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A B S T R A C T  

Two k i n d s  of low p r e s s u r e  CVD SiO2 samples ,  h e t e r o g e n e o u s  f i lm a n d  h o m o g e n e o u s  " s n o w , "  h a v e  b e e n  co l lec ted  
on  s ta in less  s teel  s u b s t r a t e s  at  t h r ee  d i f fe ren t  d e p o s i t i o n  t e m p e r a t u r e s :  523, 643, a n d  703 K. They  h a v e  b e e n  charac te r -  
ized t h e r m o d y n a m i c a l l y  by  t r a n s p o s e d  t e m p e r a t u r e  d rop  a n d  h i g h  t e m p e r a t u r e  so lu t ion  ca lor imet ry .  B o t h  film a n d  
" s n o w "  s a m p l e s  are m e t a s t a b l e - - i n  t e r m s  of  e n t h a l p y  re la t ive  to b u l k  SiO2 g l a s s - - b y  up  to 101 k J - t o o l - ' .  The  excess  
e n t h a l p y  inc reases  w i th  d e c r e a s i n g  depos i t i on  t e m p e r a t u r e  a n d  is la rger  for " s n o w s "  t h a n  for  films. On  a n n e a l i n g  at  
h i g h  t e m p e r a t u r e s ,  i t  g radua l ly  d i sappears .  IR a n d  R a m a n  spec t ro scop i e s  ind ica te  t h a t  b o t h  Si-H a n d  St-OH spec ies  are 
p r e s e n t  in  the  a s -depos i t ed  s am p l e s  bu t  d i s a p p e a r  u p o n  annea l ing .  All  a s -depos i t ed  s amp le s  h a v e  dens i t i e s  c o m p a r a b l e  
to b u l k  SiO~ glass, i.e., b e t w e e n  2.0 and  2.2 g-cm-:~. A n n e a l i n g  t e n d s  to i nc rease  the  dens i t y  of  all  s amples .  

Va r ious  d o p e d  sil ica g lasses  (SiO2-P~O5, SiO.,-B,O:,,. SiO.,- 
As~O:, etc., w i t h  d o p a n t  c o n c e n t r a t i o n s  of u p  to 20 mole  
p e r c e n t )  are  wide ly  u s e d  in the  s e m i c o n d u c t o r  i n d u s t r y  
e i t h e r  as d ie lec t r ics  (1) or as final pa s s i va t i on  layers  (2, 3). 
One  of  t he  m a j o r  m e t h o d s  of  o b t a i n i n g  t h e s e  g lasses  as 
t h i n  f i lms is low p r e s s u r e  c h e m i c a l  v a p o r  depos i t i on  
(LPCVD)  (4). Two k i n d s  of  a m o r p h o u s  s a m p l e  can  b e  ob- 
t a i n e d  f rom a ho t  wal l  L P C V D  furnace :  t h i n  f i lms he te ro-  
g e n e o u s l y  d e p o s i t e d  on  the  s u b s t r a t e  in  the  cen t r a l  ho t  
zone  a n d  h o m o g e n e o u s l y  d e p o s i t e d  reac t ive  p o w d e r  ad- 
h e r i n g  to t he  fu rnace  wal ls  a t  t he  cooler  e n d s  of  t he  depo-  
s i t ion  tube .  The  t e r m  " s n o w "  will be  u s e d  t h r o u g h o u t  th i s  
p a p e r  as a c o m m o n  n a m e  d e s c r i b i n g  t he se  p o w d e r y  SiO2 
CVD deposi ts .  

Since the basis of many doped-glass systems is SiO2, 
calorimetric and spectroscopic studies have been carried 
out on both thin film and snow LPCVD SiO~. High tem- 
perature calorimetry has been utilized to obtain thermo- 
dynamic data. Scanning electron microscopy and IR and 
Raman spectroscopies (5) have been used for structural 
characterization. This paper will show that significant 
differences in energetics, structure, and properties exist 
between low temperature-deposited SiO2 and normal 
bulk SiO_, glass. The main focus of this study is on a gen- 
eral understanding of the variation of properties of CVD 
SiO~ over a wide range of preparation and annealing con- 
ditions, rather than on the optimization of properties over 
a smaller range of processing conditions used by the 
semiconductor industry. 

Experimental 
LPCVD and annealing.---All s a m p l e s  were  p r e p a r e d  

u s i n g  a s t a n d a r d  L P C V D  sys tem.  In  th i s  s tudy ,  -0.4-0.5 
m m  t h i c k  s ta in less  s teel  wafers ,  of  100 m m  diam,  were  
u s e d  as subs t r a t e s ,  e n a b l i n g  t he  d e p o s i t e d  f i lm to be  
p e e l e d  off  t he  wafe r  b y  a s imp le  b e n d i n g  mot ion .  T he  wa- 
fers  s t ood  ver t ical ly ,  f ac ing  t he  ends  of  the  d e p o s i t i o n  
tube .  The  wafer  s p a c i n g  was  typica l ly  3-5 m m .  B o t h  fi lms 
a n d  s n o w s  were  o b t a i n e d  in a s ing le  run.  In  t h e  a p p a r a t u s  
used ,  t he  i n p u t  gas  f low ra te s  were  m e a s u r e d  a n d  con-  
t ro l l ed  b y  ro t ame te r - t ype  f lowmeters .  T he  gases  u s e d  
were  Sill4 a n d  02, w h i c h  reac t  in  t he  ho t  r eac t ion  c h a m -  
be r  to p r o d u c e  a m o r p h o u s  sol id  SIO2. The  d e p o s i t i o n  pa- 
r a m e t e r s  are  l i s ted  in  Tab le  I. E a c h  r u n  was  approx i -  
m a t e l y  20h long,  p r o d u c i n g  SiO=, f i lms 3-5 ~ m  th ick .  F ive  
s t a in le s s  s teel  wafe r s  were  u s e d  in each  r u n  for film col- 
lec t ion.  T h e  a m o u n t  of f i lm o b t a i n e d  was  less  t h a n  1 
g/run.  T h i n  fi lm SiO2 was  o b t a i n e d  at 523, 643, a n d  703 K. 
S n o w  SiO=, was  o b t a i n e d  at  t he  s ame  f u r nace  t e m p e r a -  
t u r e s  b u t  at  t he  co lde r  e n d s  of  the  CVD furnace .  Thus ,  in  
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t he  523 K fu rnace  run ,  s n o w  was  o b t a i n e d  f rom a r a n g e  of 
327-455 K; in  the  643 K fu rnace  run,  i t  was  o b t a i n e d  f rom 
419 to 533 K, and,  in  t he  703 K run,  f rom 344 to 673 K. The  
s a m p l e s  were  ana lyzed  for pu r i t y  b y  f lame p h o t o m e t r y .  
Metal l ic  i m p u r i t i e s  we re  f o u n d  r a n g i n g  f rom 6 to a b o u t  
1500 p p m  (see Tab le  II). Mos t  of  t he  i m p u r i t i e s  in  t he  
f i lms c a m e  f r o m  t h e  s t a in le s s  s tee l  subs t r a t e .  

F i l m s  a n d  snows  were  p l aced  in a l u m i n a  c ruc ib l e s  in  
smal l  q u a n t i t i e s  (20-50 mg)  a n d  were  a n n e a l e d  for  two  or 
t h r e e  days  at  t e m p e r a t u r e s  r a n g i n g  f r o m  773 to 1223 K. 
T h e s e  samples ,  in  a d d i t i o n  to t h e  a s -depos i t ed  ones,  were  
u s e d  in d r o p  a n d  so lu t ion  ca lo r ime t ry  a n d  were  also ex- 
a m i n e d  spec t roscop ica l ly ,  b y  s c a n n i n g  e l ec t ron  micros-  
copy,  a n d  b y  dens i t y  m e a s u r e m e n t s .  

High temperature calorimetry.--The c a l o r i m e t e r  u s e d  
for o b t a i n i n g  t h e r m o d y n a m i c  da ta  at  973 K is of  t he  Tian-  
Ca lve t  t ype  and  ha s  b e e n  d e s c r i b e d  e l s e w h e r e  (6). Two 
types  of  e x p e r i m e n t  we re  p e r f o r m e d .  The  first  is " t r ans -  
p o s e d  t e m p e r a t u r e  d r o p "  ca lor imet ry ,  in  w h i c h  a s a m p l e  
of CVD SIO2, e n c a p s u l a t e d  in Pt,  is d r o p p e d  f rom r o o m  
t e m p e r a t u r e  in to  the  ho t  ca lor imeter .  D u r i n g  t h i s  first 
drop,  t he  s a m p l e  h e a t s  to 973 K a n d  re leases  any  s to red  
ene rgy  t h a t  can  be  a n n e a l e d  qu i ck ly  at  t h a t  t e m p e r a t u r e .  
The  s a m p l e  is t h e n  re t r ieved ,  a n d  the  d rop  e x p e r i m e n t  is 
r epea ted .  The  s e c o n d  d rop  g ives  the  h e a t  c o n t e n t  of  t he  

Table I. Deposition parameters for the LPCVD experiments 

Temperature Deposition 
of deposition SiH~ flow O~ flow Pressure rate 

(K) (cm:~/min) (cm:~/min) (mtorr) (nm/min) a 

523 84 94 400 • 50 6 
643 84 94 400 • 50 19 
703 84 94 400 • 50 17 

Initial deposition rate calculated from 15-20 min test runs. It 
drops drastically after the first hour of deposition, leading to much 
thinner deposits than one would otherwise expect after 20h. 

Table II. Impurities present in the CVD snow and film samples 

Impurity Impurity content (ppm) 
(metal) Snows Films 

Ca _<20 - -  
Mg 5 -+ 3 140 • 30 
A1 11_+8 - -  
Fe 60 -+ 20 1300 • 200 
Ti _<150 _<500 
Cr - -  1500 • 500 
Mn - -  280 • 30 
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a n n e a l e d  sample .  The d i f fe rence  b e t w e e n  the  first d rop  
and  the  s e c o n d  d rop  gives the  en tha lpy  (at r o o m  t empera -  
ture)  of  any annea l ing  p rocess  or phase  t r ans i t ion  tha t  oc- 
curs  rap id ly  at 973 K. The s e c o n d  type  of  e x p e r i m e n t  is 
so lu t ion  ca lor imet ry  us ing  mo l t en  2PbO �9 B203 at 973 K. 
The  s a m p l e  (10-30 mg) is t he rma l ly  equ i l ib ra ted  at 973 K 
and  t h e n  d i s so lved  c o m p l e t e l y  in the  ox ide  melt .  I ts  hea t  
o f  so lu t ion  can be c o m p a r e d  to tha t  of  bulk  SiO2 glass,  in 
o rde r  to m e a s u r e  the  s tored  ene rgy  tha t  does  no t  annea l  
rapidly  at  973 K bu t  is re leased  w h e n  the  s amp le  is dis- 
solved.  The e x p e r i m e n t a l  detai ls  have been  d e s c r i b e d  
p rev ious ly  (6). 

Density measurements.--The dens i t ies  of  all CVD film 
s a m p l e s  g r o w n  on s ta in less  s teel  wafers  were  ob ta ined  by  
p y c n o m e t r y .  The heavy  l iquid used  was  perfluoro-1- 
methy ldeca l in .  ~ Smal l  a m o u n t s  of  s amp le  (10-50 rag) were  
p l aced  in  a cup and  w e i g h e d - - f i r s t  in air and  t h e n  in  the  
heavy  l i q u i d - - o n  a Sar tor ius  2434 semimic roba lance .  The 
l iquid  was  ca l ibra ted  us ing  a h igh  pur i ty  Si s ingle  crystal  
as a s t a n d a r d  (dens i ty  2.33 g-cm-:~). The dens i ty  of the  
s n o w  s a m p l e s  could  no t  be  m e a s u r e d  accurately,  owing  
to t he  s amples '  h igh  porosi ty .  F u r t h e r m o r e ,  measure -  
m e n t s  of  the  refract ive  i ndexes  of  the  s n o w s  were  at- 
t e m p t e d  us ing  a m i c r o s c o p e  and  i m m e r s i o n  oils. The re- 
sul ts  were  too var iable  for d i rec t  c o m p a r i s o n  wi th  those  
of  the  films. 

F o r  compar i son ,  t he  dens i t i e s  of  CVD SiO2 fi lms de- 
pos i t ed  on Si wafers  at depos i t ion  t e m p e r a t u r e s  of  523, 
643, and  703 K were  also measured .  Clean, (100) p - type  
b o r o n - d o p e d  Si wafe r s  wi th  resis t ivi t ies  of 40-50 t l -cm 
were  w e i g h e d  and  t h e n  u s e d  as subs t r a t e s  for SiO2 depo-  
sition. Af ter  the  depos i t i on  runs,  the  wafers  were  w e i g h e d  
again, t hus  p rov id ing  the  a m o u n t  of depos i t ed  SiO2. The 
t h i c k n e s s  of  the  films was  measu red ,  and  the  dens i t i e s  
were  ca lcula ted  f rom the  we igh t -vo lume  ratios. Th ickness  
and  ref rac t ive  i n d e x  m e a s u r e m e n t s  were  m a d e  s imulta-  
neous ly  us ing  a Met r i con  2000 p r i s m  coupler .  2 These  mea- 
s u r e m e n t s  could  no t  be  d o n e  direct ly  on  SiO2 fi lms de- 
pos i t ed  on s ta inless  s teel  wafers  because  of the  r o u g h n e s s  
of  the  subst ra te .  S ince  the  s ta inless  s teel  wafers  were  
e t c h e d  be fo re  depos i t ion ,  c racks  deve loped  and  SiO2 film 
depos i t ed  u n e v e n l y  on  the  subs t r a t e  surface,  m a k i n g  it 
ve ry  diff icult  to m e a s u r e  t he  t h i c k n e s s  and  the  refract ive  
i n d e x  of  t he  CVD layer. 

In  o rde r  to inves t iga te  the  effects  of  annea l ing  on densi-  
t ies  and  ref rac t ive  indexes ,  t he se  p rope r t i e s  were  mea- 
su red  for annea led  SiO2 CVD films g r o w n  on s ta in less  
s teel  and  Si wafers .  The annea l ing  t ime  in air was  72h at 
773, 873, 973, and  1173 K. The reason  for choos ing  such  a 
long annea l  will be  ev iden t  f rom the  d i scuss ion  on ther-  
m o d y n a m i c s  in t he  fo l lowing sect ion.  In  brief, shor t  an- 
neals  (1/2h or less at 973 K) cause  a cons ide rab le  dec rease  
in the  exces s  s to red  ene rgy  in the  CVD samp le s  (drop 
calorimetry) .  However ,  only  long annea l s  (~3 days  at 

~Columbia Organic Chemicals, Incorporated, Columbia, South 
Carolina 29290. 

2Metricon Corporation, Pennington, New Jersey 08534. 

Table Ill. Drop calorimetry results 

Drop 

Deposition Snow SiO2 
T(K) H,7:, - H~.,s 

Snow Film (kJ.  tool-') 

Film SiO~ 
H,7:, - H2.,s 
(kJ. mol- ') 

22.53 _+ 0.28 (2) 
40.94 _+ 0.38 (2) 
42.55 (1) 
19.06 _+ 0.03 (2) 

40.40 _+ 1.27 (2) 

- 1.02 _+ 1.06 ( 2 )  
39.12 _+ 1.60 (2) 

1 344-673 703 27.20 • 0.18 a (2) b 
2 344-673 703 42.01 • 0.65 (2) 
3 344-673 703 41.54 • 1.19 (3) 
1 419-533 643 -36.80 -+ 2.33 (2) 

-61.51 • 3.75 (4) c 
2 419-533 643 39.88 -+ 2.37 (2) 

38.55 • 0.76 (2) d 
1 327-455 523 -19.79 • 1.48 (2) 
2 327-455 523 39.94 • 2.57 (2) 

1173-1223 K) ensu re  c o m p l e t e  loss of St-OH and  Si-H spe- 
cies and  energe t ic  s tabi l i ty  (excess  s to red  ene rgy  close to 
zero). 

Infrared and Raman spectroscopy.--A Nicolet  MX-1 
FT-IR s p e c t r o m e t e r  was  u s e d  for ob ta in ing  the  inf rared  
spectra .  A p p r o x i m a t e l y  1 m g  of s ample  was  g r o u n d  wi th  
-115  mg  of  K B r  and  pel let ized.  The d isks  were  t h e n  
p laced  in a d ry ing  oven  at  373 K for abou t  24h. R a m a n  
spec t ra  were  run  wi th  an I n s t r u m e n t s  S.A. U-1000 doub le  
m o n o c h r o m a t o r  sys tem,  us ing  e i ther  t he  488.0 n m  or the  
514.5 n m  line of  a C o h e r e n t  Innova  90-4 a rgon  laser. De- 
tails have  b e e n  g iven  prev ious ly  (5). 

Scanning electron microscopy (SEM).~An ISI-SS40 
s c a n n i n g  e lec t ron  m i c r o s c o p e  was  used  for ob ta in ing  
SEM m i c r o g r a p h s  of  all the  samples .  The samples ,  after  
moun t ing ,  were  coa ted  wi th  gold to avoid cha rg ing  prob-  
lems.  

Results and Discussion 
High temperature calorimetry.--The resul ts  of drop  

ca lo r imet ry  are s h o w n  in Table  III. Fo r  b o t h  film and  
s n o w  samples ,  the  hea t  effect  seen  on the  first d rop  is 
less e n d o t h e r m i c  t h a n  tha t  for s u b s e q u e n t  ( second  and  
third)  drops ,  imply ing  a rap id  release Of ene rgy  on the  
first  annea l  at 973 K. For  the  snows  p r e p a r e d  at 419-533 
and  327-495 K, th is  e f fec t  is so large tha t  the  first  d rop  ac- 
tual ly has  a ne t  e x o t h e r m i c  hea t  effect.  The  m a g n i t u d e  of  
the  hea t  re leased,  w h e n  c o m p a r e d  to bulk  SiO~ glass, 
ranges  f rom 15 to 101 k J - m o l - ' .  On the  s econd  and  th i rd  
drops ,  t he  hea t  c o n t e n t  of  film and  s n o w  s a mp l e s  is simi- 
lar to tha t  of bulk  silica glass (41.9 k J - m o l - ' )  (7). 

The resul ts  of  so lu t ion  ca lor imet ry  are s h o w n  in Table  
IV. Desp i t e  s o m e  scat ter  in the  data, it is clear tha t  the  
hea t  of  so lu t ion  b e c o m e s  p rogress ive ly  less e x o t h e r m i c  
u p o n  annea l ing  and  a p p r o a c h e s  tha t  of  bu lk  SiO2 glass.  
A n n e l i n g  above 1223 K causes  the  onse t  of  crystal l izat ion,  
as o b s e r v e d  by  m e a n s  of  opt ical  mic roscopy .  

The t h e r m o d y n a m i c  data s h o w  tha t  the  L P C V D  SiO2 
s a mp l e s  are  very  metas tab le ,  in t e rms  of  en tha lpy ,  rela- 
t ive to bu lk  SiO2 glass. This  excess  e n t h a l p y  can be an- 
nea led  out  gradual ly  by  heat ing.  At  973 K, s o m e  of  the  
s to red  e n t h a l p y  is r e leased  rapidly  (by a d rop  exper i -  
ment) ,  and  some is re leased  only w h e n  the  s ample  is dis- 
solved.  This  sugges t s  tha t  m o r e  t h a n  one  m e c h a n i s m  for 
s tor ing  e x c e s s  e n e r g y  may  be involved.  I t  is pos s ib l e  tha t  
the  rap id ly  re leased  ene rgy  reflects  c h a n g e s  in  b o n d  an- 
gles, and  the  ene rgy  re leased  on d isso lu t ion  may  reflect  
d i f fe rences  in r ing size and  b o n d i n g  a r r angemen t s ,  differ- 
ences  tha t  wou ld  requ i re  the  b reak ing  of Si-O bonds .  

Table IV. Solution calorimetry results 

Deposition Anneal AH ~,,~ 
Sample T (K) T (K) t (h) kJ-mol -~ 

Snow 344-673 973 20 -43.60 -+ 0.59 ~ (2) b 
Snow 344-673 1123 20 -36.05 • 1.04 (2) 
Snow 344-673 1123 72 -35.77 + 1.30 (2) 
Snow 344-673 1223 20 -30.28 -+ 1.10 (2) 
Snow 344-673 1223 72 -30.11 -+ 1.15 (2) 
Snow ~ 419-533 973 20 -11.63 (1) 
Snow d 419-533 973 20 - 9.73 -+ 1.68 (2) 
Snow 327-455 973 20 - 9.48 • 0.68 (2) 
Snow 327-455 1123 24 -12.62 -+ 1.15 (2) 
Snow 327-455 1123 72 -12.97 (1) 
Snow 327-455 1223 24 -10.84 -+ 1.53 (2) 
Snow 327-455 1223 72 -11.11 -+ 1.92 (2) 
Film 703 973 20 -14.06 -+ 0.30 (2) 
Film 703 1173 48 -10.34 -+ 0.77 (2) 
Film 643 973 65 -21.74 -+ 0.33 (2) 
Film 643 1173 67 -17.11 (1) 
Film 523 973 20 -12.22 • 1.95 (2) 
Bulk - -  - -  -11.30 • 0.21 (4) 
glass 

a• 1~. 
~' Number of successful experiments. 
~'- ~ Two batches of snow sample from two separate but nominally 

identical LPCVD runs. 

a •  l c ~ .  
'~ Number of successful experiments. 
r Two batches of snow sample from two separate but nominally 
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Table V. Entholpy differences between CVD SiO.~ and bulk silica glass 

Anneal 
Type of Preparation 
sample T (K) T (K) t (h) 

Enthalpy difference 
Total excess 

(Drop) (Solution) enthalpy 
(kJ-mol- ' )  (k J-real- ' )  (k J-real- ' )  

Film 703 - -  - -  

Film 703 973 20 
Film 703 1173 48 
Film 643 - -  - -  

Film 643 973 65 
Film 643 1173 67 
Film 523 - -  - -  

Film 523 973 20 
Snow 344-673 - -  - -  

Snow 344-673 973 20 
Snow 344-673 1123 20 
Snow 344-673 1123 72 
Snow 344-673 1223 20 
Snow 344-673 1223 72 
Snow 419:533 - -  - -  

Snow 419-533 973 20 
Snow 419-533 - -  - -  

Snow 419-533 973 20 
Snow 327-455 - -  - -  

Snow 327-455 973 20 
Snow 327-455 1123 24 
Snow 327-455 1123 72 
Snow 327-455 1223 24 
Snow 327-455 1223 72 

19.35 • 0.28 ~ 2.76 -+ 0.37 ~ 22.11 -+ 0.46 r 
0 2.76 -+ 0.37 2.76 _+ 0.37 
0 -0.97 • 0.80 -0.97 • 0.80 

22.82 • 0.03 10.44 • 0.39 33.26 • 0.39 
0 10.44 • 0.31 10.44 • 0.31 
0 5.81 • 0.21 5.81 -+ 0.21 

42.90 _+ 1.06 0.92 -+ 1.96 43.82 • 2.23 
0 0.92 -+ 1.96 0.92 -+ 1.96 

14.68 -+ 0.18 32.30 -+ 0.63 46.98 -+ 0.66 
0 32.30 • 0.63 32.30 -+ 0.63 
0 24.75 + 1.06 24.75 • 1.06 
0 24.47 • 1.32 24.47 _+ 1.32 
0 18.98 • 1.12 18.98 -+ 1.12 
0 18.81 • 1.17 18.81 • 1.17 

78.68 • 2.33 0.33 • 0.21 79.01 • 2.34 
0 0.33 • 0.21 0.33 • 0.21 

103.39 • 3.75 -1.57 • 1.69 101.82 • 4.11 
0 -1.57 • 1.69 -1.57 • 1.69 

61.67 • 1.48 -1.82 -+ 0.71 59.85 • 1.64 
0 -1.82 -+ 0.71 -1.82 • 0.71 
0 1.32 _+ 1.17 1.32 • 1.17 
0 1.67 • 0.21 1.67 • 0.21 
0 -0.46 • 1.54 -0.46 • 1.54 
0 -0.19 -+ 1.93 -0.19 - 1.93 

Errors propagated from drop experiments. 
h Errors propagated from solution experiments. 

Error calculated by propagation of errors of a and b. 

E v e n  t h o u g h  the  a p p r o p r i a t e  c r i t e r ion  for  s t ab i l i ty  at  con-  
s t a n t  t e m p e r a t u r e  a n d  p r e s s u r e  is p r o v i d e d  b y  t h e  G i b b s  
f ree  e n e r g y  c h a n g e ,  t he  c o n c e p t  o f  m e t a s t a b i l i t y  in  t e r m s  
o f  e n t h a l p y  is u s e d  h e r e  b e c a u s e  t h e  TAS t e r m  in  the  
G i b b s  f ree  e n e r g y  f u n c t i o n  a s s o c i a t e d  w i t h  the  a n n e a l i n g  
p r o c e s s  is u n l i k e l y  to o v e r c o m e  the  v e r y  l a rge  nega t i ve  
e n t h a l p y  c h a n g e s  o b s e r v e d  in t he  c a l o r i m e t r i c  expe r i -  
m e n t s .  

T h e  to ta l  s t o r e d  e x c e s s  e n t h a l p y  ( re la t ive  to  b u l k  SiO., 
g lass )  is t h e  s u m  o f  t h e  e x c e s s  e n t h a l p y  in  t h e  d r o p  a n d  in 
t h e  s o l u t i o n  e x p e r i m e n t s  (Tab l e  V). Th i s  is p l o t t e d  in Fig. 
1 as  a f u n c t i o n  of  a n n e a l i n g  t e m p e r a t u r e .  A se r i e s  o f  
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Fig. 1. Total excess enthalpy (kJ mol-')  of the snow or film samples 
compared to bulk SiO~ glass as a function of annealing temperature. 
Insert shows total excess enthalpy of as-deposited film and snow 
samples as a function of deposition temperature. Solid lines are for 
the films and dashed lines for the snows. Total length of vertical error 
bars is 2o-. Horizontal error bars indicate range of deposition temper- 
ature for snows. 

c u r v e s ,  o n e  for  e a c h  ini t ial  p r e p a r a t i o n  t e m p e r a t u r e ,  is 
s h o w n .  T h e  s n o w s  a p p e a r  to be  m o r e  m e t a s t a b l e  t h a n  the  
f i lms,  a n d  t h e  l o w e r  t e m p e r a t u r e  s a m p l e s  are  g e n e r a l l y  
m o r e  m e t a s t a b l e  t h a n  t h e  h i g h e r  t e m p e r a t u r e  ones .  O n  
a n n e a l i n g ,  all t he  s a m p l e s ,  w i t h  t h e  e x c e p t i o n  o f  t he  s n o w  
d e p o s i t e d  d u r i n g  t h e  703 K L P C V D  run ,  t e n d  to a p p r o a c h  
b u l k  s i l ica g l a s s  ene rge t i ca l ly .  No  e x p l a n a t i o n  for  t h e  de-  
v i a t i on  o b s e r v e d  in  t h a t  p a r t i c u l a r  s n o w  is avai lable .  
W h e n  t h e  to ta l  e x c e s s  e n t h a l p y  o f  t he  a s - d e p o s i t e d  
s a m p l e s  is p lo t t ed  as  a f u n c t i o n  o f  t e m p e r a t u r e  o f  depos i -  
t i on  ( s e e  i n s e r t  in  Fig.  1), s n o w  a n d  f i lm s a m p l e s ,  e x c e p t  
fo r  t h e  419-533 K s n o w s ,  fall o n  a s m o o t h  t r e n d  w h e n  the  
t e m p e r a t u r e  of  d e p o s i t i o n  o f  t he  s n o w s  is t a k e n  to be  the  
a v e r a g e  o f  t h e  ac tua l  r a n g e  o f  t e m p e r a t u r e s  f r o m  w h i c h  
e a c h  s a m p l e  w a s  o b t a i n e d .  T w o  b a t c h e s  o f  s n o w  d e p o s -  
i ted  at 419-533 K (ho t  z o n e  of  t he  C V D  f u r n a c e  at  643 K) 
w e r e  o b t a i n e d  in s e p a r a t e  e x p e r i m e n t s ,  i n  o r d e r  to  c o m -  
p a r e  t w o  n o m i n a l l y  i den t i ca l  r u n s .  B o t h  s h o w  d e v i a t i o n  
f r o m  t h e  gene ra l  t r e n d s  a n d  a p p e a r  to b e  t h e  m o s t  
m e t a s t a b l e  s a m p l e s  p r o d u c e d  (Tab le  V). T h e s e  s a m p l e s  
d i f fer  s ign i f i can t ly  in  t h e  h e a t  effect  s e e n  o n  t h e  first  
d r o p  (Tab le  III) ,  s u g g e s t i n g  p o s s i b l e  i n h o m o g e n e i t y .  Per -  

Table Vl. Densities and refractive indexes 
of LPCVD Si02 films deposited on Si wafers 

Deposition Anneal ~' Density 
T (K) T (K) (g-cm-') Refractive index 

523 - -  2.08 • 0.07 b (18) e 1.4573 • 0.0012 d (12) e 
773 2.09 -+ 0.04 (3) 1.4492 • 0.0002 (5) 
873 2.08 • 0.02 (3) 1.4519 • 0.0006 (11) 
973 2.20 • 0.10 (3) 1.4548 • 0.0005 (3) 

1173 2.42 +_ 0.02 (3) 1.4570 § 0.0011 (4) 

643 - -  2.05 • 0.01 (10 )  1.4514 -+ 0.0026 (15) 
773 - -  1.4513 -+ 0.0006 (3) 
873 2.08 • 0.07 (2) 1.4540 • 0.0007 (4) 
973 2.02 • 0.08 (3) 1.4547 -+ 0.0008 (3) 

1173 2.56 +- 0.02 (2) 1.4569 -+ 0.0009 (3) 

703 - -  1.99 • 0.02 (10) 1.4509 • 0.0012 (22) 
773 - -  1.4510 • 0.0006 (3) 
873 2.09 • 0.05 (6) 1.4541 • 0.0014 (6) 
973 2.14 • 0.06 (6) 1.4555 • 0.0012 (6) 

1173 2.44 • 0.10 (4) 1.4570 • 0.0010 (5) 

" Each sample annealed in air for 72h. 
b • l (Y.  

~" Number  of measurements.  
d ~ 3 o r  
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Table VII. Densities of LPCVD SiO~ films deposited 
on stainless steel wafers, obtained by pycnometry 

Deposition Anneal ' Density 
T (K) T (K) (g-em-:9 

523 - -  2.25 -+ 0.099 ~ (2F 
873 2.14 (1) 

1173 2.46 (1) 
643 - -  2.13 -+ 0.061 (2) 

773 2.15 (1) 
873 2.28 (1) 
973 2.26 (1) 

1173 2.29 -+ 0.014 (2) 
703 - -  2.10 -+ 0.085 (2) 

773 2.20 (1) 
873 2.30 (1) 
973 2.28 (1) 

1173 2.28 -+ 0.057 (2) 

~Each saple annealed in air for 72h. 
)> -+ 1~. 

Number of measurements. 

h a p s  co inc iden ta l ly ,  t he  f i lms g r o w n  at 643 K s h o w e d  a 
s l ight ly  h i g h e r  d e p o s i t i o n  rate ,  s u g g e s t i n g  pos s ib l e  rela- 
t ions  a m o n g  rap id  depos i t ion ,  me tas t ab i l i t y ,  and  
i n h o m o g e n e i t y .  

IR s p e c t r a  of t he  a s -depos i t ed  a n d  a n n e a l e d  CVD 
s a m p l e s  were  t a k e n  a n d  c o m p a r e d  to t he  s p e c t r u m  of  
b u l k  SiO., glass. T h e r e  are  a few s u b t l e  d i f f e rences  in  the  
spec t ra ,  as will  b e  d i s c u s s e d  later ,  b u t  t h e r e  is also indica-  
t i on  of  a sma l l  a m o u n t  of H~O p r e s e n t  in  t he  samples .  To 
t e s t  w h e t h e r  s u c h  H~O c o n t e n t  i n f luences  t he  m e a s u r e d  
en tha lpy ,  c a lo r ime t r y  was  p e r f o r m e d  on  s o m e  b u l k  SiO~ 
glass  w i t h  k n o w n  h i g h  a n d  low O H -  c o n t e n t s  (Supras i l  I, 
1200 p p m  O H - ;  F u s i o n  453, 0.1 p p m  OH-) .  T r a n s p o s e d  
t e m p e r a t u r e  d r o p  a n d  so lu t ion  ca lo r ime t ry  e x p e r i m e n t s  
o n  Sup ra s i l  I gave  r e su l t s  t h a t  agree  ve ry  wel l  w i t h  the  
va lues  for  d ry  si l ica glass.  T h e  IR s pec t r a  of the  F u s i o n  
a n d  Sup ra s i l  SiO~ s a m p l e s  are t he  s ame  (as t h e  s p e c t r u m  

1 .480  

X 
~ 1 . 4 7 0  

z 

I.l.1 1 .460  

~ 1.450 
r~ 

~ 1.440 

DEPOSITION TEMPERATURE : 523 K 

I I i I I I I 

I 
I 

1 .430  ) I I I [ L I I 
4 7 3  573  6 7 3  773  8 7 3  973  1073  1173  1273  

TEMPERATURE, K 
2 . 6  t I t I I I I t 

2.5 

E 
u 

2.4 

2.3  

z ua 
t'~ 2.2 

2 .1  

2 . 0  

1 . 9  I 

4 7 3  

I I I I I I I 

573  673  773  8 7 3  9 7 3  1073  1173  1273  

TEMPERATURE, K 
Fig. 2. a. Refractive index of LPCVD Si02 films deposited at 523 K 

on Si wafers vs. a n n e a l i n g  temperature, b. Density of LPCVD SiO.~ 
films deposited at 523 K on Si wafers (circles) and stainless steel wa- 
fers (triangles) vs. annealing temperature. 
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of b u l k  SiO2 glass), w i t h  t he  e x c e p t i o n  of  t he  O H -  absorp-  
t ion  b a n d  for Supras i ]  I. Thus ,  it is c o n c l u d e d  t h a t  the  
smal l  a m o u n t  of H._,O p r e s e n t  in  t he  CVD s a m p l e s  (< 7000 
p p m )  is p r o b a b l y  no t  t he  cause  of t he  la rge  hea t  effects  
seen.  
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Densi t ies  a n d  re f rac t i ve  i n d e x e s . - - T h e  results from the 
density and refractive index measurements are listed in 
Tables VI and VII. Densities and refractive indexes in- 
crease as the temperature of anneal increases (see Fig. 
2-4). All the circles in the figures are the means of the 
measurements on LPCVD film SiO~ samples collected on 
Si wafers, whereas the triangles are the means of the mea- 
surements on SiO2 samples collected on stainless steel 
wafers. The error bars attached to the circles are -+ 10. (to- 
tal length 2o-) for all the densities, thus giving a 
confidence interval of 95%, and + 30. (total length of 60.) 
for all the refractive indexes, giving a confidence interval 
of 99.7%. 

All refractive indexes fall between 1.4500 and 1.4600 for 
as-deposited and annealed samples. For all three deposi- 
tion temperatures, the indexes increase slightly with an- 
nealing. A general increase upon annealing is also ob- 
served in the densities of the film CVD SiO2 samples. 
However, the detailed behavior of the film densities may 
differ from that of the refractive indexes. The as- 
deposited samples have densities in the range 2.0-2.22 
g-cm -3, not very different from those of bulk SiO2 glass 
(8) and those of thermally grown SiO2 (9), or from other re- 
ported values for CVD SiO2 films (9, 10). Samples col- 
lected on stainless steel wafers are slightly more dense 
than the CVD films on Si wafers. For the samples depos- 
ited at 523 K, the densities of films deposited on both 
kinds of substrate are very similar to each other, both ini- 
tially and upon annealing. For the higher deposition tem- 
peratures (643 and 703 K), the films deposited on Si ap- 
pear less dense than those deposited on stainless steel. 
This difference persists up to the highest temperature 
(1173 K) on annealing. At this temperature, the SiO2 films 
deposited on Si show a sudden increase in density, an in- 
crease not seen in the samples grown on stainless steel. 
One possible explanation for this observation may be that 

there was some growth of thermal oxide (SiO2) during the 
annealing in air of these samples. Such an increase, how- 
ever, is seen for SiO~ films deposited on both Si and 
stainless steel at 523 K. 

It is not clear whether these apparent differences in 
density trends for the various SiO~ film samples repre- 
sent real structural differences. First, one must be cau- 
tious, because the uncertainties in density measurements 
(see error bars in Fig. 2, 3, and 4) are much larger than 
those in the refractive indexes. Also, densities of films 
deposited on Si and stainless steel were measured by dif- 
ferent methods. Furthermore, small amounts of Fe and Cr 
impurities in the films deposited on stainless steel (see 
Table II) would tend to raise their apparent densities. 
Last, the difference in density of SiO2 films deposited on 
steel vs. those deposited on silicon could perhaps be ex- 
plained on the basis of substrate temperature. Stainless 
steel may be hotter due to increased thermal conduction, 
thus leading to some densification of the film even as it 
is being deposited. Nevertheless, the behavior seen might 
suggest that the effects of deposition temperature, sub- 
strate, and annealing on film density, structure, and ther- 
modynamics may be complex in detail, though the over- 
all trend is toward densification and energetic relaxation 
with increasing temperature. The densities higher than 
those of bulk SiO2 glass for samples annealed at 1173 K 
may suggest incipient crystallization. All those samples 
were checked for crystals. None was found by x-ray dif- 
fraction. However, reflected light microscopy revealed a 
few very small islands of crystals, probably too small in 
overall extent to cause any substantial increase in den- 
sity. However, these observations do not rule out the 
presence of very small microcrystalline regions present in 
a total concentration significant enough to affect the den- 
sity. The observation that the enthalpies of solution of the 
samples annealed at the highest temperatures (see Table 
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ated with the density measurements), for samples grown 
on both stainless steel and Si. The reason for this is not 
known, but such denser films might be technologically 
interesting [improved physical and/or dielectric proper- 
ties (11, 12)]. 

Infrared and Raman spectroscopy.--Raman and infra- 
red spectra of the as-deposited and annealed at 1173 K for 
-70h  SiO~ film samples are shown in Fig. 5-7. An ex- 
tended discussion can be found elsewhere (5), and only a 
summary is presented here. 

The most important features in the Raman and infrared 
spectra are: bands at -3700 and -970 cm- '  due to hy- 
droxyl groups present as Si-OH species (13, 15) that disap- 
pear on annealing, and an asymmetric peak near 2270 
cm- ' ,  most probably due to Si-H species in the as- 
deposited films and snows (14). This peak disappears on 
annealing as well. 

The Si-H relative concentration varies, with deposition 
temperature being lowest at the highest temperature. 
This might indicate a more complete reaction at higher 
temperatures. When the samples are annealed, both 
Si-OH and Si-H species disappear, probably through con- 
densation to SiOSi linkages and elimination of H._, and/or 
H20. The high frequency bands shift upward from 1040 
and 1160 cm -~ for the as-deposited samples to 1060 and 
1200 c m - '  on annealing. Furthermore, the major low fre- 
quency band at 470 c m - '  shifts to 430 c m - '  after anneal- 
ing (Fig. 5). This does not suggest that the as-deposited 
LPCVD samples are denser than bulk SiO2 glass, but it 
does demonstrate that there is enough local structure 
change, perhaps due to Si-H and Si-OH species, for the 
spectra to be affected (5). 

Scanning electron microscopy.--SEM micrographs of 
both film and snow CVD SiO2 samples are shown in Fig. 

8. The surface of the film samples is basically smooth 
with some bubbles. These bubbles may be due to traces 
of H~ trying to escape from the samples or, possibly, due 
to nodules of SiO~ formed in the gas phase and actually 
incorporated in the films. The possibility that the bub- 
bles are formed by incorporated particulate contaminants 
or by some roughness of the stainless steel substrates is 
less likely, because the bubbles appear perfectly spheri- 
cal. 

The snow samples appear very different. The as-de- 
posited sample differs remarkably from the annealed 
sample. In the latter, numerous bubbles can be seen, and 
the sample looks sintered (Fig. 8d). The diameters of the 
bubbles vary between - 5  and -30  t~m. Their origin is 
most probably due to H~ gas evolution, but  it is also possi- 
ble that there was some gas phase nucleation due to tur- 
bulence during deposition, thus resulting in SiO., nodule 
formation. 

We attempted to measure the surface area of the snows 
by using the BET method (16). A type V isotherm was ob- 
tained (16, 17), making it difficult to make any reasonable 
surface area measurement.  Nevertheless, it is clear that 
the snows have a very high surface area. This can be seen 
in Fig. 8f, which, in addition to showing overall small 
particle size (0.5-1.2 tLm), shows complex morphology, 
with each particle having a larger surface area than that of 
a smooth sphere of similar dimensions. 

Conclusions 
High temperature drop and solution calorimetry has 

shown that the as-deposited LPCVD SiO~ samples on 
stainless steel substrates are metastable by up to 101 kJ- 
mo1-1 when compared to bulk SiO2 glass. This difference 
is large compared to the enthalpy difference between 
various silica polymorphs [e.g., glass, quartz, cristobalite, 
tridymite, and coesite (7)]. It may be related to the large 
surface area of the snow samples and to specific local 
structural differences in the silica framework due both to 
the conditions of deposition and also possibly to the pres- 
ence of Si-H and Si-OH species in the CVD samples. 
These differences disappear gradually with annealing. 

The refractive indexes of SiO2 films deposited on stain- 
less steel and on Si fall between 1.4500 and 1.4600 for as- 
deposited and annealed samples. Both densities and re- 
fractive indexes of the film samples generally increase 
with anneal ing temperature, but their detailed behavior is 
different. It is not clear whether apparent differences in 
density trends for the various SiO2 films represent real 
structural differences. 

Fig. 8. a: SEM micrograph of film CVD SiO~ deposited at 643 K. 
Overall picture, b: SEM microgroph of film CVD SiO~ deposited at 
523 K. c: SEM micrograph of snow CVD SiO~ deposited during the 
703 K run: Individual particle length ~530/.~m. d: SEM micrograph of 
snow CVD SiO~ deposited during the 703 K run, annealed at 1223 K 
for 72h. Bubbles are clearly seen (see text), e: SEM micrograph of 
snow CVD Si02 deposited during the 703 K run, annealed at 1223 K 
for 72h. Close up of bubbles. Diameter range from 2 to 11 /~m. f: SEM 
micrograph of snow CVD deposited during the 703 K run, annealed at 
1223 K for 72h. Close-up of the surface. See text. 
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ABSTRACT 

Silicon single crystals that had various oxygen concentrations and that had been grown by the magnetic-field- 
applied Czochralski (MCZ) method were investigated by two-step annealing to examine the defect generation associated 
with oxygen precipitation. The crystallinity of the crystals was characterized by x-ray anomalous transmission, IR ab- 
sorption, x-ray section topography, and selective etching techniques and compared with that of conventional CZ crys- 
tals. Oxygen precipitation and defect generation were not found in MCZ crystals with oxygen concentrations less than 5 
• 10 '7 at./cm 3. In MCZ crystals with oxygen concentrations more than 5 x 10 '7 at./cm ~, the density of defects such as oxy- 
gen precipitates, dislocation loops, and stacking faults was much less than in CZ crystals. 

The magnetic-field-applied Czochralski (MCZ) method 
produces high quality silicon single crystals by applying a 
transverse magnetic field during crystal growth to sup- 
press the turbulent  convection of the melt (1-3). This 
method enables us to control a wider range of oxygen 
concentrations in silicon, to obtain higher resistivity, and 
to improve the radial distribution of resistivity more than 
was previously possible with the CZ method. The MCZ 
method makes possible oxygen concentrations within a 
range of 0.5-12 x 10 '7 at./cm:' (3), while the conventional 
CZ method makes possible oxygen concentrations only 
within a range of about 10 x 10 ~7 at./cm:L It is well known 
that oxygen in silicon is closely related to the defects gen- 
erated during the high temperature processes required by 
device fabrication. Using two-step annealing, we have in- 
vestigated dislocation-free MCZ silicon crystals with 
various oxygen concentrations. In this paper, we report 
that oxygen precipitation and defect generation are not 
found in MCZ crystals with low oxygen concentrations, 
and that MCZ crystals with high oxygen concentrations 
have better crystallinity than conventional CZ crystals. 

Experimental Procedure 
Test samples were four groups of MCZ wafers with dif- 

ferent oxygen concentrations, with a group of conven- 
tional CZ wafers as reference. Oxygen concentrations of 

Table I. Oxygen concentration of test samples 

Oxygen concentration 
Sample Growth method (at./cm:9 

M-1 MCZ 11.2 x 10 ̀7 
M-2 MCZ 5.8 x 10 ~7 
M-3 MCZ 2.9 • 10 '~ 
M-4 MCZ 1.2 x 10 t7 
C-1 CZ 10.9 x 10 '7 

the samples are shown in Table I. The p-type (B doped) 
wafers had a 3 or 4 in. diameter, about a 380 ~m thickness, 
a (001) orientation, and a 10-15 ~2-cm resistivity. The front 
and back surfaces of the wafers were mechanically and 
chemically polished. 

Crystal perfection was investigated in the as-grown 
state, after the first annealing and after the second an- 
nealing, using x-ray diffraction intensity measurements, 
x-ray section topography, and selective etching tech- 
niques, according to the flow chart shown in Fig. 1. Oxy- 
gen concentration was also measured by infrared absorp- 
tion at each stage to allow a better understanding of the 
precipitation behavior. 

Two-step annealing.--The samples were subjected to 
the first annealing in order to generate the embryos of 

AS - GROWN 
X-ray intensity 
Oxygen concentration 

FIRST ANNEALING 

X-ray intensity 
Section topograph 
Oxygen concentration 

SECOND ANNEALING 

X- ray intensity 
Sect ion topograph 
Oxygen concentration 
Etch pattern 
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