
J  
E u r o p a , s c h e s P _   MM  M  M  M  Ml  Ml  M  Ml  I  Ml  M  I  M 
European  Patent  Office  _  
_„.  ©  Publication  number:  0  2 9 6   7 2 0   B 1  
Office  europeen  des  brevets 

©  E U R O P E A N   PATENT  S P E C I F I C A T I O N  

©  Date  of  publication  of  patent  specification:  27.07.94  ©  Int.  CI.5:  B01  D  53/32,  H01J  37 /32 ,  
B03C  3/38,  B01J  19 /08  

©  Application  number:  88304824.1 

@  Date  of  filing:  27.05.88 

©  Plasma  extraction  reactor  and  Its  use  for  vapor  extraction  from  gases. 

©  Priority:  23.06.87  US  65532 

@  Date  of  publication  of  application: 
28.12.88  Bulletin  88/52 

©  Publication  of  the  grant  of  the  patent: 
27.07.94  Bulletin  94/30 

©  Designated  Contracting  States: 
DE  FR  GB  IT  NL 

References  cited: 
EP-A-  0  166  846 
DE-A-  2  332  418 
FR-A-  2  591  509 
US-A-  4  472  174 

EP-A-  0  176  295 
DE-A-  3  609  698 
US-A-  3  976  448 

00 

o  
CM 
IV 
CO 
Oi 
CM 

Note:  Within  nine  months  from  the  publication  of  the  mention  of  the  grant  of  the  European  patent,  any  person ®  may  give  notice  to  the  European  Patent  Office  of  opposition  to  the  European  patent  granted.  Notice  of  opposition 
CL  shall  be  filed  in  a  written  reasoned  statement.  It  shall  not  be  deemed  to  have  been  filed  until  the  opposition  fee 
LU  has  been  paid  (Art.  99(1)  European  patent  convention). 

©  Proprietor:  Chlu,  Kin-Chung  Ray 
720  Tabor  Drive 
Scotts  Valley  California  95066(US) 

@  Inventor:  Chlu,  Kin-Chung  Ray 
720  Tabor  Drive 
Scotts  Valley  California  95066(US) 

©  Representative:  Harrison,  David  Christopher 
et  al 
MEWBURN  ELLIS 
York  House 
23  Klngsway 
London  WC2B  6HP  (GB) 

Rank  Xerox  (UK)  Business  Services 
(3.  10/3.09/3.3.3) 



EP  0  296  720  B1 

Description 

The  present  invention  relates  generally  to  the  treatment  of  effluent  gas  streams  to  remove  contaminant 
vapors  therefrom.  More  particularly,  the  invention  relates  to  the  removal  of  such  vapors  by  a  plasma- 

5  enhanced  extraction  process. 
Semiconductor  fabrication  processes  use  large  amounts  of  a  variety  of  toxic,  corrosive,  and  flammable 

gases.  For  example,  chemical  vapor  deposition  (CVD)  processes  utilize  large  volumes  of  silane,  dich- 
lorosilane,  ammonia,  nitric  oxides,  arsine,  phosphine,  diborine,  boron  trichloride,  and  the  like,  only  a  small 
portion  of  which  are  actually  consumed  in  the  process.  Thus,  the  waste  streams  discharged  from  these 

io  processes  contain  relatively  high  concentrations  of  very  toxic  species.  It  has  become  an  environmental  and 
legal  imperative  to  remove  such  toxic  species  prior  to  release  of  the  effluent  gas  streams  to  the 
atmosphere. 

A  variety  of  conventional  gas  treatment  methodologies  have  been  adapted  to  treat  the  gas  effluents 
from  semiconductor  fabrication  processes.  One  of  the  most  common  approaches  is  to  decompose,  react,  or 

75  combust  the  contaminants  at  high  temperatures.  For  example,  silane  may  be  burned  with  oxygen  or  air, 
producing  silicon  dioxide  particles.  Unfortunately,  silane  combustion  suffers  from  a  number  of  drawbacks. 
First,  the  silicon  dioxide  particles  form  a  very  fine  powder  (as  a  result  of  gas  phase  reaction)  which  can  clog 
the  burner  and  frequently  leads  to  failure  of  the  combustion  system.  Second,  the  particles  are  generally 
collected  by  water  scrubbing,  and  the  scrubbing  water  must  itself  be  treated  prior  to  disposal  to  remove  the 

20  particles  as  well  as  various  water  soluble  contaminants. 
Scrubbing  with  water,  chemical  solutions,  and  dry  chemicals  have  also  been  used  to  treat  waste  effluent 

gases  from  semiconductor  fabrication  processes.  Water  scrubbing  may  be  used  to  dissolve  water  soluble 
components  of  the  effluent  gas.  For  contaminants  which  are  insoluble  or  sparingly  soluble  in  water, 
chemical  scrubbing  can  be  used.  Although  effective,  the  water  or  chemical  absorbent  must  be  treated  prior 

25  to  release  from  the  plant.  With  increasingly  stringent  controls  on  water  pollution,  such  scrubbing  techniques 
are  becoming  less  attractive.  Dry  chemical  adsorption  and/or  reaction  may  also  be  relied  on  to  extract  the 
contaminant  species  from  the  gas.  Unfortunately,  such  dry  chemical  scrubbing  is  inefficient  for  treating 
large  volumes  of  gaseous  effluents. 

The  most  widely  used  treatment  method  is  dilution.  That  is,  the  concentrations  of  toxic  species  are 
30  reduced  by  combining  the  waste  effluent  gas  stream  with  large  volumes  of  air  or  an  inert  diluent  gas.  While 

such  reduction  of  concentration  levels  may  literally  satisfy  existing  effluent  limits,  they  in  fact  result  in  no 
actual  reduction  in  the  amount  of  toxic  species  released  to  the  atmosphere.  Moreover,  as  pollution 
regulations  are  tightened  in  the  future,  the  use  of  dilution  as  a  treatment  methodology  will  become  less 
acceptable. 

35  Plasma-enhanced  systems  have  also  been  proposed  for  treatment  of  effluent  gases.  Such  systems, 
however,  have  heretofore  relied  on  gas  phase  reaction  which  usually  results  in  the  formation  of  a  very  fine 
powder  which  itself  presents  substantial  collection  and  disposal  problems. 

In  US-A-4472174,  electrostatic  precipitation  from  a  gas  stream  is  assisted  by  injection  of  plasma  into,  or 
formation  of  plasma  in,  an  inlet  flue  to  the  precipitator. 

40  For  the  above  reasons,  it  would  be  desirable  to  provide  methods  and  apparatuses  which  are  capable  of 
substantially  completely  removing  vapor  phase  contaminants  from  gaseous  waste  effluent  streams.  It  would 
be  particularly  desirable  if  such  methods  resulted  in  the  conversion  of  the  vapor  phase  contaminants  to  a 
solid  phase  which  is  amenable  to  containment.  Ideally,  the  method  will  result  in  the  deposition  of  a  solid 
phase  layer  of  an  inert  material  on  a  disposable  substrate  (rather  than  a  fine  powder  or  dust),  so  that  the 

45  contaminants  are  prevented  from  entering  the  air  and/or  water.  Such  methods  should  also  be  economic, 
requiring  only  moderate  capital  and  operating  expenses,  and  should  be  easily  incorporated  into  existing 
semiconductor  fabrication  plants  so  that  they  are  likely  to  be  utilized,  and  should  be  capable  of  handling 
relatively  large  volumes  of  gaseous  effluents. 

Plasma-enhanced  destruction  of  contaminants  from  plasma-type  reactors  is  known.  JP-A-58-6231 
50  teaches  the  use  of  a  parallel  plate  plasma  reactor  in  series  with  a  primary  CVD  reactor,  where  the  plasma 

reactor  is  used  to  decompose  silane  exhausted  from  the  CVD  reactor.  DD-A-230,790  similarly  teaches  the 
use  of  a  plasma  to  react  halogen  vapor  effluent  from  a  plasma  etcher.  Neither  the  Japanese  nor  the  German 
application  teach  the  deposition  of  the  contaminants  onto  a  solid  phase  for  disposal.  Apparently,  particulates 
are  formed  in  the  gas  phase  and  continually  removed  as  a  powder  from  the  system. 

55  Plasma-enchanced  treatment  of  effluent  gases  is  taught  in  a  number  of  the  other  patents  and 
applications,  but  none  teach  a  deposition/extraction  mechanism.  JP-A-51  -129868,  DD-A-21  5,706,  EP-A- 
176,295  and  JP-A-52-078176  all  teach  the  plama-phase  reaction  of  an  effluent  with  a  reactant  to  produce 
inert  species.  J  P-A-49-  122879  teaches  the  treatment  of  nitrogen-oxides  in  a  plasma  by  reacting  with  iron, 
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aluminum,  or  hydrogen  to  produce  stable  compounds.  Other  patents  teach  the  use  of  glow  discharge  and/or 
other  electronic  excitation  to  assist  in  decomposing  waste  gases.  See,  e.g.,  JP-A-51-094178,  GB-B-21  58055 
(which  teaches  the  production  of  solid  products),  EP-B-1  58,823,  JP-B-60-1  93522,  J  P-A-60-  137421  and  JP- 
A-56-108514. 

5  JP-A-58-45718  discloses  the  use  of  spiral  gas  mixing  electrodes  in  a  gas  effluent  treatment  system. 
The  system,  however  does  not  operate  by  deposition  of  the  contaminants,  but  rather  by  ionization  and 
oxidation.  US-A-4491606  discloses  a  particular  device  for  spacing  parallel  electrodes  in  a  conventional 
plasma-enhanced  CVD  system. 

The  present  invention  provides  a  method  and  apparatus  for  the  removal  of  vapor  phase  contaminants 
io  from  an  exhaust  gas  stream,  particularly  from  waste  gas  streams  from  semiconductor  processing  equip- 

ment,  such  as  chemical  vapor  deposition  and  plasma  etch  reactors.  Such  removal  is  achieved  by  locating  a 
plasma  extraction  reactor  downstream  from  the  processing  equipment.  The  plasma  extraction  reactor 
includes  at  least  one  pair  of  opposed,  parallel  electrodes,  defining  a  convoluted  flow  path  between  an  inlet 
port  and  an  outlet  port,  which  are  driven  at  radio  frequency  to  electronically  excite  the  vapor  molecules, 

is  creating  excited  species  which  are  deposited  directly  onto  the  surface  of  the  electrodes  to  form  a  stable  film 
thereon.  The  vapor  is  thus  converted  directly  to  a  solid  which  may  be  conveniently  disposed  of. 

The  plasma  extraction  reactor  of  the  present  invention  differs  from  both  the  plasma  effluent  treatment 
methods  discussed  above  and  conventional  plasma  deposition  reactors  in  a  number  of  characteristics.  In  a 
preferred  embodiment,  the  plasma  extraction  reactor  will  have  a  relatively  high  ratio  of  electrode  area  to 

20  reactor  volume,  usually  being  at  least  about  1  cm-1,  more  usually  being  at  least  about  2  cm-1,  and 
preferably  being  at  least  about  3  cm-1,  where  reactor  volume  is  defined  as  the  volume  between  the 
electrodes  and  electrode  area  is  defined  to  include  the  surface  areas  of  both  electrodes  adjacent  the 
volume.  The  large  electrode  area  relative  to  reactor  volume  favors  the  reaction  of  the  excited  vapor 
molecules  at  the  electrode  surface  rather  than  in  the  gas  phase,  resulting  in  the  desired  film  formation 

25  rather  than  a  powder. 
Other  characteristics  of  the  plasma  extraction  reactor  include  a  relatively  long  convoluted  flow  path 

between  the  adjacent  electrodes  to  assure  substantially  complete  removal  of  the  contaminant  vapors. 
Usually,  the  flow  path  length  will  be  at  least  about  100  cm,  more  usually  being  at  least  about  250  cm,  and 
frequently  being  500  cm  or  more.  Also,  a  minimum  ratio  of  electrode  area  to  effluent  flow  rate  will  usually 

30  be  provided  to  assure  that  the  vapor  removal  capacity  is  not  over-loaded.  The  ratio  will  usually  be  at  least 
about  10  min/cm,  more  usually  being  at  least  about  50  min/cm,  and  frequently  being  at  least  about  100 
min/cm,  or  greater,  where  the  flow  rate  is  measured  at  standard  conditions  (i.e.,  standard  cm3  per  minute). 
Together,  the  lengthy  flow  path  and  the  high  ratio  of  electrode  area  assure  substantially  complete  extraction 
of  the  waste  vapors  from  the  effluent  gas  stream.  In  contrast,  conventional  plasma  deposition  reactors  rely 

35  on  the  presence  of  a  substantial  excess  of  the  vapor  to  be  deposited  in  order  to  achieve  uniform  deposition. 
Thus,  the  flow  path  length  will  usually  be  below  100  cm  and  the  ratio  of  electrode  area  to  flow  rate  will 
usually  be  maintained  below  1  min/cm. 

In  the  preferred  embodiment,  the  electrodes  are  easily  replaceable  electrodes  which  may  be  disposed 
after  a  predetermined  thickness  of  the  solid  film  has  been  deposited  thereon.  The  electrodes  will  usually  be 

40  configured  as  concentric  spirals  or  rings  and  waste  gas  flow  is  directed  from  the  outer  periphery  of  the 
electrode  to  an  inner  collection  core.  Both  spiral  and  ring  electrodes  focus  the  rf  field  near  the  center  or 
core  so  that  the  removal  efficiency  of  the  reactor  is  enhanced  near  the  end  of  the  gas  flow  path,  improving 
the  overall  removal  of  the  vapor  phase  contaminants  from  the  effluent  stream.  In  addition,  the  spiral 
geometry  provides  a  long  and  uninterrupted  flow  path  in  a  particularly  compact  reactor. 

45  Employing  the  method  and  apparatus  of  the  present  invention,  vapor  extraction  efficiencies  in  excess  of 
about  75  mole  %,  usually  in  excess  of  about  90  mole  %,  and  frequently  above  about  95  mole  %  can  be 
achieved. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
50 

Figs.  1  and  2  illustrate  a  preferred  embodiment  of  the  apparatus  of  the  present  invention  employing 
nested,  spiral  electrodes. 

Figs.  3  and  4  illustrate  an  alternative  embodiment  of  the  apparatus  of  the  present  invention. 
Figs.  5  and  6  illustrate  a  prototype  reactor  utilized  in  the  Experimental  section  herein. 

55  Figs.  7-10  illustrate  the  experimental  results  of  a  prototype  system  demonstrating  the  efficacy  of  the 
method  and  apparatus  of  the  present  invention. 

3 
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DESCRIPTION  OF  THE  SPECIFIC  EMBODIMENTS 

Semiconductor  processing  operations,  such  as  chemical  vapor  deposition  (CVD),  low  pressure  CVD, 
plasma-enhanced  CVD,  plasma  etching,  epitaxial  deposition,  and  the  like,  produce  a  variety  of  toxic  vapors 

5  which  must  not  be  released  into  the  atmosphere.  Depending  on  the  particular  processing  operation,  the 
toxic  vapors  may  include  silane  (SiH+),  arsine  (AsH3),  boron  hydride  (B2HG),  phosphine  (PH3),  tungsten 
hexafluoride  (WFG),  boron  tribromide  (BBr3),  boron  trichloride  (BCb),  phosphorous  tribromide  (PBr3), 
tetraethyl  organosilicate  ((C2H50)4Si)),  triisobutyl  aluminum  ((C+Hg^AI))  other  organometallics,  and  the  like. 
The  present  invention  is  also  able  to  remove  halogenated  hydrocarbons,  particularly  chlorinated  and 

10  fluorinated  hydrocarbons,  from  processing  waste  effluents,  usually  plasma  etch  reactors  where  the  haloge- 
nated  hydrocarbons  are  the  etchant.  The  present  invention  will  also  find  use  in  converting  nitric  oxides  from 
semiconductor  processes  and  other  sources  to  nitrogen  and  oxygen. 

The  present  invention  employs  a  plasma  extraction  reactor  having  a  pair  of  parallel,  spaced-apart 
electrodes  which  are  driven  at  radio  frequency  in  order  to  electronically  excite  the  waste  vapor  molecules 

15  which  are  passed  between  the  electrodes.  Generally,  the  electrodes  are  exposed  directly  to  the  effluent, 
and  rf  electric  field  decomposes  the  waste  vapor  molecules  to  produce  species  which  react  at  the  surface 
of  the  electrode  to  produce  a  solid  film  layer  of  material.  The  chemistry  of  the  individual  reactions  will  vary 
depending  on  the  composition  of  the  particular  waste  gas  being  treated.  Exemplary  reaction  formulas  are 
set  forth  in  Table  1  below. 

20 

25 

30 

TABLE  1 

T o x i c   V a p o r   R e a c t i o n  

S i l a n e   S i H 4 ( g )   +  r f   =  S i (£ j )   +  2 H 2 ( g )  
A r s i n e   2 A s H 3 ( g )   +  r f   =  2 A s ( s )   +  3 H 2 ( g )  
P h o s p h i n e   2 P H 3 ( g )   +  r f   =  2 P ( s )   +  3 H 2 ( g )  
D i b o r i n e   B 2 H 6 ( g )   +  r f   =  2 B ( s )   +  3 H 2 ( g )  
T u n g s t e n   h e x a f l u o r i d e   WF,  +  r f   =  W,  .  +  3 F „ ( q )  6  (  s  )  2V  a  ' 
D i c h l o r s i l a n e   S i C l „ H „   +  r f   =  S i ,   ,  +  2HC1,  , 2  2  ( s )   ( g )  

Mixed   V a p o r   R e a c t i o n s :  

SiH4  +  4NO  +  r f   =  S i 0 2 ( s )   +  2 N 2 ( g )   +  2 H 2 0 ( g )  
SiH4  +  4N20  +  r f   =  S i 0 2 ( s )   +  4 N 2 ( g )   +  2 H 2 0 ( g )  

40  2SiH4  +  2NH3  +  r f   =  2 S i N ( s )   +  7 H 2 ( g )  
2SiH4  +  WF6  +  r f   =  W S i 2 ( s )   +  6HF(g )   +  H 2 ( g )  

45  The  plasma  extraction  reactor  will  include  an  enclosed  reaction  vessel  housing  at  least  one  pair  of 
parallel,  spaced-apart  electrodes  defining  a  flow  path  therebetween.  The  flow  path  will  be  convoluted  in 
order  to  reduce  the  size  of  the  reactor  and  enhance  the  structural  strength  of  the  structure.  Depending  on 
the  geometry  of  the  electrodes,  two  or  more  pairs  of  electrodes  may  find  use.  The  vessel  will  include  at 
least  one  inlet  and  one  outlet,  and  the  spaced-apart  electrodes  will  define  a  flow  path  from  the  inlet  to  the 

50  outlet.  Preferably,  the  electrode  pairs  will  be  arranged  as  concentric  spirals  or  rings,  and  the  flow  path  will 
be  from  the  outer  periphery  of  the  reactor  to  an  inner  collection  core  at  the  center.  By  arranging  the 
electrodes  in  generally  concentric  spirals  or  rings,  the  electric  field  is  focused  at  the  center  of  the  reactor 
which  forms  the  downstream  portion  of  the  waste  gas  flow  path.  Such  focused  energy  enhances  the 
excitation  of  the  vapor  molecules,  facilitating  their  removal  as  their  concentration  in  the  waste  gas  stream  is 

55  depleted  toward  the  end  of  the  flow  path. 
Although  the  preferred  electrode  arrangement  is  in  a  spiral  or  concentric  ring  geometry,  flat  parallel 

plates  and  other  geometries  may  also  find  use.  For  example,  flat  plates,  circular  discs,  and  cones  may  be 
interleaved  or  nested  in  parallel  to  define  a  reversing  serpentine  path  having  the  desired  ratios  of  electrode 

4 
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area  to  reactor  volume  and  flowpath  length  to  distance  between  electrodes,  as  set  forth  in  detail  below. 
To  effect  complete  removal  of  the  waste  vapor  molecules,  and  enhance  nucleation  of  the  species  on  the 

electrode  surface  to  form  a  film,  it  is  necessary  to  increase  the  ratio  of  electrode  area  to  reactor  volume 
when  compared  to  conventional  plasma-enhanced  CVD  reactors.  In  conventional  reactors,  it  is  necessary  to 

5  provide  a  relatively  large  reactor  volume  relative  to  the  electrode  area  in  order  to  assure  relatively  free  mass 
transport  and  that  the  species  being  deposited  is  not  depleted  and  remains  at  an  essentially  constant 
concentration  throughout  the  reactor.  Thus,  only  a  small  percentage  of  the  reactants  entering  the  reactor, 
typically  about  5  to  10%,  are  actually  consumed  in  the  reactor.  In  contrast,  the  present  invention  requires 
the  substantially  complete  removal  of  the  reactant  species  prior  to  any  release  to  the  atmosphere.  To 

io  achieve  this,  relatively  large  electrode  areas  are  provided,  both  relative  to  the  reactor  volume  defined 
between  the  electrodes  and  relative  to  the  expected  volumetric  flow  rate  of  species  being  extracted. 
Usually,  the  ratio  of  electrode  area  to  reactor  volume  is  at  least  1  cm-1,  more  usually  being  at  least  2  cm-1, 
and  preferably  being  at  least  3  cm-1.  Conventional  plasma-enhanced  CVD  reactors  normally  have  a  ratio  of 
electrode  area  (i.e.,  exposed  wafer  area)  to  reactor  volume  of  well  below  1  cm-1,  usually  below  0.5  cm-1. 

is  In  addition,  to  further  assure  complete  removal  of  the  toxic  vapors,  the  flow  rate  of  the  effluent  gas  is 
limited  relative  to  the  electrode  area,  and  a  minimum  flow  path  length  is  provided.  The  ratio  of  the  electrode 
area  to  the  expected  volumetric  flow  rate  of  waste  gas  species  (under  standard  conditions),  is  usually  above 
about  10  min/cm,  more  usually  above  about  50  min/cm,  and  may  be  100  min/cm  or  higher.  This  is  in 
contrast  to  the  flow  rate  through  conventional  plasma-enhanced  deposition  reactors  where  the  ratio  of 

20  electrode  area  to  flow  rate  usually  does  not  exceed  about  10  min/cm,  and  more  usually  does  not  exceed 
above  about  5  min/cm.  The  length  of  the  flow  path  between  the  adjacent  electrodes  will  usually  be  at  least 
about  100  cm,  more  usually  being  at  least  about  250  cm,  and  frequently  being  500  cm  or  greater. 

The  electrodes  of  the  present  invention  may  be  formed  from  virtually  any  conductive  metal  or  alloy. 
Conveniently,  relatively  inexpensive  metals,  such  as  aluminum,  iron  and  their  alloys,  will  find  the  greatest 

25  use.  The  electrodes  may  be  formed  into  their  desired  final  geometry  by  conventional  means,  such  as 
stamping,  punching,  or  rolling.  As  described  above,  the  electrodes  will  generally  be  disposable,  and  should 
be  designed  for  easy  mounting  and  demounting  within  the  reactor. 

The  plasma  extraction  reactor  will  be  located  downstream  from  the  waste  gas  source,  usually  being 
connected  directly  or  indirectly  to  the  vapor  effluent  outlet  of  the  processing  reactor.  In  the  case  of  low 

30  pressure  reactors,  such  as  low  pressure  CVD  reactors,  the  plasma  extraction  reactor  may  be  connected 
downstream  of  the  initial  vacuum  pump,  such  as  a  Roots  blower,  and  immediately  ahead  of  the  backing 
second  stage  vacuum  pump,  typically  a  mechanical  pump.  Thus,  the  plasma  extraction  reactor  will  be 
operating  at  the  staging  pressure  between  these  two  pumps,  typically  in  the  range  from  about  0.1  to  10 
Torr.  In  order  to  more  minimize  vapor  phase  nucleation  of  the  reaction  products,  it  is  desirable  that  the 

35  reactor  operating  pressure  be  maintained  below  about  2  Torr  and  preferably  below  about  1  Torr. 
The  operating  temperature  of  the  plasma  extraction  reactor  will  be  determined  primarily  by  the  amount 

of  energy  which  is  dissipated  by  the  electrodes,  typically  being  in  the  range  from  about  room  temperature 
to  500  °  C.  Optionally,  the  electrodes  may  be  supplementally  heated  by  external  means. 

The  power  supply  will  operate  at  a  drive  frequency  in  the  rf  range  to  about  100  GHz,  more  usually  in 
40  the  range  from  about  25  kHz  to  13.6  MHz.  Suitable  commercial  units  operate  in  the  frequency  band 

between  about  25  to  460  kHz  and  at  about  13.6  MHz.  The  power  output  of  the  supply  will  depend  on  the 
volume  of  gas  to  be  treated  in  the  area  of  the  electrodes.  Typically,  the  power  supply  should  have  an  output 
equal  to  at  least  0.01  watts  per  cm2  of  electrode  area,  more  typically  being  about  0.05  watts  per  cm2  of 
electrode  area.  The  power  to  volumetric  flow  ratio  should  be  in  the  range  from  about  0.5  to  5  watts  per 

45  seem  (standard  cm3  per  minute),  typically  being  about  2  watts  per  seem. 
Referring  to  Figs.  1  and  2,  a  preferred  embodiment  10  of  the  apparatus  of  the  present  invention  is 

illustrated.  The  preferred  apparatus  10  includes  a  reaction  chamber  12  having  an  inlet  port  14  and  outlet 
port  16.  The  reaction  chamber  12  may  be  opened  to  permit  the  placement  and  removal  of  an  electrode 
module  18.  The  electrode  module  18  includes  at  least  one  pair  of  nested,  spiral  electrodes  20  and  22. 

50  Under  certain  circumstances,  it  may  be  desirable  to  provide  two  or  more  pairs  of  nested,  spiral  electrodes, 
but  only  one  is  illustrated  in  Figs.  1  and  2  for  convenience. 

The  first  spiral  electrode  is  attached  at  its  upper  end  to  a  supporting  bus  24  which  acts  both  to 
distribute  power  evenly  along  the  entire  length  of  the  electrode  20  and  to  serve  as  an  upper  boundary  to  the 
flow  path  defined  by  the  nested  electrodes  20  and  22.  The  supporting  bus  24  is  attached  to  an  electric 

55  feedthrough  conductor  26  which  passes  through  ceramic  seal  28  in  the  top  wall  of  chamber  12.  The 
ceramic  seal  28  provides  both  a  vacuum  seal  and  electrical  insulation. 

The  second  electrode  22  is  connected  to  the  bottom  plate  30  of  the  electrode  module  18.  The 
electrodes  20  and  22  are  driven  by  connecting  the  connector  bar  26  to  a  suitable  power  source  (as 
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discussed  above)  and  connecting  the  enclosure  30  to  ground. 
Once  the  power  is  connected  and  turned  on  to  the  apparatus  10,  a  suitable  electric  field  is  generated 

between  the  nested  electrodes  20  and  22.  Gas  flow  may  then  be  established  by  feeding  through  the  inlet 
port  14.  The  gas  flow  will  generally  distribute  around  the  spiral  flow  paths,  dispersing  evenly  across  the 

5  height  of  the  flow  paths.  In  addition  to  the  spiral  flow  established  by  the  spiral  electrodes  20,  there  will  be  a 
cross-flow  established  through  the  gaps  32  between  the  first  electrode  20  and  the  bottom  plate  30,  as  well 
as  through  the  gaps  34  between  the  second  electrode  22  and  the  supporting  bus  24.  Such  cross-flow  helps 
establish  uniform  distribution  of  the  effluent  gas  throughout  the  reaction  chamber  12. 

Referring  now  to  Figs.  3  and  4,  an  alternate  embodiment  50  of  the  apparatus  of  the  present  invention  is 
io  illustrated.  The  apparatus  50  includes  a  reaction  chamber  52  having  an  inlet  port  54  and  an  outlet  port  56. 

The  reaction  chamber  52  may  be  open,  and  a  removable  electrode  module  58  is  received  in  the  interior  of 
the  chamber. 

The  electrode  module  58  includes  a  plurality  of  first  electrodes  60  which  are  stacked  alternately  with  a 
plurality  of  second  electrodes  62.  The  first  electrodes  60  are  attached  at  their  center  to  a  vertical  support 

is  bus  64.  The  support  bus  64  passes  out  through  the  inlet  port  54  and  is  held  in  a  insulating  ring  66  in  the 
chamber  12.  The  bus  64  may  be  attached  to  a  desired  power  supply,  as  described  above. 

The  second  electrodes  62  are  secured  at  their  outer  peripheries  to  the  outer  cylindrical  wall  68  of  the 
electrode  enclosure  58.  By  terminating  the  outer  periphery  of  the  first  electrode  60  a  preselected  distance 
from  the  cylindrical  wall  68,  and  terminating  the  second  electrode  62  a  predetermined  distance  from  the 

20  vertical  support  bus  64,  gaps  70  and  72  are  left,  respectively.  These  gaps  provide  a  flow  path  for  the 
effluent  gases  entering  through  inlet  port  54  and  exiting  through  outlet  port  56.  The  flow  path  generally 
spreads  radially  outward  above  the  highest  of  the  first  electrode  70,  and  then  radially  inward  as  it  passes 
beneath  the  first  electrode  60  and  above  the  second  electrode  62. 

The  alternate  embodiment  of  the  present  invention  illustrated  in  Figs.  3  and  4  has  the  advantage  that  it 
25  is  economical  to  construct,  not  requiring  the  fabrication  of  spiral  electrodes.  The  operation  of  the  alternate 

embodiment,  however,  will  not  be  as  efficient  as  that  of  the  first  embodiment  illustrated  in  Figs.  1  and  2, 
since  there  is  no  focusing  of  the  electric  field  near  the  outlet  port  of  the  flow  path. 

It  will  be  appreciated  that  a  variety  of  other  geometries  for  the  apparatus  of  the  present  invention  are 
also  possible,  so  long  as  the  minimum  ratio  of  electrode  area  to  reactor  volume  is  maintained.  It  is  also 

30  highly  desirable  that  the  ratio  of  the  electrode  area  to  the  volumetric  flow  rate  be  kept  above  the  value  set 
forth  above,  and  that  the  flow  path  length  between  the  electrodes  be  kept  above  the  minimum  threshold 
levels  set  forth  above. 

The  following  examples  are  offered  by  way  of  illustration,  not  by  way  of  limitation. 

35  EXPERIMENTAL 

Materials  and  Methods 

1  .  Plasma  Extraction  Reactor  (PER) 
40 

A  prototype  plasma  extraction  reactor  (PER)  was  constructed  as  illustrated  in  Figs.  5  and  6.  The  reactor 
100  was  similar  to  the  reactor  described  in  connection  with  Figs.  1  and  2,  except  that  the  first  and  second 
electrodes  were  arranged  as  a  plurality  of  concentric  rings,  rather  than  nested  spirals. 

The  reactor  100  included  a  total  of  eight  upper  electrodes  102  (only  three  of  which  are  illustrated  in 
45  Figs.  5  and  6)  and  nine  lower  electrodes  104  (only  four  of  which  are  illustrated  in  Figs.  5  and  6).  The  upper 

electrodes  102  are  attached  to  an  upper  support  bus  106,  which  in  turn  is  connected  to  a  connector  bar 
108.  Connector  bar  108  penetrates  the  upper  end  of  enclosure  101,  and  is  held  in  an  insulating  ring  110. 
The  lower  electrodes  104  are  secured  to  the  bottom  plate  of  enclosure  101.  Gaps  112  are  formed  between 
the  lower  ends  of  electrodes  102  and  the  lower  wall  of  enclosure  101.  Gaps  114  are  formed  between  the 

50  upper  end  of  electrodes  104  and  the  bottom  surface  of  support  bus  106.  In  this  way,  the  gas  flow  path  as 
indicated  by  the  arrows  is  defined. 

The  reactor  enclosure  101  is  a  stainless  steel  cylindrical  vessel  having  a  diameter  of  40.01  cm  and  a 
height  of  33.02  cm.  The  top  cover  is  an  aluminum  flange  having  two  concentric  O-ring  seals  with  the  interior 
space  between  the  O-rings  filled  with  nitrogen.  The  inlet  connection  is  connected  to  a  Roots  blower,  while 

55  the  outlet  connection  is  connected  to  a  mechanical  pump. 
The  support  bus  106  is  an  aluminum  disc  which  is  37.08  cm  in  diameter  and  0.64  cm  thick.  The  eight 

concentric  electrodes  102  are  also  formed  from  aluminum,  and  have  the  following  radii:  5.72  cm,  7.49  cm, 
9.27  cm,  11.05  cm,  12.83  cm,  14.61  cm,  16.38  cm,  and  18.16  cm.  The  heights  of  each  electrode  (reading 
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from  the  smallest  diameter  outward)  are  as  follows:  26.67  cm,  29.21  cm,  29.21  cm,  29.21  cm,  29.21  cm, 
29.21  cm,  29.21  cm,  and  26.67  cm. 

The  bottom  electrodes  are  also  formed  from  aluminum,  and  have  the  following  radii:  3.81  cm,  6.60  cm, 
8.38  cm,  10.16  cm,  11.94  cm,  13.72  cm,  15.49  cm,  17.27  cm,  and  19.05  cm.  The  heights  of  the  electrodes 

5  (reading  from  the  innermost  electrode  outward)  are  as  follows:  26.67  cm,  30.48  cm,  30.48  cm,  30.48  cm, 
30.48  cm,  30.48  cm,  30.48  cm,  30.48  cm,  and  29.85  cm.  The  gaps  left  between  the  electrodes  102  and  the 
bottom  plate  of  the  enclosure  are  approximately  3.18  cm,  while  the  gaps  between  the  electrodes  104  and 
the  support  bus  106  are  approximately  1.587  cm.  Orifices  (0.51  cm  x  1.27  cm)  were  formed  near  the  top 
edge  of  the  outermost  electrode  104  in  order  to  evenly  distribute  the  incoming  gas  flow  through  the  reactor. 

io  The  apparatus  just  described  was  driven  with  an  ENI  Plasmaloc  3  power  supply  operated  at  75  kHz  at  a 
power  up  to  3000  watts  with  a  matching  impedance  of  300  ohms. 

2.  Test  System  Configuration 

is  The  PER  was  downstream  from  the  reactor  chamber  of  a  GENUS  Model  8402  LPCVD  reactor  (between 
the  Roots  blower  and  the  mechanical  roughing  pump)  using  short  vacuum  connections  of  sufficient  size  to 
provide  a  minimum  pressure  drop.  A  residual  gas  analyzer  (RGA)  was  placed  immediately  downstream  of 
the  PER.  This  RGA  was  used  to  measure  the  silane  and  H2  signals  as  a  function  of  the  rf  power  in  the  PER. 
A  thermocouple  (TC)  pressure  gauge  was  placed  immediately  upstream  of  the  PER. 

20  Silane  gas  was  passed  through  the  PER  at  a  known  flow  rate  with  the  power  off  to  provide  a  zero 
signal.  Power-on/power-off  measurements  at  several  gas  flow  rates  and  power  levels  were  repeated,  and  the 
results  were  found  to  be  reproducible. 

The  output  of  the  RGA  was  in  the  form  of  mass  scans  covering  the  range  of  interest  from  mass  1  to  50. 
Fig.  7  is  a  library  mass  scan  of  silane  alone  showing  the  principle  peaks  at  Si  (mass  28),  SiH  (mass  29), 

25  SiH2  (mass  30),  SiH3  (mass  31),  and  SiH+  (mass  32).  The  bottom  curve  shows  the  background  scan  at 
base  pressure  of  8x1  0-7  Torr.  The  dissociative  ionization  fragment  SiH3  (mass  31)  was  used  for  all 
subsequent  removal  calculations  since  the  background  at  mass  31  is  negligible  whereas  any  air  in  the 
background  gas  would  give  competing  peaks  for  N2  (mass  28)  and  for  02  (mass  32).  There  was  a  minor 
background  intensity  in  the  spectrum  for  H2  (mass  2)  which  was  subtracted  from  the  H2  signals. 

30  A  record  was  made  of  the  measurements  including  the  experiment  number,  rf  power  level,  SiH3  relative 
signal,  H2  relative  signal,  silane  flow  in  standard  cm3  per  minute  (seem),  RGA  gain,  RGA  pressure,  and  TC 
gauge  pressure  in  mTorr.  From  this  record,  graphs  were  prepared  illustrating  the  performance  of  the  PER. 
Fig.  8  shows  the  change  in  SiH3  (proportional  to  silane)  for  rf  power-off  and  power-on  divided  by  the  signal 
with  power-off.  This  represents  the  amount  of  silane  removed  by  the  PER  as  a  function  of  rf  power.  It  was 

35  found  that  the  gas  load  changed  the  relative  efficiency.  At  3000  watts,  at  least  99%  of  the  silane  was 
removed  from  a  900  seem  flow;  about  94%  was  removed  for  a  1500  seem  flow;  and  about  83%  was 
removed  for  a  4000  seem  flow. 

Fig.  9  is  a  graph  of  the  relative  SiH3  peak  height  for  silane  as  a  function  of  silane  mass  flow.  There  is  a 
linear  response,  indicating  that  the  deposition  of  silane  does  not  fall  off  with  increasing  load.  A  linear 

40  response  of  reactor  pressure  with  flow  is  also  obtained,  as  shown  in  Fig.  10.  The  increase  in  pressure  with 
rf  power  on  confirms  the  partial  dissociation  of  SiH+  is  consistent  with  the  H2  signal  analysis  above. 

The  deposited  film  on  the  electrodes  was  analyzed  and  confirmed  to  be  amorphous  silicon.  The  film 
was  adherent  and  easily  disposed  of  together  with  the  electrode  substrate. 

45  Claims 

1.  A  plasma  extraction  reactor  comprising: 
a  vessel  chamber  (12,52,100)  defining  an  inlet  port  (14,54)  and  an  outlet  port  (16,56)  for  a  gas 

stream; 
50  spaced-apart,  parallel  electrodes  (20,22,60,62,  102,104)  located  within  the  vessel  and  constraining 

the  gas  stream  to  flow  in  a  flow  path  between  said  inlet  and  outlet  ports  which  is  convoluted; 
means  for  driving  the  electrodes  (24,26,30,58,  64,101,106,108)  at  a  radio  frequency  to  electronically 

excite  a  vapor  species  in  the  gas  stream  passing  between  the  electrodes  to  react  at  the  surface  of  the 
electrodes  to  deposit  a  coherent  film  thereon. 

55 
2.  A  plasma  extraction  reactor  as  in  claim  1,  wherein  a  pair  of  spaced-apart,  parallel  electrodes  (20,22) 

define  a  spiral  flow  path  therebetween  from  the  inlet  (14)  to  the  outlet  (16). 
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3.  A  plasma  extraction  reactor  as  in  claim  1  or  claim  2,  wherein  a  first  bank  of  parallel  electrodes  (60)  are 
interleaved  with  a  second  bank  of  parallel  electrodes  (62)  to  define  a  reversing  serpentine  path 
therebetween  from  the  inlet  (54)  to  the  outlet  (56). 

5  4.  A  plasma  extraction  reactor  as  in  claim  1,  claim  2  or  claim  3,  wherein  the  ratio  of  the  electrode 
(20,22,60,62,102,104)  surface  area  to  the  volume  between  the  electrodes  is  at  least  about  1  cm-1. 

5.  A  plasma  extraction  reactor  as  in  any  preceding  claim,  wherein  the  length  of  the  flow  path  is  at  least 
about  100  cm. 

10 
6.  A  plasma  extraction  reactor  as  in  any  preceding  claim,  wherein  the  electrodes  (20,22,102,104)  are 

arranged  concentrically  to  intensify  an  electric  field  therebetween  proximate  a  port  in  the  flow  path. 

7.  A  method  for  extracting  a  vapor  from  an  exhaust  gas  stream  employing  the  plasma  extraction  reactor  of 
is  claims  1-6,  said  method  comprising: 

passing  the  exhaust  gas  between  opposed  parallel  electrodes;  and 
driving  the  electrodes  at  radio  frequency  and  electronically  exciting  the  vapor  therebetween  to  react 

substantially  all  of  the  excited  vapor  at  the  surface  of  the  electrodes  and  thereby  deposit  a  stable  film 
thereon  whereby  at  least  75  mole  %  of  the  vapor  is  extracted  from  the  exhaust  gas  stream. 

20 
8.  A  method  as  in  claim  7,  wherein  the  electrodes  are  replaced  after  the  film  thickness  exceeds  a 

predetermined  amount. 

9.  A  method  as  in  claim  7  or  claim  8,  wherein  the  ratio  of  the  electrode  area  to  the  volumetric  flow  rate  of 
25  the  exhaust  gas  stream  is  at  least  about  10  min/cm. 

10.  A  method  as  in  claim  7,  claim  8  or  claim  9,  wherein  the  electrodes  are  driven  at  radio  frequency  and  at 
a  power  level  of  at  least  about  0.01  watts  per  cm2  of  electrode  area  so  as  to  extract  at  least  about  90 
mole  %  of  the  vapor. 

30 
Patentanspruche 

1.  Plasmaextraktionsreaktor,  umfassend: 
eine  Behalterkammer  (12,52,100),  die  eine  EinlaBoffnung  (14,54)  und  eine  AuslaBoffnung  (16,56)  fur 

35  einen  Gasstrom  definiert; 
im  Abstand  voneinander  angeordnete,  zueinander  parallele  Elektroden  (20,22,60,62,102,104),  die  inner- 
halb  des  Behalters  angeordnet  sind  und  den  Gasstrom  so  einschranken,  daB  er  in  einem  gewundenen 
Stromungsweg  zwischen  der  genannten  EinlaBoffnung  und  AuslaBoffnung  stromt; 
eine  Einrichtung  zum  Betreiben  der  Elektroden  (24,26,30,58,64,101,106,108)  mit  einer  Radiofrequenz, 

40  urn  eine  Dampfspezies  im  zwischen  den  Elektroden  hindurchgefuhrten  Gasstrom  elektronisch  zu 
erregen,  sodaB  sie  an  der  Oberflache  der  Elektroden  reagiert,  urn  einen  koharenten  Film  darauf 
abzulagern. 

2.  Plasmaextraktionsreaktor  nach  Anspruch  1,  worin  ein  Paar  im  Abstand  voneinander  angeordneter, 
45  zueinander  parallel  er  Elektroden  (20,22)  zwischen  einander  einen  spiralformigen  Stromungsweg  vom 

EinlaB  (14)  zum  AuslaB  (16)  definiert. 

3.  Plasmaextraktionsreaktor  nach  Anspruch  1  oder  2,  worin  eine  erste  Reihe  paralleler  Elektroden  (60)  mit 
einer  zweiten  Reihe  paralleler  Elektroden  (62)  verschachtelt  ist,  urn  dazwischen  einen  umkehrenden 

50  Serpentinenweg  vom  EinlaB  (54)  zum  AuslaB  (56)  zu  definieren. 

4.  Plasmaextraktionsreaktor  nach  Anspruch  1  ,  2  oder  3,  worin  das  Verhaltnis  zwischen  der  Oberflache  der 
Elektroden  (20,22,60,62,102,104)  und  dem  Volumen  zwischen  den  Elektroden  zumindest  etwa  1  cm-1 
betragt. 

55 
5.  Plasmaextraktionsreaktor  nach  einem  der  vorhergehenden  Anspruche,  worin  die  Lange  des  Stromungs- 

weges  zumindest  etwa  100  cm  betragt. 
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6.  Plasmaextraktionsreaktor  nach  einem  der  vorhergehenden  Anspruche,  worin  die  Elektroden 
(20,22,102,104)  konzentrisch  zueinander  angeordnet  sind,  urn  ein  elektrisches  Feld  dazwischen  in  der 
Nahe  einer  Offnung  im  Stromungsweg  zu  intensivieren. 

5  7.  Verfahren  zum  Extrahieren  eines  Dampfes  aus  einem  Abgasstrom  unter  Verwendung  des  Plasmaex- 
traktionsreaktors  nach  Anspruch  1-6,  wobei  das  genannte  Verfahren  umfaBt: 
das  Hindurchschicken  des  Abgases  zwischen  einander  gegenuberliegenden  parallelen  Elektroden;  und 
das  Betreiben  der  Elektroden  mit  Radiofrequenz  und  das  elektronische  Erregen  des  Dampfes  dazwi- 
schen,  urn  im  wesentlichen  den  gesamten  erregten  Dampf  an  der  Oberflache  der  Elektroden  umzuset- 

io  zen  und  dadurch  einen  stabilen  Film  darauf  abzulagern,  wodurch  zumindest  75  Mol-%  des  Dampfes 
aus  dem  Abgasstrom  extrahiert  werden. 

8.  Verfahren  nach  Anspruch  7,  worin  die  Elektroden  ersetzt  werden,  nachdem  die  Filmdicke  ein  vorbe- 
stimmtes  AusmaB  ubersteigt. 

15 
9.  Verfahren  nach  Anspruch  7  oder  8,  worin  das  Verhaltnis  zwischen  der  Elektrodenflache  und  der 

volumetrischen  Stromungsrate  des  Abgasstromes  zumindest  etwa  10  min/cm  betragt. 

10.  Verfahren  nach  Anspruch  7,  8  oder  9,  worin  die  Elektroden  mit  Radiofrequenz  und  mit  einer  Leistung 
20  von  zumindest  etwa  0,01  Watt  pro  cm2  Elektrodenflache  betrieben  werden,  urn  zumindest  etwa  90  Mol- 

%  des  Dampfes  zu  extrahieren. 

Revendicatlons 

25  1.  Un  reacteur  d'extraction  de  plasma  comprenant  : 
une  chambre  de  recipient  (12,  52,  100)  definissant  un  orifice  d'entree  (14,  54)  et  un  orifice  de  sortie 

(16,  56)  pour  un  courant  de  gaz; 
des  electrodes  espacees  paralleles  (20,  22,  60,  62,  102,  104)  situees  dans  le  recipient  et 

contraignant  le  courant  de  gaz  a  s'ecouler  suivant  un  trajet  d'ecoulement  entre  les  orifices  d'entree  et 
30  de  sortie,  qui  est  a  circonvolutions; 

des  moyens  pour  faire  fonctionner  les  electrodes  (24,  26,  30,  58,  64,  101,  106,  108)  a  une  radio- 
frequence  pour  exciter  electroniquement  une  espece  de  vapeur  dans  le  courant  de  gaz  passant  entre 
les  electrodes  pour  reagir  a  la  surface  des  electrodes  pour  deposer  un  film  coherent  sur  celles-ci. 

35  2.  Un  reacteur  d'extraction  de  plasma  comme  dans  la  revendication  1  ,  dans  lequel  une  paire  d'electrodes 
espacees  paralleles  (20,  22)  definit  un  trajet  d'ecoulement  en  spirale  entre  celles-ci  depuis  I'entree  (14) 
jusqu'a  la  sortie  (16). 

3.  Un  reacteur  d'extraction  de  plasma  comme  dans  la  revendication  1  ou  dans  la  revendication  2,  dans 
40  lequel  un  premier  groupe  d'electrodes  paralleles  (60)  est  imbrique  par  intercalation  avec  un  second 

groupe  d'electrodes  paralleles  (62)  pour  definir  un  trajet  sinueux  a  inversion  entre  celles-ci  depuis 
I'entree  (54)  jusqu'a  la  sortie  (56). 

4.  Un  reacteur  d'extraction  de  plasma  comme  dans  la  revendication  1  ,  la  revendication  2  ou  la  revendica- 
45  tion  3,  dans  lequel  le  rapport  de  I'aire  de  surface  d'electrode  (20,  22,  60,  62,  102,  104)  au  volume  entre 

les  electrodes  est  au  moins  d'environ  1  cm-1. 

5.  Un  reacteur  d'extraction  de  plasma  comme  dans  une  revendication  precedente  quelconque,  dans 
lequel  la  longueur  du  trajet  d'ecoulement  est  au  moins  d'environ  100  cm. 

50 
6.  Un  reacteur  d'extraction  de  plasma  comme  dans  une  revendication  precedente  quelconque,  dans 

lequel  les  electrodes  (20,  22,  102,  104)  sont  arrangees  concentriquement  pour  intensifier  un  champ 
electrique  entre  celles-ci  proche  d'un  orifice  dans  le  trajet  d'ecoulement. 

55  7.  Un  procede  pour  extraire  une  vapeur  d'un  courant  de  gaz  d'echappement  employant  le  reacteur 
d'extraction  de  plasma  des  revendications  1-6,  ledit  procede  consistant  : 

a  faire  passer  le  gaz  d'echappement  entre  des  electrodes  paralleles  opposees;  et 
a  faire  fonctionner  les  electrodes  a  radio-frequence  et  a  exciter  electroniquement  la  vapeur  entre 
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celles-ci  pour  faire  reagir  sensiblement  la  totalite  de  la  vapeur  excitee  a  la  surface  des  electrodes  et 
deposer  ainsi  une  pellicule  stable  sur  celles-ci,  grace  a  quoi  au  moins  75%  en  moles  de  la  vapeur  sont 
extraits  du  courant  de  gaz  d'echappement. 

.  Un  procede  comme  dans  la  revendication  7,  dans  lequel  les  electrodes  sont  remplacees  apres  que 
I'epaisseur  du  film  excede  une  quantite  predetermined. 

.  Un  procede  comme  dans  la  revendication  7  ou  la  revendication  8,  dans  lequel  le  rapport  de  I'aire 
d'electrode  au  debit  volumetrique  d'ecoulement  du  courant  de  gaz  d'echappement  est  au  moins 
d'environ  10  mn/cm. 

0.  Un  procede  comme  dans  la  revendication  7,  la  revendication  8  ou  la  revendication  9,  dans  lequel  on 
fait  fonctionner  les  electrodes  a  radio-frequence  et  a  un  niveau  de  puissance  d'au  moins  environ  0,01 
watts  par  cm2  d'aire  d'electrode,  de  fagon  a  extraire  au  moins  90%  en  moles  de  la  vapeur. 

10 
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