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Description 

This  invention  relates  to  a  method  of  producing 
silica  glass  which  internally  has  a  refractive  index  dis- 
tribution  for  optical  waveguide  control.  Further,  it  re- 
lates  to  a  method  of  producing  so-called  an  "embed- 
ded"  silica  glass  waveguide  having  a  refractive  index 
distribution  in  a  partial  region  of  silica  glass. 

Several  methods  of  forming  a  variety  of  optical- 
function  devices  by  introducing  a  substance,  which 
changes  a  refractive  index,  into  glass  for  optical  wa- 
veguide  control  have  been  hitherto  proposed. 

One  of  such  methods  is  known  as  an  ion  ex- 
change  method.  In  this  method,  the  ion  exchange  is 
carried  out  by  immersing  multicomponent  glass  con- 
taining  an  exchangeable  ion  component  in  a  molten 
salt  containing  an  ion  to  increase  or  decrease  a  refrac- 
tive  index,  whereby  a  refractive  index  distribution  is 
formed  [E.  Okuda  et  al.  Applied  Optics,  23,  1747 
(1984)].  This  method  has  a  characteristic  in  that  a 
very  moderate,  nearly  ideal  parabolic  refractive  index 
distribution  can  be  formed.  It,  however,  has  the  fol- 
lowing  defects:  Since  the  ion  diffusion  rate  is  low,  it 
requires  procedures  of  heating,  etc.,  and  a  long  period 
of  time  is  required  to  obtain  a  necessary  distribution. 
Further,  this  method  is  limited  to  monovalent  ions 
having  high  mobility,  and  it  cannot  be  applied  to  ions 
having  greater  valency. 

In  the  method  of  producing  so-called  an  "embed- 
ded"  silica  glass  waveguide,  a  glass  substrate  sur- 
face  is  masked  by  depositing  a  metal  prior  to  ion  ex- 
change,  whereby  an  ion  exchange  region  is  limited 
[M.  Oikawa  et  al.  Electron  Lett.,  17(3),  452  (1981). 
However,  this  method  has  a  problem  in  that  a  second 
ion  exchange  is  required  to  fabricate  an  embedded 
waveguide,  thus  making  the  process  very  complicat- 
ed. 

An  electric  field  assisted  ion  exchange  method 
has  been  also  proposed,  which  seeks  to  shorten  the 
diffusion  time  and  to  promote  embedding  of  a  dopant 
into  a  substrate.  In  this  method,  however,  complicat- 
ed  devices  are  required,  i.e.  the  substrate  is  prepared 
in  a  box  form,  and  the  like,  and  complicated  proce- 
dures  are  also  required. 

Another  method  is  known  as  a  molecular  stuffing 
method.  In  this  method,  a  porous  glass  as  a  substrate 
is  immersed  in  an  aqueous  solution  containing,  as  a 
dopant,  a  monovalent  ion  such  as  Cs+,  Tl+,  or  the  like 
to  diffuse  (stuff)  the  ion  into  pores  of  the  substrate. 
The  substrate  is  then  immersed  in  a  suitable  solvent 
to  elute  (unstuff)  the  ion  partially,  whereby  a  desired 
refractive  index  distribution  is  formed.  Then,  the  dis- 
tribution  is  fixed  by  depositing  the  ion  in  the  pores, 
and  the  substrate  is  fired  to  render  it  nonporous  [Asa- 
hara,  Ceramics,  21,  425  (1986)].  This  method  has  a 
merit  that  an  index  distribution  even  for  large-size  rod 
lens  can  be  produced  for  a  comparatively  short  period 
of  time  at  a  temperature  around  room  temperature. 

However,  it  has  defects  in  that  not  only  its  manufacur- 
ing  step  is  complicated  but  also  the  dopant  substance 
usable  is  limited  to  water-soluble  salts.  For  this  rea- 
son,  this  method  has  a  problem  that  some  ions  cause 

5  crystallization  while  sintering  if  there  is  used  porous 
glass  manufactured  according  to  a  sol-gel  method 
which  has  recently  attracted  attention  as  a  method  of 
synthesizing  inexpensive  silica  glass. 

Furthermore,  a  method  of  introducing,  as  an  ox- 
10  ide  precursor,  a  substance  other  than  an  ion,  e.g. 

chloride,  metal  alkoxide,  orthe  like  has  been  suggest- 
ed.  This  method  makes  it  comparatively  easy  to  dope 
porous  glass  manufactured  according  to  a  sol-gel 
method.  These  precursors  (mostly  liquid  at  an  ordi- 

15  nary  temperature)  are,  in  general,  highly  reactive,  and 
it  is  therefore  difficult  to  handle  them  while  their  liquid 
phase  is  maintained.  Hence,  it  has  been  difficult  to 
dope  glass  accurately  with  a  desired  amount  thereof 
or  to  form  an  accurate  refractive  index  distribution 

20  within  glass. 
An  embedded  glass  substance  is  also  manufac- 

tured  by  partly  clogging  pores  of  porous  glass  with  a 
photopolymerizable  low-molecular  weight  compound 
to  limit  the  diffusion  region  into  which  an  ion  or  an  ox- 

25  ide  precursor  is  diffused  (Japanese  Laid-Open  Patent 
Publication  No.  232248/1986). 

The  dopant  fixing  is  often  carried  out  by  utilizing 
pyrolysis  during  the  sintering.  Since,  however,  dissi- 
pation  from  the  pores  and  some  other  undesired  phe- 

30  nomena  occur  during  the  heating  time,  it  has  been 
very  difficult  to  control  the  refractive  index  distribu- 
tion. 

It  is  an  object  of  this  invention  to  provide  a  simple 
method  of  producing  silica  glass  having  a  refractive 

35  index  distribution  internally  for  optical  waveguide  con- 
trol. 

It  is  another  object  of  this  invention  to  provide  a 
method  of  simply  producing  silica  glass  having  a  de- 
sired  refractive  index  distribution  internally,  which  can 

40  control  the  dopant  concentration  accurately. 
It  is  furtheranot  her  object  of  this  invention  to  pro- 

vide  a  method  of  producing  silica  glass  having  a  re- 
fractive  index  distribution,  which  uses  a  highly  reac- 
tive  and  diff  icult-to-handle  oxide  precursor. 

45  It  is  yet  another  object  of  this  invention  to  provide 
a  method  of  producing  silica  glass  having  a  parabolic 
refractive  index  distribution,  which  can  be  carried  out 
for  a  short  period  of  time  by  a  simple  procedure. 

It  is  still  another  object  of  this  invention  to  provide 
so  a  method  of  producing  silica  glass  having  a  desired 

refractive  index  distribution  internally,  which  can  fine- 
ly  control  the  diffusion  region  of  a  dopant  in  the  lateral 
direction  of  the  silica  glass,  i.e.  the  direction  at  right 
angles  to  the  thickness  direction  thereof. 

55  According  to  this  invention,  there  is  provided  a 
method  of  producing  silica  glass,  which  comprises: 

(a)  a  step  of  diffusing  a  dopant  into  pores  of  por- 
ous  glass  by  bringing  the  dopant  in  a  gas  phase 

2 
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into  contact  with  the  porous  glass  until  the  dopant 
reaches  its  adsorption  equilibrium  amount, 
(b)  a  step  of  partially  removing  the  diffused  do- 
pant  by  holding  the  porous  glass  in  an  atmos- 
phere  maintaining  a  partial  pressure  of  the  do- 
pant  at  a  lower  level  than  that  of  an  equilibrium 
adsorption  pressure  of  the  dopant  in  the  above 
diffusion  step  (a)  to  lower  the  dopant  concentra- 
tion  in  the  vicinity  of  the  porous  glass  surface 
portion, 
(c)  a  step  of  fixing  the  dopant  within  the  pores  of 
the  porous  glass,  and 
(d)  a  step  of  firing  the  porous  glass  to  render  it 
nonporous. 
Further,  according  to  this  invention,  there  is  pro- 

vided  a  method  of  producing  silica  glass,  wherein: 
the  above  diffusion  step  (a)  is  preceded  by  (e) 

a  step  of  partly  clogging  the  pores  of  the  porous  glass 
with  a  polymer  of  a  polymerizable  compound,  and 

the  above  fixing  step  (c)  is  followed  by  (f)  a 
step  of  removing  the  polymer  of  the  polymerizable 
compound  in  the  pores  by  decomposition. 

Fig.  1  shows  a  schematic  view  of  a  gas  phase 
doping  apparatus  useful  in  this  invention. 

Fig.  2  shows  a  Ge  concentration  distribution  in 
the  thickness  direction  of  silica  glass  obtained  ac- 
cording  to  the  method  of  this  invention. 

Fig.  3  shows  a  Ge  concentration  distribution  in 
the  thickness  direction  of  silica  glass  produced  ac- 
cording  to  a  method  which  consists  of  the  steps  of  this 
invention  except  for  the  step  (b)  of  partially  removing 
a  dopant  (Comparative  Example  1). 

Fig.  4  shows  cross  sectional  views  of  silica  glass 
at  steps  of  partly  clogging  its  pores  in  the  lateral  di- 
rection. 

Fig.  5  shows  a  Ge  concentration  distribution  at 
the  cross  section  of  the  waveguide  which  was  fabri- 
cated  according  to  the  method  described  in  Example 
2,  where  A  n  indicates  refractive  index  difference. 

In  this  invention,  the  dopant  concentration  can  be 
uniformly  and  accurately  controlled  by  placing  porous 
glass  in  a  vapor  of  a  dopant  substance  and  introduc- 
ing  the  dopant  vapor  into  the  porous  glass  until  an  ad- 
sorption  equilibrium  is  reached.  In  this  invention,  the 
amount  of  an  intended  dopant  adsorbed  to  a  porous 
glass  is  preliminarily  measured  as  a  function  of  the 
dopant  pressure  at  a  constant  temperature,  and,  on 
the  basis  of  the  resultant  adsorption  isothermic  line, 
the  porous  glass  is  placed  under  a  dopant  pressure 
by  which  to  obtain  a  desired  dopant  concentration, 
whereby  a  predetermined  amount  of  the  dopant  can 
be  doped  very  accurately.  Then,  the  porous  glass  is 
placed  under  a  dopant  atmosphere  having  a  lower 
pressure  than  the  equilibrium  adsorption  pressure, 
whereby  the  dopant  is  removed  from  the  vicinity  of 
the  porous  glass  surface  to  convert  to  a  new  adsorp- 
tion  equilibrium.  In  this  conversion  course,  a  distribu- 
tion  having  a  maximum  of  the  dopant  concentration 

within  the  glass  is  formed.  At  this  stage,  the  partial 
removal  of  the  dopant  is  stopped.  And,  the  dopant  is 
fixed,  and  the  glass  is  fired  to  render  it  nonporous, 
whereby  silica  glass  having  a  refractive  index  distrib- 

5  ution  having  a  maximal  refractive  index  within  the 
glass  is  produced. 

This  invention  will  be  explained  according  to  Fig. 
1. 

In  order  to  achieve  an  adsorption  equilibrium 
10  easily,  this  invention  uses  a  vacuum  line  4  for  drying 

and  doping  porous  glass  and  removing  a  dopant  par- 
tially.  This  vacuum  line  has  an  advantage  in  that  the 
preliminary  complete  removal  of  water  which  is  adsor- 
bed  within  the  pores  of  the  porous  glass  and  prevents 

15  diffusion,  the  doping  and  the  partial  removal  of  the 
dopant  can  be  carried  out  on  one  line  as  a  series  of 
procedures.  And,  since  highly  reactive  liquids,  e.g.  an 
oxide  precursor,  are  also  replaced  within  the  vacuum 
line,  they  can  be  handled  very  easily. 

20  This  invention  will  be  illustrated  more  in  detail 
hereinbelow. 

Acontainer2  containing  porous  glass  1  which  has 
been  preliminarily  measured  for  an  adsorption  iso- 
thermic  line  in  the  presence  of  a  doping  substance  is 

25  evacuated,  and  optionally  heated  to  remove  water  in 
the  glass  fully.  Then,  a  dopant  vapor  having  a  pres- 
sure  to  give  a  desired  dopant  adsorption  amount  is  in- 
troduced  to  allow  the  porous  glass  to  adsorb  a  dopant 
by  adjusting  a  stop  cock  of  a  container  containing  a 

30  dopant  3  with  observing  a  pressure  gauge  5.  The 
equilibrium  adsorption  amount  at  this  stage  determi- 
nes  the  refractive  index  of  the  doped  glass. 

The  dopant  is  required  to  be  a  substance  having 
a  vapor  pressure,  e.g.  a  pressure  of  several  Torrto  do- 

35  zons  Torr,  (x1  .33.1  02Pa),such  that  a  suitable  amount 
of  the  dopant  is  adsorbed  to  the  porous  glass  at  room 
temperature  or  under  suitable  heat  of  a  temperature 
comparatively  near  to  room  temperature.  The  other 
required  characteristic  of  the  dopant  is  that  it  should 

40  be  converted  to  a  substance  which  has  a  lower  vapor 
pressure  by  a  procedure  of  fixing  the  dopant  within 
the  pores  of  the  porous  glass,  e.g.  hydrolysis,  heat- 
ing,  etc.  The  dopant  is  finally  fixed  within  the  porous 
glass  as  a  stable  oxide,  and  has  characteristics  of  an 

45  oxide  precursor.  Typical  examples  of  the  dopant  sat- 
isfying  these  characteristics  are  a  metal  halide,  alk- 
oxide,  hydride,  alkyl  compound,  and  the  like.  A  mix- 
ture  of  some  of  these  may  be  also  used,  and  a  vapor 
thereof  may  be  diluted  with  a  suitable  gas,  such  as  a 

so  helium  gas,  nitrogen  gas,  orthe  like.  Examples  of  the 
metal  are  those  metals  which  come  under  the  groups 
MA,  MB,  IMA,  1MB,  IVA,  IVB,  VAand  VB  of  the  periodic 
table.  Of  these  metals,  the  preferable  examples  are 
Ge,  Sn,  Pb,  Ti,  P,  As  and  B,  and  the  most  preferable 

55  examples  are  Ge  and  Ti. 
The  amount  of  the  dopant  adsorbed  is  influenced 

by  pore  characteristics  of  a  porous  glass.  And,  porous 
glass  having  a  pore  diameter  of  less  than  20  nm  is  se- 

3 
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lected.  The  pore  characteristics  of  the  porous  glass 
differ  to  a  great  extent  depending  upon  its  production 
process. 

For  example,  the  porous  glass  is  manufactured 
by  phase-separating  treatment  of  boro-silicate  glass, 
known  as  Vycor  (trade  name,  supplied  by  U.S.  Coning 
Glass  Works),  or  manufactured  by  a  sol-gel  method. 
The  dopant  concentration  can  be  controlled  in  a  wide 
range  by  selecting  kinds  of  the  porous  glass  and  the 
dopant  depending  upon  silica  glass  applications.  This 
invention  uses  a  gas  phase  doping  method,  whereby 
the  dopant  diffusion  rate  is  very  high,  and  therefore, 
the  doping  can  be  advantageously  completed  for  a 
very  short  period  of  time. 

After  a  uniform  doping  within  the  porous  glass  is 
completed  due  to  an  adsorption  equilibrium,  the  por- 
ous  glass  is  left  to  stand  in  an  atmosphere  having  a 
lower  dopant  pressure  than  the  adsorption  equilibri- 
um  pressure  to  remove  the  dopant  partially  from  the 
glass  surface.  In  this  case,  the  dopant  pressure  is  re- 
duced  into  a  predetermined  pressure,  for  example,  by 
using  a  vacuum  pump,  or  substituting  some  other  gas 
for  the  dopant.  The  dopant  concentration  distribution 
within  the  porous  glass  is  formed  depending  upon  a 
balance  between  diffusion  of  the  dopant  within  the 
glass  and  the  rate  of  dopant  removal  from  the  glass 
surface.  By  suitably  selecting  the  pressure  and  the 
standing  time  a  parabolic  distribution,  may  be 
achived. 

When  the  doping  is  carried  out  such  that  the  dop- 
ing  reaches  the  limit  where  all  of  the  pores  are  filled 
with  the  dopant,  the  dopant  within  the  pores  is,  as  it 
may  be  said,  in  a  liquid  phase,  and,  in  particular,  at  an 
initial  stage  of  gas  phase  removal,  the  dopant  evap- 
orates  forming  a  gas-liquid  interface  within  the  por- 
ous  glass.  Therefore,  if  the  dopant  removal  is  stopped 
during  the  evaporation,  it  is  possible  to  form  a  steeper 
refractive  index  distribution  based  on  the  gas-liquid 
interface  than  a  distribution  formed  when  the  doping 
does  not  reach  the  limit. 

In  this  invention,  the  doping  is  carried  out  in  a  gas 
phase  as  discussed  above.  Therefore,  this  invention 
has  an  advantage  in  that  the  dopant  adsorption  and 
removal  rates  are  very  high,  whereby  a  region  having 
a  maximum  of  a  dopant  concentration  can  be  rapidly 
formed  within  the  glass. 

In  the  gas  phase  doping  method  of  this  invention, 
the  drying  of  the  porous  glass  and  the  doping  includ- 
ing  the  dopant  removal  are  carried  out  within  a  va- 
cuum  line,  whereby  a  step  of  removal  of  water  which 
is  adsorbed  within  the  pores  and  prevents  diffusion, 
and  a  step  of  formation  of  a  dopant  concentration  dis- 
tribution  by  doping  can  be  carried  out  on  one  line  as 
a  series  of  operation  procedures.  For  this  reason,  this 
invention  has  an  advantage  in  that  a  variety  of  do- 
pants  having  high  reactivity  can  be  safely  and  stably 
used  without  dissipating  them  out  of  the  line. 

After  the  desired  dopant  concentration  distribu- 

tion  is  obtained  as  explained  above,  the  dopant  is 
fixed  within  the  pores.  The  requirement  in  this  step  is 
that  the  dopant  concentration  distribution  formed  is 
not  disturbed,  and  means  therefor  can  be  selected 

5  depending  upon  properties  of  the  dopant  to  be  used. 
Preferable  modes  of  the  means  are  hydrolysis,  pyrol- 
ysis,  oxidation  using  gaseous  oxygen,  and  the  like. 
For  example,  the  hydrolysis  can  be  carried  out  by  im- 
mersing  the  porous  glass  in  water,  by  introducing 

10  steam  into  the  vacuum  line,  or  the  like.  The  porous 
glass  in  which  the  dopant  is  so  fixed  is  then  heated 
to  a  predetermined  temperature,  whereby  there  is  ob- 
tained  nonporous  silica  glass  having  a  refractive  in- 
dex  distribution. 

15  The  method  of  producing  an  "embedded"  silica 
glass  waveguide  will  be  explained  hereinbelow. 

In  this  invention,  pores  of  porous  glass  is  filled 
with  a  photopolymerizable  compound.  Then,  the 
pores  are  partly  exposed  through  a  mask  having  a  de- 

20  sired  pattern  to  photopolymerize  the  photopolymeriz- 
able  compound.  The  nonexposed  portion  of  the  pho- 
topolymerizable  compound  is  removed.  In  this  man- 
ner,  the  pores  in  the  light-permeable  porous  glass  is 
regioselectively  clogged  with  a  polymer  of  the  photo- 

25  polymerizable  compound  in  the  lateral  direction  of  the 
porous  glass,  i.e.  in  the  direction  at  right  angles  to  the 
thickness  direction,  whereby  lateral  diffusion  is  pre- 
vented.  Thereafter,  the  porous  glass  is  doped  with  a 
dopant  in  a  gas  phase  by  utilizing  multilayer  adsorp- 

30  tion  of  a  dopant  substance  vaportothe  poresurfaces 
of  the  porous  glass. 

The  doping  is  carried  out  on  the  basis  of  a  char- 
actristic  that  the  equilibrium  adsorption  amount  de- 
pends  upon  a  dopant  pressure.  Thus,  the  nonclogged 

35  pores  are,  at  first,  entirely  doped  under  an  equilibrium 
pressure  corresponding  to  a  dopant  amount  by  which 
to  obtain  a  desired  maximum  refractive  index.  Then, 
the  glass  is  left  to  stand  in  an  atmosphere  having  a 
dopant  partial  pressure  lower  than  the  equilibrium 

40  pressure  to  remove  the  dopant  partially,  whereby  the 
dopant  concentration  only  around  the  glass  surface  is 
decreased,  and  a  dopant  concentration  distribution 
having  a  maxium  concentration  within  the  glass  is 
formed. 

45  The  resultant  dopant  distribution  is  fixed  within 
the  pores  of  the  glass,  and  the  glass  is  sintered  to  ren- 
der  it  nonporous,  whereby  a  desired  optical  wave- 
guide  portion  is  formed  within  the  glass. 

In  this  invention,  a  three-dimensional  (embed- 
so  ded)  optical  waveguide  can  be  easily  produced  with 

a  simple  apparatus  and  operation  procedures. 
The  diffusion  of  a  dopant  gas  in  the  lateral  direc- 

tion  can  be  controlled  by  position-selectively  clogging 
the  pores.  Therefore,  if  the  pores  are  clogged  very 

55  finely,  it  is  possible  to  form  a  dopant  pattern  which  is 
as  fine  as  the  clogging  accuracy  and  consists  of  dop- 
ed  portions  and  undoped  portions.  In  this  case,  a  fine 
pattern  by  dozens  micrometer  order  can  be  also 

4 
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formed  by  carrying  out  the  exposure  through  a  pho- 
tomask. 

The  photopolymerizable  compound  used  in  this 
invention  is  not  critical.  Ordinary  photopolymerizable 
low-molecular  weight  compounds  are  usable  if  they 
can  be  filled  in  pores  of  porous  glass  for  a  compara- 
tively  short  period  of  time  and  are  easily  photopoly- 
merizable  and  if  a  polymer  formed  therefrom  can  be 
easily  removed  by  decomposition  under  heat  in  an 
oxygen-containing  atmosphere.  Such  photopolymer- 
izable  compounds  are  easily  evaporated  off  and  re- 
movable  from  the  pore  interiors  by  allowing  them  to 
stand  under  a  suitable  temperature  or  a  suitably  re- 
duced  pressure.  The  photopolymerizable  low-molec- 
ular  weight  compound  may  be  a  monomer  which  ac- 
tivates  itself  by  direct  absorption  of  light  and  initiates 
polymerization,  or  a  monomer  which  contains  a  sub- 
stance  (photosensitizer)  to  generate  a  radical  by  de- 
composition  under  light  and  initiates  polymerization 
by  irradiation  of  it  with  light. 

Examples  of  such  a  photopolymerizable  compound 
are  acrylic  acid,  methacrylic  acid,  styrene  and  deriva- 
tives  of  these,  and  they  are  also  low-molecular  weight 
compounds  having  a  photopolymerizable  group  such  as 
an  acryloyl  group  (CH2=CH-COO-),  metacryloyl  group 
(CH2=C(CH3)-COO-),  acrylamide  group  (CH2=CH- 
CONH-),  maleic  diester  (-OCOCHNCH-COO-),  vi- 
nylthioether  group  (CH2=CH-S-),  vinylamino  group 
(CH2=CH-NH-),  glycidy  group 

(CH2-CH-CH2-)  , 

O 

acethylenically  unsaturated  group  (-C=C-),  or  the 
like. 

This  invention  uses  an  adsorption  equilibrium  of 
a  dopant  vapor  to  porous  glass,  whereby  there  is  pro- 
vided  a  method  of  producing  silica  glass  internally 
having  a  refractive  index  distribution  with  ease  and 
high  accuracy. 

This  invention  makes  it  possible  to  control  the  do- 
pant  concentration  accurately,  whereby  there  is  pro- 
vided  a  method  of  producing  silica  glass  internally 
having  a  desired  refractive  index  distribution  with 
ease  and  for  a  short  period  of  time. 

According  to  this  invention,  there  is  provided  a 
method  of  simply  producing  silica  glass  internally 
having  a  desired  refractive  index  distribution  by  using 
an  oxide  precursor  which  is  highly  reactive  and  diffi- 
cult  to  handle. 

According  to  this  invention,  there  is  provided  a 
method  of  producing  silica  glass,  in  which  a  parabolic 
refractive  index  distribution  can  be  formed  even  in 
large-sized  glass  for  a  very  short  period  of  time. 

Silica  glass  produced  according  to  this  invention 
is  useful  in  the  field  of  opto-electronics  such  as  a 

GRIN  lens,  optical  waveguide  path,  etc. 
This  invention  makes  it  possible  to  finely  control 

the  dopant  diffusion  region  in  the  lateral  direction  of 
silica  glass,  i.e.  in  the  direction  at  right  angles  to  the 

5  thickness  direction  thereof,  whereby  there  is  provid- 
ed  a  method  of  producing  silica  glass  internally  hav- 
ing  a  desired  refractive  index  distribution. 

Silica  glass  produced  according  to  this  invention 
is  suitable  for  production  of  a  three-dimensional  opt- 

10  ical  waveguide  path,  etc.,  and  very  useful  in  the  field 
of  opto-electronics. 

This  invention  will  be  explained  further  in  detail 
hereinbelow  by  reference  to  Examples. 

15  EXAMPLE  1 

Tetramethylorthosilicate  [Si(OCH3)4]  was  hydrol- 
yzed  with  a  0.05  N  hydrochloric  acid  aqueous  solution 
to  prepare  a  sol,  and  the  sol  was  gelled  in  a  suitable 

20  container.  The  resultant  gel  was  dried  under  an  at- 
mosphere  having  a  temperature  of  25°C  and  a  40  % 
relative  humidity,  and  fired  in  an  electric  oven  at 
750°C  to  obtain  flat  porous  glass  having  a  thickness 
of  about  1  mm.  The  porous  glass  had  a  bulk  density 

25  of  1  .7  g/cm3  and  a  specific  surface  area  of  400  m2/g. 
The  porous  glass  was  heated  to  1  50°C  under  vacuum 
for  1  hour  to  remove  adsorbed  water.  Then,  the  tem- 
perature  was  adjusted  back  to  room  temperature,  and 
the  porous  glass  was  allowed  to  adsorb  a  germanium 

30  tetrachloride  vapor  (GeCI4)  until  an  equilibrium  was 
reached.  In  this  case,  the  final  equilibrium  pressure 
was  11  Torr  (x1.33.102Pa),  and  0.30  g  of  GeCI4  per  1 
g  of  Si02  was  adsorbed.  Then,  the  system  was  evac- 
uated  until  the  atmosphere  around  the  porous  glass 

35  nearly  became  0  Torr  (x1  .33.  1  02Pa),  whereby  the  ad- 
sorbed  GeCI4  was  partially  removed  from  the  glass 
surface.  About  five  minutes  later,  the  porous  glass 
was  taken  out  of  the  vacuum  line,  and  immersed  in 
pure  water  at  25°C  for  4  hours  to  fix  the  dopant  as 

40  Ge02.  The  elution  of  t  he  Ge  into  t  he  water  on  t  h  is  time 
scale  was  low  as  compared  with  the  effect  of  the  par- 
tial  removal  in  the  gas  phase,  and  the  concentration 
profile  was  determined  mainly  by  the  partial  removal 
step.  The  glass  was  taken  out  of  the  pure  water,  dried 

45  at  room  temperature,  and  heated  to  1,000°C  in  an 
electric  oven  to  render  it  nonporous.  The  cross  sec- 
tion  of  the  resultant  sample  was  measured  by  using 
an  electron  probe  microanalyzer  (EPMA)  to  show  that 
the  Ge  concentration  decreased  parabolically  to- 

50  wards  the  surfaces  as  shown  in  Fig.  2,  and  that  the 
sample  was  thus  a  slab  GRIN  lens  having  a  maximum 
refractive  index  difference  of  0.012. 

COMPARATIVE  EXAMPLE  1 
55 

Example  1  was  repeated  to  produce  porous  glass 
doped  with  GeCI4,  and  the  porous  glass  was  treated 
in  the  same  way  as  in  Example  1  except  that  the 

5 
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GeCI4  removal  step  was  omitted.  The  cross  section  of 
the  resultant  sample,  which  was  subjected  to  fixing  of 
GeCI4  and  rendered  nonporous,  was  measured  by  us- 
ing  an  EPMA. 

Fig.  3  shows  the  result.  An  elution  was  slightly  ob- 
served  in  the  marginal  portions.  However,  the  sample 
had  a  nearly  uniform  Ge  concentration  as  a  whole. 

EXAMPLE  2 

The  same  porous  glass  as  that  obtained  in  Exam- 
ple  1  was  heated  to  150°C  under  vacuum  for  1  hour 
to  remove  adsorption  water.  Then,  the  temperature 
was  adjusted  back  to  room  temperature  [Fig.  4(a)], 
and  the  porous  glass  was  immersed  in  methyl  acryl- 
ate  (MA)  containing  1  mol%  of  2-ethoxy-2-phenyl- 
acetophenone  as  a  photosensitizer  for  5  hours  [Fig. 
4(b)].  In  Fig.  4(b),  numeral  2  indicates  porous  glass 
impregnated  with  this  photopolymerizable  low-mo- 
lecular  weight  compound.  The  glass  was  taken  out, 
and  exposed  to  UV  ray  through  a  photomask  3 
formed  of  glass  having  a  pattern  made  of  metal  chro- 
mium,  whereby  the  MA  in  regions  other  than  portions 
shaded  with  the  mask  pattern  was  photopolymerized 
[Fig.  4(c)].  In  Fig.  4(c),  numeral  4  indicates  a  region 
where  the  low-molecular  weight  compound  is  poly- 
merized.  Thereafter,  the  glass  was  allowed  to  stand 
at  room  temperature  for  30  minutes,  and  further  al- 
lowed  to  stand  under  vacuum  at  100°Cfor  30  minutes 
to  remove  the  nonpolymerized  MA  in  the  pattern- 
shaded  portions  [Fig.  4(d)].  In  Fig.  4(d),  numeral  5  in- 
dicates  a  region  where  the  nonpolymerized  low-mo- 
lecular  weight  compound  is  removed.  Thus,  the  pores 
were  partly  clogged. 

The  glass  was  placed  in  a  vacuum  line,  and  the 
entire  line  was  evacuated  to  vacuum.  Then,  a  germa- 
nium  tetrachloride  (GeCI4)  vapor  was  introduced,  and 
adsorbed  into  pores  until  an  equilibrium  was  reached 
[Fig.  4(e)].  In  Fig.  4(e),  numeral  6  indicates  a  region 
where  a  dopant  is  adsorbed.  In  this  case,  the  final 
equilibrium  pressure  was  40  Torr,  and  it  took  about  2 
hours  before  the  equilibrium  was  reached.  Then,  the 
system  was  evacuated  to  vacuum  until  the  atmos- 
phere  surrounding  the  porous  glass  became  nearly  0 
Torr,  whereby  the  adsorbed  GeCI4  was  partially  re- 
moved  through  the  glass  surface  for  5  minutes  [Fig. 
4(f)].  In  Fig.  4(f),  numeral  7  shows  a  state  where  the 
dopant  in  the  vicinity  of  the  glass  surface  is  removed. 

The  porous  glass  was  taken  out  of  the  vacuum 
line,  and  immersed  in  pure  water  at  25°C  for  4  hours 
to  hydrolyze  the  GeCI4  and  fix  it  as  Ge02  [Fig.  4  (g)]. 
In  Fig.  4(g),  numeral  8  shows  a  state  where  the  do- 
pant  is  fixed  by  hydrolysis,  and  there  is  water  pene- 
trating  the  vicinity  of  the  glass  surface.  Then,  the 
glass  was  taken  out  of  the  water,  and  dried  at  room 
temperature  [Fig.  4(h)].  In  Fig.  4(h),  numeral  9  shows 
a  state  in  which  the  water  is  removed.  The  glass  was 
then  heated  to600°C  in  an  electric  oven.  By  this  heat- 

ing,  the  photopolymerized  MA  clogging  the  pores  was 
decomposed  and  evaporated  [Fig.  4(i)].  In  Fig.  4(i), 
numeral  10  indicates  a  state  where  the  polymer  is  re- 
moved  by  pyrolysis.  Further,  the  glass  was  rendered 

5  nonporous  by  heating  to  1,000°C  [Fig.  4(j)].  In  Fig. 
4(j),  numeral  11  indicates  nonporous  glass. 

The  cross  section  of  the  resultant  sample  was 
measured  by  using  a  EPMA  to  show  that  a  region  hav- 
ing  a  high  refractive  index  due  to  Ge02  was  formed 

10  within  the  glass.  Fig.  5  shows  the  results. 

Claims 

15  1.  A  method  of  producing  a  silica  glass,  which  com- 
prises: 

a)  diffusing  a  dopant  into  the  pores  of  a  por- 
ous  silica  glass  by  contacting  the  dopant  in  a 
gas  phase  with  the  porous  glass  until  the  do- 

20  pant  reaches  an  adsorption  equilibrium 
amount, 
b)  partially  removing  the  diffused  dopant  by 
holding  the  porous  glass  in  an  atmosphere 
maintaining  a  partial  pressure  of  the  dopant  at 

25  a  lower  level  than  that  of  the  equilibrium  ad- 
sorption  pressure  of  the  dopant  from  diffusion 
step  (a)  to  lower  the  dopant  concentration  in 
the  vicinity  of  the  porous  glass  surface  por- 
tion, 

30  c)  fixing  the  dopant  within  the  pores  of  the 
porous  glass,  and 
d)  firing  the  porous  glass  to  render  it  nonpor- 
ous. 

35  2.  A  method  according  to  claim  1,  wherein  the  por- 
ous  glass  is  that  which  is  produced  by  a  sol-gel 
method  or  phase-separation  treatment  of  boro- 
silicate  glass. 

40  3.  A  method  according  to  claim  1  or  2,  wherein  the 
dopant  is  a  metal  oxide  precursor. 

4.  A  method  according  to  claim  3,  wherein  the  metal 
oxide  precursor  is  at  least  one  metal  halide,  alk- 

45  oxide,  alkyl  compound  or  hydride. 

5.  A  method  according  to  claim  4,  wherein  the  metal 
is  at  least  one  metal  of  Group  MA,  MB,  IMA,  1MB, 
IVA,  IVB,  VAor  VB  of  the  Periodic  Table. 

50 
6.  A  method  according  to  claim  5,  wherein  the  metal 

is  at  least  one  of  Ge,  Sn,  Pb,  Ti,  P,  As  and  B. 

7.  A  method  according  to  claim  1,  wherein  fixing 
55  step  (c)  is  carried  out  by  hydrolysis  of  the  dopant. 

8.  A  method  according  to  claim  7,  wherein  hydroly- 
sis  is  carried  out  by  contacting  the  porous  glass 

6 
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with  water. 

9.  A  method  according  to  claim  8,  wherein  the  por- 
ous  glass  is  contacted  with  steam  or  is  immersed 
in  water.  5 

10.  A  method  according  to  any  one  of  the  preceding 
claims  wherein  the  adsorption  equilibrium 
amount  of  the  dopant  in  step  (a)  is  under  the  con- 
trol  of  at  least  one  of  the  temperature,  the  partial  10 
pressure  of  the  dopant  and  the  porosity  of  the 
porous  glass. 

11.  Amethod  according  to  claim  10,  wherein  the  por- 
ous  glass  has  pores  having  a  diameter  of  less  15 
than  20  nm. 

12.  Amethod  according  to  any  one  of  the  preceding 
claims  wherein  step  (a)  is  preceded  by  (e)  a  step 
of  partly  clogging  the  pores  of  the  porous  glass  20 
with  a  polymer  of  a  polymerizable  compound,  and 
step  (c)  is  followed  by  (f)  a  step  of  removing  the 
polymer  of  the  polymerizable  compound  in  the 
pores  by  decomposition. 

25 
13.  A  method  according  to  claim  12,  wherein  the 

clogging  step  (e)  comprises  introducing  a  poly- 
merizable  compound  into  the  pores  of  the  porous 
glass  and  then  partly  photopolymerizing  the  poly- 
merizable  compound  to  clog  the  pores  of  the  por-  30 
ous  glass  partly. 

14.  A  method  according  to  claim  13,  wherein  the 
clogging  step  (e)  comprises  a  step  (g)  of  remov- 
ing  the  polymerizable  compound  which  is  not  35 
polymerized  after  the  photopolymerization  of  the 
polymerizable  compound. 

15.  Amethod  according  toclaim  12,  13  or  14,  wherein 
the  removing  step  (f)  is  carried  out  by  decompos-  40 
ing  and  removing  a  photopolymerized  polymer 
which  is  formed  of  the  polymerizable  compound 
by  heating  it  under  an  oxygen-containing  atmos- 
phere. 

45 
16.  Amethod  according  to  any  one  of  claims  12  to  15 

wherein  the  polymerizable  compound  is  a  photo- 
polymerizable  compound. 

Patentanspruche 

1.  Verfahren  zur  Herstellung  eines  Quarzglases 
(Kieselglases),  umfassend: 

a)  Eindiffundieren  eines  Dotierungsmittels  55 
(dopant)  in  die  Poren  eines  porosen  Quarz- 
glases  durch  Zusammenbringen  des  Dotie- 
rungsmittels  in  der  Gasphase  mit  dem  poro- 

sen  Glas,  bis  das  Dotierungsmittel  eine 
Adsorptions-Gleichgewichtsmenge  erreicht, 
b)  partielles  Entfernen  des  eindiffundierten 
Dotierungsmittels  durch  Halten  des  porosen 
Glases  in  einer  Atmosphare,  bei  der  ein  Par- 
tialdruck  des  Dotierungsmittels  aufrechter- 
halten  wird,  der  niedriger  ist  als  derjenige  des 
Gleichgewichts-Adsorptionsdruckes  des  Do- 
tierungsmittels  aus  der  Diffusionsstufe  (a), 
urn  die  Konzentration  an  Dotierungsmittel  in 
der  Nahe  der  porosen  Glasoberf  lache  zu  ver- 
ringern, 
c)  Fixieren  des  Dotierungsmittels  in  den  Po- 
ren  des  porosen  Glases  und 
d)  Brennen  des  porosen  Glases,  urn  es  unpo- 
ros  zu  machen. 

10.  Verfahren  nach  einem  der  vorangehenden  An- 
spruche,  wobei  die  Adsorptions- 
Gleichgewichtsmenge  des  Dotierungsmittels  in 
Stufe  (a)  gesteuert  wird  durch  die  Temperatur, 
den  Partialdruckdes  Dotierungsmittels  und/oder 
die  Porositat  des  porosen  Glases. 

11.  Verfahren  nach  Anspruch  10,  wobei  das  porose 

2.  Verfahren  nach  Anspruch  1,  wobei  das  porose 
Glas  ein  solches  ist,  das  erhalten  worden  ist  nach 

20  einem  Sol/Gel-Verfahren  oder  einer  Phasentrenn- 
Behandlung  von  Borsilicatglas. 

3.  Verfahren  nach  Anspruch  1  oder  2,  wobei  das 
Dotierungsmittel  ein  Metalloxid-Vorlaufer  ist. 

25 
4.  Verfahren  nach  Anspruch  3,  wobei  der  Metall- 

oxid-Vorlaufer  mindestens  ein  Metallhalogenid,  - 
alkoxid,  eine  -alkylverbindung  oder  ein  -hydrid  ist. 

30  5.  Verfahren  nach  Anspruch  4,  wobei  das  Metall 
mindestens  ein  Metall  ist  aus  der  Gruppe  MA,  MB, 
IMA,  1MB,  IVA,  IVB,  VA  oder  VB  des  Periodensy- 
stems. 

35  6.  Verfahren  nach  Anspruch  5,  wobei  das  Metall 
mindestens  eines  ist,  ausgewahlt  aus  Ge,  Sn,  Pb, 
Ti,  P,  As  und  B. 

7.  Verfahren  nach  Anspruch  1,  wobei  die  Fixie- 
40  rungsstufe  (c)  durchgefuhrt  wird  durch  Hydrolyse 

des  Dotierungsmittels. 

8.  Verfahren  nach  Anspruch  7,  wobei  die  Hydrolyse 
durchgefuhrt  wird  durch  Zusammenbringen  des 

45  porosen  Glases  mit  Wasser. 

9.  Verfahren  nach  Anspruch  8,  wobei  das  porose 
Glas  mit  Dampf  in  Kontakt  gebracht  oder  in  Was- 
ser  eingetaucht  wird. 

50 
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Glas  Poren  mit  einem  Durchmesser  von  <  20  nm 
aufweist. 

12.  Verfahren  nach  einem  der  vorangehenden  An- 
spruche,  wobei  vor  Stufe  (a)  eine  Stufe  (e)  durch- 
gefuhrt  wird,  bei  der  die  Poren  des  porosen  Gla- 
ses  teilweise  mit  einem  Polymer  einer  polymeri- 
sierbaren  Verbindung  verstopft  werden,  und 
nach  Stufe  (c)  eine  Stufe  (f)  durchgefuhrt  wird,  in 
der  das  Polymer  der  polymerisierbaren  Verbin- 
dung  in  den  Poren  zersetzt  wird. 

13.  Verfahren  nach  Anspruch  12,  wobei  die  Stufe  (e) 
das  Einfuhren  einer  polymerisierbaren  Verbin- 
dung  in  die  Poren  des  porosen  Glases  und  an- 
schlieliendes  partielles  Photopolymerisieren  der 
polymerisierbaren  Verbindung  umfalit,  urn  die 
Poren  des  porosen  Glases  teilweise  zu  verstop- 
fen. 

14.  Verfahren  nach  Anspruch  1  3,  wobei  die  Stufe  (e) 
eine  Stufe  (g)  umfalit,  in  der  die  polymerisierbare 
Verbindung,  die  nach  der  Photopolymerisation 
der  Polymerisierbaren  Verbindung  nicht  polyme- 
risiert  ist,  entfernt  wird. 

15.  Verfahren  nach  Anspruch  12,  13  oder  14,  wobei 
die  Stufe  (f)  durchgefuhrt  wird  durch  Zersetzen 
und  Entfernen  eines  photopolymerisierten  Poly- 
mers,  das  aus  der  polymerisierbaren  Verbindung 
gebildet  worden  ist  durch  Erhitzen  in  einer  sau- 
erstoff  haltigen  Atmosphare. 

16.  Verfahren  nach  einem  der  Anspruche  12  bis  15, 
wobei  die  polymerisierbare  Verbindung  eine  pho- 
topolymerisierbare  Verbindung  ist. 

Revendications 

1.  Precede  de  production  d'un  verre  de  silice,  qui 
comprend  les  etapes  consistant  a  : 

a)  faire  diffuser  un  dopant  dans  les  pores  d'un 
verre  de  silice  poreux,  en  mettant  le  dopant  en 
phase  gazeuse  en  contact  avec  le  verre  po- 
reux,  jusqu'a  ce  que  la  quantite  de  dopant  at- 
teigne  une  valeur  correspondant  a  I'equilibre 
d'adsorption, 
b)  eliminer  en  partie  le  dopant  qui  a  diffuse,  en 
maintenant  le  verre  poreux  dans  une  atmos- 
phere  oil  la  pression  partielle  du  dopant  est 
maintenue  a  une  valeur  inferieure  a  celle  de  la 
pression  d'equilibre  d'adsorption  du  dopant 
lors  de  I'etape  de  diffusion  (a),  pour  abaisser 
la  concentration  de  dopant  au  voisinage  de  la 
surface  du  verre  poreux, 
c)  fixer  le  dopant  dans  les  pores  du  verre  po- 
reux,  et 

d)  chauffer  le  verre  poreux  pour  le  rendre  non 
poreux. 

2.  Procede  selon  la  revendication  1,  dans  lequel  le 
5  verre  poreux  est  produit  par  un  procede  sol-gel 

ou  par  un  traitement  de  separation  de  phase  d'un 
verre  au  borosilicate. 

3.  Procede  selon  la  revendication  1  ou  2,  dans  le- 
10  quel  le  dopant  est  un  precurseur  d'oxyde  metalli- 

que. 

4.  Procede  selon  la  revendication  3,  dans  lequel  le 
precurseur  d'oxyde  metallique  est  au  moins  un 

15  halogenure  metallique,  un  alcoolate  de  metal,  un 
derive  alkyle  d'un  metal  ou  un  hydrure  metallique. 

5.  Procede  selon  la  revendication  4,  dans  lequel  le 
metal  est  au  moins  un  metal  du  groupe  MA,  MB, 

20  IMA,  1MB,  IVA,  IVB,  VA  ou  VB  du  tableau  periodi- 
que  des  elements. 

6.  Procede  selon  la  revendication  5,  dans  lequel  le 
metal  est  au  moins  I'un  des  elements  Ge,  Sn,  Pb, 

25  Ti,  P,  As  et  B. 

7.  Procede  selon  la  revendication  1,  dans  lequel 
I'etape  de  fixation  (c)  est  realisee  par  hydrolyse 
du  dopant. 

30 
8.  Procede  selon  la  revendication  7,  dans  lequel  on 

realise  I'hydrolyse  en  mettant  le  verre  poreux  en 
contact  avec  de  I'eau. 

35  9.  Procede  selon  la  revendication  8,  dans  lequel  le 
verre  poreux  est  mis  en  contact  avec  de  la  vapeur 
ou  est  immerge  dans  de  I'eau. 

10.  Procede  selon  I'une  quelconque  des  revendica- 
40  tions  precedentes,  dans  lequel,  dans  I'etape  (a), 

la  quantite  de  dopant  correspondant  a  I'equilibre 
d'adsorption  est  reglee  parau  moins  I'un  des  fac- 
teurs  suivants  :  la  temperature,  la  pression  par- 
tielle  du  dopant  et  la  porosite  du  verre  poreux. 

45 
11.  Procede  selon  la  revendication  10,  dans  lequel  le 

verre  poreux  presents  des  pores  ayant  un  diame- 
tre  inferieur  a  20nm. 

so  12.  Procede  selon  I'une  quelconque  des  revendica- 
tions  precedentes,  dans  lequel  I'etape  (a)  est  pre- 
cedee  d'une  etape  (e)  qui  consiste  a  boucher  par- 
tiellement  les  pores  du  verre  poreux  avec  un  po- 
lymere  d'un  compose  polymerisable,  et  I'etape  (c) 

55  est  suivie  d'une  etape  (f)  qui  consiste  a  eliminer 
le  polymere  du  compose  polymerisable  des  pores 
par  decomposition. 

8 
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13.  Procede  selon  la  revendication  12,  dans  lequel 
I'etape  de  bouchage  (e)  comprend  I'introduction 
d'un  compose  polymerisable  dans  les  pores  du 
verre  poreux,  puis  la  photopolymerisation  partiel- 
le  du  compose  polymerisable  pour  boucher  en  5 
partie  les  pores  du  verre  poreux. 

14.  Procede  selon  la  revendication  13,  dans  lequel 
I'etape  de  bouchage  (e)  comprend  une  etape  (g) 
qui  consiste  a  eliminer  le  compose  polymerisable  10 
qui  n'est  pas  polymerise  apres  la  photopolymeri- 
sation  du  compose  polymerisable. 

15.  Procede  selon  I'une  quelconque  des  revendica- 
tions  12  a  14,  dans  lequel  on  effectue  I'etape  15 
d'elimination  (f)  en  decomposant  et  en  eliminant 
un  polymere  photopolymerise,  forme  du  compo- 
se  polymerisable,  par  chauffage  dud  it  polymere 
dans  une  atmosphere  renfermant  de  I'oxygene. 

20 
16.  Procede  selon  I'une  quelconque  des  revendica- 

tions  12  a  15,  dans  lequel  le  compose  polymeri- 
sable  est  un  compose  photopolymerisable. 

25 
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