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ABSTRACT 

The kinetics of the low pressure CVD growth of SiO2 from Sill4 and 02 have been studied for an indirect (remote) 
plasma process. Homogeneous (gas phase) and heterogeneous operating ranges were identified and within the heteroge- 
neous (surface reaction dominated) range of operation the process was found to be very reproducible and consistent. The 
kinetic rate equation for the growth at 14W RF power input and 400 mtorr total pressure, on both InP and. Si substrates, 
was found to be 

/-4227\ 0~ ;6 
DR(~Jmin) = 1.4 • 10 ̀3 exp L~---)(no2)(nsiH,)  

where  the  n give the  molar  flow rate of the  cons t i tuents  for the  reaction. 

Chemical vapor deposition (CVD) is a technique of con- 
siderable importance in the electronics industry not only 
because of its good controllability but also because of its 
potential for high purity growth and high throughput. Low 
pressure CVD processing in particular has attracted much 
attention because of its capabilities for depositing highly 
uniform layers over large substrate areas. Typical thermal 
CVD processes, where heat energy is employed to pro- 
mote the reaction of the component gases, typically re- 
quire temperatures in excess of -350~ which, although 
much below the -1000~ employed for the thermal oxida- 
tion of Si, is still considered to be quite high when redistri- 
bution of impurities due to diffusion must be minimized 
in, for example, the fabrication of small dimension de- 
vices. Compound semiconductor technology also requires 
low reaction temperatures to retard loss of the more vola- 
tile components. To achieve reduced process tempera- 
tures, alternate forms of input energy such as RF (i) and 
microwave plasma discharges (2) as well as photoen- 
hancement have been employed (3). 

For none of these CVD processes however, and in partic- 
ular for none of the newer photo- and plasma-enhanced 
processes, does much information exist in the literature on 
the kinetics of the growth processes involved. Some data 
have certainly been published, and most likely, in all fabri- 
cation facilities, the performance of CVD reactors is well 
documented. Notwithstanding these empirical evalu- 
ations however, little systematic data exist in the literature 
on the details of this type of growth so that predictions of 
deposition parameters can be made. 

This paper presents the results of a study of the kinetics 
of the growth of insulating layers of SIO2, from the reaction 
of Sill4 and 02, on substrates of InP and Si. The CVD 
growth process employed is a low pressure indirect 
plasma enhanced reaction where the plasma discharge is 
created in a region remote from the substrate (4). In this 
way, as has been previously shown, the potentially damag- 
ing effects of the hostile plasma environment on the semi- 
conductor substrate are largely eliminated (5) while at the 
same time the benefits of the more conventional "direct" 
plasma process, including reduced growth temperatures, 
are retained. 

Figure i shows a schematic of this growth scheme where 
an oxidant, in this case 02, is first passed through a plasma 
discharge and then on into the reaction vessel where the 02 
products  are combined  with the  silane. In this way growth 
of SiO2 has been reported at tempera tures  as low as 300 K 
a l though with some sacrifice in mechanical  propert ies  at 
the  very lowest temperatures .  

Experimental 
A horizontal  hot  wall CVD reactor  as shown in Fig. 2 has 

been  utilized, in conjunct ion  with a remote  p lasma cham- 
ber, to deposi t  layers of silicon dioxide on single crystal  
(100) or iented substra tes  of Si and  InP. The overall reac- 
t ion for the  process is as follows 

(02)* (plasma) + Sill4 (gas) --~ SiO2 (solid) + 2H2 (gas) 

where  the  asterisk identifies an excited state of the  oxygen 
resul t ing from the  p lasma discharge. Research grade oxy- 
gen obta ined  from Air Products ,  together  with  a small  
quant i ty  of n i t rogen to enhance  the  plasma reaction, is 
passed th rough  a Pyrex tube  of 7.6 cm diam and 17 cm 
length. These  gases are induct ively exci ted by means  of a 
13.56 MHz power source, capable of delivering up to 200W, 
and are t hen  routed into the reaction chamber  where  they 
are mixed  with 5.1% silane diluted in N2 resul t ing in 
growth of the  SiO2 films. The dis tance be tween  the  plasma 
ch amb er  and the  subst ra te  is - 7 0  cm which  we believe is 
sufficient to allow removal  of all the  ionized species by col- 
l ision wi th  the  grounded  stainless steel connect ing  tubing.  
The quartz  growth chamber  is 11.5 cm in diameter  and 63.5 
cm in length,  d imens ions  which, together  with  the  flow 
rates employed, resulted in a Reynolds number for our 
system -i, sufficiently below the value of -2100 typically 
associated with turbulent flow to presumably ensure lami- 
nar conditions in the reactor. Such nonturbulent flow is 
mandatory for consistent and reproducible results and for 
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Fig. 1. Block diagram of the indirect plasma enhanced CVD deposi- 
tion system. 
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Fig. 3. Typical experimental growth sequence for Si02 deposition 
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good  layer  un i fo rmi ty .  T he  c h a m b e r  was  h e a t e d  b y  a 5 kW 
s ing le  zone  fu rnace  over  a l e n g t h  of  30.5 cm. Two s ta in less  
steel  f langes sealed wi th  si l icone r u b b e r  O-rings p rov ide  ac- 
cess  a t  one  e n d  o f  t h e  c h a m b e r  for  t he  r e a c t a n t  gases  a n d  at  
t he  o the r  e n d  for t h e  v a c u u m  p u m p i n g  port .  M a x i m u m  
layer  u n i f o r m i t y  was  f o u n d  to be  a c h i e v e d  by  i n t r o d u c i n g  
t he  Sill4 c lose  to t he  s u b s t r a t e  as s h o w n  in  Fig. 2, by  m e a n s  
of  a 1/4 in. d i a m e t e r  pipe,  wh i l e  all o the r  gases  e n t e r e d  di- 
r ec t ly  t h r o u g h  t h e  e n d  plate .  T he  v a c u u m  was  p r o v i d e d  by  
a 12.75 l i ter/s  co r ros ion  r e s i s t an t  ro ta ry  p u m p .  P r e s s u r e  
was  m e a s u r e d  u s i n g  a c apac i t ance  m a n o m e t e r  (MKS Bara-  
t ron) ,  a n d  t h e  t e m p e r a t u r e  of  t he  s ta in less  s teel  s u b s t r a t e  
s u p p o r t  was  m o n i t o r e d  b y  a t ype  K t h e r m o c o u p l e .  A dif- 
fe ren t ia l ly  p u m p e d  Balzers  q u a d r a p o l e  mass  s p e c t r o m e t e r  
s a m p l e d g a s e s  at  t he  c h a m b e r  ou t l e t  a n d  was  u s e d  to ana-  
lyze a n d  con t ro l  t he  gas e n v i r o n m e n t  in  the  g r o w t h  c h a m -  
ber .  In i t ia l  u se  of  t he  s y s t e m  s h o w e d  t h a t  g r o w t h  of SiO2 
o n  t h e  Si or  I n P  was  largely  a b s e n t  due  a p p a r e n t l y  to  con-  
s u m p t i o n  of  t he  r e a c t a n t s  by  a cata lyt ic  r eac t ion  at  t he  
s t a in less  s teel  s u b s t r a t e  suppor t .  However ,  once  a coa t ing  
of  SiO2 was  bu i l t  u p  on  t he  s u b s t r a t e  suppor t ,  th i s  effect  
a p p e a r e d  to be  e l imina ted .  P r e s s u r e  in  t he  d e p o s i t i o n  
c h a m b e r  was  con t ro l l ed  by  i n t r o d u c i n g  N2 to t he  in le t  of  
t he  p u m p  w h i c h  also inc reases  safe ty  by  ac t ing  as a con t in -  
u o u s  p u r g e  for  t he  Sill4. T he  flow ra tes  of  t he  gases  were  
a d j u s t e d  u s i n g  n e e d l e  va lves  a n d  were  m e a s u r e d  by  m e a n s  
of  ro t ame te r s .  The  p roces s  s e q u e n c e  was  con t ro l l ed  by  a 
T Y L A N  16 p r o g r a m m a b l e  s e q u e n c e r  a n d  p n e u m a t i c  valv-  
ing. F i l m s  g r o w n  in  th i s  s y s t e m  were  eva lua t ed  for  th ick-  
ne s s  a n d  re f rac t ive  i n d e x  b y  m e a n s  of  a G a e r t n e r  Ell ip- 
s o m e t e r  o p e r a t i n g  at  t he  He-Ne lase r  w a v e l e n g t h  of  6328A. 

T h e  g r o w t h  cycle  for a typ ica l  depos i t i on  r u n  is s h o w n  in 
Fig. 3. T h e  wafe r s  were  c l eaned  w i th  ace tone ,  r insed  in DI  
water ,  c l e a n e d  u l t r a son ica l ly  in  m e t h a n o l ,  r i n s e d  sequen-  
t ia l ly in  m e t h a n o l  a n d  DI water ,  e x p o s e d  to x y l e n e  v a p o r s  
fo l lowed  by  a DI w a t e r  r inse ,  i m m e r s e d  in H F  for  20s, and  
f inal ly  r i n s e d  in  DI  wa te r  a n d  b l o w n  d r y  in n i t rogen .  The  
wafe r s  we re  t h e n  i m m e d i a t e l y  l oaded  in to  t he  c h a m b e r  
w h i c h  was  con t i nua l l y  p u r g e d  w i th  U H P  N2 b e t w e e n  runs .  
P r io r  to  g r o w t h  t h e  c h a m b e r  was  e v a c u a t e d  to a b a s e  pres-  
su r e  o f - 1  x 10 -2 to r r  a n d  t h e n  p u r g e d  w i t h  U H P  N2 for  ap-  
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Fig. 4. Arrhenius plot of deposition rote. Chamber pressure = 400 
retort, nitrogen flow rate = 21.45 cm3/min, oxygen flow rate = 12 cm3/ 
min, silane flow rate = 1.28 cm3/mln. Curve (a): Si substrate, RF power: 
23W. Curve (b): InP substrate, RF power: 14W. Curve (c): Si substrate, 
RF power: 14W. Curve (d): Si substrate, RF power: 33W. 

p r o x i m a t e l y  15 min .  Fo l lowing  this ,  t h e  des i r ed  d e p o s i t i o n  
p r e s s u r e  was  se t  b y  a d j u s t i n g  t he  N2 flow to t he  p u m p ,  a n d  
t h e  t e m p e r a t u r e  of  t he  r eac t ion  c h a m b e r  was  ra i sed  a n d  
m a i n t a i n e d  for a b o u t  a n  h o u r  for s t ab i l i za t ion  a n d  
bakeou t .  The  p u r g i n g  Ne was  t h e n  t u r n e d  off, a n d  t he  reac-  
t a n t  gases,  s i lane  a n d  oxygen ,  m i x e d  w i t h  a sma l l  a m o u n t  
of  n i t rogen ,  we re  i n t roduced .  P l a s m a  p o w e r  was  t h e n  
t u r n e d  on  and  t h e  R F - m a t c h i n g  n e t w o r k  loca ted  b e t w e e n  
t h e  R F  g e n e r a t o r  a n d  t h e  p l a s m a  c h a m b e r  was  a d j u s t e d  to 
o b t a i n  a m a x i m a l l y  b r i g h t  glow. T h e  r e a c t a n t  gases  a n d  
t he  fu rnace  we re  t u r n e d  off  once  d e p o s i t i o n  was  comple te .  
U H P  N2 was  t h e n  i n t r o d u c e d  for  p u r g i n g  a n d  t h e  s y s t e m  
a l lowed  to cool  for a b o u t  2h at  w h i c h  p o i n t  t h e  wafers  we re  
u n l o a d e d .  

Results 
U s i n g  t he  CVD s y s t e m  d e s c r i b e d  in  t he  p r e c e d i n g  sec- 

t i on  we h a v e  g r o w n  a n u m b e r  of  layers  of SiO2 on  b o t h  I n P  
a n d  Si (100) o r i en t ed  s u b s t r a t e s  whi l e  m a i n t a i n i n g  all 
g r o w t h  p a r a m e t e r s  cons t an t ,  e x c e p t  for one, w h i c h  was  
t h e n  va r i ed  in some  s y s t e m a t i c  m a n n e r .  F i g u r e  4 illus- 
t r a t e s  this ,  w h e r e  d e p o s i t i o n  ra te  as a f u n c t i o n  of  i nve r se  
t e m p e r a t u r e  is p lo t t ed  at  va r ious  p l a s m a  p o w e r s  for con-  
s t a n t  s i lane,  oxygen ,  a n d  n i t r o g e n  flow ra tes  for  g r o w t h  on  
b o t h  I n P  a n d  Si subs t ra tes .  Fo r  all of  t he se  e x p e r i m e n t s  
t h e  to ta l  p r e s s u r e  in  t h e  c h a m b e r  was  m a i n t a i n e d  at  400 
m t o r r  a n d  gas flow ra tes  are  as given.  In  fact, e x c e p t  as oth-  
e rwise  no ted ,  t h e s e  s ame  va lues  were  m a i n t a i n e d  for all of  
t h e  e x p e r i m e n t s  r e p o r t e d  in th i s  paper .  F r o m  t h e s e  da ta  
t he  ac t iva t ion  e n e r g y  for the  Si s u b s t r a t e  at  an  R F  p o w e r  
i n p u t  of  14W was  ca lcu la ted  to b e  8.4 +- 0.6 kca l /mol  (0.37 -+ 
0.026 eV) a n d  is s een  no t  to va ry  s ign i f ican t ly  w i t h  e i t h e r  
t h e  t y p e  of  s u b s t r a t e  or  the  p o w e r  inpu t .  Th i s  va lue  is s imi-  
lar  to t he  ac t iva t ion  e n e r g y  for t he  t h e r m a l  low p r e s s u r e  
CVD s i l ane -oxygen  r eac t ion  w h i c h  ha s  p r e v i o u s l y  b e e n  re- 
p o r t e d  (6) to be  - 1 0  kca l /mol  (0.4 eV). 

U n l e s s  o t h e r w i s e  ind ica ted ,  all t h e  da t a  s h o w n  in  th i s  
p a p e r  are  for an  o x y g e n  p l a s m a  c o n t a i n i n g  3.3 cm3/min of  
n i t rogen .  Tab le  I shows  t he  d e p o s i t i o n  ra te  for va r ious  gas 
m i x t u r e s  at  the  in le t  to t h e  p l a s m a  c h a m b e r .  A l t h o u g h ,  
a n d  as will  be  d i s c u s s e d  in a l a te r  sec t ion ,  add i t i ona l  ef- 

Table I. Dependence of SiOz growth rate and refractive index on gas composition in plasma chamber. Silane flow rate - | .28 cm3/min, chamber 
pressure = 400 mtarr, temperature - 253~ 

Gases to the plasma chamber Silicon substrate InP substrate 

Oxygen Nitrogen Argon Deposition Refractive Deposition Refractive 
flow rate flow rate flow rate rate index rate index 
cma/min cm3/min cm3/min A/min (n) A/min (n) 

11.6 3.3 0.0 20 1.4674 19 
11.6 6.3 0.0 20.2 1.4653 - -  
11.6 0.0 3.0 5.1 1.3787 10.3 
11.6 0.0 0.0 4.7 1.3798 9.5 

1.45970-1.4765 

1.1831 
1.1870 
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fects  p r o b a b l y  a c c o m p a n y  the  add i t i on  of  t h e s e  t race  
gases,  t h e y  do cause  an  i nc r ea sed  b r i g h t n e s s  of  t he  p l a s m a  
d i s c h a r g e  w h i c h  m a y  be  d u e  to e i t h e r  t he  h i g h e r  i n t e n s i t y  
of  e m i s s i o n  of t h e  A r  a n d  Nz ion ized  spec ies  c o m p a r e d  to 
02 or  m a y  r e su l t  f rom a n  e n h a n c e d  c o u p l i n g  of  t he  RF  
e n e r g y  in to  the  p lasma.  In  e i t h e r  case  t race  gases  l ike Ar  
a n d  N2 do e n h a n c e  t he  g r o w t h  rate.  A m o n g  t h e  gases  
s tud ied ,  the  O2-N2 m i x t u r e  gave  b o t h  t he  m a x i m u m  depo-  
s i t ion  ra te  as wel l  as layers  w i th  re f rac t ive  i n d e x  va lues  
c loses t  to b u l k  SiO2. I t  was,  as a resul t ,  u s e d  for m o s t  of  t h e  
e x p e r i m e n t s .  

T h e  to ta l  n i t r o g e n  flow ra te  q u o t e d  in t he  p a p e r  is t h e n  
t h e  to ta l  N2 to t he  d e p o s i t i o n  c h a m b e r  i n c l u d i n g  b o t h  car- 
r ier  a n d  d i l u e n t  gas e n t e r i n g  t he  r eac to r  d i rec t ly  w i th  t he  
s i l ane  as wel l  as t he  N2 i n t r o d u c e d  w i t h  t h e  o x y g e n  
p lasma .  F r o m  Tab le  I it is c lear ly  e v i d e n t  t h a t  b e y o n d  a 
c e r t a i n  concen t r a t i o n ,  a d d i n g  add i t i ona l  N2 ha s  l i t t le  fur- 
t h e r  effect.  Ar  in  cont ras t ,  wh i l e  e n h a n c i n g  t he  g r o w t h  ra te  
a b o v e  t h a t  of  O2 alone,  pa r t i cu la r ly  for  g r o w t h  on  InP ,  ha s  
m u c h  less an  ef fec t  t h a n  N2. Mos t  no t i ceab l e  is t he  equa l i ty  
of  t h e  g r o w t h  ra tes  on  I n P  a n d  Si w h e n  N2 is p r e s e n t  in  t h e  
p lasma .  S i n c e  N2 was  u s e d  as t he  t race  gas in  t he  o x y g e n  
p l a s m a  for  t he  s tud ie s  r e p o r t e d  in  th i s  paper ,  t h e  g r o w t h  
ra t e  r e su l t s  we  shal l  r e p o r t  c an  in  large  m e a s u r e  we be l ieve  
be  a c c e p t e d  as va l id  for g r o w t h  b o t h  o n  I n P  a n d  Si. I n  fact,  
w h e n  da t a  were  t a k e n  o n  layers  s i m u l t a n e o u s l y  g r o w n  on  
b o t h  t ypes  of  subs t r a t e s ,  t he  r e su l t s  ag reed  w i t h i n  exper i -  
m e n t a l  error.  

T h e  va r i a t i on  w i t h  g r o w t h  t e m p e r a t u r e  of  t he  re f rac t ive  
i n d e x  of  t he  SiO2 fi lms d e p o s i t e d  on  s i l icon is s h o w n  in 
Fig. 5 for  t he  s a m e  set  of  c o n d i t i o n s  as were  e m p l o y e d  in 
Fig. 4. As  t e m p e r a t u r e  i nc r ea se s  t h e  re f rac t ive  i n d e x  of  t h e  
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Fig. 6. Deposition rote as o function of RF power input at 253~ and 
400 mtorr chamber pressure. Flow rates of gases are the same as in the 
preceding figures. InP data are indicated by stars and are arrowed. 

fi lm a sympto t i c a l l y  a p p r o a c h e s  t he  re f rac t ive  i n d e x  of  
p u r e  s i l icon d iox ide  w i th  a va lue  of  1.46. The  ver t ica l  ba r s  
r e p r e s e n t  t he  sp read  in t he  re f rac t ive  i n d e x  m e a s u r e d  over  
an  - 1  in. 2 wa fe r  for a g iven  g r o w t h  t e m p e r a t u r e .  T h e  
s p r e a d  is low for  lower  p o w e r  i n p u t s  to  t h e  p l a s m a  a n d  for 
h i g h  t e m p e r a t u r e s  of  g rowth .  The  s p r e a d  inc reases  as t em-  
p e r a t u r e  dec rea se s  and  a t t a ins  a m a x i m u m  at an  i n t e rme-  
d ia te  t e m p e r a t u r e  w h e n  h o m o g e n e o u s ,  or gas  phase ,  reac-  
t ion  is s e e n  to occu r  as was  e v i d e n c e d  by  the  o n s e t  of  d u s t  
f o r m a t i o n  in t he  c h a m b e r .  We a t t r i b u t e  the  s p r e a d  in re- 
f rac t ive  i n d e x  to n o n u n i f o r m  gra in  size in  t he  film as t he  
r eac t i on  t e n d s  t owards  h o m o g e n e o u s  g rowth .  Ref rac t ive  
i n d e x  va lues  for layers  g r o w n  on  I n P  s h o w e d  a m u c h  m o r e  
c o m p l e x  va r i a t ion  w i th  g r o w t h  c o n d i t i o n s  in  pa r t  due  pre-  
s u m a b l y  to the confounding influence of the non-SiOx na- 
tive oxides of InP underlying the deposited dielectric. 

Varying the RF power input to the plasma chamber af- 
fects the deposition rate as shown in Fig. 6, where the same 
set of gas flow conditions was used as for the preceding 
figures. The deposition rate is negligible for a zero power 
input and rises sharply to about 22 A/rain for a power input 
of 4W. Based on the geometry of the plasma chamber, and 
accepting that the plasma is very nonuniformly distrib- 
uted, we estimate that this corresponds to an average power 
density of -9 roW/era 3 in the discharge. Experimental 
studies in the range of 0 --> 4W power input to the plasma 
chamber could not be conducted due to the limited resolu- 
tion of the RF power supply, and in consequence the varia- 
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rate = ].95 cm3/mln, oxygen flow rote = 12 cm3/min, nitrogen flow 
rate = 31 cm3/min, RF power = 41W, substrate temperature = 315~ 
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rote = 1.28 cm3/mln, oxygen flow rate = 12 cm3/min, nitrogen flow 
rate = 21.45 cm3/min. RF power = 14W, substrate temperature = 
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tions same as for curve (b) except chamber temperature = 315~ InP 
samples ore indicated by larger symbols and arrows. 
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proximately 2 cm 2 area. All samples were grown under heterogeneous 
conditions except samples (a) and (b) which were grown at high pres- 
sure where gas phase nucleation occurs. 

t ion in this range is s imply  represen ted  by a dashed 
s traight  line. For  the  t empera tu re  and gas flow condi t ions  
of  this expe r imen t  the presence  of  the  p lasma is clearly es- 
sential  to SiO2 growth  a l though the  a m o u n t  of power  re- 
qu i red  is ev ident ly  qui te  small. Fo l lowing  onse t  of  the  re- 
action, g rowth  rates are seen to be cons tant  to - 1 0 W  and 
then  start  decreasing.  Such  a behavior  is contrary  to mos t  
react ions  s tudied  in convent iona l  (direct) p lasma CVD sys- 
t ems  and, as will  be d iscussed later, may  resul t  f rom a 
n u m b e r  of  factors. F igure  7 i l lustrates the  pressure  depen-  
dence  of  deposi t ion  rate measu red  at two different  tem- 
pera tures  for all o ther  deposi t ion  parameters  as before. 
Curves  (b) and (c) represen t  data  wi th  the  p lasma chamber  
desc r ibed  in the  Expe r imen ta l  sect ion us ing a 9.7 m m  ID 
out le t  t ube  f rom the  p lasma chamber  to the  growth  reac- 
tor. Curve  (a) represents  data wi th  a 3.3 m m  ID tube. It  can 
be  seen that  for a g iven  t empera tu re  there  is a th reshold  
pressure  be low which  no depos i t ion  occurs.  Above  the 
threshold ,  depos i t ion  rate increases,  reaches  a peak, and 
then  starts dropping.  Beyond  the  pressure  range encom-  
passed  by the  data  in Fig. 7 a h o m o g e n e o u s  gas phase  reac- 
t ion occur red  as was ev idenced  by the  format ion  and dep- 
osi t ion of  par t iculates  in the growth reactor.  In  this 
h o m o g e n e o u s  growth  region the  react ion is qui te  errat ic 
resul t ing  in h ighly  nonun i fo rm and i r reproducib le  growth  
rates. This  is i l lustrated in Fig. 8 where  th ickness  readings  
were  t aken  at the  four  corners  and at the  center  of  a num-  
ber  of  samples ,  each measur ing  - 2  cm 2 in area. Tme~n is the  
average  of  the  th icknesses  measu red  at the  corners  and To 
is the  th ickness  at the  center.  One s tandard  deviat ion nor- 
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Fig. 9. Variation of refractive 
index with pressure for samples 
grown on Si substrates under the 
experimental conditions of Fig. 7. 
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Fig. 10. Arrhenius plot of deposition rate at three different chamber 
pressures for an RF power input of 14W. Flow rates are the same as in 
Fig. 7. InP samples are indicated by larger symbols and arrows. 
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malized  by Tmea~ is then  p lo t ted  against  Tc/Tmean for each 
sample.  Most  of the  data, cor responding  to layers g rown 
unde r  he te rogeneous  condit ions,  clearly lie very  close to 
Tc/T .... : 1.0 wi th  low s tandard  deviat ion.  The  excep t ion  
is for the  two samples  identif ied as (a) and (b) which  are 
qui te  nonun i fo rm and were  g rown in the  h o m o g e n e o u s  re- 
act ion ranges.  Exc lud ing  these  two samples,  the  data in 
Fig. 8 cor respond  to good th ickness  un i fo rmi ty  wi th  varia- 
t ions <3% over  the  2 cm 2 area of the  samples.  The  composi-  
t ion of  the  deposi ts  also var ied  f rom that  of  SiO2 in the  ho- 
m o g e n e o u s  growth  region as is clear f rom the  decrease  in 
refract ive index  recorded  in Fig. 9. The  effect  of  p lasma 
c h a m b e r  geome t ry  on the  growth  rate is also shown in Fig. 
7. It  can be  seen that, for the  p lasma c h a m b e r  wi th  the  
smal ler  3.3 m m  d iamete r  out let  the  curve  is shif ted to the  
left, wi th  the  increase and decrease  in growth  rate in this 
case  be ing  very  rapid. F igure  10 shows the  m a n n e r  in 
wh ich  the  g rowth  rate varies  wi th  inverse  t empera tu re  at 
th ree  different  total  pressures  for all o ther  parameters  
be ing  as before. The  curve  at 400 mtor r  repeats  the  data  
shown in Fig. 4. Consis tent  wi th  the  resul ts  in Fig. 7, the  
a p p a r e n t  act ivat ion energy  is seen to decrease  wi th  pres- 
sure increase approach ing  a lmos t  zero at 900 mtorr .  

The  p reced ing  data  have  recorded  the  var ia t ions  in 
g rowth  rate which  resul t  as the  physical  condi t ions  in the  
react ion chamber  are varied.  To fully character ize  the  ki- 
net ics  of  a growth  process,  it is also necessary  to de te rmine  
its d e p e n d e n c e  on gas phase  composi t ion .  The  depen-  
dence  of  growth  rate on oxygen  molar  flow rate for two sil- 
ane  concent ra t ions  in our  sys tem is shown in Fig. 11. For  
these  data, all condit ions,  inc lud ing  silane flow rate, were  
he ld  constant ,  whi le  a s equence  of  layers were  g rown  at 
var ious  oxygen  flow rates. Growth  rates wi th  silane molar  
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Fig. 1 I .  Deposition rate as o function of oxygen molar concentration 
with (a) silane concentration = 0.00004 gmol/min, (b) silane concen- 
tration = 0.0000022 gmol/min, chamber pressure = 400 mtorr, tem- 
perature = 253~ RF power input = 14W. InP samples are indicated 
by larger symbols and arrows. 

f low v a r y i n g  a n d  o x y g e n  c o n c e n t r a t i o n  r e m a i n i n g  con-  
s t a n t  a re  s h o w n  in Fig. 12. Fo r  b o t h  sets  of  da ta  t he  t em-  
p e r a t u r e  was  m a i n t a i n e d  c o n s t a n t  at  253~ a n d  t he  to ta l  
p r e s s u r e  was  he ld  at  400 mtorr .  T he  R F  p o w e r  i n p u t  in  all 
t h e s e  e x p e r i m e n t s  was  14W. In  all cases  t he  g r o w t h  ra te  is 
s e e n  to c losely  a p p r o a c h  a l inear  f u n c t i o n  of  t he  gas con-  
c e n t r a t i o n s  w h e n  p lo t t ed  on  a log-log scale  i n d i c a t i n g  a 
p o w e r  law d e p e n d e n c e  of  ra te  on  b o t h  Sill4 a n d  02 m o l a r  
f low rate.  

Discussion 
Si l icon  d iox ide  fi lms d e p o s i t e d  by  s i l ane -oxygen  reac- 

t i ons  u s i n g  t he  a l r eady  ou t l i ned  r e m o t e  p l a s m a  e n h a n c e d  
t e c h n i q u e  is po ten t i a l ly  a c o m p l i c a t e d  p roces s  i n v o l v i n g  
p l a s m a  chemis t ry ,  h o m o g e n e o u s  gas  p h a s e  reac t ions ,  a n d  
h e t e r o g e n e o u s  su r face  con t ro l l ed  g rowth .  D e p e n d i n g  o n  
w h i c h  va lues  of  t h e  key  p a r a m e t e r s  s u c h  as t e m p e r a t u r e ,  
p ressu re ,  c o n c e n t r a t i o n  of  r eac tan t s ,  a n d  p l a s m a  p o w e r  
are  e m p l o y e d ,  e i t he r  one, or a c o m b i n a t i o n  of  t h e s e  pro- 
cesses  cou ld  be  l imi t ing  in d e t e r m i n i n g  t he  r e su l t i ng  fi lm 
p roper t i e s .  In  th i s  sec t ion  we will d i scuss  t he  da ta  r e p o r t e d  
in t he  p r e v i o u s  sec t ion  a n d  a t t e m p t  b o t h  a se l f - cons i s t en t  
e x p l a n a t i o n  of  t he  p r o b a b l e  con t ro l l i ng  r eac t ions  as wel l  
as deve lop  a m o d e l  t h a t  de sc r ibe s  t he  k ine t i c s  of  t he  
g r o w t h  process .  

Addition of nitrogen to the g~ow discharge.--It is wel l  
k n o w n  t h a t  w h e n  m i x t u r e s  of  n i t r o g e n  a n d  o x y g e n  are  
p a s s e d  t h r o u g h  a n  RF  p l a s m a  d i scharge ,  n i t r ic  ox ide  (NO) 
is one  of  t he  p r e d o m i n a n t  r eac t ion  p r o d u c t s  fo rmed .  Previ -  
ous  s tud ie s  (7) h a v e  i nd i ca t ed  t h a t  the  a d d i t i o n  of  NO to a 
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Fig. 12. Effect of silane concentration on deposition rate with oxygen 
concentration constant at 0.00062 gmol/min, chamber pressure = 400 
mtorr, temperature = 253~ RF power input = 14W. InP samples are 
indicated by stars and arrows. 

m o n o s i l a n e  g low d i s c h a r g e  c o m p l e t e l y  i nh ib i t s  the  pro- 
d u c t i o n  of  SiHx sol ids  a n d  also causes  a dec rea se  in t he  
y ie ld  of  h i g h e r  p o l y m e r s  of  si lane.  The  gaseous  p r o d u c t s  
e x a m i n e d  by  m a s s  s p e c t r o m e t r y  s h o w e d  t he  p r e s e n c e  of  
(SiH3)20 a n d  N20 a c c o r d i n g  to 

Sill4 + e- --~ SiH3 + H + e- [1] 

Sill3 + NO -~ Sill3 NO [2] 

2Sill3 NO ~ Sill3 - O - Sill3 + N20 [3] 

In  l igh t  of t h e s e  r e su l t s  we  p r o p o s e  t h a t  t h e  d e p o s i t i o n  of  
SiO2 in our  o x y g e n  p l a s m a  s y s t e m  is a c h i e v e d  by  an  in i t ia l  
h o m o g e n e o u s  r eac t ion  to fo rm the  diSi ly le  e t h e r  m o l e c u l e  
as a l r eady  ou t l i ned  in r eac t ions  [1], [2], a n d  [3] a n d  a sub-  
s e q u e n t  t e r m i n a t i n g  h e t e r o g e n e o u s  sur face  r eac t i on  ac- 
c o r d i n g  to 

Sill3 - O - Sill3 + v --, Sill3 - O - Sill3 (a) [4] 

O* + v ~ O(a) [5] 

02* + 2v --~ 2 O* (a) [6] 

Sill3 - O - Sill3 (a) + 3 O*(a) -~ 2SIO2 (a) + 3H2 [7] 

w h e r e  "v"  r e p r e s e n t s  a v a c a n t  s i te  on  t h e  s u b s t r a t e  sur face  
a n d  (a) is a n  a d s o r b e d  species .  In  th i s  g r o w t h  s c h e m e  the  
ef fec t  of  t h e  p l a s m a  is to p rov ide  b o t h  a sou rce  of  NO as 
wel l  as exc i t ed  spec ies  of  o x y g e n  in t he  g r o w t h  zone  a n d  is 
a n  e x p l a n a t i o n  for  t he  e n h a n c e d  effect  of  N2 over  t race  
a m o u n t s  of  Ar  for  e x a m p l e  in  t he  p l a s m a  in i n c r e a s i n g  
g r o w t h  rates .  L P C V D  of s i l icon d iox ide  g r o w n  f rom the  
SiHa-NO reac t ion  (8) e x a m i n e d  u n d e r  b o t h  t h e r m a l  a n d  di- 
r ec t  p l a s m a  exc i t ed  c o n d i t i o n s  s h o w  a n  i n c o r p o r a t i o n  of 
N2 in  t he  films. In  cont ras t ,  m e a s u r e m e n t s  b y  A E S  on  ou r  
f i lms s h o w e d  no  d e t e c t a b l e  quan t i t i e s  of  N2 i n c o r p o r a t i o n  
w h i c h  sugges t s  t h a t  r eac t ions  [2] a n d  [3] are  p r o b a b l y  oc- 
c u r r i n g  in t h e  gas phase .  T h e  s t r o n g  in f luence  of  p r e s s u r e  
on  t he  g r o w t h  ra te  as s een  in Fig. 7 a lso ind ica t e s  a good  
l i ke l i hood  of  a h e t e r o g e n e o u s  c o m p o n e n t  in  t he  overa l l  re- 
ac t ion  s c h e m e  l e n d i n g  s u p p o r t  to  t he  p r o p o s e d  s t eps  [4] 
t h r o u g h  [7]. 

The  g r o w t h  ra te  e n h a n c e m e n t  r e su l t i ng  f rom the  pres-  
e n c e  of  N2 in t he  p l a s m a  as d o c u m e n t e d  in  Tab le  I cou ld  
s e e m i n g l y  be  due  to e i t he r  or b o t h  (i), an  i nc rease  in a tomic  
o x y g e n  p r o d u c t i o n  in  t he  p r e s e n c e  of sma l l  c o n c e n t r a t i o n s  
of  N2 in  t he  p l a s m a  (9, 10) or (ii), s c a v e n g i n g  of  all s i lane  b y  
t h e  fas t  r e ac t i ng  free  rad ica l  NO via t he  r eac t ion  p r o p o s e d  
above .  E i t h e r  of  t h e s e  m e c h a n i s m s  wou ld  in  t u r n  i n h i b i t  
b o t h  d u s t  f o r m a t i o n  via gas  p h a s e  r eac t ion  a n d  o the r  poly- 
m e r i z a t i o n  r eac t i ons  of  si lane.  In  cont ras t ,  gases  s u c h  as 
p u r e  o x y g e n  or (02 + Ar) do  no t  a l low the  f o r m a t i o n  of  NO 
in t he  p l a s m a  c h a m b e r .  T o g e t h e r  w i th  d e c r e a s e d  availa-  
b i l i ty  of a t o m i c  o x y g e n  (9, 10) th i s  w o u l d  b e  m o r e  l ike ly  to 
p e r m i t  h o m o g e n e o u s  reac t ions ,  an  e x p e c t a t i o n  w h i c h  is in  
fac t  c o n s i s t e n t  w i th  our  o b s e r v a t i o n  of  s o m e  d u s t  forma-  
t ion  in t he  r eac to r  u n d e r  a l m o s t  all d e p o s i t i o n  c o n d i t i o n s  
u s i n g  t h e s e  g r o w t h  gases.  S u c h  a dec rea se  in  t he  availa-  
b i l i ty  of  a tomic  o x y g e n  wou ld  c lear ly  r e su l t  in  a r e d u c t i o n  
of  t he  sur face  con t ro l l ed  ra te  of  g r o w t h  of  SiO2 in agree-  
m e n t  w i th  obse rva t ion .  

R e a c t i o n s  [2] a n d  [3] c an  be  a s s u m e d  to t ake  p lace  
s t rong ly  s ince  Sill3 a n d  NO are  b o t h  free radicals .  Our  
m a s s  spec t ro scop i c  resu l t s  i nd i ca t e  t h a t  the  a m o u n t  of  NO 
f o r m e d  in t he  p l a s m a  c h a m b e r  for c o n s t a n t  02 flow rate,  
c h a m b e r  p ressu re ,  a n d  R F  p o w e r  does  no t  va ry  m u c h  u p  
to a N2 flow ra te  of  - 8  cm3/min  a n d  t h e n  s tar ts  d e c r e a s i n g  
s l igh t ly  as t h e  N2 flow ra te  to  t he  p l a s m a  c h a m b e r  is fur-  
t h e r  inc reased .  We a t t r i b u t e  th i s  s l igh t  d e c r e a s e  to t he  ge- 
o m e t r y  a n d  loca t ion  of  t he  p l a s m a  c h a m b e r  in  o u r  exper i -  
m e n t a l  se tup .  As t he  Nz flow ra te  to  t h e  p l a s m a  c h a m b e r  
inc reases ,  t he  ave rage  p r e s s u r e  in  the  p l a s m a  w o u l d  b e  ex- 
p e c t e d  to i nc rease  l ead ing  to t he  s l igh t  dec rea se  in  conver -  
s ion  to NO. I n c r e a s e d  N2 to the  p l a s m a  a b o v e  a flow ra te  of  
- 3  cma/min  does  no t  c h a n g e  the  g r o w t h  ra te  s ign i f ican t ly  
as is s h o w n  b y  t he  r e su l t s  in  T a b l e  I. 

Effect of pressure and plasma chamber geometry.--At 
ve ry  low p r e s s u r e s  (<200 mtorr) ,  as s h o w n  in  Fig. 7, t h e r e  
a p p e a r  to b e  no  r eac t ions  occu r r i ng  e i t h e r  l ead ing  to fi lm 
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d e p o s i t i o n  or  d u s t  fo rmat ion .  No r eac t ion  is o b s e r v e d  
u n d e r  t h e s e  p r e s su re  c o n d i t i o n s  e v e n  w h e n  t he  p o w e r  
i n p u t  to t he  p l a s m a  c h a m b e r  is i nc r ea sed  to as h i g h  as 
50W, t h e  gas  flow ra tes  changed ,  or  the  t e m p e r a t u r e  in- 
c r ea sed  to 375~ F u r t h e r m o r e ,  t he  p l a s m a  t u b e  d i a m e t e r  
does  no t  s e e m  to affect  t he  t h r e s h o l d  p r e s s u r e  a l though ,  as 
c an  be  s een  in Fig. 7, i n c r e a s i n g  t e m p e r a t u r e  does  r e d u c e  
t h e  g r o w t h  t h r e s h o l d  sl ightly.  A l t h o u g h  p roces se s  occur-  
r ing  in t he  p l a s m a  d i s cha rge  at  low p r e s s u r e s  are qu i t e  
c o m p l e x ,  we be l i eve  t he  nea r  zero d e p o s i t i o n  ra te  at  low 
p r e s s u r e s  is due  to t he  unava i l ab i l i t y  of  a tomic  o x y g e n  in 
t h e  r eac t i on  zone.  E x p e r i m e n t a l  resu l t s  by  Sabad i l  (11) on  
p l a s m a  e l ec t ron  dens i t y  va r i a t i on  w i th  p r e s s u r e  s h o w  a de- 
c rease  in e l ec t ron  dens i t y  a p p r o a c h i n g  zero for suff ic ient ly  
r e d u c e d  p ressu res .  A dec rea se  in p r e s su re  r e su l t s  b o t h  in 
a n  e n h a n c e m e n t  of  t he  loss  of  e l ec t rons  t h r o u g h  d i f fus ion  
a n d  a n  inc rease  of  t he  m e a n  free  pa th  w h i c h  dec rea se s  t he  
col l i s ion f r equency ,  two  effects  w h i c h  t o g e t h e r  r e su l t  in  a 
dec rea se  in d i s soc ia t ion  rate.  A n  add i t i ona l  effect  of  t he  
p r e s s u r e  r e d u c t i o n  is t he  i nc rease  in h e t e r o g e n e o u s  re- 
c o m b i n a t i o n  ra te  on  t h e  walls  of t he  p l a s m a  c h a m b e r  a n d  
in t h e  t u b e  l ead ing  to t he  g r o w t h  c h a m b e r  due  to an  in- 
c rease  in gas veloci ty .  Th i s  p r o b a b l y  resu l t s  in  t he  r eac t ion  
zone  b e i n g  to ta l ly  devo id  of  a tomic  oxygen .  

The  d r o p  in g r o w t h  ra te  at  h i g h  p r e s s u r e s  m a y  resu l t  
f r om a n u m b e r  of  factors.  E n e r g y  t r a n s f e r r e d  in  e lec t ron-  
m o l e c u l e  col l i s ions  is less  if  t h e  m e a n  free p a t h  of  elec- 
t r o n s  is r e d u c e d  as resul ts ,  for example ,  f r om a n  inc rease  
in p ressu re .  The  ra te  c o n s t a n t  for ine las t ic  col l i s ions  is 
t h u s  r educed ,  sh i f t ing  t he  e l ec t ron  e n e r g y  d i s t r i b u t i o n  to 
l ower  va lues .  I n  b i m o l e c u l a r  r eac t ions ,  s ince  t h e  ra te  is 
p r o p o r t i o n a l  to  to ta l  p ressure ,  t he  g r o w t h  ra te  i nc reases  
d u e  to an  e n h a n c e m e n t  in  r eac t ion  ra te  a n d  t h e n  d r o p s  be- 
cause  of  lower  e l ec t ron  energy.  A n  inc rease  in p r e s s u r e  
also t e n d s  to favor  t h r e e  b o d y  h o m o g e n e o u s  r e c o m b i n a -  
t i on  r eac t i ons  (12) c aus i ng  a f u r t h e r  dec rea se  in  r eac t ion  
ra te  at  h i g h e r  p ressu res .  A t  a n  e v e n  h i g h e r  p r e s s u r e  t h e  
o n s e t  of  h o m o g e n e o u s  r eac t ion  is m a r k e d  b y  d u s t  forma-  
t ion  in  t he  r eac t ion  c h a m b e r .  This  p r o b a b l y  is due  to gas  
p h a s e  n u c l e a t i o n  t h a t  is p r o m o t e d  by  t he  i n c r e a s e d  gas 
p h a s e  coll is ions.  F i lms  d e p o s i t e d  u n d e r  t h e s e  c o n d i t i o n s  
are  hazy  w i t h  a ve ry  low re f rac t ive  index ,  as s h o w n  in Fig. 
9, p r o b a b l y  due  to a p o r o u s  s t ruc ture .  T he  sh i f t  in  g r o w t h  
ra t e  p e a k s  t o w a r d s  lower  p r e s s u r e  w i t h  a sma l l e r  ID 
p l a s m a  t u b e  out let ,  as s h o w n  b y  t h e  da ta  in  Fig. 7, is l ike ly  
d u e  to t h e  l a rge r  p r e s s u r e  d rop  e x p e r i e n c e d  in  s u c h  a tube .  
Wi th  t he  e x p e r i m e n t a l  se tup  d e s c r i b e d  previous ly ,  for a 
c o n s t a n t  r eac to r  p ressure ,  t he  p r e s s u r e  in  the  smal l e r  t u b e  
w o u l d  be  s o m e w h a t  h i g h e r  t h a n  for a la rger  d i a m e t e r  tube .  
Th i s  shi f t s  t he  b a l a n c e  of  ra te  e n h a n c e m e n t  due  to the  
p r e s s u r e  i nc rease  a n d  ra te  dec rea se  due  to loss of  a tomic  
o x y g e n  a n d  t h r e e  b o d y  r e c o m b i n a t i o n  r eac t ions  t o w a r d s  
l ower  p r e s s u r e s  as s een  in Fig. 7. I t  is h o w e v e r  diff icul t  to 
i n t e r p r e t  t h e  ac tua l  p e a k  dePos i t i on  ra tes  d u e  to c h a n g e s  
in  t h e  two  e x p e r i m e n t a l  cond i t ions .  

P l a s m a  p o w e r  dens i t y . - -Molecu lar  o x y g e n  can  b e  ex- 
c i ted  f rom i ts  g r o u n d  s ta te  e i t he r  to  t he  A3s + or  B3Eu - s ta te  
by  e l ec t ron  col l is ion e x p r e s s e d  as (12) 

e + O2-~ 0*2 (A~:u +) ~ O(3P) + O(SP) + e [8] 

e + 02 --+ 0*2 (B3~u -) --~ O(3P) + OOD) + e [9] 

I t  is p r e s u m a b l y  to b e  e x p e c t e d  for our  p r o p o s e d  reac-  
t i on  s c h e m e  t h a t  for a g i v e n  s i lane  f low ra te  t he  d e p o s i t i o n  
ra t e  w o u l d  b e  p r o p o r t i o n a l  to t h e  o x y g e n  a t o m  concen t r a -  
t i on  a n d  NO concen t r a t i on .  As t he  p o w e r  to t he  p l a s m a  
c h a m b e r  is i n c r e a s e d  t he  ra te  of  d i s soc ia t ion  inc reases  a n d  
h e n c e  m o r e  o x y g e n  a t o m s  are  formed.  Th i s  is s h o w n  in 
Fig. 6 in  t h e  d e p o s i t i o n  ra te  inc rease  o b s e r v e d  for powers  
u p  to a b o u t  4W. 

The  ra te  of  t h r e e  b o d y  r e c o m b i n a t i o n  r eac t ions  (13) 

2 0  + O~---~ 2 O2 [10] 

30---~ O + O2 [11] 

O + 2 O2-~ O3 + 02 [12] 

O + 03 --> 2 O2 [13] 
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Fig. 13. Plot of deposition rate for all samples studied at 400 mtorr 
and an RF power input of 14W as a function of R. InP samples are indi- 
cated by stars. 

is p r o p o r t i o n a l  to  t h e  c o n c e n t r a t i o n  of  o x y g e n  a t o m s  pres-  
ent .  T h e  dec rease  in t he  d e p o s i t i o n  ra te  w i t h  f u r t h e r  in- 
c rease  in  p o w e r  b e y o n d  - 1 0 W  s h o w n  in Fig. 6 cou ld  t h u s  
b e  d u e  to t he  loss of  o x y g e n  a t o m s  b y  r e c o m b i n a t i o n  reac- 
t ions .  A n  a d d e d  effect  in  c aus ing  t he  d e c r e a s e  in  t he  depo-  
s i t ion  ra te  is t h e  i nc r ea se  in gas t e m p e r a t u r e  a n d  t he  
p l a s m a  c h a m b e r  wai l  t e m p e r a t u r e  as  t h e  R F  p o w e r  is in- 
c reased .  A n  inc rease  in b o t h  t h e s e  t e m p e r a t u r e s  e n h a n c e s  
t h e  h e t e r o g e n e o u s  ra te  of  r e c o m b i n a t i o n  of  o x y g e n  a t o m s  
t h e r e b y  d e c r e a s i n g  t he  d e p o s i t i o n  rate.  

Mass  s p e c t r o m e t e r  m e a s u r e m e n t s  in  ou r  s y s t e m  revea l  
a n  inc rease  in NO c o n c e n t r a t i o n  as t he  p l a s m a  p o w e r  is in- 
c r eased  for c o n s t a n t  N2 a n d  O2 flow rates .  C o n v e r s i o n  to 
NO was  in  t he  o rde r  of  1 --~ 3% for the  e x p e r i m e n t a l  condi-  
t ions  s tud ied .  Loss  of  o x y g e n  a t o m s  or NO t h r o u g h  t he  re- 
ve r se  r eac t i on  

O + NO -> NO2* 
[14] 

NO2* ~ NO2 + hv 

c a n  b e  d i s c o u n t e d  s ince  i t  is re la t ive ly  s low (9, 14). H e n c e  
t h e  loss  of  a tomic  o x y g e n  t h r o u g h  h e t e r o g e n e o u s  and  ho- 
m o g e n e o u s  r e c o m b i n a t i o n  reac t ions  a n d  t he  s u b s e q u e n t  
d r o p  in g r o w t h  ra te  m o r e  t h a n  offsets  i nc reases  in  NO con-  
c e n t r a t i o n  or  o t h e r  r eac t ions  w h i c h  a c c o m p a n y  inc r ea se  in 
p l a s m a  power .  

T h e  p r e c e d i n g  d i s c u s s i o n  ha s  p r e s e n t e d  a poss ib l e  reac- 
t ion  s c h e m e  for  t he  g r o w t h  of  SiO2 f rom s i lane  a n d  oxygen .  
I r r e spec t i ve  of  t he  de ta i l s  of  t he  r eac t ion  h o w e v e r  it is evi- 
d e n t  f rom the  da ta  s h o w n  in  Fig. 11 a n d  12 t h a t  t he  deposi -  
t i on  ra te  p roceeds  as a p o w e r  law in  [02] a n d  [SiH4] a n d  
moreove r ,  for  g r o w t h  at  400 m t o r r  to ta l  p r e s s u r e  a n d  14W 
of  R F  power ,  t he  p roces s  e x h i b i t s  a n  ac t iva t ion  e n e r g y  
f rom Fig. 4 of  8.4 _+ 0.6 kcal /mol.  

C o m b i n i n g  t h e s e  va r ious  d e p e n d e n c i e s  we can  e x p r e s s  
t h e  overa l l  k ine t i c s  for  t he  SiH4-O2, N2 r eac t ion  as fo l lows 

DR = 1.4R [15] 

w h e r e  R = exp  ( -4227/T)  �9 (no2)~ 1'6 • 1013, DR is t he  
d e p o s i t i o n  ra te  in  AJmin;  T is t he  t e m p e r a t u r e  in  K; no2 is 
t he  o x y g e n  m o l a r  flow ra te  in  gmol /min ;  ns,H4 is t he  s i lane  
m o l a r  flow ra te  in  gmol /min .  

The  p r ec i s i on  of th i s  r e l a t i onsh ip  in d e s c r i b i n g  t he  reac- 
t i on  is i l l u s t r a t ed  in Fig. 13, w h e r e  we h a v e  r ep lo t t ed  all t h e  
d e p o s i t i o n  ra te  da ta  s h o w n  in Fig. 4-12, i n c l u d i n g  g r o w t h  
on  Si a n d  I n P  subs t ra tes ,  as a f u n c t i o n  of  R. The  sca t t e r  in  
t h e  da ta  a b o u t  a l inear  d e p e n d e n c e  is ve ry  small ,  corres-  
p o n d i n g  to a co r re l a t ion  coeff ic ient  of  0.98. 
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ABSTRACT 

Gas flow and energy and species transport in laser-induced chemical vapor deposition (LICVD) of amorphous silicon 
films by silane pyrolysis are analyzed by finite element analysis of a two-dimensional model for the process. Spatial non- 
uniformity of the deposited film is shown to result from diffusion controlled transport of products between the beam and 
substrate. Deposition profiles are affected by buoyancy-driven convection only at increased gas pressures. Horizontal ori- 
entation of the reactor with respect to gravity is optimal because the stagnation-like flow, that results adjacent to the sub- 
strate, enhances mixing, and smoothes the film profile. 

Laser-assis ted chemica l  vapor  depos i t ion  is b e c o m i n g  
increas ingly  more  c o m m o n  in s emiconduc to r  dev ice  fabri- 
cation. The  spatial  coherence  and monochroma t i c i t y  of the  
laser  beam cause localized heat ing  and photoass is ted  
chemica l  reaction,  which  p roduce  h igh  spatial  resolut ion  
of  the  depos i ted  film. Most  of the  early laser assisted pro- 
cesses (1-3) d i rec ted  the  beam perpend icu la r  to the sub- 
strate to create  a local ized hot  spot  on the substra te  whi le  
some  researchers  (4, 5) t uned  the  lasing f r equency  so that  
the  gas and substra te  were  hea ted  s imul taneous ly  result-  
ing in depos i t ion  as small  surface features.  Laser - induced  
chemica l  vapor  depos i t ion  (LICVD) is a relat ively n e w  pro- 
cess wh ich  has been  used to p roduce  large area amor- 
phous,  hydrogena ted  si l icon films (a:Si-H) (6-8). This paper  
descr ibes  a mode l ing  s tudy of  the t ranspor t  processes  im- 
por tan t  in the  LICVD process.  

A pro to type  of  a LICVD sys tem for depos i t ion  f rom sil- 
ane  is shown schemat ica l ly  in Fig. 1. Reac tan t  gas is intro- 
duced  at low pressure,  typical ly  on the  order  of  10 torr, and 
passed over  a substra te  placed on a heated  b lock  and 
main ta ined  at a t empera tu re  be tween  300 ~ and 450~ An 
infrared C Q  laser used  in a CW m o d e  and tuned  to the  ab- 
sorp t ion  spec t rum of  the  gas is passed parallel  to the  sub- 
strate. The  reactant  gas absorbs  photons  f rom the  laser and 
decomposes  by the rmal  pyrolysis  to p roduce  radicals and 
react ive  in termedia tes .  These  products  are t ranspor ted  to 
the  subs t ra te  by diffusion and convec t ion  and depos i t  via 
surface dr iven  react ions to form the  film. 

L ICVD offers a t r emendous  advantage  over  conven-  
t ional  t echn iques  for amorphous  film growth  in that  it al- 
lows i n d e p e n d e n t  control  of  the  gas and substra te  tem- 
peratures .  The  decompos i t i on  of  si lane and the  growth  
rate of  the  film are control led  by the  energy  inpu t  f rom the  
laser, and are relat ively unaf fec ted  by the  substra te  tem- 
pera ture  (9). The  t empera tu re  of  the  substra te  controls  film 
forming  react ions  that  resul t  in deact iva t ion  of adsorbed  
film precursors  and hydrogen  evo lu t ion  f rom the  surface 
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and thereby determine the electrical properties of the ma- 
terial (10). Low substrate temperatures lead to sufficient 
hydrogen incorporation resulting in defect passivation 
and improved electrical properties, while the gas tempera- 
ture can be increased independently to enhance the 
growth rate. 

The unique thermal configuration of a LICVD reactor 
also affects transport processes in the system and the spa- 
tial uniformity of the grown film. Because LICVD employs 
relatively cold reactor walls it is not subject to the parasitic 
reactions, contamination, and depletion effects which 
plague reactors with hot walls. However, large tempera- 
ture gradients exist between the bulk gas and the walls 
which can lead to buoyancy-driven convection in the sys- 
tem. Convective species transport caused by gas motion 
should lead to asymmetry in the deposition profile, with 
the direction and magnitude of the skewness dependent 
on the orientation of the substrate relative to gravity. The 
plot of film thickness along the substrate shown as Fig. 3.4 
in Ref. (ii) has the reflective symmetry about the center of 
the laser beam expected for diffusion dominated species 
transport; these results indicate the free convection is 
probably suppressed near the substrate for the low gas 
pressure (-10 torr) used in these experiments. 

The resulting nonuniformity in film thickness, which is 
over 190% between the center (point closest to the beam) 
and the edge of the film, is unacceptable. One of the aims 
of this work is to use detailed analysis of heat, mass, and 
species transport to examine the possibility of using con- 
vective transport to improve the spatial uniformity and 
compositional homogeneity of the film. Prediction of dif- 
fusive and convective transport requires analysis of heat 
and mass transport for a compressible, multi-component 
gas, accounting for forced flow through the LICVD reactor 
and buoyancy-driven convection. Models for these pro- 
cesses and the finite-element/Newton algorithm used for 
solution are presented in the next section. 

Prediction of the film composition requires models for 
both the gas phase and surface kinetics important in the 
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