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Description 

This  invention  relates  to  a  method  of  forming  homogeneous  single  crystals  as  defined  in  the 
precharacterizing  part  of  claim  1.  A  method  of  this  type  is  described  in  US-A-4  400  232. 

s  In  the  manufacture  of  single  crystal  silicon  of  semiconductor  grade,  single  crystals  are  normally  pulled 
from  a  melt  of  polycrystalline  silicon  utilizing  a  seed  crystal  and,  under  standard  and  well  known 
conditions,  pulling  a  single  crystal  of  silicon  from  the  melt.  The  crystal  pulling  normally  takes  place  in  an 
inert  atmosphere,  such  as  argon,  and  at  elevated  temperatures,  usually  in  the  vicinity  of  1410°C.  It  is  known 
that  in  the  processing  of  silicon  in  the  above  described  manner,  the  single  crystal,  from  which  slices  are 

10  later  taken,  become  contaminated  with  heavy  metals  such  as  iron,  copper  and  the  like  which  are  found  in 
the  furnaces  and  other  processing  materials  and  equipment  being  utilized. 

In  order  to  getter  these  heavy  metal  impurities,  it  has  been  found  that  the  addition  of  oxygen  to  the 
melt  provides  precipitated  zones  where  the  oxygen  has  been  precipitated  and  which  tends  to  getter  the 
heavy  metals.  Furthermore,  the  addition  of  nitrogen  to  the  melt  appears  to  strengthen  the  crystal  itself.  It  is 

15  therefore  readily  apparent  that  the  controlled  addition  of  dopants  such  as  oxygen  and  nitrogen  during 
single  crystal  growth  of  silicon  is  required  in  order  to  obtain  a  silicon  slice  that  has  improved  physical 
strength  and  has  internal  defect  and  impurity  gettering  capabilities  that  are  active  during  device 
manufacture.  Furthermore,  each  slice  provided  from  the  formed  single  crystal  of  silicon  must  have  exactly 
the  same  concentration  of  dopant  and  it  must  have  excellent  radial  uniformity.  This  slice  to  slice  control  of 

20  dopant  level  can  only  be  achieved  during  the  crystal  growth  process.  Current  crystal  growth  techniques  are 
not  capable  of  introducing  and  controlling  the  required  exact  concentrations  of  nitrogen  and  oxygen 
throughout  the  crystal  growth  process. 

The  concentration  of  dopant  in  the  crystal  during  the  single  crystal  growth  process  is  a  direct  function 
of  the  dopant  concentration  in  the  melt  and  the  segregation  coefficient  of  that  impurity.  If  the  segregation 

25  coefficient  is  greater  than  1  (oxygen  is  1  .25),  then  the  concentration  of  oxygen  will  be  high  at  the  top  of  the 
crystal  and  low  at  the  bottom.  The  reverse  is  true  for  nitrogen  in  silicon  crystal  growth. 

There  is  a  thermodynamic  equilibrium  between  the  concentration  of  the  dopant  in  the  melt  and  the 
partial  pressure  of  a  chemically  related  gas  species  above  the  melt.  If  the  partial  pressure  of  this  gas  species 
can  be  precisely  fixed  during  the  growth  process,  then  the  melt  concentration  of  that  species  will  be  fixed 

30  and  the  concentration  of  the  associated  dopant  will  thereby  be  fixed  in  the  crystal. 
According  to  the  invention,  the  features  defined  in  the  characterizing  part  of  claim  1  are  added  to  the 

prior  art  method.  By  using  the  method  according  to  the  invention  single  crystal  silicon  can  be  produced 
from  a  polycrystalline  silicon  melt  wherein  dopants  such  as  oxygen  and  nitrogen  are  uniformly  distributed 
in  the  crystal  both  along  the  crystal  axis  and  radially  therefrom.  This  is  accomplished  by  identifying  the 

35  correct  species  in  the  melt  and  above  the  melt  and  determining  the  thermochemical  equilibrium  between 
the  two  chemical  species  which  lead  to  a  change  of  the  composition  of  the  silicon  single  crystal  during  the 
entire  growth  process.  This  approach  effectively  circumvents  the  segregation  coefficient  during  the  growth 
process  through  the  control  of  the  concentration  of  the  dopant  in  the  melt. 

The  oxygen  and/or  nitrogen  are  provided,  for  example,  at  least  in  part,  from  the  quartz  or  silicon  nitride 
40  liner  inside  the  graphite  crucible  containing  the  melt.  The  dissolution  of  the  quartz  liner  supplies  oxygen  to 

the  crystal.  Nitrogen  can  also  be  provided  in  this  manner  by  utilizing  a  silicon  nitride  liner  rather  than  the 
quartz  liner.  In  each  case,  the  formation  of  the  crystal  will  take  place  in  the  presence  of  nitrogen  gas 
introduced  above  the  melt  in  the  case  of  the  quartz  liner  and  with  the  introduction  of  oxygen  above  the  melt 
in  the  case  of  the  silicon  nitride  liner.  This  causes  the  formation  of  nitrous  oxide  as  a  result  of  the 

45  thermochemical  equilibrium  between  the  liquid  phase  and  the  gas  phase.  The  nitrous  oxide  forms  at  the 
surface  of  the  melt  by  controlling  the  concentration  of  nitrous  oxide  at  the  surface  of  the  melt,  either  by 
adding  nitrous  oxide  or  by  adding  nitrogen  for  reaction  with  oxygen  in  the  melt  or  by  adding  a  mixture  of 
nitrogen  and  oxygen  or  by  adding  oxygen  for  reaction  with  nitrogen  in  the  melt.  All  of  these  procedures 
operate  toward  establishing  the  equilibrium  gas  phase  over  the  melt.  This  controls  the  amount  of  nitrogen 

so  and  oxygen  dissolved  in  the  melt  at  any  time. 
The  amounts  of  oxygen  and  nitrogen  in  the  melt  tend  to  be  mutually  exclusive.  Where  there  is  a  high 

'  oxygen  partial  pressure  there  will  be  a  low  nitrogen  partial  pressure  because  nitrogen  is  removed  from  the 
melt  to  form  the  nitrous  oxide.  Where  there  is  a  high  nitrogen  partial  pressure,  there  is  a  low  oxygen  partial 
pressure  for  the  same  reason. 

55  To  control  the  nitrogen  level  in  silicon,  it  is  necessary  to  establish  the  thermochemical  correlations 
between  nitrogen  content  in  the  melt  and  a  gas  species  containing  nitrogen  above  the  melt.  In  order  to 
simultaneously  control  both  nitrogen  and  oxygen,  the  gas  species  must  be  one  of  the  oxides  of  nitrogen. 
Examination  of  the  thermochemistry  of  all  the  gaseous  oxides  of  nitrogen:  N205,  N204,  N203,  NO  and  N20 
shows  that  only  N20  has  a  measurable  pressure  in  the  Si-C-O-N  system  at  the  melting  point  (1685°K)  of 

60  silicon.  Appendix  1  shows  an  example  of  the  SOLGAS  calculations  which  support  this  conclusion. 
Appendix  2  is  an  example  of  the  calculation  of  the  equilibrium  between  silicon  and  the  dopants 

oxygen,  carbon  and  nitrogen  which  shows  the  gas  and  liquid  phase  composition.  It  also  shows  that 
invariant  solids  can  be  formed  during  the  process  of  establishing  the  equilibrium  state.  In  this  example,  the 
silicon  melt  is  saturated  with  nitrogen  (120  ppma)  and  silicon  nitride  (Si3N4)  begins  to  be  formed  in  the 

65  melt.  A  large  amount  of  nitrous  oxide  in  the  system  causes  this  nitrogen  saturation  in  the  melt  resulting  in 

2 
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thp  nrprmitation  of  S  UN*  and  the  aep  etion  ot  oxygen  m  me  men.  vv..=.,  ■ 
K le r c   S,  the  n C ^   in  the  melt  is  lowered  and  no  Si3N4  precipitates  in  the  melt.  These  ca lcula tes  

can  be  used  to  establish  a  thermochemical  model  of  this  system. 

BRIEF  DESCRIPTION  OF  THE  DRAWING 
The  drawing  is  a  schematic  diagram  of  a  system  utilizing  the  present  invention. 

nF^CRIPTION  OF  THE  PREFERRED  EMBODIMENT 
Re  aring  now  to  the  Figure,  there  is  shown  a  schematic  diagram  of  a  standard  crysta  puller 

>  arrangement  for  use  in  conjunction  with  the  present  invention.  The  system  includes  an  enclosure  Iwith.n 
^ T p r S t w ^ T ^ u d b l i   3  formed  of  carbon  with  an  interior  liner  5  formed  of  quartz.  The  crucible  3  ,s 
p t S n e d   on  a  support  7  and  a  standard  crystal  puller  mechanism  9  with  a  crystal  11  be.ng  ,  puHad  frorr  he 

mel  13  is  shown.  Also  shown  are  input  ports  15  for  feeding  nitrogen  into  the  system  and  17  for  feeding 

oxygen  nto  ^sys tem,   there  being  a  valve  19  in  the  case  of  the  nitrogen  and  21  n  the  case  of  the  oxygen 

;  foTcont  o  Nng  the  flow  of  the  respective  gases  into  the  chamber  1.  Also  shown  is  a  vacuum  pump  .  23  for 

evacuating  the  chamber  1  to  the  desired  vacuum  level.  A  heater  mechan.sm  25  «s  positioned  about  the 

crucible  3  to  inductively  heat  the  melt  13  therein  to  the  desired  temperature 
To  form  a  crystal  in  accordance  with  the  present  invention  utilizing  the  above  described  system 

noncrystalline  silicon  is  entered  into  the  crucible  3  in  the  melt  region  13  at  room  temperature.  The  system  1 

i  is  then  sealed  up  and  pumped  down  by  means  of  the  vacuum  pump  23  to  evacuate  the  system  and  remove 
air  therefrom.  The  conditions  desired  in  the  melt  are  then  established  under  vacuum  conditions  in  order  to 

maintain  the  system  clean  and  then  come  up  to  the  proper  melt  temperature.  At  the  melt  temperature,  the 

necessary  gases  such  as  nitrogen  from  nitrogen  feeder  15  and/or  oxygen  from  oxygen  feeder  17  are 
introduced  into  the  system.  (The  system  could  start  out  with  the  gases  introduced  therein  at  room 

5  temperature  with  the  temperature  then  being  raised  to  the  final  operating  temperature  for  the  melt.)  These 

amounts  are  determined  by  the  model  presented  in  Appendix  1.  Also  provided  in  'Appendix  :  2  .s  a  set  of 
mathematical  correlations  which  is  taken  from  the  SOLGAS  computer  program.  The  SOLGAS  program  is 
well  known  in  the  art  to  find  the  equilibrium  conditions  in  the  systems  containing  gases,  solids  and  liquids 
toqether.  The  thermochemical  constants  are  recorded  in  tables  as  a  function  of  temperature  so  that  a 

o  determination  can  be  made  as  to  what  the  equilibrium  condition  would  be  when  the  atoms  are  placed 

together  in  a  confined  volume  as  an  isolated  system.  The  SOLGAS  calculations  herein  are  restricted 

specifically  to  the  materials  utilized  in  the  present  system. 
Once  the  system  of  the  Figure  is  set  up  as  noted  above,  the  conditions  are  made  to  conform  to  the 

following  mathematical  correlations  in  the  addition  of  oxygen  and/or  nitrogen  to  the  system  at  the 

5  temperature  and  pressure  therein  and  the  experimental  data  is  examined: 
The  nitrous  oxide  gas,  oxygen  and  nitrogen  in  the  melt  must  be  established  in  order  to  control  the 

concentrations  of  oxygen  and/or  nitrogen  in  the  single  crystal  silicon.  When  the  equilibrium: 

O(Si)  +  2N(Si)  =  N20  (gas)  (1) 
°  

was  examined  at  1685°K  the  following  equations  were  derived  from  the  SOLGAS  calculations. 
The  constant  of  reaction  (1):  K  at  silicon  melting  point  is  equal  to: 

K  =  p(N20)  /  O(Si)  *  (N(Si))2  =  2.0325E-05  (2) 

15  
The  equilibrium  partial  pressure  of  nitrous  oxide  in  the  ambient  atmosphere  above  the  melt  can  be 

expressed  as  the  following: 

p(N20)  =  2.0325E-05  *  O(Si)  *  (N(Si))2  <3> 

°  
Also  the  nitrogen  concentration  in  the  melt  is  obtained: 

N(Si)  =  221-8118  *  (p(N20)  /  0(Si))1/2  <4) 

55  or  the  oxygen  concentration  in  the  melt  is  equal  to: 

O(Si)  =  49200-429  *  p(N20)  /  (N(Si))2.  <5> 

Knowing  the  nitrogen  and  oxygen  segregation  coefficient  between  molten  and  solid  silicon  (0.0007  and 

60  1.25  respectively)  the  following  correlations  between  nitrous  oxide  pressure  and  nitrogen  concentration  in 
silicon  crystal  can  be  calculated: 

N(Si)  =  0.15552  *  (p(N20)  /  0(Si))1/2  <6) 

O(Si)  =  0.02419  *  p(N20)  /  (N(Si))2.  (7) 
65 
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•ressure  of  N20  is  expressed  in  atm,  oxygen  and  nitrogen  concentration  is  in  ppma  ana  reaction  constant  n 
s  in  atm/(ppma)3. 

After  the  polycrystalline  silicon  has  melted  to  form  the  melt  13,  a  seed  crystal  is  placed  in  contact  with 
he  melt  13  and  a  crystal  1  1  is  pulled  by  means  of  a  crystal  puller  9.  During  this  crystal  growth  process,  there 
s  an  equilibrium  segregation  coefficient  of  the  nitrogen  as  to  whether  it  will  go  into  the  crystal  or  whether  it 
vill  stay  in  the  melt.  If  the  pressure  in  the  melt  is  increased,  then  the  concentration  of  gas  in  the  melt  is 
ncreased  and  the  required  oxygen  partial  pressure  above  the  surface  of  the  melt  is  increased.  Therefore, 
jy  virtue  of  increasing  concentration,  material  is  being  supplied  from  an  equilibrium  condition  because 
lome  of  the  material  is  being  frozen  out.  Gas  is  being  applied  to  the  atmosphere  which  then  can  be  pumped 
iway  as  vacuum  so  that  the  pressure  in  the  chamber  1  is  being  controlled.  Also,  material  is  added,  if 
lecessary,  due  to  its  being  depleted  from  the  melt  into  the  crystal.  So  oxygen  is  being  segregated  into  the 
:rystal,  the  crystal  is  being  pulled  and  more  oxygen  is  being  pumped  into  the  system  to  replace  the  oxygen 
segregated  into  the  crystal.  This  is  all  apparent  from  the  model  in  Appendix  3.  The  gases  are  introduced  to 
naintain  a  layer  of  nitrous  oxide  above  the  melt.  The  nitrous  oxide  is  measured  on-line  by  means  of  a  mass 
spectrometer  on  the  system  wherein  gas  can  be  removed  from  the  surface  of  the  melt  and  fed  back  into  a 
ower  pressure  quadripole  electron  multiplier  mass  spectrometer  (not  shown).  From  these  results,  the 
amount  of  nitrogen  and/or  oxygen  being  introduced  to  the  system  is  controlled  on-line  by  a  mass  flow 
:ontroller  (not  shown).  Also,  the  pressure  is  controlled  on-line  by  means  of  the  vacuum  pump. 

Identifying  the  correct  amount  of  species  in  the  melt  and  above  the  melt  and  determining  the 
tiermochemical  equilibrium  between  the  two  chemical  species  leads  to  a  way  of  changing  the  composition 
jf  the  silicon  single  crystal  during  the  entire  crystal  growth  process.  This  approach  effectively  circumvents 
:he  segregation  coefficient  during  the  growth  process  through  the  control  of  the  concentration  of  the 
dopant  in  the  melt. 

In  summary  depending  on  the  crystal  growth  conditions  (e-g.  crucible  material),  the  nitrogen 
:oncentration  (for  constant  oxygen)  or  the  oxygen  concentration  (for  constant  nitrogen)  can  be  controlled 
ay  changing  the  nitrous  oxide  partial  pressure  above  the  melt. 

When  a  quartz  crucible  dissolves  with  a  constant  rate  it  fixes  the  oxygen  at  a  constant  level  and  the 
squilibrium  in  the  system  adjusts  to  this  oxygen  value.  The  nitrogen  concentration  in  the  melt,  the  N20 
partial  pressure  and  the  other  species  pressures  or  concentrations  are  established  in  the  process.  By 
changing  the  nitrous  oxide  pressure  it  is  possible  to  change  the  mass  fractions  of  all  species  and  this  will 
Force  the  system  to  new  steady  state  equilibrium  following  equation  (3). 

The  same  conditions  prevail  when  a  silicon  nitride  crucible  dissolves  at  a  constant  rate.  This  fixes  the 
nitrogen  at  a  constant  level  and  the  change  in  the  N20  pressure  causes  the  oxygen  concentration  in  the 
melt  to  change  according  to  equation  (3). 

When  there  is  not  an  outside  source  of  oxygen  or  nitrogen  in  the  melt  there  is  one  unique  equilibrium 
state  and  one  unique  oxygen  and  nitrogen  concentration  in  the  system.  Changing  the  nitrous  oxide  partial 
pressure  changes  the  concentrations  of  oxygen  and  nitrogen  in  the  melt  following  equation  (3). 

Though  the  invention  has  been  described  with  respect  to  a  specific  preferred  embodiment  thereof, 
many  variations  and  modifications  will  immediately  become  apparent  to  those  skilled  in  the  art. 
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APPENDIX  1 

T  =  1 6 8 5 .   0 0 ° K  
P  =  2 . 6 0 0 E - 0 2   ATM 

P/ATM 

GAS  PHASE: 
N205  0 . 2 9 8 9 3 E - 2 8  
N204  0 . 7 8 8 5 1 E - 2 2  
N203  0 . 3 7 6 0 3 E - 1 5  
NO  0 . 5 5 0 5 2 E - 1 5  
N20  0 . 4 6 5 5 7 E - 0 2  
N2  0 . 3 8 2 0 3 E - 0 5  
He  "  0 . 1 7 0 4 1 E - 0 1  
CO  0 . 4 2 9 9 5 E - 0 2  
C02  0 . 2 9 5 1 1 E - 0 8  
02  0 . 1 5 1 8 4 E - 2 0  

APPENDIX  2 

OLGAS  EQUILIBRIUM  CALA-ULiATIUNa 

il/H/He/C/O/N  EQUILIBRIUM  SYSTEM 

7  =  1685.  OO^K 
?  =  2.600D-0  2  ATM 

.  IN/MULiE 

jAS  phase :  
He  0, 
:o2  o. 
:o  o, 
SiO(g)  o, 
D2  0 
5i(g)  0 
H2  0 
H20  0 
HN02  0 
NH3  0 
N20  0 
N2  0 

LIQUID  PHASE: 

3.00000E+00 
3.00000E+00 
D.00000E+00 
0.60000E+01 
D.00000E+00 
0.50000E-01 
O.OOOOOE+00 
O.OOOOOE+OO 
O.OOOOOE+00 
O.OOOOOE+00 
0.26750E+02 

3.63559E-13 
3.10939E-04 
3.97627E-02 
3.10518E-21 
D.47273E-03 
0.50000E-01 
0.10255E-08 
0.40284E-29 
0.47671E-09 
0.11990E+02 
0.11622E+01 

3.65752E-16 
3.11316E-07 
3.10100E-04 
3.1088LE-24 
3.48904E-06 
D.51725E-04 
3 .10609E-11 
0 .41674E-32 
0 .49316E-12 
0 .12404E-01 
0 .12024E-02 

.65752E-16 

.11316E-07 

.10100E-04 

.10881E-24 

.48904E-06 
I.51725E-04 
M0609E-11  
I.41674E-32 
I.49316E-L2 
I.12404E-01 
I.12024E-02 

O  (Si  ) 
C(S i )  
N(Si )  
SI  

U  .UUUUUfituu 
O.OOOOOE+OO 
O.OOOOOE+00 
0.30025E+03 

INVARIANT  SULii-US: 
Si3N4  0.00000D+00 
Si2N20  0.00000D+00 
C  0.90000D-03 
SiC  0.00000D+00 
Si02  0.00000D+00 

UtllOJOCi'Ut 
0.88906E-03 
0.33618E-01 
0.27987E+03 

0.00000D+00 
0.00000D+00 
O.OOOOOD+OO 
O.OOOOOD+00 

0 .42366E-07 
0 .31764E-05 
0 .12011E-03 
0.99988E+00 

0.31764E-05 
0.  L2011E-03 
0.99988E+00 
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(Si)  -  N{Si)  -  N-0  SYSTEM  ANALYSIS 

The  fol lowing  table  shows  the  equ i l ib r ium  nitrogen  c o n c e n t r a t i o n  
n  the  melt  and  c r y s t a l   versus  the  equ i l ib r ium  p(N20)  in  the  gas  phase 
bove  the  melt  when  oxygen  content   is  held  at  a  cons tant   v a l u e ,  
xper  imenta l ly   this  cond i t ion   can  be  approached  through  c o n t r o l l e d  
i s s o l u t i o n   of  the  quartz   c ruc ib l e   containg  the  melt.  In  this  case  a 
alue  of  29  ppma  oxygen  was  chosen  for  the  m e l t .  

NITROGEN  IN  MOLTEN  S1L.K-UN  awu  snjiuuw  v-Kisinu. 
,S  A  FUNCTION  OF  NITROUS  OXIDE  PARTIAL  PRESSURE  ABOVE  THE  MELT 

IN  THE  AMBIENT  ATMOSPHERE 

AT  SILICON  MELTING  POINT  (  1685°K  ) 

FOR  CONSTANT  OXYGEN  (  29  ppma  in  the  melt  ) 

T a b l e  

l i t rogen   in  the  melt  n i t rogen   in  the  c r y s t a l   N20  p a r t i a l   p r e s s u r e  
ppma  ppma  atoms/cc  a  tut 

120  (solub.  l imi t )   0.084  4.5E+15  8 .475  
100  0.070  3.5E+15  5 .886 

50  0.035  1.9E+15  1-471 
20  0.014  7.5E+14  0 .235 
10  0.007  3.8E+14  0 .059 

This  table  shows  that  there  is  an  amDient  gas  pressure   f ' " " " ™  
:hat  a r i s e s   under  these  c o n d i t i o n s .   The  pressure  of  N20  exceeds  
imbient  p ressure   during  the  s i l i c o n   c r y s t a l   growth,  i . e . ,   1  atm.  T h i s  
deans  that   under  equ i l i b r ium  c o n d i t i o n s   it  is  impossible  to  achieve  a 
l i t r o g e n   s a t u r a t i o n   (  120  ppma  )  at  29  ppma  of  oxygen  in  the  melt  and 
s t i l l   mainta in   a  p ressure   of  about  1  a tm. 

t> 
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The  following  table  shows  the  equ i l ib r ium  ni trogen  ana  oxygen 
c o n c e n t r a t i o n s   in  the  s i l i con   melt  for  n i t rous   oxide  p a r t i a l   p r e s s u r e s  
of  1  and  0.026  atm.  The  n i t rogen   and  oxygen  concen t r a t i ons   a r e  
i n v e r s e l y   p ropor t iona l   (  see  equa t ion   (2)  )  and  at  cons tant   n i t r o u s  

5  oxide  pressure  are  l imited  between  two  values .   At  1  atm  the  h i g h e s t  
n i t rogen   concen t r a t i on   is  equal  to  the  s o l u b i l i t y   l imit   (  120  ppma  )  . 
This  corresponds  to  an  oxygen  c o n c e n t r a t i o n   of  3.4  ppma  and  t h i s  
c o n c e n t r a t i o n   cannot  be  lowered  un t i l   the  ni t rous  oxide  pressure   i s  
Lowered.  As  the  concen t ra t ion   of  oxygen  increases   in  the  melt  t he  

w  n i t rogen   concen t ra t ion   of  the  melt  dec rea se s .   When  the  oxygen  c o n t e n t  
achieves   its  l imit   (  41.7  ppma  )  the  n i t rogen   concen t r a t i on   in  t h e  
^ielt  cannot  be  lower  than  34.3  ppma.  The  only  way  to  lower  t h e  
n i t rogen   concen t ra t ion   is  to  lower  the  n i t rous   oxide  p r e s s u r e .  

T a b l e  
15 

NITROGEN  AND  OXYGEN  IN  MOLTEN  SILICON 
IN  EQUILIBRIUM  WITH  NITROUS  OXIDE 

IN  THE  AMBIENT  ATMOSPHERE 

W  AT  SILICON  MELTING  POINT  (  1685°K  } 

l i t r ogen   in  the  melt  oxygen  in  the  melt  N20  p a r t i a l   p r e s s u r e  
ppma  ppma  atm 

30 

120(solub.   l imi t )   3.42  l . o  
120  0.09  0 .026 

100  4.92  1-0 
100  0.13  0 .026 

50  19.68  1.0 
50  0.51  0 .026 

34.3  4 1 . 7 ( s o l u b .   l imit)   1 .0  
0.9  41.7  0 .026 

Claims 

40  1.  A  method  of  forming  single  crystals  of  silicon  having  substantially  uniform  physical  properties 
throughout  the  crystal,  comprising  the  steps  of 

providing  a  silicon  melt, 
adding  at  least  one  predetermined  dopant  to  said  melt, 
providing  a  gas  comprising  said  dopant  or  a  source  thereof  in  the  gaseous  state  over  said  melt  and 

45  forming  a  silicon  crystal  from  said  melt,  characterized  in  that 
the  amounts  of  the  gases  to  be  admitted  and  formed  over  the  melt  are  predetermined  as  a  function  of 
(I)  thermodynamical  data  at  equilibrium  conditions  between  the  gases,  the  liquid  and  the  silicon  crystal 

and  of 
(II)  segregation  coefficients  of  the  dopant(s)  in  said  crystal, 

so  the  vacuum  pressure  in  the  pulling  apparatus  is  controlled  at  a  fixed  level,  and 
the  introduction  of  said  gases  is  controlled  as  a  function  of  their  said  predetermined  amounts,  of  the 

continuous  measurement  of  their  amounts  over  the  melt  and  of  the  concentration  of  the  dopant(s) 
contained  in  the  melt. 

2.  Method  according  to  claim  1,  characterized  in  that  oxygen  and  nitrogen  are  added  as  dopants. 
55  3.  Method  according  to  claim  1  or  2,  characterized  in  that  said  dopant(s)  are  provided  at  least  in  part 

from  the  liner  of  a  crucible  holding  said  melt. 
4.  Method  according  to  any  of  claims  1  to  3,  characterized  in  that  said  gases  are  selected  from  oxygen, 

nitrogen,  nitrous  oxide  and  combinations  thereof. 

so  Patentanspruche 

1.  Verfahren  zum  Herstellen  von  Silizium-Einkristallen,  die  im  gesamten  Kristall  im  wesentlichen 
gleiche  physikalische  Eigenschaften  haben,  mit  den  Schritten 

Herstellen  einer  Siliziumschmelze, 
65  Hinzufugen  von  wenigstens  einem  vorbestimmten  Dotierungsmittel  zu  der  Schmelze, 

7 



:P  0 1 7 0   788  B1 

Bilden  eines  aus  dem  Dotierungsmittel  bestehenden  Gases  Oder  emer  uueiie  aieses  uases  im 
lasformigen  Zustand  fiber  der  Schmelze  und 

Bilden  eines  Siliziumkristalls  aus  der  Schmelze,  dadurch  gekennzeichnet,  daB 
die  Mengen,  der  uber  der  Schmelze  zuzulassenden  und  gebildeten  Gase  in  Abhangigkeit  von 
(I)  thermodynamischen  Daten  bei  Gleichgewichtsbedingungen  zwischen  den  Gasen,  der  Flussigkeit 

md  dem  Siliziumkristall  und 
(II)  Segregationskoeffizienten  des  oder  der  Dotierungsmittel  in  dem  Kristall  vorbestimmt  werden, 
der  Vakuumdruck  in  der  Ziehvorrichtung  auf  einen  festen  Wert  gesteuert  wird  und 
die  Einfuhrung  der  Gase  in  Abhangigkeit  von  ihren  vorbestimmten  Mengen,  von  der  fortgesetzten 

i/lessung  ihrer  Mengen  uber  der  Schmelze  und  von  der  Konzentration  des  oder  der  Dotierungsmittel  in  der 
Jchmelze  gesteuert  wird. 

2.  Verfahren  nach  Anspruch  1,  dadurch  gekennzeichnet,  daS  Sauerstoff  und  Stickstoff  als 
Jotierungsmittel  hinzugefugt  werden. 

3.  Verfahren  nach  Anspruch  1  oder  2,  dadurch  gekennzeichnet,  dafc  das  oder  die  Dotierungsmittel 
:umindest  teilweise  von  der  Auskleidung  eines  die  Schmelze  enthaltenden  Tiegels  geliefert  werden. 

4.  Verfahren  nach  einem  der  Anspriiche  1  bis  3,  dadurch  gekennzeichnet,  daB  die  Gase  Sauerstoff, 
Stickstoff,  Stickstoff  oxydu  I  oder  Kombinationen  davon  sind. 

tevendications 

1.  procedS  pour  former  des  monocristaux  de  silicium  ayant  des  proprietes  physiques  pratiquement 
jniformes  dans  tout  le  cristal,  consistant  a  former  un  bain  de  silicium  fondu,  a  ajouter  au  moins  un  dopant 
Dredetermine  audit  bain,  a  fournir  un  gaz  comprenant  ledit  dopant  ou  une  source  de  celui-ci  a  I'etat  gazeux 
au-dessus  dudit  bain  et  a  former  un  cristal  de  silicium  a  partir  dudit  bain,  caracterise  en  ce  que  les. 
quantitSs  de  gaz  devant  §tre  admises  et  formees  au-dessus  du  bain  sont  predeterminees  en  fonction  de: 

(I)  de  donnees  thermodynamiques  dans  des  conditions  d'equilibre  entre  les  gaz,  le  liquide  et  le  cristal 
de  silicium;  et 

(II)  de  coefficients  de  segregation  du  (ou  des)  dopant(s)  dans  ledit  cristal, 
la  pression  de  vide  dans  I'appareil  d'extraction  est  commandee  a  un  niveau  fixe  et  I'introduction 

desdits  gaz  est  commandee  en  fonction  de  leurs  quantites  predeterminees,  de  la  mesure  continue  de  leur 
quantity  au-dessus  du  bain  et  de  la  concentration  de  dopant(s)  contenue  dans  le  bain. 

2.  Procede  selon  la  revendication  1,  caracterise  en  ce  que  de  I'oxygene  et  de  I'azote  sont  ajoutes  en  tant 
que  dopants. 

3.  Procede  selon  la  revendication  1  ou  2,  caracterise  en  ce  que  le  ou  lesdits  dopants  sont  fournis  au 
moins  en  partie  a  partir  de  la  gaine  d'un  creuset  contenant  ledit  bain. 

4.  Procede  selon  I'une  quelconque  des  revendications  1  a  3,  caracterise  en  ce  que  lesdits  gaz  sont 
choisis  parmi  I'oxygene,  I'azote,  I'oxyde  nitreux  et  des  combinaisons  de  ceux-ci. 
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