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@  Gaseous  phase  synthesized  diamond  and  method  for  synthesizing  same. 

f)  The  present  invention  relates  to  gaseous  phase  syn- 
esized  diamond  and  a  method  for  synthesizing  the  same.  In 

order  to  obtain  crystalline  diamond  having  remarkably  high 
completeness  and  hardly  containing  carbon  having  a  construc- 
tion  other  than  that  of  diamond,  raw  material  gases  are 
thermally  activated  by  a  thermoelectron-radiating  material 
heated  at  an  extremely  high  temperature,  the  thermoelectron- 
radiating  material  being  connected  to  a  negative  pole  while  a 
substrate  to  be  coated  is  connected  to  a  positive  pole,  by  the 
use  of  a  direct  current  power  source.  A  plasma  is  formed 
between  the  thermoelectron-radiating  material  and  the  sub- 
strate  by  applying  a  direct  current  voltage,  and  a  diamond  film 
having  an  average  particle  size  of  2  microns  or  less, 
compression  residual  stress  and  electric  resistance  of  108 
ohm»cm  or  more  is  formed  on  the  substrate  by  using  the 
activation  by  the  thermoelectron-radiating  material  together 
with  the  activation  by  the  formation  of  DC  plasma. 

In  addition,  homogeneous  diamond  particles  uniform  in 
shape  can  be  obtained  by  using  this  method. 
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Description 

GASEOUS  PHASE  SYNTHESIZED  DIAMOND  AND  METHOD  FOR  SYNTHESIZING  SAME 

DETAILED  DESCRIPTION  OF  THE  INVENTION 
5 

(Fields  of  Industrial  Use)  . 
The  present  invention  relates  to  gaseous  phase  synthesized  diamond  and  a  method  for  synthesizing  the 

same,  in  particular  to  crystalline  diamond  having  a  remarkably  high  completeness  and  hardly  containing 
carbon  having  a  construction  other  than  that  of  diamond  and  a  method  for  synthesizing  the  same. 

10  In  addition,  the  present  invention  relates  to  a  high-speed  synethesizing  art  of  a  diamond  film  capable  of 
coating  diamond  at  a  high-speed  10  times  to  several  ten  times  a  deposition  speed  of  diamond  in  the  prior  art  by 
using  such  a  method. 

(Prior  Art) 
15  Diamond  has  been  synthesized  at  high  temperatures  and  pressures  and  as  a  result,  its  manufacturing  cost 

has  been  high.  However,  recently,  a  low-pressure  gaseous  phase  synthesizing  method,  in  which  diamond  is 
synthesized  at  low  pressures  without  using  high  pressures,  has  been  developed. 

The  following  gaseous  phase  diamond-synthesizing  methods  have  been  known. 
(1)  High-frequency  plasma  CVD  methods  using  a  plasma  disclosed  in  Japanese  Patent  Publication 

20  Laid-Open  No.  Sho  58-135117,  Japanese  Patent  Application  No.  Sho  61-8458,  61-8459  and  the  like,  and 
microwave  plasma  CVD  methods  disclosed  in  Japanese  Patent  Publication  Laid-Open  No.  Sho 
58-1  10494,  59-3098  and  USP  4,434,188. 

(2)  An  ionization  vapor  deposition  method  and  an  ion  beam  vapor  deposition  method  using  ion 
particles. 

25  (3)  A  thermoelectron  radiation  CVD  method  using  neutral  particles  disclosed  in  Japanese  Patent 
Publication  Laid-Open  No.  Sho  58-91100. 

(4)  CVD  methods  using  an  electron  shock  disclosed  in  Japanese  Patent  Publication  Laid-Open  No.  Sho 
60-221  395  and  European  Patent  Publication  Laid-Open  No.  161  ,829. 

Of  these,  methods  (1)  and  methods  (3)  are  capable  of  synthesizing  a  crystalline  diamond  film  while  methods 
30  (2)  are  capable  of  obtaining  an  amorphous  diamond-like  carbon  film.  In  addition,  methods  (4)  are  superior  to 

other  methods  and  characterized  by  that  a  growth  speed  of  diamond,  film  is  large  to  an  extent  of  3  to  5 
microns/hr  and  an  initial  diamond  nucleus-forming  speed  is  increased. 

However,  this  is  found  in  the  case  where  a  ratio  of  CH4  to  H2  by  volume,  that  is  to  say  a  CH4/H2,  is  increased. 
In  this  case,  according  to  the  evaluation  by  the  Raman  spectrometric  method,  problems  have  occurred  in  that 

35  a  peak  of  1,550  cm-1  relating  to  amorphous  carbon  is  increased  and  the  resulting  diamond  film  has  a  low 
completeness. 

This  has  been  disclosed  in  J.Appl.  Phys.  55  page  640  (1986). 
Also  a  film  growth  speed  is  insufficient  for  the  provision  of  a  bulk  material. 
As  to  a  crystalline  diamond  film,  its  applications  to  a  surface  coating  of  abrasion-resisting  parts  and  a 

40  surface  coating  film  of  cutting  tools  due  to  a  remarkably  high  hardness,  to  a  heat  sink  member  of  a 
semiconductive  device  due  to  high  thermal  conductivity  and  to  a  semiconductive  element  by  doping  impurities 
due  to  an  increased  band  gap  have  been  energetically  investigated. 

(Problems  to  be  Solved  by  the  Invention) 
45  Of  the  above  described  prior  arts,  if  the  microwave  plasma  CVD  method  is  used,  diamond  hardly  containing 

carbon  (amorphous  carbon,  graphite  and  the  like)  having  a  construction  other  than  that  of  diamond 
discriminated  by  the  Raman  spectrometric  method  and  the  like  and  having  a  remarkably  large  electric 
resistance  and  a  high  completeness  can  be  obtained.  However,  in  a  method,  in  which  the  microwave  non-polar 
discharge  is  produced  in  a  reaction  tube  vertically  passing  through  a  wave-guiding  tube,  which  has  been 

50  usually  used,  since  a  microwave  has  a  short  wave  length,  if  a  reaction  tube  having  a  diameter  longer  than  the 
wave  length  of  the  microwave  is  used,  the  microwave  can  not  be  blocked  but  leaked  out,  so  that  the  size  of  the 
reaction  tube  is  restricted  by  the  wave  length.  Accordingly,  naturally  the  coating  zone  can  not  be  widen, 
whereby  the  mass  production  becomes  difficult. 

That  is  to  say,  frequencies,  which  can  be  industrially  used  in  Japan,  are  915  MHz  and  2,350  MHz  and  in  the 
55  case  where  these  frequencies  are  used,  the  diameter  of  the  reaction  tube  has  an  upper  limit  of  120  mm  and  50 

mm,  respectively. 
Accordingly,  such  a  method  is  insufficient  for  the  attainment  of  a  coating  zone  having  such  a  large  area  that 

the  mass  production  can  be  industrially  carried  out.  In  addition,  in  the  case  of  a  RF  plasma  CVD  method,  it  is 
required  for  the  provision  of  diamond  having  a  high  completeness  to  generate  a  plasma  having  a  high  strength. 

60  In  the  case  of  a  method  for  generating  a  plasma,  in  which  a  RF  power  source  is  singly  used  as  an  excitation 
source,  only  an  induction-connecting  type  method  can  be  used. 

It  may  be  said  in  this  connection  that  in  a  capacity-connecting  type  method  a  crystalline  diamond  is  not 
synthesized  but  an  amorphous  diamond  is  synthesized.  That  is  to  say,  in  the  RF  induction-connecting  type 
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method,  in  order  to  obtain  a  coating  zone  having  a  large  area,  a  RF  power  source  of  large  electric  power,  which 
is  remarkably  difficult  to  industrially  use,  is  required. 

In  addition,  in  CVD  methods  (4),  since  a  shower  of  electrons  is  used,  an  electric  power,  which  can  be  applied 
between  the  filament  and  the  substrate,  has  a  limit  and  a  film  growth  speed  can  not  be  so  increased  as  in  the 
present  invention.  5 

Besides,  an  electron  shock  is  indispensable  in  this  method,  so  that  if  a  pressure  of  an  atmosphere  is 
increased,  the  shower  of  electrons  do  not  arrive  at  the  substrate,  whereby  this  method  has  been  difficult  to 
realize  at  a  high  pressure  such  as  50  to  500  Torr  proposed  in  the  present  invention. 

On  the  other  hand,  in  the  thermoelectron-radiating  material  CVD  method  it  is  thought  that  the  simultaneous 
treatment  of  a  large  number  of  substrates  and  the  provision  of  coating  on  a  large  area  are  possible  in  principle  10 
by  selecting  a  thermoelectron-radiating  material  having  various  kinds  of  shape  and  using  a  plurality  of 
thermoelectron-radiating  materials  but  problems  have  occurred  in  that  a  ratio  of  carbon  other  than  diamond 
contained  in  the  synthesized  diamond  is  larger  than  that  in  the  microwave  plasma  CVD  method,  the 
synthesized  diamond  being  inferior  in  completeness,  and  an  electric  resistance  being  reduced. 

On  the  other  hand,  a  deposition  speed  of  forming  diamond  having  an  excellent  shape  and  a  high  15 
completeness  and  hardly  containing  impurities  other  than  diamond  is  at  most  2  microns/hr  in  the 
thermoelectron-radiating  material  CVD  method  and  the  microwave  plasma  CVD  method  and  5  microns/hr  in 
the  EACVD  method  for  a  H2  -  CH4  raw  material  gas  and  the  like.  In  order  to  obtain  diamond  having  an 
increased  film  thickness  and  polycrystalline  diamond  in  the  form  of  bulk  material,  an  art  for  synthesizing 
diamond  in  higher  speed  has  been  eagerly  desired.  20 

(Measures  for  Solving  the  Problems) 
The  present  inventors  investgated  hard  a  method  for  synthesizing  diamond  having  the  mass  productivity, 

which  is  an  advantage  of  the  thermoelectron-radiating  CVD  method,  and  a  film  quality  equal  to  that  of  diamond 
obtained  by  the  microwave  plasma  CVD  method,  and  as  a  result,  the  present  invention  was  achieved.  25 

That  is  to  say,  the  present  invention  is  based  on  the  thermoelectron-radiating  material  CVD  method  and 
could  not  succeeded  in  the  synthesis  of  a  diamond  film  having  a  high  completeness  until  a  raw  material  gas  is 
activated  by  a  thermoelectron-radiating  material  heated  at  1,600°C  or  more,  the  thermoelectron-radiating 
material  being  connected  to  a  negative  pole  while  a  substrate  is  connected  to  a  positive  pole  by  the  use  of  a 
DC  power  source,  a  plasma  being  formed,  the  activation  by  the  thermoelectron-radiating  material  heated  at  a  30 
high  temperature  being  used  together  with  the  activation  by  the  formation  of  DC  plasma,  a  pressure  within  a 
reaction  vessel,  in  which  the  plasma  is  formed,  being  set  at  50  Torr  or  more  but  500  Torr  or  less,  and  a 
temperature  of  gas  within  the  plasma  being  raised. 

The  diamond  film,  on  which  a  broad  peak  relating  to  amorphous  carbon  near  1  ,550  cm  -  1  as  evaluated  by  the 
Raman  spectrometric  method  is  hardly  observed  and  a  half  value  of  a  peak  relating  to  diamond  of  1  ,334  cm  -  1  35 
is  50  cm-1  or  less,  and  in  which  an  average  particle  size  is  less  than  2  microns,  is  preferable. 

The  diamond  film,  of  which  surface  is  mainly  a  (111)-plane,  having  an  electric  resistance  of  108»ohm«cm  or 
more  is  still  further  preferable. 

In  addition,  the  diamond  film  having  a  (100)-  plane,  (110)-plane  and  the  like  can  be  formed  according  to  the 
conditions  but  the  diamond  film  having  a  (111)-plane  is  desirable  for  tools.  An  electric  resistance  is  usually  a  40 
measure  of  residual  carbon  such  as  amorphous  carbon  and  graphite.  The  higher  an  electric  resistance  is,  the 
smaller  a  quantity  of  residual  carbon  such  as  amorphous  carbon  and  graphite  is. 

The  diamond  film  having  an  electric  resistance  of  1010  ohm»cm  or  more  is  still  further  desirable. 
In  addition,  in  order  to  achieve  a  high-speed  coating,  the  thermoelectron-radiating  material  is  heated  at 

superhigh  temperatures  of  2,200°  C  or  more  and  the  DC  electric  power  is  applied  at  a  ratio  of  50  W/cm3  per  unit  45 
volume  of  plasma-forming  space  or  more.  Although  a  surface  of  the  substrate  is  heated  to  reach  high 
temperatures,  the  present  inventors  succeeded  in  the  high-speed  coating  of  diamond  having  an  excellent 
shape  and  remarkably  high  completeness  and  hardly  containing  impurities  other  than  diamond  at  a  ratio  of  20 
microns/hr  or  more. 

One  special  feature  of  the  present  invention  is  in  the  possibility  of  the  control  of  the  substrate  by  a  cooling  50 
mechanism  incorporated  in  a  substrate-supporting  table  as  shown  in  Fig.  3. 

The  above  described  control  of  the  surface  temperature  of  the  substrate  at  850°  C  or  more  but  1,200°C  or 
less  is  carried  out  by  bringing  a  CA  thermopile  fine  wire  6  into  direct  contact  with  a  surface  of  the  substrate  1 
on  the  substrate-supporting  table  2,  whereby  the  surface  temperature  of  the  substrate  can  be  remarkably 
accurately  and  in  good  reproducibility  measured.  Thus,  the  diamond  film  can  be  coated  on  the  surface  of  the  55 
substrate  under  the  most  suitable  conditions  in  good  reproducibility.  In  addition,  reference  numeral  2,  3 
designate  a  thermoelectron-radiating  material,  reference  numeral  4  designating  a  transparent  quartz  tube,  and 
reference  numeral  5  designating  a  direct  current  power  source. 

As  described  above,  it  is  remarkably  important  for  the  manufacture  of  diamond  having  a  high  completeness 
and  preferable  characteristics  to  control  the  surface  temperature  of  the  substrate.  60 

Also,  it  is  remarkably  important  to  control  a  residual  stress  of  the  diamond  film. 
That  is  to  say,  diamond  is  different  from  the  substrate  in  thermal  expansion  coefficient.  Accordingly,  since 

the  temperature,  at  which  diamond  is  synthesized,  is  different  from  the  temperature  at  which  it  is  really  used,  a 
residual  stress  is  naturally  remained  in  the  diamond  film. 

In  the  event  that  a  thermal  expansion  coefficient  of  this  substrate  is  larger  than  that  of  diamond,  a  remaining  65 
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compression  stress  is  remained  in  the  diamond  film. 
In  the  event  that  a  thermal  expansion  coefficient  of  the  substrate  is  larger  than  that  of  diamond,  a  residual 

compression  stress  is  generated  in  the  diamond  film  while  in  the  event  that  the  remaining  stress  is  too  large, 
the  diamond  film  is  separated  from  the  substrate.  This  tendency  is  enhanced  with  an  increase  of  a 

5  film-thickness. 
An  intrinsic  remaining  stress  due  to  the  process  is  generated  in  addition  to  the  remaining  stress  generated 

resulting  from  a  difference  between  the  substrate  and  the  diamond  film  in  thermal  expansion  coefficiency. 
And,  in  the  case  where  these  residual  stresses  are  remained  to  an  extent  that  the  separation  is  generated 
within  a  practical  use  in  total,  an  excellent  diamond  film  can  be  obtained. 

10  The  reason  for  this  has  never  been  made  clear. 
Another  characteristic  of  the  present  invention  is  in  that  in  the  event  that  an  iron  group  metal  is  used  as  the 

substrate,  graphite-like  carbon  is  deposited  but  in  the  event  that  other  substances  are  used  as  the  substrate,  a 
diamond  film  having  a  high  adhesion  can  be  obtained. 

High-melting  point  metals,  such  as  V,  Nb,  Ta,  Mo  and  W,  are  particularly  suitable  as  the  above  described 
15  other  substances  in  view  of  the  rise  of  a  temperature  of  the  substrate. 

Also  carbides,  nitrides  and  borides  of  the  IVa-,  Va-  and  Vla-group  metals,  Al  and  Si  can  form  a  diamond  film 
having  a  high  adhesion. 

In  addition,  even  in  the  case  of  using  the  iron-group  metals,  if  the  above  described  high-melting  point  metals 
and  various  kinds  of  compound  are  preliminarily  coated  on  the  substrate,  the  above  described  phenomena 

20  incidental  to  the  iron-group  metals  do  not  occur. 
Besides,  in  the  case  of  carbide  alloys  and  thermets  containing  iron-group  metals,  the  coating  is  carried  out 

without  problems  if  the  iron-group  metals  are  used  at  a  ratio  of  15  Wo  by  weight  or  less. 
Still  another  characteristic  of  the  present  invention  is  in  that  an  average  particle  size  of  diamond  coated  on 

the  substrate  is  2  microns  or  less. 
25  Because  according  to  a  method  of  the  present  invention,  a  nuclear-generating  density  of  diamond  is 

remarkably  high. 
That  is  to  say,  a  carbon  radical  having  a  high  energy-level  is  generated  by  a  DC  high-energy  density  plasma 

and  electrons  emitted  from  the  thermoelectron-radiating  material  heated  at  a  extremely  high  temperature,  so 
that  the  nucleus-generating  density  of  the  substrate  surface  is  increased,  whereby  an  average  particle  size  of 

30  the  resulting  diamond  film  can  be  maintained  at  a  small  value. 
Because  diamond  crystals  are  gradually  grown  starting  from  the  nucleus-generating  point  to  grow  in  parallel 

to  the  surface  of  the  substrate  until  they  are  brought  into  contact  with  adjucent  diamond  crystals. 
In  the  case  where  the  adhesion  is  required,  such  as  tools,  the  heating  at  high  temperatues  of  950°  C  or  more 

higher  than  600°  C  leads  to  the  production  of  high  adhesion  between  the  diamond  film  and  the  substrate. 
35  Further  another  special  feature  of  the  present  invention  is  in  that  since  the  diamond  film  obtained  according 

to  the  present  invention  is  grown  at  a  high-speed,  it  can  be  used  also  as  bulky  diamond.  Various  kinds  of 
application  can  be  expected  for  bulky  diamond  on  account  of  a  superior  transmittance  of  infrared  rays  and  the 
like  including  the  application  as  a  transmissive  material.  Of  these  applications,  the  application  as  a 
semiconductor  is  greatly  expected.  Borone  (B),  phosphor  (P),  sulfur  (S),  arsenic  (As),  antimony  (Sb)  and  the 

40  like  are  superior  as  a  dopant  for  semiconductor  diamond  but  according  to  a  method  of  the  present  invention,  a 
bulky  diamond  material  having  a  functionality  can  be  easily  synthesized  by  forming  an  atmosphere  containing 
these  elements. 

On  the  other  hand,  homogeneous  diamond  particles  having  a  uniform  shape  can  be  easily  obtained  by 
adjusting  the  nucleus-generating  density  in  the  initial  deposition  stage  using  this  art. 

45 
(Operation) 

The  present  invention  will  be  below  described  in  detail  with  reference  to  the  following  drawings,  in  which 
Fig.  1  is  a  schematic  drawing  showing  the  DC  plasma  thermal  filament  CVD  method  in  which  a  CA 

thermocouple  fine  wire  is  brought  into  a  point  contact  with  a  substrate  in  order  to  control  a  surface 
50  temperature  of  the  substrate  in  the  present  invention;  and 

Figs.  2,  3  are  a  front  view  showing  one  example  of  an  apparatus  for  carrying  out  a  method  of  the  present 
invention. 

Fig.  4  is  a  chart  according  to  Raman  spectrometric  method  showing  intensity  of  diamond  film  obtained 
by  the  present  invention. 

55  In  one  preferred  embodiment  of  the  apparatus  used  for  carrying  out  the  method  of  the  present  invention  as 
shown  in  Fig.  2,  CH4  and  H2  are  introduced  into  a  reaction  tube  18  made  of  quartz  through  a  raw  material 
gas-introducing  port  1  1  and  thermally  activated  by  a  thermoelectron-radiating  material  12  heated  at  1  ,600°  C  or 
more,  the  thermoelectron-radiating  material  12  being  connected  to  a  negative  pole  while  a  substrate  13  is 
connected  to  a  positive  pole,  by  the  use  of  a  DC  power  source  16,  a  DC  plasma  being  generated  between  the 

60  thermoelectron-radiating  material  12  and  the  substrate  on  a  substrate-supporting  table  14,  and  the  activation 
of  the  raw  material  gas  being  promoted  by  the  formation  of  plasma  in  addition  to  the  activation  by  the 
thermoelectron-radiating  material.  Referring  to  Fig.  2,  reference  numeral  15  designates  a  vacuum  exhaust 
port,  reference  numeral  17  designating  an  AC  power  source  for  heating  the  thermoelectron-radiating  material, 
reference  numeral  19  designating  an  outside  heating  furnace,  reference  numeral  20  designating  an  insulating 

65  seal,  and  reference  numeral  21  designating  a  plasma  generated. 
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On  the  other  hand,  Fig.  3  shows  an  apparatus  having  a  construction  fundamentally  same  one  as  that  shown 

in  Rg  2  excepting  that  a  substrate-supporting  table  22  is  deviced,  various  kinds  of  coolant  (for  example  water 

H2  He  oils  Hquefied  nitrogen  and  the  like)  being  flown  through  the  reaction  tube  from  the  outs.de  and  the 

cooling  capacity  being  changed,  whereby  the  surface  temperature  of  the  substrate  can  be  freely  adjusted. 

Reference  numerals  in  Fig.  3  same  as  in  Fig.  2  designate  the  same  one  part  as  in  Fig.  2.  a 
The  invenTn  tech^all?  akin  to  the  present  invention  has  been  disclosed  in  Japanese  Patent  Publication 

Lad  Open  No  Sho  60-221395,  in  which  diamond  is  synthesized  by  exposing  a  substrate  to  a  shower  of 
elections  by  °he  use  of  a  direct  current  power  source  in  addition  to  the  thermal  filament  meftod  It  has  been 

said  that  the  growth  speed  is  increased  and  diamond  having  a  high  completeness  can  be  obtained  by  the  use 
S  h  ^method  Since  I  this  method  a  plasma  is  not  used  but  a  shower  of  electrons  is  used,  it  is  charao  tenzed  10 
byTat  a  suitable  value  of  an  electron  current  passing  through  between  the  filament  art  the  substrate  is 

provided  at  a  small  value  of  20  to  30  mA  based  on  a  substrate  size  of  25  to  100  mm*.  On  the  contrary, 
according  oth?  present  invention,  a  plasma,  of  which  generating  condition  can  be  clearly  confirmed  »  

formed  That  is  to  say  the  present  invention  is  greatly  different  from  the  above  described  Japanese  Patent 
S ^ L a k w J Z .   No.  Sho  60-221395  in  not  only  the  above  described  suitable  value  of  the  electron  15 
Lrrent  flowinc  ,  through  between  the  filament  and  the  substrate  but  also  that  a  large  plasma  current  dens.ty  of 

" ^ S o l f f   g l ^ ^ l l t a S i r B   of  the  present  invention  is  in  that  a  pressure  in  the  formation  of  plasma  is 

selected  at  a  remarkably  high  range  to  an  extent  of  50  to  500  Torr  contrary  to  a  conventional  common  sense  of  
^  

DCDiamSô d  obtained  by  the  thermoelectron-radiating  material  CVD  method  is  inferior  to  diamond  obtained  by 

the  mtarowave  plasma  CVD  method  in  film  quality.  That  is  to  say,  although  a  reason  why  diamond  obtained  by 

he  thermoelectron-radiating  material  CVD  method  contains  carbon  having  a  construction  other  than  diamond 
SVmto  larger  than  diamond  obtained  by  the  microwave  plasma  CVD  method  ,s  not  clear,  it  appears  that  a 

concentration  of  hydrogen  radical  having  an  action  of  selectively  removing  carbon  other  than  diamond  25 
S o s S   together  ZtY  diamond  in  the  thermoelectron-radiating  material  CVD  method  is  smaller  than  in  the 

miraddmo^"papears  t h S o   a  concentration  of  a  metal  radical  having  a  SP3  hybrid  orbit  thought  to  be 
necesSy  for  he  formation  of  diamond  in  the  thermoelectron-radiating  material  CVD  method  is  smaller  than  in 
?he  micrlave  plasma  CVD  method.  In  addition,  it  appears  that  since  the  activation  of  a  raw  matene)  gas  is  30 

carrted  out  by  merely  the  thermal  decomposition  in  the  thermoelectron-rad.at.ng  material  CVD  method  ions 

do  not  exist  in  an  activated  specy  differently  from  a  case  where  a  plasma  is  formed,  and  ^ J ^ ^ ^  
of  the  formed  radical  is  low  which  is  thought  to  be  disadvantageous  for  the  synthesis  of  diamond  having  a  h.gh 

C°Sn  'teheenconStrary,  according  to  a  method  for  synthesizing  diamond  of  the  present  invention,  it  is  thought  that  35 

an  excitation  level  of  the  raw  material  gas  is  remarkably  improved  by  using  a  DC  discharge  plasma  in  addition 

to  the  thermal  decomposition  of  the  raw  material  gas  by  the  thermoelectron-radiating  material  heated  a  a  high 

temperature,  whereby  the  activation  of  the  reaction  gas  by  the  decomposite  and  excitation  c " t e a t a n m ° »  

promoted  and  an  energy  of  the  activated  raw  material  gas  is  increased,  and  a  rate  of  the  activated  gas  is 
E a s e d   and  a  usefufL  time  of  the  activated  gas  is  prolonged,  so  that  the  deposition  of  graphite  and  40 

amorphous  carbon  having  a  construction  other  than  that  of  diamond  is  suppressed  ed,  whereby  obtaining  a 

in  an  arc  discharge  range  of  50  to  500  Torr  in  which  the  DC  glow  discharge  is  usually  not  generated  Since 
L ^ t e ( S n T 5 J r S   easily  taken  out  from  the  thermoelectron-radiating  material  by  connecting  the  4t 
S Z S K K n ^ S S l n S   material  to  a  negative  pole  while  the  substrate  is  connected  to  a  positive  potoand 

appMng  a  voltage  by  the  use  of  a  DC  power  source,  the  DC  glow  discharge  can  be  stably  maintained  at  such  a 
hfgh  pressure.  A  plasma  formed  at  such  a  high  pressure  is  characterized  by  that  a  difference  between  an 
electroniemperatSre  and  a  gas  temperature  is  reduced  and  the  gas  temperature  «  raised  ,n  comparison  with  

^  
^ ^ T ^ T ^ ^ I T ^   essential  for  the  manufacture  of  diamond  having  a  high 

completeness  to  form  a  plasma  under  such  conditions  on  account  of  a  reason  which  has  not  always  been 

10 

15 

20 

25 

40 

45 

50 

made  clear. 
In  the  present  invention,  solid  carbon  or  hydrocarbons  or  hydrocarbons  containing  O  and  N  n  a  bonding 

group  or  carbon  tetrachloride  can  be  used  as  the  carbon  source.  In  addition,  a  mixture  of  he  above  described  55 

Sarbon  sources  and  hydrogen  can  be  used  as  the  raw  material  gas.  In  the  case  where  sol  d  carbon  is  used  as 

the  carbon  source,  carbon  is  preferably  used  as  the  thermoelectron-radiating  material. 

Besides  Ar  Kr  Xe  Rn  and  Na,  which  do  not  take  part  in  the  reaction,  other  than  the  above  described  gases 
mat  b  useJ  n  combination  as  the  gas  to  be  introduced  into  the  reaction  vessel.  Since  these  gases  have  ,  ow 
S a l   conductivity,  they  can  be  used  as  a  coolant  gas  for  the  substrate  and  have  also  an  action  of  adjusting  60 

th|inlTafuperioSrmoelectron-radiating  capacity,  a  low  vapour  pressure  at  a  high  f ^ ^ * ™ ?  
melting  point  are  required  for  the  thermoelectron-radiating  material,  high-melting  point  metals,  such  as  W,  Ta 

"2,  ^ n r ^ r r m ^ ^ S ^ S S a l c ^ b e   used  in  the  form  of  spiral  filament,  a  plurality  of  S5 
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linear  filaments  extended  in  parallel,  tensioned  linear  filaments,  linear  filaments  combined  in  mesh  and  uniform thermoelectron-radiating  electrode  having  a  large  area. 
The  thermoelectron-radiating  material  is  heated  at  1,600°C  or  more  when  used.  If  thermoelectron-radiating material  is  used  at  temperatures  lower  than  1,600°C,  graphite  and  amorphous  carbon  are  predominantly 5  deposited.  In  addition,  in  order  to  stably  generate  and  maintain  a  plasma  at  a  pressure  of  50  Torr  or  more  the thermoelectron-radiating  material  is  preferably  heated  at  a  higher  temperature  because  a  sufficient  amount  of electrons  is  required  to  be  radiated. 
The  pressure  within  the  reaction  vessel  is  preferably  selected  at  50  Torr  or  more  but  500  Torr  or  less  If  the pressure  exceeds  500  Torr,  the  stable  maintenance  of  the  plasma  becomes  difficult  On  the  contrary  if  the 10  pressure  is  lower  than  50  Torr,  a  gas  temperature  within  the  formed  plasma  is  lowered  whereby  the manufacture  of  diamond  having  a  high  completeness,  which  is  an  effect  of  the  present  invention  can  not  be attained.  A  reason  for  this  has  never  always  been  made  clear  but  it  appears  that  activated  species  formed  by the  generation  of  a  plasma  are  different  in  kind  and  concentration.  An  increase  of  the  gas  pressure  is  effective also  for  increasing  the  nucleus-forming  density  of  diamond,  in  particular,  it  is  desirable  for  a  diamond  film  for 15  use  in  cutting  tool  that  an  adhesion  between  the  substrate  and  the  diamond  film  is  large  and  in  order  to increase  the  adhesion  between  the  substrate  and  the  diamond  film,  a  high-temperature  treatment  is  preferably carried  out.  However,  if  the  coating  conditions  of  diamond  are  selected  so  as  to  raise  the  surface  temperature the  nucleus-forming  density  is  reduced,  so  that  it  becomes  difficult  to  form  a  diamond  film  comprising  fine particles  at  a  pressure  of  50  Torr  or  less  also  in  view  of  the  high-temperature  treatment 20  It  is  one  of  the  most  important  constituent  factors  that  the  DC  plasma  has  a  suitable  strength  range  The preferable  electric  power  density  is  5  W/cm2  or  more  but  200  W/cm2  or  less  but  it  is  not  restrictive  if  a substrate-cooling  measure  is  taken.  The  strength  of  the  DC  plasma  is  dependent  upon  a  gaseous  atmosphere shape  of  filament,  shape  of  substrate,  shape  of  substrate-supporting  table,  shape  of  counter-pole' 

arrangement  of  filament  relative  to  a  counter-pole,  temperature  of  filament,  output  of  DC  power  source  and  the 25  like,  in  addition,  as  to  a  plasma-generating  state,  a  plasma-radiating  state  is  observed  in  a  slight  range  adjacent to  a  surface  of  the  supporting  table  including  it  at  a  pressure  exceeding  50  Torr  in  the  case  where  the  substrate and  the  supporting  table  are  larger  than  the  substrate,  so  that  it  is  preferable  that  the  strength  of  a  plasma  is expressed  by  a  direct  current  electric  power  applied  onto  a  unit  area  of  the  surface  exposed  to  the  plasma Because  if  the  electric  power  is  smaller  than  5  W/cm2,  the  film  quality-improving  effect  of  the  present  invention 30  resulting  from  the  simultaneous  use  of  DC  plasma  is  reduced,  and  on  the  contrary,  if  the  electric  power  is larger  than  200  W/cm2,  an  effect  of  plasma-etching  is  increased,  whereby  the  deposition  rate  of  diamond  is remarkably  reduced. 
In  addition,  the  simultaneous  use  of  DC  plasma  has  an  effect  of  remarkably  finding  the  crystalline  particles  in the  formed  diamond  film  and  this  effect  is  increased  with  an  increase  of  the  electric  power  applied  In  usual  the 35  treatment  at  a  high  temperature  leads  to  an  enhancement  of  a  growth  speed  of  diamond  particles  and'  the formation  of  a  diamond  film  comprising  rough  and  large  crystalline  particles  but  the  treatment  at  a  high  gas pressure  in  addition  to  the  simultaneous  use  of  DC  plasma  led  to  such  an  astonishing  effect  that  a  fine structure  of  0.3  microns  can  be  obtained  even  at  a  high  treatment  temperature  exceeding  1  000°  C Since  it  is  efficient  for  the  improvement  of  performances  to  form  a  fine  film  even  at  a  high  temperature  in  the 40  case  of  cutting  tool,  the  application  of  a  diamond  film  according  to  the  present  invention  led  to  an epoch-making  improvement  of  performances  of  cutting  tools  in  comparison  with  those  of  the  conventional cutting  tools  obtained  by  the  conventional  coating  method. 
Also  as  to  an  electric  resistance,  a  diamond  film  formed  by  the  conventional  w-filament  CVD  method  was inferior  to  that  formed  by  the  microwave  plasma  CVD  method  but  according  to  the  present  invention  an 45  electric  resistance  was  remarkably  increased  and  a  diamond  film,  which  was  superior  to  that  obtained  bv'the 

microwave  plasma  CVD  method,  could  be  obtained. 
In  addition,  since  the  present  invention  is  similar  to  the  thermpelectron-radiating  material  CVD  method  in fundamental  construction  of  an  apparatus,  a  plural  treatment  and  a  large  area-coating  are  possible  by  using  a plurality  of  filaments.  That  is  to  say,  a  method  according  to  the  present  invention  is  a  coating  process 50  sufficiently  having  a  mass  productivity  also. 
In  addition,  according  to  the  present  invention,  diamond  having  an  excellent  shape  and  a  remarkably  hiqh completeness  and  hardly  containing  impurities  other  than  diamond,  such  as  amorphous  carbon  can  be deposited  in  high-speed  to  manufacture  a  bulk  material  of  polycrystalline  diamond It  is  thought  that  it  is  necessary  for  the  high-speed  coating  of  diamond  only  to  increase  a  concentration  of 55  carbon  as  a  raw  material  of  diamond  in  the  reaction  system,  whereby  increasing  a  supersaturation  ratio  of diamond-.  Concretely  speaking,  for  example  in  a  system  of  H2  and  CH4,  it  is  necessary  for  increasing  a  partial pressure  of  methane  noly  to  increase  a  concentration  of  methane  or  a  total  pressure 

.  eX?,̂ in  general'  accordin3  t0  the  thermoelectron-radiating  material  CVD  method  and  the  microwave plasma  CVD  method,  in  the  case  where  H2  and  CH4  are  used  as  raw  material  sources,  diamond  having  an 60  excellent  shape  can  be  synthesized  at  a  CH4-concentration  of  several  o/o  or  less  and  a  pressure  of  100  Torr  or less  if  the  concentration  of  CH4  and  the  pressure  are  increased  than  the  above  described  values  the synthesis  of  diamond  having  an  excellent  shape  and  hardly  containing  amorphous  carbon  becomes impossible.  A  reason  for  this  appears  that  a  ratio  of  methyl  radical  and  atomic  hydrogen  generated  by  excitinq and  activating  the  raw  material  gas  is  off  a  suitable  condition  of  synthesizing  diamond 65  However,  in  the  process  using  the  thermal  activation  by  the  thermoelectron-radiating  material  heated  at  a 
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extremely  high  temperature  together  with  the  activation  by  the  DC  plasma  according  to  the  present  invention, 
diamond  having  an  excellent  shape  can  be  synthesized  even  though  the  pressure  is  several  hudnreds  Torr  and 
a  ratio  of  the  number  of  carbon  atoms  to  the  number  of  hydrogen  atoms  contained  in  the  raw  material  gas 
exceeds  1  %  (for  example  CH4  of  2  %  in  a  H2  -  CH4  system)  by  selecting  the  temperature  of  the 
thermoelectron-radiating  material  at  2,200°  C  or  more,  selecting  the  DC  electric  power  applied  at  50  W/cm3  or  5 
more  per  unit  volume  of  plasma-forming  space,  and  maintaining  the  temperature  of  the  heated  substrate  at 
850°  C  or  more  but  1,100°C  or  less  by  adjusting  the  cooling  capacity  of  the  supporting  table.  Astonishingly, 
this  is  possible  until  the  above  described  ratio  of  10  °/o.  The  high-speed  coating  showing  a  deposition  speed  of 
20  microns/hr  or  more  is  possible  at  such  a  high  carbon-concentration. 

In  addition,  since  the  nucleus-forming  density  is  remarkably  increased,  a  fine  film  can  be  obtained  at  a  high  10 
temperature  without  applying  a  grating  treatment  to  the  substrate. 

As  a  result,  a  superthin  film  of  about  0.1  microns  thick  can  be  formed. 
As  to  a  reason  for  this,  it  appears  that  since  a  large  electric  power  is  applied  at  a  high  pressure  to  generate  a 

plasma  having  a  high  energy-density  and  a  temperature  of  the  thermoelectron-radiating  material  higher  than 
that  in  the  conventional  method  is  used,  also  a  level  of  the  thermal  activation  is  increased  and  a  ability  or  15 
capability  of  exciting  and  activating  the  raw  material  gas  is  remarkably  improved,  so  that  methyl  radical  and 
atomic  hydrogen  are  formed  in  a  large  quantity  with  maintaining  a  suitable  balance  therebetween  contrary  to 
the  conventional  method  in  which  a  ratio  of  the  formed  methyl  radical  to  atomic  hydrogen  is  off  the  suitable 
range,  whereby  the  synthesis  of  diamond  having  an  excellent  range  and  hardly  containing  amorphous  carbon 
has  been  impossible  with  an  increase  of  a  quantity  of  carbon  in  the  raw  material  gas,  and  as  a  result,  the  20 
synthesis  of  diamond  having  an  excellent  shape  and  a  remarkably  high  completeness  and  hardly  containing 
amorphous  carbon  becomes  possible. 

In  addition,  since  the  DC  plasma  having  high  energy-density  generated  by  applying  a  large  electric  power  at 
a  high  pressure  according  to  the  present  invention  is  distributed  not  only  on  a  surface  of  the  substrate  but  also 
in  a  space  between  the  surface  of  the  substrate  and  the  thermoelectron-radiating  material,  the  DC  electric  25 
power  to  be  applied  is  preferably  prescribed  by  an  electric  power  per  unit  volume  of  the  plasma-forming  space. 
The  effect  of  the  present  invention  can  not  be  achieved  clearly  until  the  DC  electric  power  is  selected  at  50 
W/cm3,  that  is  to  say  the  high-speed  coating  at  a  rate  of  20  microns/hr  or  more  is  impossible. 

Besides,  if  the  ratio  of  the  number  of  carbon  atoms  to  the  number  of  hydrogen  atoms  in  the  raw  material  gas 
is  less  than  1  %,  the  high-speed  coating  becomes  impossible  similarly  even  though  the  excitation  level  is  high.  30 
On  the  contrary,  if  said  ratio  exceeds  10  °/o,  the  synthesis  of  diamond  having  a  high  completeness  becomes 
impossible. 

Furthermore,  the  temperature  of  the  thermoelectron-radiating  material  is  lower  than  2,200°  C,  the  plasma 
having  a  high  energy-density  is  difficult  to  stably  maintain  at  such  a  high  pressure. 

In  addition,  in  order  to  synthesize  diamond  having  an  excellent  shape  and  hardly  containing  amorphous  35 
carbon,  the  surface  temperature  of  the  substrate  is  preferably  selected  at  850°  C  or  more  but  1,1  00°  C  or  less. 
If  the  surface  temperature  of  the  substrate  comes  off  this  range,  a  content  of  amorphous  carbon  is  increased. 

Since  the  present  invention  has  an  advantage  in  that  the  nucleus-forming  density  of  diamond  is  remarkably 
increased  in  addition  to  the  above  described  advantage  that  the  high-speed  coating  of  diamond  becomes 
possible,  the  pretreatments  of  the  substrate,  such  as  grating  and  etching,  which  have  been  required,  become  40 
quite  unnecessary,  whereby  a  uniform  and  fine  (having  a  particle  size  of  1  micron  or  less)  diamond  film  can  be 
synthesized  even  on  a  mirror-finished  single  crystalline  Si  wafer. 

In  addition,  since  the  nucleus-forming  density  is  remarkably  large,  also  the  synthesis  of  continuous  thin  film 
of  0.1  microns  thick  is  possible.  Accordingly,  it  can  be  said  that  the  present  invention  is  a  method 
advantageous  for  the  synthesis  of  a  remarkably  thin  film.  45 

Besides,  one  of  special  features  of  the  present  invention  is  in  that  the  thermoelectron-radiating  material  is 
used  as  a  thermal  cathode  for  generating  a  DC  plasma  having  a  high  energy-density.  The  construction  of  the 
thermal  cathode  can  be  freely  modified  and  also  an  electrode  having  a  large  area  can  be  easily  used. 
Accordingly,  a  large  excitation  source  having  a  high  excitation  ability  or  capability  can  be  produced  in  a  space, 
whereby  the  large-area  high-speed  coating  and  the  uniform  high-speed  coating  are  possible.  Moreover,  it  can  50 
be  said  that  the  present  invention  is  an  industrially  very  valuable  process  in  view  of  remarkably  simple 
construction  of  an  apparatus  and  inexpensiveness  of  the  apparatus  itself. 

(Preferred  Embodiments) 
The  present  invention  is  below  described  in  detail  with  reference  to  the  preferred  embodiments.  55 

Example  1 
A  Mo  plate  (10  mm  x  10  mm  x  1  mm)  as  a  substrate,  of  which  surface  was  polished  with  diamond  abrasive 

grains  #  5000  was  coated  with  diamond  in  an  apparatus  as  shown  in  Fig.  2.  At  first,  an  inside  of  a  reaction 
vessel  was  evacuated  until  10-3  Torr  or  less  and  then  a  gaseous  mixture  comprising  ChU  and  H2  at  a  ratio  of  1  60 
:  100  was  introduced  into  the  reaction  vessel  as  a  raw  material  gas  at  a  rate  of  200  ml/min.  Subsequently,  a 
surface  temperature  of  the  substrate  was  adjusted  to  980°  C  by  heating  a  W-filament  used  as  a 
thermoelectron-radiating  material  at  2,000°  C  or  more  and  simultaneously  using  an  outside  heating  furnace 
with  maintaining  a  pressure  within  the  reaction  vessel  at  an  appointed  value.  In  this  time,  a  distance  between 
the  filament  and  the  substrate  was  selected  at  8  mm.  Subsequently,  an  appointed  electric  power  was  applied  65 
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from  a  DC  power  source.  Since  the  application  of  the  electric  power  leads  to  a  rise  of  the  substrate 
temperature,  the  filament  temperature  was  reduced  to  maintain  the  substrate  temperature  constant.  A  coating 
time  was  selected  at  5  hours.  The  coating  conditions  and  the  characteristics  of  the  coated  film  are  shown  in 
Table  1. 

T a b l e   1  

10 

S a m p l e   P r e s s u r e   E l e c t r i c   E l e c t r i c   C r y s t a l   N o t e  

No.  ( T o r r )   p o w e r   r e s i s t a n c e   g r a i n  

a p p l i e d   (ohm  cm)  ( m i c r o n )  

(W) 

1  30  50  10y  -  1 0 l u   2 - 3  

2  50  50  1 0 1 2 -   1013   0 . 7 - 1 . 5  

3*  100  0  104  -  105  3 - 5  

4  200  5  1 0 1 0 -   1011   1 - 2  

5  "  50  1 0 1 2 -   1013   0 . 5 -   1  

6  "  150  M  0 . 1 - 0 . 3  

7  "  250  l )  

8  300  50  1 0 1 2 -   1013   0 . 3 - 0 . 7  

9  400  50  "  "  ' 

10  500  100  "  0 . 5 - 1  

11*  550  "  -  2 )  

12*  40  m i c r o w a v e   109  -  1 0 1 0   2 - 3  

e l e c t r i c  

p o w e r :   300  W 

13*  40  2  109  -  1 0 1 0   3 - 5  
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In  addition,  for  comparison,  the  same  Mo-substrate  was  coated  for  5  hours  at  a  pressure  of  40  Torr,  an 
electric  power  of  microwave  of  300  W  and  a  surface  temperature  of  the  substrate  of  980°  C  similarly,  as  shown 

65  in  Table  1  ,  in  a  microwave  plasma  CVD  apparatus  of  2.45  GHz,  into  which  a  gaseous  mixture  comprising  CH4 
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and  H2  at  a  ratio  of  1  :  1  00  was  being  introduced  at  a  rate  of  200  ml/min.  The  characteristics  of  the  obtained  film 
are  comparatively  shown  in  Table  1.  In  addition,  an  electric  resistance  of  a  diamond  film  was  detremined  by 
measuring  V-l  characteristics  between  an  electrode  produced  by  coating  a  first  Ti  layer  and  a  second  Au  layer 
on  the  diamond  film  by  means  of  an  ion-plating  apparatus  to  form  an  ohmic  contact  and  the  Mo-plate  as  the 
substrate  as  the  other  electrode.  5 

The  mark  *  shows  a  comparative  example  in  Table  1  .  Since  in  the  sample  No.  3  an  electric  power  applied  is 
zero,  this  corresponds  to  the  sample  obtained  by  the  thermoelectron-radiating  material  CVD  method.  The 
sample  No.  12  was  obtained  by  the  microwave  plasma  CVD  method  and  the  sample  No.  1  3  was  obtained  by  the 
CVD  method  using  an  electron  shower. 

It  is  found  from  Table  1  that  an  electric  resistance  of  a  diamond  film  is  remarkably  increased  as  a  result  of  an  10 
effect  of  the  simultaneous  use  of  plasma  by  comparing  the  sample  No.  3  with  other  samples.  In  addition,  it  is 
found  that  a  diamond  film  having  a  high  electric  resistance  exceeding  that  of  a  diamond  film  obtained  by  the 
microwave  plasma  CVD  method  such  as  the  sample  No.  12  can  be  obtained.  It  was  found  from  the  results  of  a 
Raman  spectrometric  analysis  that  the  sample  No.  3  without  simultaneously  using  a  plasma  contains 
amorphous  carbon  but  the  samples  obtained  by  simultaneously  using  a  plasma  do  not  contain  amorphous  15 
carbon.  In  addition,  as  to  an  influence  of  a  pressure  at  the  same  plasma-electric  power,  it  was  found  from  the 
comparison  of  the  samples  No.  1  ,  2,  5,  8  and  9  that  a  particle  size  of  a  diamond  film  is  reduced  with  an  increase 
of  pressure.  In  addition,  it  is  found  from  the  comparison  of  the  samples  No.  4,  5  and  6  that  a  particle  size  of 
crystals  is  reduced  with  an  increase  of  an  electric  power  applied  and  a  strength  of  plasma.  Accordingly,  a  fine 
structure  can  be  obtained  even  at  a  high  temperature  by  controlling  the  pressure  and  strength  of  plasma.  20 

It  has  been  remarkably  difficult  in  the  microwave  plasma  CVD  method  to  obtain  such  a  fine  structure  at  a 
high  temperature. 

1)  in  Note  denotes  "due  to  slow  deposition  speed,  film  is  not  formed. 
2)  in  Note  denotes  "plasma  stability  can  not  be  maintained". 

Fig.  4  shows  a  chart  of  intensity  according  to  Raman  spectrometric  method  regarding  diamond  film  obtained  25 
by  sample  N0.6  of  the  Tabel  above. 

Example  2 
This  example  exhibits  effects  in  that  since  an  apparatus  is  similar  as  that  in  the  thermoelectron-radiating 

material  CVD  in  fundamental  construction,  a  plural  treatment  and  a  large  area  coating  are  possible  by  using  a  30 
plurality  of  thermoelectron-radiating  material  in  addition  to  the  possibility  of  synthesizing  diamond  having  a 
remarkably  high  completeness  exceeding  that  in  the  microwave  plasma  CVD  method. 

The  coating  onto  a  Mo-substrate  of  300  mm  x  150  mm  x  10  mm  was  carried  out  by  the  use  of  30  pieces  of 
thermoelectron-radiating  material  same  as  in  Example  1.  The  Mo-substrate  was  finished  by  grinding  using  a 
diamond  grindstone  #  600.  In  this  time,  in  order  to  control  a  temperature  of  respective  thermoelectron-radiat-  35 
ing  materials  in  high  accuracy,  heating  power  sources  were  provided  independently  so  that  the  control  may  be 
independently  carried  out  for  respective  thermoelectron-radiating  materials.  But,  one  side  of  electrodes  was 
commonly  used  for  the  connection  of  a  DC  power  source. 

At  first,  an  inside  of  a  reaction  vessel  was  evacuated  until  10-3  Torr  or  less  and  then  a  gaseous  mixture 
comprising  CH4  and  H2  at  a  ratio  of  1  :  100  was  introduced  into  the  reaction  vessel  as  a  raw  material  gas  at  a  40 
rate  of  200  ml/min.  Subsequently,  a  surface  temperature  of  the  substrate  was  controlled  at  a  range  of  900  to 
920°  C  by  maintaining  a  pressure  within  the  reaction  vessel  at  100  Torr,  heating  a  W-filament  as 
thermoelectron-radiating  material  at  2,000°  C  and  simultaneously  using  an  outside  heating  furnace.  Then,  a 
voltage  of  200  V  was  applied  by  means  of  the  DC  power  source  to  obtain  a  plasma  electric  current  of  80  A.  That 
is  to  say,  an  electric  power  of  35.5  W/cm2  was  applied.  Since  the  application  of  this  electric  power  leads  to  a  45 
rise  of  the  temperature  of  the  substrate,  in  order  to  maintain  the  substrate-temperature  constant,  a  filament- 
temperature  was  lowered  to  control  the  substrate-temperature.  A  coating  time  was  selected  at  4  hours. 

As  a  result,  a  diamond  film  having  an  average  thickness  of  10  microns  was  obtained.  The  fluctuation  of 
film-thickness  was  10  0/0  or  less.  In  addition,  the  obtained  diamond  film  was  remarkably  superior  in  quality,  that 
is  to  say  the  size  of  crystalline  particles  was  0.5  to  1  .0  microns  and  the  electric  resistance  was  101  1  to  1012  ohm  50 
cm.  Accordingly,  it  was  found  that  diamond  having  a  remarkably  high  completeness  and  a  fine  structure  could 
be  uniformly  coated  on  a  large  area. 

Example  3 
Diamond  was  coated  on  a  substrate  formed  of  ISO  K-10  carbide  alloy  (WC-5  0/0  Co)  type  #  SPG  422  on  the  55 

market  in  the  same  apparatus  as  in  Example  1  .  At  first,  a  reaction  vessel  was  evacuated  until  10-3  Torr  or  less 
and  then  a  gaseous  mixture  comprising  CH4  and  H2  at  a  ratio  of  1  :  100  was  introduced  as  a  raw  material  gas  at 
a  rate  of  200  ml/min.  Subsequently,  a  pressure  within  the  reaction  vessel  was  maintained  at  100  Torr.  Then,  a 
surface  temperature  of  thermoelectron-radiating  material  was  once  raised  to  950°  C  by  using  a  W-filament  as 
the  thermoelectron-  radiating  material,  heating  it  at  2,000°  C  or  more  and  simultaneously  using  an  outside  60 
heating  furnace.  Subsequently,  an  electric  power  applied  by  a  direct  current  power  source  was  adjusted  to  80 
W  and  the  surface-temperature  of  the  substrate  was  adjusted  to  950°  C  by  connecting  the  filament  to  a 
negative  pole,  connecting  a  tip  to  be  cut  to  a  positive  pole  and  letting  a  DC  plasma  start  to  control  a  voltage 
applied  and  a  filament-electric  current  at  the  same  time.  In  this  time,  a  distance  between  the  filament  and  the 
substrate-surface  was  selected  at  10  mm.  A  diamond  film  of  7  microns  thick  was  obtained  after  the  coating  65 
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process  for  3  hours.  The  particle  size  of  this  diamond  film  was  0.5  to  1  microns.  This  substrate  is  called  A.  On 
the  other  hand,  a  diamond  film  of  7  microns  thick  was  obtained  after  the  coating  process  for  5  hours  with 
controlling  a  surface-temperature  of  a  substrate  to  950°  C  by  merely  heating  a  W-filament  without 
simultaneously  using  a  DC  plasma.  A  particle  size  of  this  diamond  film  was  3  to  5  microns.  This  substrate  is 
called  B.  In  addition,  an  untreated  substrate  without  coating  diamond  thereon  was  prepared  for  comparison. 
This  untreated  substrate  is  called  C. 

These  tips  to  be  cut  were  tested  on  cutting  under  the  following  cutting  conditions: 
Material  to  be  cut  AI-12°/oSi  alloy 
Cutting  speed  800  m/min 
Feed  0.1  mm/rev 
Depth  of  cut  0.2  mm 
Holder  FR11R-44A 

As  a  result,  uncoated  C  exhibited  the  frank  abrasion  of  0.35  mm  after  15  seconds  and  also  a  material  to  be 
cut  exhibited  a  great  deposition  while  the  substrate  B  exhibited  the  frank  abrasion  of  0.12  mm  after  30  minutes. 
In  addition,  the  substrate  A  obtained  by  simultaneously  using  the  DC  plasma  according  to  the  present 
invention  exhibited  the  frank  abrasion  of  0.05  mm  after  cutting  for  30  minutes.  That  is  to  say,  a  remarkable 
effect  of  simultaneously  using  a  DC  plasma  was  confirmed. 

Example  4 
Diamond  was  coated  on  a  Mo-plate  (20  m  x  20  m  x  2  mm)  as  a  substrate  finished  by  grinding  using  diamond 

grindstone  #  600  in  an  apparatus  roughly  shown  in  Fig.  3. 
At  first,  an  inside  of  a  reaction  vessel  was  evacuated  until  10-3  Torr  or  less  and  then  a  gaseous  mixture 

comprising  CH4  and  H2  was  introduced  into  the  reaction  vessel  at  a  rate  of  300  ml/min.  A  Ta-  filament  used  as  a 
thermoelectron-radiating  material  was  heated  at  2,200°  C  or  more  with  maintaining  a  pressure  within  the 
reaction  vessel  at  an  appointed  value.  Subsequently,  an  electric  power  of  an  appointed  value  was  applied  by 
means  of  a  DC  power  source  to  generate  a  DC  high-density  energy  plasma  and  a  cooling  capacity  of  a 
substrate-supporting  table  was  changed  with  maintaining  a  temperature  of  the  filament  unchanged  to  adjust  a 
surface-temperature  of  a  substrate  to  950°  C.  A  coating  time  was  selected  at  1  hour.  Coating  conditions  and 
measurement  results  of  a  thickness  of  the  coated  film  are  shown  in  Table  2. 
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14  3  200  250  2 , 2 0 0   2 0  

15  3  200  200  2 , 3 0 0   2 5  

16  3  200  200  2 , 4 0 0   3 0  

17  4  200  250  2 , 4 0 0   4 5  

18  6  150  300  2 , 4 0 0 .   6 0  
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19  6  150  200  2 , 5 0 0   6 0  

20  8  150  250  2 , 5 0 0   7 5  

21  10  150  300  2 , 5 0 0   1 0 0  

22  2  40  M i o r o w a v e   -  6  

e l e c t r i c   | 

p o w e r :   300  W 

10 

15 

In  addition,  the  same  Mo-substrate  was  subjected  to  a  coating  process  for  5  hours  in  a  microwave  plasma  20 
CVD  apparatus  of  2.45  GHz  at  a  pressure  of  40  Torr,  microwave  electric  power  of  300  W  and 
surface-temperature  of  the  substrate  of  950°  C,  as  shown  in  the  sample  No.  22  in  Table  2  with  introducing  a 
gaseous  mixture  comprising  CH4  and  H2  at  a  ratio  of  2  :  100  into  the  reaction  vessel  at  a  rate  of  200  ml/min. 
Also  the  measurement  results  of  a  thickness  of  the  coated  film  are  shown  in  Table  2. 

As  above  described  in  Examples,  diamond  can  be  synthesized  at  a  surprisingly  high  speed  by  generating  a  25 
DC  high  energy  density  plasma  between  a  thermal  cathode  formed  of  a  thermoelectron-radiating  material 
heated  at  a  superhigh  temperature  and  a  substrate  at  a  high  pressure  and  thermally  activating  and  activating 
by  the  use  of  a  plasma  a  raw  material  gas  containing  a  carbon  source  in  high  concentration. 

Example  5  30 
A  diamond  film  was  formed  on  a  material  obtained  by  coating  TiC  on  a  steel  plate  of  10  cm  x  10  cm  in  an 

apparatus  as  shown  in  Fig.  3.  At  first,  an  inside  of  a  reaction  vessel  was  evacuated  until  10-4  Torr  and  then  a 
gaseous  mixture  comprising  C2H6  and  H2  at  a  ratio  of  8  :  100  and  B2H6  at  1,000  ppm  was  introduced  into  the 
reaction  vessel  at  a  rate  of  500  ml/min. 

An  electric  power  was  set  at  2,000  W  by  maintaining  the  pressure  within  the  reaction  vessel  at  250  Torr,  35 
using  a  filament  made  of  Ta,  heating  it  at  2,300°  C,  and  then  connecting  the  filament  to  a  negative  pole  and  the 
substrate  to  a  positive  pole,  making  a  DC  plasma  start,  and  adjusting  a  voltage  applied  and  filament  electric 
current  at  the  same  time. 

In  addition,  a  surface-temperature  of  the  substrate  was  adjusted  to  850°  C  and  a  diamond  film  was 
synthesized  for  2  hours.  40 

The  obtained  diamond  film  had  a  thickness  of  70  microns  and  contained  boron  (B)  therein. 

Example  6 
Diamond  was  coated  on  a  substrate  in  the  apparatus  as  shown  in  Fig.  3  using  materials  as  shown  in  Table  3 

under  the  conditions  as  also  shown  in  Table  3.  45 
At  first,  an  inside  of  a  reaction  vessel  was  evacuated  until  10-3  Torr  or  less  and  then  a  gaseous  mixture 

comprising  a  raw  material  gas  (carbon  source)  and  other  gases  at  a  ratio  as  shown  in  Table  3  was  introduced 
into  the  reaction  vessel  at  a  rate  of  200  ml/min.  Subsequently,  a  thermoelectron-radiating  material  was  heated 
with  maintaining  a  pressure  within  the  reaction  vessel  at  an  appointed  value  to  adjust  a  surface-temperature  of 
a  substrate.  At  this  time,  a  distance  between  a  filament  and  the  substrate  was  selected  at  10  mm.  50 

Subsequently,  an  appointed  electric  power  was  applied  for  2  hours  from  a  DC  power  source  to  obtain  a 
diamond  film  having  a  high  completeness  and  a  film-thickness  as  shown  in  Table  3. 

The  diamond  film  obtained  in  this  Example  was  tested  on  cutting  with  using  a  carbide  alloy  (WC-5  %  Co) 
prescribed  by  K-10  of  ISO  Standard,  sintered  body  mainly  comprising  Si3N4  and  W  as  the  substrate,  selecting 
a  shape  of  Model  No.  SPG  422,  and  adjusting  a  coating  time  so  that  the  film-thickness  may  amount  to  6  55 
microns.  The  results  are  shown  in  a  column  of  cutting  test  of  Table  3. 

The  cutting  conditions  were  selected  as  follows: 
Material  to  be  cut  AI-8  0/0  Si 
Cutting  speed  1,800  m/min 
Feed  0.1  mm/rev  eo 
Depth  of  cut  0.2  mm 
Cutting  time  2  hours 

The  evaluation  was  carried  out  on  the  basis  of  a  quantity  of  abrasion. 
In  the  results  of  cutting  test,  the  quantity  of  abrasion  is  increased  in  the  order  of  ®  ,  O,  A,  x  from  a  tool 

coated  with  a  diamond  film  to  that  which  is  not  coated  with  a  diamond  film,  x  exhibited  merely  a  performance  65 
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equal  to  a  tool  which  is  not  coated  with  a  diamond  film. 
On  the  other  hand,  in  the  Comparative  Examples  No.  37  and  No.  38  marked  with  *  in  Table  3  an  amorphous 

carbon  film  was  obtained. 
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A  «  «  -A  rt  H 
H  M  S  t«5  S 

\  CO 
\  <a 
\  M 

Q)\  <U  O  O  O  O 
§  m\  "S  S  S  o  o o o   o  o  o  o  r4  9  
, 0 3 X 0   - - - -   o o o o o o q o   i P r ^ l  
n o \   c i m   rHi-Ci-Hi-if-J  @-!@-••-'  ^ i n  

M  0) 

in  O 
rH  CO 
1  1 

Srt   N  S  2  ^f  -  -  -  - ObO  k s :   =  =  = r r   =  eo  1-  *  -  -  -  - 

§S  §  - s   §  

3 S   5  =  =  =  g  =  =  S  g  '=  s  =  =  £  g  g  

rH 
a  •  

'  *  @* 
So  t » v s j - i n « o r « . o o o « O i - J e M < o s r i o » o r ^ »  
cog;  c v j c M C M N C M c s i c v j o c o n c o m t n c o c o c n  

ro 

r5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 





0  254  560 

Example  7 
The  coating  process  was  carried  out  in  the  same  manner  as  in  Example  1  excepting  that  a  gaseous  mixture 

introduced  in  the  initial  stage  comprises  CH4  and  H2  at  a  ratio  of  0.1  :  100  for  30  minutes  and  then  the  reaction 
5  was  continued  for  5  hours  with  setting  a  ratio  of  CH4  to  H2  at  1  :  100  to  obtain  granular  diamond  on  a  Mo-plate. 

Because  when  the  nucleus-generating  density  per  unit  area  is  reduced  in  the  initial  stage  and  subsequently  a 
quantity  of  carbon  fed  is  increased,  diamond  is  formed  merely  on  the  generated  nuclei,  so  that  granular 
diamond  can  be  obtained  in  a  short  time. 

10  (Effects  of  the  Invention) 
As  above  described,  diamond  having  a  completeness  higher  than  that  obtained  by  the  thermoelectron- 

radiating  material  CVD  method  and  an  electric  resistance  exceeding  that  obtained  by  the  microwave  plasma 
CVD  method  can  be  obtained  by  using  the  thermoelectron-radiating  material  CVD  method  together  with  a  DC 
plasma  and  generating  such  a  plasma  at  a  high  gas  pressure  of  50  Torr  or  more  but  500  Torr  or  less,  so  that 

15  diamond  according  to  the  present  invention  can  be  applied  to  a  field  of  electronic  materials  requiring  a  high 
insulating  property. 

In  addition,  a  diamond  film  of  a  minute  particle  size  can  be  synthesized  even  at  a  high  temperature,  so  that 
the  remarkable  improvement  of  performance  can  be  attained  in  the  fields  capable  of  utilizing  mechanical 
properties  of  diamond  such  as  cutting  tools  and  abrasion-resisting  sliding  members. 

20  Besides,  according  to  a  method  of  the  present  invention,  diamond  can  be  synthesized  in  high-coating  speed of  20  microns/hr  or  more  and  a  bulk  material  of  polycrystalline  diamond  having  an  excellent  shape  and  a 
remarkably  high  completeness  and  hardly  containing  impurities  other  than  diamond  such  as  amorphous 
carbon  can  be  manufactured. 

25 

Claims 

1.  A  diamond  film  coated  on  a  substrate,  characterized  in  that  an  average  particle  size  of  diamond  is 
30  less  than  2  microns  and  a  half-width  of  a  peak  of  1344  cm-1  measured  by  the  Raman  spectrometric 

method  is  50  cm  -  1  or  less. 
2.  A  diamond  film  as  set  forth  in  Claim  1,  characterized  in  that  the  coated  diamond  has  an  electric 

resistance  of  108  ohm»cm  or  more. 
3.  A  diamond  film  as  set  forth  in  Claim  1,  characterized  in  that  the  coated  diamond  has  an  average 35  particle  size  of  1  micron  or  less. 
4.  A  diamond  film  as  set  forth  in  Claim  1  ,  characterized  in  that  a  surface  of  the  diamond  film  is  mainly  a 

(111)-plane. 
5.  A  method  for  synthesizing  a  diamond  film  in  a  low-pressure  gaseous  phase,  in  which  solid  carbon  or 

hydrocarbon  or  hydrocarbon  containing  O,  N  in  a  bonding  group  or  carbon  tetrachloride  is  used  as  a 
40  carbon  source  and  a  mixture  gas  of  said  carbon  source  and  hydrogen  is  activated  to  deposite  a  diamond 

film  on  a  surface  of  a  substrate  heated  at  600  to  1,200°C,  characterized  in  that  the  activation  of  said  raw 
material  gas  is  carried  out  by  a  thermoelectron-radiating  material  heated  at  1,600°C  or  more,  the 
thermoelectron-radiating  material  being  connected  to  a  negative  pole  while  the  substrate  to  be  coated  is 
connected  to  a  positive  pole,  by  the  use  of  a  direct  current  power  source,  a  plasma  being  formed  between 

45  the  thermoelectron-radiating  material  and  the  substrate  by  applying  a  direct  current  voltage,  the 
activation  by  the  thermoelectron-radiating  material  being  used  together  with  the  activation  by  the 
formation  of  DC  plasma,  and  a  pressure  within  a  reaction  vessel,  in  which  the  plasma  is  formed,  being  set 
at  50  Torr  or  more  but  500  Torr  or  less. 

6.  A  method  for  synthesizing  a  diamond  film  as  set  forth  in  Claim  5,  characterized  in  that  a 50  substrate-supporting  table  is  cooled  by  flowing  a  coolant  therethrough  from  an  outside  of  the  reaction 
tube  and  a  temperature  of  the  substrate  surface  heated  and  changed  by  the  radiation  from  the 
thermoelectron-radiating  material,  thermal  conduction  from  the  raw  material  gas  and  generated  plasma  is 
controlled  quite  independently  from  coating  conditions,  such  as  a  temperature  of  the  thermoelectron- 
radiating  material  and  a  plasma  electric  power  applied,  by  adjusting  a  cooling  capacity  of  a  cooling 55  support  table  in  dependence  upon  said  coating  conditions. 

7.  A  method  for  synthesizing  a  diamond  bulk  material,  characterized  in  that  the  temperature  of  the 
thermoelectron-radiating  material  is  set  at  2,200°  C  or  more,  the  electric  power  to  be  applied  for  the 
formation  of  DC  plasma  being  set  at  50W/cm3  or  more  per  unit  volume  of  DC  plasma-forming  space,  the 
temperature  of  the  substrate  surface  being  set  at  850°  C  or  more  but  1,200°C  or  less,  and  a  ratio  of  a 60  number  of  carbon  atoms  to  that  of  hydrogen  atoms  in  the  raw  material  gas  being  set  at  1  °/o  or  more  but 
10  %  or  less. 
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