.  The 
growth  direction  is  mainly  vertical  with  only  a  small 
lateral  component  or  even  none  at  all  in  contrast  to 
the  lateral  growth  direction  which  characterizes  oth- 
er  deposition  techniques. 

It  may  further  be  advantageous  to  combine  two 
or  more  base  materials  to  tailor  a  precompound 
with  superior  deposition  and/or  diffusion  properties 
with  regard  to  certain  substrates  or  other  deposited 
layers.  The  substrate  itself  may  be  magnesium 
oxide,  aluminium  oxide,  strontium  titanate,  and  the 
like.  The  substrate  is  heated  to  a  temperature  that 
depends  on  the  materials  used.  At  the  currently 
used  substrate  temperatures  for  these  materials 
(650-750  °C),  and  for  a  limited  size  of  the  blocks 
(one  to  a  few  monolayers),  diffusion  is  strong 
enough  to  allow  building  of  the  desired  compound 
without  performing  an  annealing  step  (raising  the 
temperature,  etc.).  The  vertical  diffusion  length 
should  be  of  the  order  of  the  thickness  of  the 
deposited  blocks. 

If  the  formation  of  the  compound  material  re- 
quires  a  relatively  high  deposition  temperature,  and 
if  it  has  a  relatively  low  melting  temperature  caus- 
ing  a  primarily  three-dimensional  growth,  i.e.  a 
growth  in  all  directions,  then  the  new  multilayer 
deposition  method  will  allow  the  preparation  of 
films  with  superior  characteristics,  provided  that  at 
least  one  of  the  elements  forming  the  compound 
has  a  large  diffusion  coefficient  at  the  desired  tem- 
perature.  The  new  process  makes  it  possible  to 
grow  successive  layers  of  solid  compounds,  prefer- 
able  high-Tc-superconductors,  having  large  unit 
cells.  A  large  unit  cell  is  characterized  by  the 
dimension  of  one  main  axis  exceeding  1  nm  or 
even  5  nm. 

DESCRIPTION  OF  THE  DRAWINGS 

The  invention  is  described  in  detail  below  by 
way  of  example  with  reference  to  the  drawings, 

5  which  are  schematic  and  not  drawn  to  scale,  while 
more  particularly  the  dimensions  of  some  parts  are 
exaggerated  for  the  sake  of  clarity. 

FIG.  1  (prior  art)  shows  a  flow-chart  of  the 
principle  steps  of  the  simultaneous 

io  deposition  technique. 
FIG.  2  (prior  art)  shows  a  cross  section  of 

the  substrate  and  the  deposited  ma- 
terial  during  the  deposition  step  of 
the  simultaneous  deposition  tech- 

15  nique. 
FIG.  3  (prior  art)  shows  a  cross  section  of 

the  substrate  and  the  deposited  ma- 
terial  after  the  deposition  step  of  the 
simultaneous  deposition  technique. 

20  FIG.  4  (prior  art)  shows  a  flow-chart  of  the 
principle  steps  of  the  monolayer-by- 
monolayer  technique. 

FIG.  5  (prior  art)  shows  several  monolayers 
deposited  during  the  deposition  step 

25  of  the  monolayer-by-monolayer 
technique. 

FIG.  6  (prior  art)  shows  a  cross  section  of 
the  substrate  and  the  deposited  ma- 
terial  after  crystallization  of  the  mon- 

30  olayers  shown  in  FIG.5  under  the 
condition  of  an  intermediate 
stoichiometric  ratio,  i.e.  before  all 
monolayers  are  deposited. 

FIG.  7  shows  a  flow-chart  of  the  principle 
35  steps  of  the  new  deposition  tech- 

nique  in  accordance  with  the  inven- 
tion. 

FIG.  8  shows  a  period  of  layers  deposited 
in  accordance  with  the  new  deposi- 

40  tion  technique. 
FIG.  9  shows  the  same  period  of  layers  as 

FIG.8  after  crystallization. 
FIG.  10  shows  the  next  period  of  layers,  de- 

posited  in  accordance  with  the  new 
45  deposition  technique  on  top  of  the 

crystallized  period  of  layers  of  FIG.9. 
FIG.  11  shows  a  period  of  layers  each  con- 

sisting  of  a  non-integer  number  of 
monolayers  deposited  in  accordance 

50  with  the  new  deposition  technique. 

DETAILED  DESCRIPTION  OF  THE  INVENTION 

In  the  following,  the  invention  is  described  in 
55  detail  with  reference  to  the  drawings  and  the  prior 

art. 
FIGS.  1-3  describe  the  known  simultaneous  de- 

position  technique.  FIG.1  shows  a  flow-chart  of  the 
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process,  whereas  FIGS.2  and  3  give  a  cross  sec- 
tion  of  the  substrate  and  the  deposited  material 
during  (FIG.2)  and  after  (FIG.3)  the  deposition  step. 
In  the  simultaneous  deposition  technique,  the  base 
materials,  in  this  case  Ba,  Dy,  and  Cu,  are  evap- 
orated  from  one  or  several  sources  11,  12,  13, 
oxidized  (OX)  by  the  oxygen  atoms  or  molecules  in 
the  deposition  chamber,  and  deposited  simulta- 
neously  in  the  deposition  stage  of  the  process 
(DEP)  onto  a  substrate  20.  The  deposition  step 
ends  when  the  desired  thickness  of  the  film  (FT)  is 
reached.  During  the  simultaneous  deposition  step 
(DEP),  the  cross  section  (FIG.  2)  reveals  that  be- 
sides  the  deposition  of  the  oxidized  base  materials 
BaO,  DV2O3  ,  and  CuO,  already  a  growth  of  the 
desired  "1:2:3"-unit  cell  of  the  superconductor  24 
(DyBa2Cu3  07)  takes  place  at  favoured  positions.  At 
less  favoured  places,  impurities  25  are  found. 
These  impurities  are  often  other  compounds  of  the 
base  materials  than  the  desired  superconducting 
compound  24,  which  also  grow  during  the  deposi- 
tion  step.  The  impurities  25,  therefore,  may  be 
called  non-stoichiometric  compounds.  As  indicated 
by  FIG.3,  which  shows  a  cross  section  after  the 
end  of  the  deposition  step  (DEP),  the  impurities  25 
may  survive  the  formation  of  the  superconducting 
material  24  together  with  the  remainder  of  some 
base  material  (DV2O3),  which  may  have  stabilized 
itself  on  the  substrate  20,  resulting  in  an  imperfect 
superconducting  phase. 

FIGS.4-6  describe  the  known  monolayer-by- 
monolayer  deposition  technique.  FIG.4  shows  a 
flow-chart  of  the  process;  FIGS.5  and  6  give  a 
cross  section  of  the  substrate  and  the  deposited 
material  during  the  deposition  step.  A  cross  section 
after  deposition  like  FIG.3  in  case  of  the  simulta- 
neous  deposition  method  is  omitted  as  it  shows  no 
basic  differences  with  regard  to  that  figure.  The 
general  monolayer-by-monolayer  process  is  char- 
acterized  by  successively  depositing  monolayers 
51,  52,  53  of  different  base  materials  onto  a  sub- 
strate  20.  The  flow-chart  (FIG.4)  denotes  this  depo- 
sition  (DEP)  without  regarding  the  exact  sequence 
of  deposition  for  the  sake  of  shortness. 

However,  it  should  be  understood  that  the  sour- 
ces  41,  42,  43  contribute  in  temporal  order  mon- 
olayers  to  the  deposition  process  (DEP).  The  base 
material  is  oxidized  (OX)  during  deposition  by  the 
oxygen  present  in  the  deposition  chamber.  Com- 
monly,  the  sequence  of  the  monolayers  51,52,53  is 
chosen  in  accordance  with  the  sequence  of  the 
atomic  layers  within  the  unit  cell  of  the  desired 
superconductor.  The  deposition  procedure  (DEP)  is 
terminated  when  the  intended  number  of  mon- 
olayers  51,  52,  53  has  been  deposited. 

In  the  process  to  produce  a  "1:2:3"-unit  cell 
described,  but  not  shown,  in  EP-A-0426570,  mon- 
olayers  of  BaO,  CuO,  BaO,  CuO,  Y203,  CuO,  BaO, 

CuO,  and  BaO,  are  deposited  in  that  sequence. 
FIGS.5  and  6  show  intermediate  states  during  the 
deposition  step  (DEP)  with  FIG.6  showing  the  state 
immediately  following  the  deposition  of  the  first 

5  Y2O3  monolayer  52,  i.e.  following  FIG.5.  In  fact, 
both  states  can  hardly  be  separated  and  are  pre- 
sented  by  two  figures  primarily  for  the  sake  of 
clarity.  As  already  described  above  in  the  case  of 
the  simultaneous  deposition,  with  the  deposition  of 

10  Y2O3,  all  base  materials  (or  rather  the  oxides  BaO, 
Y2O3  ,  CuO)  to  form  the  superconductor  64 
(YBa2Cu3  07)  are  present  on  the  surface  of  the 
substrate  20,  though  not  simultaneously  deposited, 
but  as  monolayers  51,  52,  53.  Nevertheless,  the 

15  unit  cells  of  superconducting  phase  64  are  able  to 
crystallize  at  favoured  positions  after  depositing 
Y2O3,  very  much  the  same  way  as  described 
above.  Due  to  unfavourable  stoichiometric  condi- 
tions,  other  impurities  may  occur,  too.  After  the 

20  deposition  of  the  following  sequence  of  mon- 
olayers:  BaO  51  -  CuO  53  -  BaO  51  -  CuO  53  - 
Y2O3  52  (i.e.  a  set  of  five  monolayers  out  of  the  six 
composing  a  unit  cell),  discontinuous  regions  of  the 
desired  YBa2Cu3  07  layer  64  are  already  formed  on 

25  the  substrate  20,  as  is  evidenced  by  reflection 
high-energy  electron  diffraction  (RHEED).  The  local 
composition  present  after  deposition  of  these  five 
monolayers  is  close  enough  to  YBa2Cu3  07  for  the 
latter  to  nucleate  and  grow.  But  not  enough  ma- 

30  terial  is  deposited  at  this  deposition  stage  to  pro- 
vide  a  complete  coverage  of  the  substrate  20. 
Consequently,  a  rough  surface  will  be  left  with 
some  impurities  65  due  to  non-stoichiometric 
growth.  As  this  picture  (FIG.6)  does  not  differ  in 

35  essence  from  FIG.3,  these  impurities  65  also  will 
survive  the  later  formation  of  the  complete  super- 
conducting  layer. 

These  defects  are  considerably  lessened  by 
the  improved  multilayer  deposition,  the  process  of 

40  which  will  be  described  below  with  reference  to  the 
flow-chart  of  FIG.7.  FIGS.8  and  11  each  show  one 
period  of  deposited  layers  and  FIG.9  shows  the 
layers  of  FIG.8  after  complete  crystallization,  i.e. 
when  the  substrate  is  covered  by  one  layer  of  the 

45  superconducting  compound  with  a  height  of  one 
unit  cell.  Figure  10  shows  the  layer  of  the  super- 
conducting  material,  onto  which  the  next  period  of 
layers  is  deposited.  What  is  said  above  concerning 
FIGS.5  and  6,  applies  also  to  FIGS.8  and  9:  A 

50  definite  distinction  between  the  states  illustrated  by 
both  figures  is  primarily  made  for  sake  of  clarity 
and  can  hardly  be  made  otherwise. 

As  shown  by  FIG.7  the  base  materials  (Ba,  Dy, 
Cu)  are  provided  by  sources  71  ,  72,  73.  The  depo- 

55  sition  chamber  is  provided  with  enough  oxygen 
achieve  an  oxidization  (OX)  of  the  base  materials. 
Each  base  material  is  deposited  (DEP)  and  ox- 
idized  (OX)  with  a  layer  thickness  (LT)  according  to 

5 
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the  stoichiometric  ratio  of  the  compound.  The  de- 
position  of  one  layer  of  each  base  material,  i.e.  the 
deposition  of  one  period,  is  repeated  until  the  de- 
sired  film  thickness  (FT)  is  reached.  This  method  is 
found  to  suppress  an  intermediate,  non- 
stoichiometric  crystallization,  which  occurs  applying 
the  known  methods  (see  above). 

In  the  case  of  DyBa2Cu3  07  ,  a  first  block  layer 
of  BaO  81,  a  second  block  layer  of  Dy203  82,  and 
a  third  block  layer  of  CuO  83  are  deposited  onto 
the  substrate  20  one  after  another.  In  order  to 
preserve  the  stoichiometry,  the  BaO  layer  81  is 
composed  of  two  BaO  monolayers,  followed  by  a 
DV2O3  layer  82  of  one  monolayer  and  finally  a  CuO 
block  83  of  three  monolayers.  It  is  an  advantage 
that  these  layers  may  serve  in  principle  as  a  buffer 
layer.  Since  they  are  formed  by  the  elements  com- 
posing  the  desired  compound,  these  buffer  layers 
are  intrinsic. 

By  first  depositing  on  the  substrate  20  a  layer 
81  of  a  simpler  material  (BaO)  than  the  desired 
compound,  the  question  of  the  nucleation  of  the 
complex  compound  is  reduced  to  the  question  of 
the  nucleation  of  a  layer  of  the  simpler  material.  A 
simpler  material  may  have  either  a  smaller  unit 
cell,  a  higher  melting  point,  fewer  impurity  phases 
in  its  phase  diagram,  or  a  combination  of  these 
items.  A  higher  melting  point  will  in  general  allow  a 
growth  mechanism  which  is  more  two-dimensional 
at  the  indicated  substrate  temperature. 

For  DyBa2Cu3  07  ,the  growth  of  a  first  (buffer) 
layer  81  of  BaO  proceeds  entirely  differently  than 
the  growth  of  a  DyBa2Cu3  07  block  (as  for  example 
deposited  by  the  simultaneous  deposition,  see 
above).  BaO  has  a  melting  point  of  1923°C  ,  which 
is  about  1000°C  higher  than  the  meting  point  of 
the  superconductor,  and  grows  therefore  at  700  0  C 
close  to  a  layer  by  layer  manner.  Since  it  has  a 
relatively  small  unit  cell  and  no  impurities  are  found 
in  its  simple  phase  diagram,  the  eventually  formed 
grains  do  not  pose  a  serious  problem  upon  joining 
together.  As  a  consequence,  the  deposition  of  BaO 
as  a  buffer  layer  81  composed  of  two  BaO  mon- 
olayers  leaves  a  continuous  and  smooth  film  on  the 
substrate.  In  the  case  of  a  SrTi03  substrate  20,  the 
BaO  film  will  grow  epitaxially.  The  subsequent  de- 
position  of  the  DV2O3  block  layer  82,  consisting  of 
one  monolayer,  does  not  fundamentally  change 
this  picture  since  no  intermediate  impurity  phase 
(e.g.  Ba2DyOx  )  composition  is  formed,  as  the 
diffusion  between  both  layers  is  small.  At  this  point, 
only  two  components  necessary  for  the  formation 
of  one  layer  of  DyBa2Cu3  07  are  supplied  to  the 
substrate.  This  is  radically  different  from  the  other 
deposition  techniques  (e.g.  FIG.2),  where  at  this 
point  half  a  layer  of  nucleated  DyBa2Cu3  07  ma- 
terial  24,  dispersed  in  small  grains  with  local  impu- 
rities  25,  is  present.  Finally,  the  last  block  layer  83 

consisting  of  three  monolayers  of  CuO  is  depos- 
ited. 

Only  at  this  point  can  the  phase  formation  of 
the  desired  compound  94  start,  as  the  estimated 

5  vertical  diffusion  lengths  at  700  °C  for  Cu,  Ba  and 
Dy  are  60,  2  and  0.2nm,  respectively.  In  the  exam- 
ple,  Cu  must  diffuse  through  the  existing  matrix  of 
BaO  and  DV2O3  to  build  DyBa2Cu3  07  .  As  more 
and  more  Cu  is  deposited,  the  matrix  will  com- 

10  pletely  transform. 
Therefore,  the  growth  direction  of  the  crystal  is 

mainly  vertical  with  only  a  small,  or  even  without, 
lateral  component,  in  contrast  to  the  lateral  growth 
direction  characteristic  of  the  simultaneous  deposi- 

15  tion  techniques.  At  the  end  of  the  transformation,  a 
DyBa2Cu3  07  layer  94  is  formed  with  a  roughness 
(smoothness)  comparable  to  that  of  the  first  depos- 
ited  block  layer  81  (FIG.8)  and  with  no  inclusions  of 
other  phases. 

20  In  accordance  with  the  new  method,  the  pro- 
cess  can  be  repeated  and  a  new  period  of  blocks 
(81,  82,  83)  deposited  after  the  completion  of  one 
layer  of  DyBa2Cu3  07  94.  This  is  demonstrated  by 
FIG.  10.  What  has  been  described  previously  is 

25  exactly  repeated  during  this  next  deposition  period. 
These  periods  of  layers  81  ,  82,  83  can  be  repeated 
as  often  as  necessary,  until  the  required  thickness 
of  the  film  is  achieved.  Even  though  in  case  of 
DyBa2Cu3  07  94  the  order  of  layers  is  kept  for  the 

30  second  and  the  periods  following,  it  may  be  neces- 
sary  or  advantageous  to  change  this  order  to 
achieve,  for  example,  a  better  matching  with  crystal 
lattice  of  the  superconducting  material,  which  now 
serves  as  substrate  for  the  newly  deposited  layers. 

35  As  indicated  by  FIG.11,  it  is  possible  to  choose 
different  thicknesses  of  the  layers,  still  in  accor- 
dance  with  the  stoichiometric  ratio.  In  the  illustrated 
case  a  layer  1  1  1  of  BaO,  consisting  of  three  mon- 
olayers,  a  layer  112  of  DV2O3,  consisting  of  1,5 

40  monolayers,  and  a  layer  113  of  CuO,  consisting  of 
4,5  monolayers,  is  deposited. 

EXAMPLE 

45  Using  this  new  deposition  technique,  a  series 
of  DyBa2Cu3  07  films  of  20  nm  thickness,  with 
good  superconducting  properties  (Tc0  =  86  K)  has 
been  prepared.  Dy,  Ba,  and  Cu  were  evaporated 
from  their  effusion  cells,  oxidized  and  deposited  on 

50  the  substrate  (  SrTiOs).  A  quartzmicrobalance  mon- 
itored  the  layer  deposition  and  was  used  to  control 
the  shutter  at  each  effusion  cell.  The  same  micro- 
balance  was  used  to  terminate  deposition  after 
reaching  the  final  thickness  of  the  film.  The  sub- 

55  strate  temperature  and  the  oxygen  pressure  were 
fixed  to  700  °C  and  1.3  x  10-+Pa,  respectively, 
throughout  the  entire  process.  The  oxygen  losses 
were  balanced  by  a  stream  of  1015  atoms  per  cm2 

6 
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and  second  into  the  deposition  chamber,  generated 
by  a  radio  frequency  plasma  source. 

The  period  of  block  layers  (81,  82,  83  in 
FIGS.8  and  10)  consisted  of  the  simple  oxides  BaO 
-  DV2O3  -  CuO,  starting  with  BaO. 

The  previously  described  growth  behavior  for 
this  example  was  completely  consistent  with  the 
RHEED  data  measured  during  the  deposition  of  the 
blocks.  In  fact,  at  the  end  of  each  deposition  period 
(within  the  final  seconds  of  the  CuO  deposition), 
the  'birth'  of  a  DyBa2Cu307  layer  94  (FIG.9)  was 
observed  by  the  appearance  of  strong  streaks. 
Evidence  for  the  presented  method  was  further 
provided  by  cross-section  TEM  (transmission  elec- 
tron  microscopy)  data,  which  showed  the  absence 
of  inclusions  over  large  domains  (1000  nm)  and  a 
roughness  which  was  limited  to  +/-  1  unit  cell.  This 
difference  was  particularly  obvious  when  large  do- 
main  cross-sections  of  films  prepared  in  accor- 
dance  with  the  invention  are  compared  with  cross- 
sections  of  films  prepared  with  prior  art  techniques. 
Finite  size  oscillations  in  the  x-ray  diffraction  spec- 
tra  of  these  films  confirmed,  that  the  roughness 
was  limited  to  +/-  1  unit  cell  by  using  the  new 
method. 

Claims 

1.  Process  for  manufacturing  a  thin  film  of  a  solid 
compound,  preferably  of  a  high-Tc-supercon- 
ductor,  from  a  plurality  of  base  materials  by 
periodic  multilayer  deposition  on  a  substrate 
with  the  layer  thickness  ratio  within  each  pe- 
riod  being  selected  in  accordance  with  the 
stoichiometric  ratio  of  the  compound, 
wherein 

•  the  thickness  of  the  thickest  layer  (83)  is 
selected  from  a  range  between  2  and  20 
monolayers,  preferebly  between  2  and 
10  monolayers, 

•  the  deposition  of  the  layers  (81,  82,  83) 
and  the  crystallization  of  the  compound 
(94)  are  completed  at  approximately  con- 
stant  temperature  and 

•  the  crystallization  of  the  compound  (94) 
is  completed  before  depositing  the  next 
period  of  layers  (81  ,  82,  83). 

2.  Process  in  accordance  with  claim  1,  wherein 
the  number  of  different  layers  (81  ,  82,  83)  in  a 
deposition  period  is  equal  to  or  greater  than 
three. 

4.  Process  in  accordance  with  any  of  the  preced- 
ing  claims,  wherein  the  base  material  which 
grows  epitaxially  on  the  substrate  (20)  or  which 
has  the  smallest  unit  cell  is  chosen  as  starting 

5  layer  (81). 

5.  Process  in  accordance  with  any  of  the  preced- 
ing  claims,  wherein  the  base  material  having 
the  greatest  diffusion  length  is  deposited  as 

10  last  layer  (83)  in  the  deposition  period. 

6.  Process  in  accordance  with  any  of  the  preced- 
ing  claims,  wherein  the  order  of  the  deposited 
layers  (81,  82,  83)  is  changed  within  subse- 

15  quent  deposition  periods. 

7.  Process  in  accordance  with  any  of  the  preced- 
ing  claims,  wherein  the  base  materials  are 
selected  from  a  group  consisting  of  group  lb-, 

20  lla-,  Ilia-  metals,  lanthanides,  including  La  and 
Y,  potassium,  lead  and/or  their  oxides  and  oxy- 
gen. 

8.  Process  in  accordance  with  any  of  the  preced- 
25  ing  claims  wherein  said  layers  (81  ,  82,  83)  are 

deposited  by  a  method  selected  from  a  group 
consisting  of  molecular  beam  epitaxy  (MBE), 
sputtering,  laser  ablation  and  metal-organic 
chemical  vapour  deposition  (MOCVD). 

30 
9.  Use  of  a  process  in  accordance  with  any  of  the 

preceding  claims  to  manufacture  a  compound 
having  a  unit  cell  with  at  least  one  axis  exceed- 
ing  1  nm. 

35 
10.  A  ceramic  superconductor  (94),  manufactured 

in  accordance  with  one  or  more  of  the  claims  1 
to  8. 

3.  Process  in  accordance  with  any  of  the  preced- 
ing  claims,  wherein  two  of  said  base  materials  55 
are  combined  to  form  a  binary  compound  be- 
fore  being  deposited  as  one  of  said  layers. 

7 
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