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A B S T R A C T  

We descr ibe  a ma themat i ca l  mode l  of  the  coupled  gas-phase chemical  kinet ics  and fluid mechan ic s  in a chemica l  
vapor  depos i t ion  (CVD) reactor.  This paper  presents  re f inements  to our  earl ier  mode l  of  the  CVD of  s i l icon f rom silane. 
The mode l  predic ts  gas-phase t empera tu re  and ve loc i ty  fields, concent ra t ion  fields for seven teen  chemica l  species,  and 
deposi t ion  rates. The  major  n e w  features  are a m u l t i c o m p o n e n t  t ranspor t  mode l  inc lud ing  the rmal  diffusion and a new 
formula t ion  of  the  boundary  condi t ions  that  descr ibe  deposi t ion.  A significant  resul t  is that  the rmal  diffusion is pre- 
dicted to m a k e  an impor tan t  cont r ibu t ion  to species densi ty  profiles and general ly  to reduce  depos i t ion  rates. 

Chemica l  vapor  deposi t ion  (CVD) is used th roughou t  
the microe lec t ron ics  indus t ry  to depos i t  th in  films in the  
fabr icat ion of in tegra ted  circuits.  Despi te  the  impor tance  
of  CVD, there  is little fundamen ta l  unde r s t and ing  of  
many  of the  depos i t ion  processes  in use  today. We are 
pur su ing  a course  of  research  to descr ibe  the  chemica l  
and phys ica l  processes  that  occur  in the  gas phase  dur ing  
chemica l  vapor  deposi t ion.  

Because  CVD reactant  gases are the rmal ly  unstable,  
they  d e c o m p o s e  in the  presence  of a hea ted  susceptor ,  de- 
posi t ing a solid film. If  the  gas-phase decompos i t ion  rate 
is fast c o m p a r e d  to the  t ime for the  reactant  to diffuse to 
the  hea ted  surface, the molecu le  will  decompose  before  
reaching  the surface. Gas-phase react ion rates in CVD are 
closely coupled  to the  t empera tu re  profile above  the sus- 
ceptor.  Therefore ,  a mode l  of the  sys tem mus t  inc lude  gas 
veloci ty  and t empe ra tu r e  fields and the  rates of  chemica l  
react ions in the  CVD reactor.  

We have  prev ious ly  presen ted  such a ma themat ica l  
mode l  of  the  gas phase  in the  CVD of si l icon f rom silane 
(1, 2). Our  mode l  is general  in that  it can be appl ied to 
o ther  CVD sys tems for which  a gas-phase kinet ics  mecha-  
n ism is known.  The  silane CVD mode l  predic ts  gas-phase 
t empera tu re  and veloci ty  fields, concent ra t ion  fields for 
17 chemica l  species,  depos i t ion  rates, and deposi t ion  uni- 
formi ty  as a func t ion  of expe r imen ta l  condi t ions  such as 
suscep tor  t empera tu re ,  flow rate, inlet  part ial  pressure  of  
silane, total  pressure,  and reactor  d imension.  We mode l  
reactors  in which  the  gases f low along the  length  of  a rec- 
tangular  or  cyl indr ica l  channel ,  depos i t ing  solid sil icon 
on the reactor  walls. Such  a f low is reasonably  mode l ed  
by the  boundary  layer equat ions .  

This paper  descr ibes  re f inements  we have  made  to the  
mode l  s ince its original  publ ica t ion  (1, 2). One impor tan t  
change  is the  inc lus ion  of  the rmal  diffusion,  which  is the  
separat ion of  species  of  differing mass  or size in a temper-  
ature gradient .  The rma l  diffusion can have  an impor tan t  
effect  on p red ic ted  concent ra t ion  profiles. We have  also 
in t roduced  a more  r igorous m e t h o d  of  calculat ing mult i-  
c o m p o n e n t  t ranspor t  propert ies .  The boundary  condi t ion  
descr ib ing  chemica l  react ions  at the  surface  has also been  
reformula ted .  The  body of this paper  is compr i sed  of de- 
tai led discuss ions  of the  fol lowing topics:  the  equa t ions  
defining our  model ,  chemica l  react ions  at the  bounda-  
ries, the  gas-phase mechan i sm,  m u l t i c o m p o n e n t  trans- 
port, t he rma l  diffusion,  and numer ica l  computa t ion .  

Description of Model 
Defining equat ions . - -As  discussed  before  (1), we solve 

the boundary  layer  equat ions  to descr ibe  the  fluid flow. 
These  equa t ions  are coupled  to species  conserva t ion  
equat ions  to descr ibe  chemica l  creat ion and des t ruc t ion  
and both  convec t ive  and diffusive t ransport .  The applica- 
bility of  these  equa t ions  relies on the  ex is tence  of  a prin- 

cipal flow di rec t ion  in which  diffusive t ranspor t  is negli- 
gible compared  to convec t ive  t ransport .  To s implify the 
numer ica l  p rocedure ,  we recast  the  equa t ions  us ing the 
Van  Mises t ransformat ion  (3) in wh ich  the  cross-s tream 
coordina te  is rep laced  by the s t ream func t ion  as an inde- 
penden t  variable.  In  the past, we so lved  these  equa t ions  
on a fixed in te rva l  in s t ream funct ion,  wh ich  impl ies  no 
net  mass  loss f rom the  system. In cases where  there  is rel- 
at ively little ne t  mass  loss due  to deposi t ion,  this is a rea- 
sonable  approx imat ion ,  and the  resul ts  of  our  p rev ious  
work  (1, 2) are not  affected. However ,  in some cases, such  
as low pressure  CVD, depos i t ion  reduces  the mass flux 
significantly. We have  in t roduced  a fur ther  t ransforma-  
t ion and two n e w  equa t ions  to account  for the  mass loss 
due  to depos i t ion  at the  upper  and lower  b o u n d a r i e s .  

We first state the  t rans formed  set of  equa t ions  describ- 
ing our  mode]  and then  discuss  the t ransformat ion  proce- 
dure  itself. 

M o m e n t u m  

au ~ dM au dp 

pu ~ -  pu M dx  Of + dx  

M'-' a~ pu~y'-'~ + pg 
[1] 

Species  

aY k ~ dM aYk 
pU --~-~-- x -- pU M dx a~- - ~k Wk 

pu 0 
M a~ (Y~PYkVky)(k = 1 , . . . ,  K - 1) [2] 

Energy  

aT ~ dM aT 
puc, ~ -  puc, M dx  ar 

M 2 0 ~  ~ puky~ --~-) - ~kWkhk 
k=l  

aT 
P-'uY~ YkVk~C,k [3] 

M k= 1 Of 

State  

pRT 
P = - -  [4] 

W 

In these  equat ions ,  the  diffusion ve loc i ty  Vk~ is g iven by 
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K aXj Dk T puy ~ aT [5] 
= puy~ ~ WjDkJ a~- PYk TM a# Vky XkWM j ~ k 

For an axisymmetric flow, the parameter a is 1 and y 
r e p r e s e n t s  t he  r ad ius  m e a s u r e d  f rom t h e  r eac to r  c h a n n e l  
cen te r l ine .  I f  a is zero, t he  e q u a t i o n s  are in  p l a n a r  coordi-  
na t e s  a n d  y is t h e  h e i g h t  a b o v e  t h e  l o w e r  r eac to r  wall. 
T h e  i n d e p e n d e n t  va r i ab l e s  x a n d  # r e p r e s e n t  t he  axia l  co- 
o rd ina t e  (p r inc ipa l  flow d i rec t ion)  a n d  t he  n o r m a l i z e d  
s t r e a m  func t ion ,  respec t ive ly .  All  va r i ab le s  are de f ined  in  
t he  Lis t  o{ S y m b o l s  sec t ion  at  the  e n d  of t he  paper .  The  
grav i ty  t e r m  in  t he  m o m e n t u m  e q u a t i o n  is i n c l u d e d  only  
w h e n  grav i ty  acts  a long  the  p r inc ipa l  flow di rec t ion .  
G r a v i t y  is no t  i n c l u d e d  for  t he  case  of a h o r i z o n t a l  
reac tor .  

We def ine  t he  s t r e a m  f u n c t i o n  0 in  t he  n o r m a l  way  as 

i; $ = puy~dy [6] 

T h e  phys i ca l  i n t e r p r e t a t i o n  of  t h e  s t r e a m  f u n c t i o n  is t h a t  
t h e r e  is a c o n s t a n t  m a s s  flow ra te  b e t w e e n  two l ines  of  
c o n s t a n t  s t r e a m  f u n c t i o n  (i.e., b e t w e e n  s t r e a m l i n e s  w h e n  
t h e r e  is no  m a s s  loss  f rom t he  sys tem).  I f  t h e r e  is no  m a s s  
loss, t he  r eac to r  walls  are also s t r e am l i ne s ,  i.e., l ines  of  
c o n s t a n t  s t r e a m  func t ion .  T h e  i n d e p e n d e n t  va r i ab l e  @ 
t h e n  r a n g e s  f r o m  zero at  one  b o u n d a r y  to t he  to ta l  m a s s  
flow ra te  at  t h e  o ther .  U n d e r  t h e s e  cond i t ions ,  t he  to ta l  
mass  f low ra te  is e v a l u a t e d  at  t h e  in i t ia l  c o n d i t i o n  a n d  is 
he ld  c o n s t a n t  t h r o u g h o u t  t he  c o m p u t a t i o n .  T he  n u m e r -  
ical  m e t h o d  u se s  a m e s h  in w h i c h  e a c h  m e s h  p o i n t  ha s  a 
speci f ied  v a l u e  of s t r e a m  func t ion .  However ,  if  m a s s  is 
10st v ia  depos i t i on ,  t h e n  t he  to ta l  m a s s  f low ra te  changes ,  
a n d  the  i n d e p e n d e n t  va r i ab l e  @ c h a n g e s  a t  e ach  m e s h  
point ,  i.e., a m o v i n g  c o o r d i n a t e  sys tem.  In  o rde r  to m a k e  a 
n e w  i n d e p e n d e n t  va r i ab l e  t h a t  is f ixed for  t he  en t i r e  
p r o b l e m ,  we  def ine  a n e w  s t r e a m  f u n c t i o n  t h a t  is no rma l -  
ized by  t he  local  to ta l  m a s s  f low ra te  M 

r [7] 

U s i n g  th i s  def in i t ion ,  # a lways  r a n g e s  b e t w e e n  0 a n d  1, 
a n d  t he  m e s h  in ~: r e m a i n s  fixed. In  cy l indr ica l  coordi-  
na tes ,  M is t h e  to ta l  f low of  m a s s  pa s t  a po in t  in  t h e  t u b e  
pe r  u n i t  r a d i a n  pe r  u n i t  t ime.  In  p l a n a r  coord ina tes ,  M is 
the mass flowing past a point in the tube per unit depth 
per unit time. 

Equations [i]-[5] differ from those published in Ref. (i) 
by use of the normalized stream function ~. The relation- 
ships between the physical coordinates (y and x) and the 
transformed coordinates (~: and @) are stated in the follow- 
ing equations that define the transformation 

= - pvy~ 
Y 0 x 

M dx  

- ~176 - # -  x [8] 

The  to ta l  f low ra te  is c o m p u t e d  f r o m  an  e q u a t i o n  t h a t  
a c c o u n t s  for t he  m a s s  d e p o s i t e d  on  each  b o u n d a r y  

dM dMl dM~ 
- -  - - -  + - -  [ i 0 ]  
dx  dx  dx  

T h e  flow of  gas  in to  e a c h  b o u n d a r y  is a n e t  c o n v e c t i v e  
veloci ty .  In  t h e  n e x t  sec t ion  we d i scuss  ca l cu l a t i on  of  re- 
ac t ion  ra tes  at  t h e  su r face  a n d  t he  c o n v e c t i v e  ve loc i ty  v. 

The  ra te  at  w h i c h  m a s s  is d e p o s i t e d  at  t he  lower  b o u n d -  
a ry  is d e t e r m i n e d  f rom the  c o n v e c t i v e  m a s s  f lux to t he  
b o u n d a r y  

dMl 
- -  - (pv)l Eli] 

dx 

Equation [11] applies 0nly in the planar coordinate case, 
since, in axisymmetric coordinates, the lower boundary is 
t h e  cen te r l ine ,  a n d  t h u s  t h e r e  is no  m a s s  loss. The  ra te  of  
mass  loss  at  t h e  u p p e r  b o u n d a r y  (wh ich  is the  u p p e r  wal l  
in  p l a n a r  coo rd ina t e s  or t h e  o u t e r  r ad ius  in  cy l indr ica l  co- 
o rd ina tes )  is s imi la r ly  def ined  by  

dMu 
- (pvy~)~ [12] 

dx  

The  ini t ia l  m a s s  flow ra te  e n t e r i n g  t he  c h a n n e l  is de- 
f ined by  

M o = ( f ~ ; u y ~ d y ) o  [13] 

w h i c h  serves  as t h e  in i t ia l  c o n d i t i o n  for Eq. [10]. 
T h e  s y s t e m  of  e q u a t i o n s  is c o m p l e t e d  by  an  e q u a t i o n  

t h a t  re la tes  t he  c ros s - s t r eam phys i ca l  coo rd ina t e  y to t h e  
n o r m a l i z e d  s t r e a m  f u n c t i o n  

1 ay ~+~ a + 1 
- -  - - -  [ 1 4 ]  

M O~ pu 

This  e q u a t i o n  is s i m p l y  a r e c a s t i n g  of  the  s t r e a m  func-  
t ion  def in i t ion ,  Eq. [6]. 

The  d e p e n d e n t  va r i ab le s  of  th i s  pa r abo l i c  s y s t e m  of dif- 
fe ren t ia l  e q u a t i o n s  are p, p, y% u, T, M, a n d  Yk. The  s y s t e m  
of  e q u a t i o n s  t h a t  we  ac tua l ly  solve  in t he  n u m e r i c a l  
m o d e l  are Eq. [1]-[4], [10], [14], and  [15]. We use  Eq. [2] for  
on ly  K - 1 species .  E q u a t i o n  [15] d e t e r m i n e s  t he  Kth  spe- 
cies (wh ich  is n o r m a l l y  t he  ca r r i e r  gas) 

/ /  

We use Eq. [15] rather than solving for all K species from 
Eq. [2], because we have found that the numerical meth- 
ods are m o r e  re l iab le  u s i n g  th i s  fo rmula t ion .  S ince  t he  
m u l t i c o m p o n e n t  t r a n s p o r t  m o d e l  e n s u r e s  t h a t  t he  mass  
f rac t ions  s u m  to one  (or, equ iva len t ly ,  t h a t  t he  d i f fus ive  
f luxes s u m  to zero), t he se  two m e t h o d s  are fo rmal ly  
equ iva len t ,  a l t h o u g h  t hey  are  n u m e r i c a l l y  dif ferent .  

A t  t h e  in i t ia l  cond i t ions ,  i.e., t h e  e n t r a n c e  to t he  r eac to r  
channe l ,  we  spec i fy  profi les of  u, T, a n d  Yk a n d  t he  pres-  
sure.  Typical ly ,  t h e s e  are a fully d e v e l o p e d  pa rabo l i c  ve- 
loci ty  profi le  a n d  a u n i f o r m  m i x t u r e  of s i lane  a n d  t he  car- 
r ier  gas  at  r o o m  t e m p e r a t u r e .  F r o m  the  speci f ied  
profiles,  we  c o m p u t e  t he  in i t ia l  local  flow ra te  M0 a n d  
t he  phys i ca l  l oca t ions  of  all t h e  m e s h  po in t s ,  i.e., a profi le  
of  y% 

The  b o u n d a r y  c o n d i t i o n s  s ta te  t h a t  t h e  ve loc i ty  is zero 
at  t he  walls  a n d  t h a t  t he  t e m p e r a t u r e  m a t c h e s  a specif ied 
value.  In  t h e  t r a n s f o r m e d  equa t ions ,  ~. is t h e  i n d e p e n d e n t  
va r i ab l e  a n d  t h e  phys i ca l  c o o r d i n a t e  y is a d e p e n d e n t  var-  
iable.  There fore ,  we  m u s t  specify  as b o u n d a r y  c o n d i t i o n s  
t h a t  y = 0 a t  t he  lower  b o u n d a r y  a n d  y = Ym~x at  t he  u p p e r  
b o u n d a r y  (or c h a n n e l  r ad ius  in t he  a x i s y m m e t r i c  case). 
Note  t h a t  a b o u n d a r y  va lue  of y is speci f ied  at  b o t h  
b o u n d a r i e s ,  even  t h o u g h  Eq. [14] is on ly  a f i rs t -order  
equa t ion .  This  a p p a r e n t  ove r spec i f i ca t ion  is r e so lved  by  
t he  fact  t h a t  we r e t a in  the  p r e s s u r e  as a d e p e n d e n t  varia-  
ble,  a l t h o u g h  t h e r e  is no  exp l i c i t  e q u a t i o n  or b o u n d a r y  
c o n d i t i o n  for p (1, 4). We d e t e r m i n e  t h e  local  p r e s s u r e  p(x) 
t h a t  a l lows t h e  two  b o u n d a r y  c o n d i t i o n s  on  y to be  satis- 
fied s i m u l t a n e o u s l y .  The  p r e s s u r e  is u n i f o r m  in the  
c ro s s - s t r e am d i r ec t i on  as a c o n s e q u e n c e  of  the  m a k i n g  
t he  b o u n d a r y  layer  a p p r o x i m a t i o n s .  The  b o u n d a r y  condi-  
t ions  for  c h e m i c a l  spec ies  c o n c e n t r a t i o n s  invo lve  deposi -  
t ion  reac t ions ,  a n d  t h e y  are d i s c u s s e d  in s o m e  deta i l  in  
t h e  n e x t  sect ion.  

Reactions at the boundary . - -Boundary  c o n d i t i o n s  on  
t h e  m a s s  f r ac t ion  of  e a c h  spec ies  de sc r ibe  r eac t i ons  at  t he  
surface.  We def ine  t he  p r o b a b i l i t y  t h a t  spec ies  k wil l  re- 
act  u p o n  col l is ion w i t h  the  sur face  to be  7k' The  m a s s  of  
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species  k des t royed  per  uni t  area per  uni t  t ime  is der ived  
f rom s imple  gas k ine t ic  theory.  It  is the  rate of coll ision of  
species  k wi th  the  surface t imes  the  probabi l i ty  that  k will 
react  upon  each coll ision t imes  the  mass  of  species k. A 
species SimH, reacts  to add m Si a toms to the  surface and 
releases n/2 H2 molecules  into the  gas s tream. The total  
rate of  mass  10SS f rom the  sys tem at a boundary  is calcu- 
lated f rom this col l is ion mode l  and is re la ted to the  con- 
vec t ive  ve loc i ty  in the  cross-s t ream di rec t ion  by 

i kBT Ck~kWs,,k,S,)l [16] (pv)~ = -- ( ~  2~rWk 

where  ,k.si is a s to ichiometr ic  coefficient ,  the  n u m b e r  of  
moles  of  Si sol id fo rmed  w h e n  species  k reacts  at the  sur- 
face. Equa t ion  [16] is wri t ten  for the  lower  boundary .  A 
similar  equa t ion  applies  at the  upper  boundary .  This  is 
the  m e t h o d  Used to calculate  v needed  in Eq. [11] and [12]. 

The  bounda ry  condi t ion  on each si l icon conta in ing  spe- 
cies relates the  chemica l  des t ruc t ion  rate of  species k at 
the  surface to the  flux of  k into the  surface. The  bound-  
ary condi t ion  (writ ten for the  lower  boundary)  is 

(pYk v + pYkVk)L = - . ~ Ck'YkWk] [17] 

For  H2, the  bounda ry  condi t ion  is tha t  its mass flux 
away f rom the  boundary  balances  the  mass flux of  sili- 
con conta in ing  species to the  boundary  according  to the 
equa t ion  

, /  kBT Ck~kWH2vk.H2)~ [18] (PYH2v + PYH2VH2)~ = ( ~  " 2~rWk 

where  the  sum in Eq. [18] is over  si l icon conta in ing  spe- 
cies and Vk.H~ is a s to ichiometr ic  coefficient,  the  n u m b e r  
of moles  of  H2 released w h e n  species k reacts  at the  sur- 
face. Note  that  s u m m i n g  Eq. [17] over  all si l icon con- 
ta ining species  and adding  Eq. [18] gives  Eq. [16] for the  
convec t ive  ve loc i ty  v and the requ i red  condi t ion  that  the  
s u m  over  all the  di f fus ive  fluxes is zero. 

.In our  prev ious  work  (1, 2), the  boundary  condi t ion  
used  was that  the diffusion ve loc i ty  at the  boundary  
equals  the  react ion probabi l i ty  t imes  the  diffusion veloc- 
ity that  wou ld  occur  if  the  molecu le  reac ted  upon  every  
coll is ion wi th  the  surface. Equa t ion  [17] is conceptua l ly  
c learer  and easier  to implement .  

There  is l i t t le expe r imen ta l  in format ion  on the  surface 
react ion probabi l i t ies  ~k for species in the  silane CVD sys- 
tem. As d iscussed  in our earl ier  paper  (1), we as sume  that  
the  react ive  in te rmedia te  species Si, Si l l ,  Sill2, SiH~, Si2, 
Si2H2, H2SiSiH2, H3SiSiH, SigHs, and Si3, react  wi th  uni t  
probabi l i ty  upon  coll is ion wi th  the surface. Stable  com- 
pounds  are a s sumed  to be relat ively unreac t ive  at the  sur- 
face. In  the  absence  of  any expe r imen ta l  data, we set ~/k 
equal  to zero for Si2H6 and Si3Hs. 

In  our  previous  work  (1), we  used  an Arrhenius  surface 
reac t ion  probabi l i ty  for Sill4 de r ived  f rom the exper imen-  
tal w o r k  of  Far row (5). In o ther  expe r imen ta l  work,  J o y c e  
and co-workers  (6-8) measu red  an exponen t i a l  t empera-  
ture  d e p e n d e n c e  approx ima te ly  equa l  to that  of  Ref. (5). 
However ,  the i r  p re -exponent ia l  cons tant  was roughly  ten  
t imes  smal ler  than  observed  by Farrow.  In  developin~ 
our  p resen t  mode l  us ing Eq. [17] as the  depos i t ion  bound-  
ary condit ion,  we found that  us ing  both  the  Fa r row (5) 
and J o y c e  (6-8) va lues  for ~/s~H~ yie]ded low t empera tu re  
depos i t ion  rates that  were  m u c h  too large w h e n  com- 
pared wi th  e x p e r i m e n t  (9). 

Because  there  is at least  a factor of ten  uncer ta in ty  in 
the  expe r imen ta l  va lue  of ~s~H4, we have  chosen  to f i t  the  
p re -exponent ia l  cons tan t  to ensure  that  our  mode l  
ma tches  the  expe r imen ta l  depos i t ion  rate (9) at low tem- 
pera ture  in hyd rogen  carrier  gas. U n d e r  these  condit ions,  
the  gas-phase decompos i t i on  of  Sill4 should  be slow rela- 
t ive to the  react ion of Sill4 on the  surface. In fit t ing the  
pa rame te r  ~'s~H4, we  used  the  act ivat ion energy  of  Joyce  
et al. (8) and ad jus ted  the p re -exponen t ia l  constant  to 
ma tch  the  depos i t ion  rate measu red  by van  den Breke l  (9) 

at the lowes t  t empe ra tu r e  repor ted  (960 K). T h e  deposi-  
t ion rate data in Ref. (9) are t h e  only data  avai lable that  
p rov ide  e n o u g h  in format ion  about  expe r imen ta l  condi- 
t ions (cell d imens ions ,  flow veloci ty,  reactant ,  and carrier  
gas partial  pressures)  for us to apply  our  model .  However ,  
o ther  i n d e p e n d e n t  compar i sons  be tween  our  mode l  pre- 
dic t ions  and expe r imen t  are m a d e  in Ref. (10). The  
A r r h e n i u s  express ion  obta ined  for the silane surface reac- 
t ion probabi l i ty  is 

~siH4 = 5.37 × 10-2e -~4°°,'r [19] 

where  T is in degrees  Kelvin.  
In our  earl ier  work  (1), we inc luded  mul t ip le  react ion 

paths  for the  react ion of  Sill4 at the  surface.  However ,  be- 
cause we are us ing  a fit for the  s i lane surface react ion 
probabil i ty,  such  detail  is unwarranted .  

Reaction mechanism.--Our mode l  inc ludes  an e lemen-  
tary react ion m e c h a n i s m  for the  t he rma l  decompos i t i on  
of  Sill4 and the  subsequen t  react ions  of  in te rmedia te  spe- 
cies. The  react ion m e c h a n i s m  and rate constants  in 
Arrhenius  form are g iven in Table  I. A l though  the  reac- 
t ion m e c h a n i s m  is general ly  the  same as pub l i shed  in our  
earl ier  work  (1), some  of the  detai ls  h a v e  been  refined. As 
d iscussed  before  (1), predic t ions  of  the  mode l  are rela- 
t ively insens i t ive  to the  rate constants  for all react ions  ex- 
cept  R-1. Therefore ,  m e c h a n i s m s  of  depos i t ion  d i scussed  
in Ref. (1) remain  u n c h a n g e d  by the  present  ref inements .  

Because  the  Sill4 un imolecu la r  decompos i t ion  is 
known to be in its pressure  fall-off region at a tmospher ic  
pressures  and below, we use the  fo l lowing form to expli-  
citly t reat  the pressure  d e p e n d e n c e  of  this react ion 

kl = (a + bP)A1T~le -e,'R'r [20] 

where  the constants  A1, fl,, and  E1 are l is ted in Table  I, P 
is the total  p ressure  in a tmospheres ,  a = 0.0504, and b = 
0.9496. This form for the rate cons tant  was obta ined  by 
fitting the  t empera tu re  and pressure  d e p e n d e n c e  of  the 
silane un imolecu la r  decompos i t i on  rate cons tan t  ob- 
ta ined f rom an R R K M  analysis  (12) of the  expe r imen ta l  
data descr ibed  in Ref. (11). We fit the  pressure  depen-  
dence  of R-1 be tween  5 torr  and 1 atm, the  range over  
which  we have  app]ied our  CVD model .  This express ion  
may  not  be val id  at lower  pressures.  The  nons tandard  
t empera tu re  d e p e n d e n c e  is inc luded  to account  for curva- 
ture in an Ar rhen ius  p lo t  for R-1. 

We have  inc]uded three  n e w  species  in the react ion 
mechan i sm:  H3SiSiH, H.2SiSiH2, and Si:~Hs. References  
[13]-[15] discuss  react ions  of  the  two isomers  of  SigH4. Our 
earl ier  mode l  (1) did not  d is t inguish  be tween  these  two 
species. Refe rence  (14) reports  rate cons tants  for react ions  
of trisilane. The  n e w  react ions for these  species  are R-10, 
R-16, R-17, R-25, R-26, and R-27. 

Reac t ion  R-2, loss of an H a tom to form Sil l : ,  is m u c h  
s lower  than  react ion R-1. We find that  react ions of  spe- 
cies conta in ing  an odd n u m b e r  of  hyd rogen  a toms do not  
play a very  impor t an t  role in the  silane CVD system. Nev- 
ertheless,  in order  to mode l  these  species  more  accu- 
rately, we have  inc luded  several  new react ions  in Table  I, 
i.e., R-6, R-11, R-12, R-13, R-20, and R-24. 

Each of the  react ions  l is ted in Table  I is reversible.  Al- 
though  not  s tated explicit ly,  all of  the  react ions in our  
earl ier  work  (1) were  also reversible.  The  rate cons tants  
for the  reverse  react ions can be ob ta ined  f rom the  reac- 
t ion the rmochemis t ry .  T h e r m o c h e m i c a l  data  for each 
species in the  react ion m e c h a n i s m  are g iven in the  
Appendix .  

Multicomponent transport.--We use a m u l t i c o m p o n e n t  
t ranspor t  mode l  to calculate  the  diffusion veloci ty  of Eq. 
[5]. Mu l t i componen t  viscosit ies,  t he rma l  conduct ivi t ies ,  
diffusion coefficients,  and the rmal  diffusion coefficients  
are calculated as out l ined by Dixon-Lewis  (16). (We use 
the full  m u l t i c o m p o n e n t  fo rmula t ion  ra ther  than  the  
more  app rox ima te  Stefan-Maxwel l  fo rmula t ion  also dis- 
cussed in Ref. (16).) These  t ranspor t  proper t ies  are evalu- 
ated numer ica l ly  us ing  a package  of  For t ran  subrout ines  
by Kee et al. (17). 
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Table I. Reaction mechanism 

Reaction A ~ fl~ E ~ Reference 

R-1 Sill4 o Sill2 + H~" 2.54 • 10 '~8 -7.95 61.96 (11, 12) 
R-2 Sill4 ~ SiH~ + H 3.69 • I0 '~ 0 93 (Ii, 37) 
R-3 Sill4 + SiH~ ~ Si2H~ 5.01 • i 0  = 0 1.29 (38) 
R-4 Sill4 + H ~-~ SiH:~ + H., 1.04 • I0 TM 0 2.5 (39, 40) 
R-5 Sill4 + SiH:~ ~ Si2H~ + H~ 1.77 • 10 '~ 0 4.4 (37) 
R-6 Sill4 + Sill ~ Si~H:~ + H~ 1.45 • 10 r-' 0 2 (37) 
R-7 Sill4 + Sill ~ Si~H~ 1.43 • 10 ':~ 0 2 (37, 41) 
R-8 Sill4 + Si ~ SiH~ + SiH~ 9.31 • 10 '~ 0 2 (37) 
R-9 Si + H2 ~ SiH~ 1.15 • 10 '4 0 2 (37) 
R-1O H2SiSiH~ ~ SiH~ + SiH~ 1.00 • I0 TM 0 59 (15) 
R-11 Sill2 + H ~ Sill + H~ 1.39 • 10 '3 0 2 (37) 
R-12 Sill2 + H ~-~ SiH:~ 3.81 • 10 ':~ 0 2 (37) 
R-13 SiH~ + SiH:~ ~ Si~H~ 6.58 • 10 '~ 0 2 (37) 
R-14 Sill2 + Si~ ~ Si:, + H~ 3.55 • 10 '~ 0 2 (37) 
R-15 SiH~ + Si:t ~ Si~H~ + Si~ 1.43 • i0 'I 0 18.8 (37) 
R-16 H~SiSiH~ o Si~H~ + H~ 3.16 • 10 '~ 0 53 (13) 
R-17 Si~H,~ ~ H~SiSiH~ + H=, 2.51 • 10 '4 0 52.2 (15) 
R-18 H~ + Sill  ~ SiH:~ 3.45 • 10 ~:~ 0 2 (37) 
R-19 H~ + Si~ ~ Si~H~ 1.54 • 10 'a 0 2 (37) 
R-20 H~ + Si~ ~ Sill + Sill 1.54 • 10 '~ 0 40 (37) 
R-21 H~ + Si:~ ~ Si + Si~H~ 9.79 • 10 '~ 0 42.6 (37) 
R-22 Si~H~ ~ Si~H:~ + H~ 3.16 • I0 TM 0 53 (37) 
R-23 Si~H~ + H ~ Si:H:~ 8.63 • 10 '~ 0 2 (37) 
R-24 H + Si._, ~ Sill + si 5.15 • i0 ~'~ 0 5.3 (37) 
R-25 Si:~H~ ~ Si~H,~ + [~iH~ 4.90 • I0 '~ 0 52.99 (14) 
R-26 Si:~Hs ~ H:~SiSiH + SiH~ 4.79 • 10 '~ 0 49.24 (14) 
R-27 H:~SiSiH ~ H~SiSiH~ 6.31 • 10 '=' O 29.2 (15) 

Arrhenius parameters for the rate constants in the forward direction written in the form k = AT ~ exp (-E/RT). The units of A depend on 
the reaction order, but  are given in terms of tools, cubic centimeters, and seconds. E is in kcal/moL Rate constants for the reverse reactions can 
be calculated from the reaction thermochemistry.  

See text for discussion of the pressure dependence of reaction R-1. 

In our previous work (i), we did not include the effect 
of thermal diffusion and used less rigorous "mixture- 
averaged" formulas (18) to calculate transport properties. 
These formulas are accurate in the limit that one compo- 
nent of the mixture is present in a great excess, and the 
formulas are exact for any binary mixture. In our applica- 
tion, the mixture-averaged transport coefficients require 
less than one-tenth the computer time to evaluate than 
the multicomponent properties. In most cases, the results 
predicted using the mixture-averaged transport coeffi- 
cients are indistinguishable from those using the multi- 
component model. However, in modeling low pressure 
CVD, where the carrier gas is not present in a great ex- 
cess, or inlet mixtures that contain more than two large 
components (for example, a mixture of Sill4, H2, and a 
carrier gas), we find significant differences between the 
two transport models. For these cases, the more rigorous 
multicomponent transport model is required. 

Although the mixture-averaged formulas are not ade- 
quate for all CVD applications, they are well suited to nu- 
merical computation. Therefore, we rewrite the multi- 
component formulation, Eq. [5], in a form that recovers 
some desirable properties of the mixture-averaged form. 
The diffusion velocity using the mixture-averaged ap- 
proximation is 

Dk,mpUy ~ OXk Dk "r puy ~ aT 
Vk~ XkM O~ PYk TM O~ [21] 

T h e  d i f f u s i o n  ve loc i ty  o f  Eq.  [21] d e p e n d s  exp l i c i t l y  o n  
t h e  c o n c e n t r a t i o n  g r a d i e n t  o f  s p e c i e s  k, w h e r e a s  t h e  m u l -  
t i c o m p o n e n t  d i f f u s i o n  ve loc i ty  o f  Eq.  [5] d e p e n d s  on  t h e  
c o n c e n t r a t i o n  g r a d i e n t s  of  all t h e  r e m a i n i n g  spec ies .  A s  a 
resu l t ,  t h e  J a c o b i a n  of  t h e  d i f f u s i o n  ve loc i ty  h a s  a s t r o n g  
d i a g o n a l  t e r m  in t h e  f o r m e r  case ,  b u t  n o t  in t h e  lat ter .  

T h e  n u m e r i c a l  s o l u t i o n  p r o c e d u r e  is a ided  b y  u s i n g  a 
n e w  m u l t i c o m p o n e n t  d i f f u s i o n  coef f ic ien t ,  f o u n d  b y  
e q u a t i n g  Eq.  [5] a n d  [21] a n d  s o l v i n g  for  Dk,m 

~j ~-kKWjDkj(~XJO~) 
D k ,  m = _ _  [ 2 2 ]  

W~j ~kK(OXJc) ~) 

T h e  d e n o m i n a t o r  in Eq.  [22] is f o u n d  b y  n o t i n g  t h a t  

0Xk _ ~ OX~ [23] 

This form of the denominator ensures that rounding er- 
rors are accumulated in roughly the same way in both the 
numerator and denominator. This method gives better 
numerical behavior in limiting cases, such as when a mix- 
ture approaches the limit of one pure species. We imple- 
ment multicomponent transport using the diffusion ve- 
locity of the form in Eq. [21], with Dk,~ calculated using 
Eq. [22]. Note that we have made no approximations to 
the full multicomponent transport, but have simply re- 
written the diffusion velocity in a form to aid numerical 
computation. Similar approaches to this problem have 
been discussed by Warnatz (19) and Dixon-Lewis (20). 

Thermal diffusion.--Thermal diffusion is the separation 
of two species of differing mass and/or size in the pres- 
ence of a temperature gradient. Because there are strong 
temperature gradients in a CVD reactor, thermal diffu- 
sion is expected to influence deposition rates (21, 22) as 
wel l  as d e n s i t y  p rof i l es  o b s e r v e d  b y  in si tu m e a s u r e -  
m e n t s  (23-26). I n  o r d e r  to m a k e  c o m p a r i s o n s  b e t w e e n  pre-  
d i c t i ons  of  o u r  m o d e l  a n d  e x p e r i m e n t a l  d e n s i t y  m e a s u r e -  
m e n t s  (10), t h e  e f fec t  o f  t h e r m a l  d i f f u s i o n  is i n c l u d e d  in 
the diffusion velocity as the second term on the right side 
of Eq. [5]. 

Thermal diffusion significantly affects deposition rates 
and silane density profiles predicted by the model. We il- 
lustrate this with several sample calculations for the fol- 
lowing conditions: 0.7 torr Sill4 in 624 torr of carrier gas 
(either He or H~), 5 cm cell height, 16 cm/s average flow 
velocity, and 4.5 cm from the leading edge of the suscep- 
for. Figures I-3 plot Sill4 density as a function of height 
above the susceptor predicted by the model with and 
without thermal diffusion. Table II lists predicted deposi- 
tion rates for the conditions in Fig. 1-3. 

Three coupled effects lead to the general shape of the 
silane density curves in Fig. 1-3. The first, and simplest, 
effect is ideal gas expansion. The gas-phase temperature 
is highest at the susceptor, which causes a decrease in 
density near the susceptor. This expansion contributes 
significantly to all of the density profiles in Fig. I-3. A 
second effect, gas-phase decomposition, also depletes the 
silane when the susceptor temperature is sufficiently 
high. Thermal diffusion is the third effect that contributes 
to the density profiles. 

Figure 1 shows the silane density profile in helium car- 
rier gas  w i t h  a 550~ s u s c e p t o r  w i t h  (sol id  cu r ve )  a n d  
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Fig. 1. Predicted Sill4 density as a function of height above a 550~ 
susceptor in He carrier gas. The solid curve is calculated including 
thermal diffusion in the model, and the dashed curve is without 
thermal diffusion. 
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- 1 "  
~  

,~ o~ 

50~ in He 

i | i 

1 

Height (cm) 

Fig, 2. Predicted Sill4 density as a function of height above a 750~ 
susceptor in He carrier gas. The solid curve is calculated including 
thermal diffusion in the model, and the dashed curve is without 
thermal diffusion. 

without  (dashed curve) the rmal  diffusion. At  this suscep- 
tor  t empera tu re ,  gas-phase and surface decompos i t ion  of  
si lane are slow. When the rmal  diffusion is omi t ted  f rom 
the  calculat ion,  the  densi ty  profile is a lmos t  ent i re ly  due  
to expans ion  of  the  gas. The  d i f ference  be tween  the  
dashed  and solid curves  in Fig. 1 shows that  the rmal  dif- 
fusion causes  a substant ia l  decrease  in t h e  silane densi ty  
close to the  susceptor .  

The  gas-phase pyrolysis  of  si lane is m u c h  faster for the 
condi t ions  i l lustrated in Fig. 2. Both  expans ion  of  the gas 
and gas-phase chemis t ry  are ve ry  impor t an t  for a 750~ 
suscep tor  in He carr ier  gas. Inc lud ing  the rmal  diffusion 
in the  mode l  has relat ively less effect  on the densi ty  
profile than  for the  condi t ions  of Fig. 1. Both  the  solid 
and dashed  curves  are shif ted to m u c h  lower  densi ty  for 
the 750~ susceptor ,  compared  to the  550~ susceptor  
results.  

A 2 

O 

~  

~  

r  0 ,  

i 

750~ in H 2 

= I , 

1 

Height (cm) 

Fig, 3. Predicted Sill4 density as a function of height above a 750~ 
susceptor in H2 carrier gas. The solid curve is calculated including 
thermal diffusion in the model, and the dashed curve is without 
thermal diffusion, 

Figure  3 shows how changing  f rom He to H~ carr ier  gas 
affects the silane density.  Hydrogen  is a p roduc t  of the  
silane decompos i t i on  and suppresses  the  ne t  decomposi -  
tion. Therefore ,  gas-phase chemis t ry  cont r ibutes  less to 
the silane profile than  in Fig. 2. As was the  case in Fig. 1, 
the rmal  diffusion significantly decreases  the predic ted  
silane densi ty  above  the  susceptor.  

Table  II i l lustrates several  features  of the deposi t ion  
rates p red ic ted  by the  model.  For  each  of  the  three sets of  
condi t ions  desc r ibed  by Fig. 1-3, omi t t ing  the rmal  diffu- 
sion increases  the  depos i t ion  rate by approx ima te ly  50%. 
Increas ing  the suscep tor  f rom 550 ~ to 750~ raises the  
deposi t ion rate by about  a factor of  one hund red  (an ap- 
paren t  ac t ivat ion energy  of  40 kcal/mol). Changing  f rom 
He to H2 carr ier  gas decreases  the  depos i t ion  rate by a fac- 
tor  of ten. The  h igh  act ivat ion energy  and s t rong carrier  
gas d e p e n d e n c e  of the  deposi t ion  rate are well  k n o w n  for 
the silane CVD sys tem (27). 

Numerical  computa t ion . - -We descr ibe  the  numer ica l  
m e t h o d  in a p rev ious  paper  (1), and Ref. (4) gives  more  de- 
tail about  the  impl ic i t  na tu re  of  the  bounda ry  condi t ions  
and the compu ta t i on  of  the  pressure  drop. Never theless ,  
we  briefly out l ine  the  m e t h o d  here. The  computa t iona l  
approach  is a m e t h o d  of l ines (MOL) in which  the  cross- 
s t ream spatial  der ivat ives  (~ derivat ives)  are discret ized 
by finite di f ferences  and the  resul t ing  sys tem of ordinary 
differential  equa t ions  (ODE) in the  d o w n s t r e a m  direct ion 
x is so lved by ODE software.  However ,  un l ike  the  ordi- 
nary M O L  where  the resul t ing  sys tem of ODE is in the 
s tandard  form y' = f(t, y), these  equa t ions  are in a more  
general  different ial /algebraic  equa t ion  (DAE) form g(t, y, 
y') = 0. In this notat ion,  y and y'  r ep resen t  the compo-  
nents  of the  solut ion and thei r  " t ime- l ike ,"  or marching,  
der ivat ives  (the x der ivat ives  in the  bounda ry  layer equa- 
tions), and t is " t ime- l ike ,"  i.e., x. The DAE ' s  are solved by 
a c o m p u t e r  code  called D A S S L  (28), wh ich  is based  on 
the backward  different ia t ion formulas  (BDF). 

The  B D F  me thods  are impl ic i t  l inear  mul t i s t ep  meth-  
ods that  deal  effect ively  wi th  the  st iffness that  is c o m m o n  
in chemica l  kinet ics  problems.  An  essent ia l  step in any 
implic i t  solut ion p rocedure  is the  fo rmat ion  of  a Jacob ian  
matr ix,  i.e., the  part ial  der ivat ive  of  the  res idual  g wi th  re- 
spec t  to each  c o m p o n e n t  of  the  solut ion y. In  solving 
these  e q u a t i o n s ,  one  of  the mos t  e x p e n s i v e  steps is 
evaluat ing  the  Jacobian ,  and c o m p u t i n g  the mul t i com-  
portent t ranspor t  proper t ies  is the  mos t  expens ive  part  of 
the Jacob ian  evaluat ion.  Therefore ,  large savings can be 
ach ieved  if the  Jacob ian  eva lua t ion  cost  can be reduced.  
We find that  this can be  accompl i shed  by hold ing  the  
t ranspor t  proper t ies  f ixed w h e n  ca lcula t ing  the numer-  
ical Jacobian .  A l though  this in t roduces  some  inaccuracy  
'into the  Jacobian ,  D A S S L  requires  only an app rox ima te  
Jacob ian  for the  purpose  of i terat ing to a conve rged  solu- 
t ion (28). No error  is in t roduced  into the  solut ion by mak-  
ing this s impli f icat ion in the  Jacobian ,  but  the  c o m p u t e r  
t ime  is decreased  by about  a factor of  ten. 

Summary 
We h a v e  desc r ibed  a n u m b e r  of i m p r o v e m e n t s  in our  

mode l  (1, 2) of  the  coupled  gas-phase fluid mechan ics  
and chemica l  kinet ics  in a chemica l  vapor  deposi t ion  re- 
actor. The boundary  layer equa t ions  were  modif ied  to ac- 
count  for mass-loss f rom the  gas phase  dur ing  deposit ion.  

Table II. Effect of thermal diffusion on deposition rates 

Susceptor 
temperature 

(~ 

Deposition Deposition 
rate a rate a 
with without 

Carrier thermal thermal 
gas diffusion diffusion 

550 
750 
750 

He 8.8 • 10 -4 1.3 • 10 -'~ 
He 1.0 • 10-' 1.5 • 10 -~ 
H2 1.1 • 10 -~ 1.7 • 10 -~ 

"Deposition rate in tzrrgmin. 
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A n e w  set  of  b o u n d a r y  cond i t i ons  for  r eac t ions  of chemi -  
cal spec ies  at  t he  sur face  was  i n t r o d u c e d  to de sc r ibe  dep-  
osi t ion.  A m o r e  r igorous  m u l t i c o m p o n e n t  t r a n s p o r t  
m o d e l  was  i n t r o d u c e d ,  i n c l u d i n g  t he  effect  of t h e r m a l  dif- 
fusion.  We c o n c l u d e  t h a t  t h e r m a l  d i f fus ion  m a k e s  an  im- 
p o r t a n t  c o n t r i b u t i o n  to ca l cu la t ed  d e p o s i t i o n  ra tes  a n d  
c h e m i c a l  spec ies  c o n c e n t r a t i o n  profiles,  genera l ly  r educ-  
ing the  p r e d i c t e d  depos i t i on  rates .  

P r e d i c t i o n s  of t h e  m o d e l  are c o m p a r e d  e l s e w h e r e  (10) 
w i th  in situ m e a s u r e m e n t s  of  c h e m i c a l  spec ies  dens i t i e s  
a n d  g a s - p h a s e  t e m p e r a t u r e s .  Resu l t s  of ou r  m o d e l i n g  sup-  
por t  t he  i m p o r t a n c e  of  gas -phase  c h e m i s t r y  in  the  s i lane  
CVD sys tem.  
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APPENDIX 
Properties of Chemical Species 

Data  on  the  t h e r m o c h e m i s t r y  of  t he  c h e m i c a l  species  
are  n e e d e d  in  o rde r  to ca lcu la te  r eve r se  ra te  c o n s t a n t s  for 
t he  r eac t ions  in  T a b l e  I. In  our  c o m p u t e r  model ,  all chem-  
ical r e ac t i on  rates ,  t h e r m o c h e m i c a l  p roper t i e s ,  a n d  equa-  
t ion  of  s ta te  va r i ab l e s  are e v a l u a t e d . b y  C H E M K I N  (29), a 
g e n e r a l - p u r p o s e  p a c k a g e  of  c h e m i c a l  k ine t i c s  F o r t r a n  
s u b r o u t i n e s .  C H E M K I N  requ i res  p o l y n o m i a l  fits to the  
t e m p e r a t u r e  d e p e n d e n c e  of m o l e c u l a r  h e a t  capaci t ies ,  en- 
tha lp ies ,  a n d  en t rop ies .  The  fo rm for t h e s e  fits is (29, 30) 

C, 
a, + a.~T + Q T  -~ + a4 T3 + a~T 4 [A-l] 

R 

H a .  a:~ a 4 a~ a~ 
R~-T-= a~ + - ~ -  T +--~- T-' + ~ -  T:~ + ~ -  T~ + - - ~  

[A-2] 

S a, a:~ a4 T :~+ ~ + a7 
- i n  T + a~T + ~ -  T: + - ~ -  ---4- T ~ 

R 

[A-3] 
w h e r e  T is in  degrees  Kelvin.  

A s t a n d a r d  sou rce  for t he se  p o l y n o m i a l  coeff ic ients  is 
t h e  N A S A  da ta  b a s e  (30). H o w e v e r ,  for  m a n y  of t he  s i l icon 
c o n t a i n i n g  species ,  th i s  da ta  was  no t  avai lable .  Ho et al. 
h a v e  r ecen t l y  r e p o r t e d  hea t s  of f o r m a t i o n  a n d  h a r m o n i c  
v i b r a t i o n a l  f r e q u e n c i e s  for SiH,,Clm spec ies  (31), SigH,, spe- 
cies (32), a n d  Si:~H8 (32). This  work  uses  h i g h  qua l i ty  ab 
initio e lec t ron ic  s t r u c t u r e  ca lcu la t ions  c o m b i n e d  w i t h  em- 
pi r ical  co r r ec t i on  fac tors  to ca lcu la te  t h e r m o c h e m i c a l  
data.  Fo r  m o s t  of  t h e  s i l icon c o n t a i n i n g  species ,  we fit 
t h e  t e m p e r a t u r e  d e p e n d e n c e  of  the  da ta  in  Ref. (31) and  
(32) to o b t a i n  t h e  p o l y n o m i a l  coeff ic ients  of Eq. [A-1]- 
[A-3]. Table A-I gives the complete set of polynomial coef- 
ficients describing the thermochemical data that we use 
in our CVD model. 

The enthalpies, entropies, and heat capacities obtained 
by evaluating the polynomial Coefficients at 298 K are 
listed in Table A-If. The enthalpies for Sill,, compounds 
agree with the recommendations of Ho et al. (31) with the 
exception of SiH~. Reference (31) obtains a value of 68.1 -+ 
3 keal tool-' for the enthalpy of S-iHzl which is much 
higher than the usually accepted value (33) of, 58.0 kcal 
mol-'. There has been additional recent evidence (34, 35) 
supporting an enthalpy greater than 58.0. However, the 
experimental rate constants used in our mechanism were 
obtained assuming the earlier value for the enthalpy of 
SiH~. For consistency with the kinetics data we have used 
the value of 58.0 kcal mol -' in our fits of the thermo- 
chemistry of SiH~. The enthalpies for SigH,, species and 
Si:~H8 agree with the results of Ho et al. (32), with the ex- 

Table A-II. Thermochemical data for chemical species 

Molecule 

8298 Cp 298 
H298 (cal mol- '  (cal mol- '  

(kcal tool-') deg- ')  deg- ')  

Sill4 8.2 48.8 10.3 
SiH:~ 47.8 51.7 9.6 
SiH~ 58.0 49.4 8.3 
Sill  91.7 44.2 7.0 
Si 107.7 40.1 5.3 
Si~H~ 19.1 65.4 19.1 
Si2H~ 55.7 69.6 18.1 
H:,SiSiH 80.2 67.5 16.5 
H~SiSiH~ 57.4 65.3 16.9 
Si~H~ 105.7 66.1 15.3 
Si~H~ 83.5 58.7 10.5 
St2 141.0 54.9 8.1 
Si.,Hs 28.9 83.2 28.2 
Si:~ 152.0 64.0 13.2 
H 52.1 27.4 5.0 
H2 0.0 31.2 6.9 
He 0.r 50.i 5.0 

Table A-Ill. Potential parameters for chemical species 

e/K 
Molecule (r(,~) (Kelvin) Reference 

Sill4 4.084 207.6 (36) 
Sill3 3.943 170.3 (42) 
Sill2 3.803 133.1 (42) 
Sill 3.662 95.8 (42) 
Si 2.910 3036.0 (36) 
Si2H6 4.828 301.3 (42) 
Si2H5 4.717 306.9 (42) 
H3SiSiH 4.601 312.6 (42) 
H2SiSiH~ 4.601 312.6 (42) 
Si2H3 4.494 318.2 (42) 
SigH2 4.363 323.8 (42) 
St2 3.280 3036.0 (36) 
SigH8 5.562 331.2 (42) 
St:3 3.550 3036.0 (42) 

cep t ion  of  Si2H2. We use  an  e n t h a l p y  of  83.5 kcal  m o l - '  for 
Si2H~, w h i c h  was b a s e d  on  p r e l i m i n a r y  re su l t s  of t he  w o r k  
in Ref. (32). The  final r e c o m m e n d a t i o n  of  Ho et al. (32) is 
89.5 -+ 5 kcal  t o o l - '  for  t he  e n t h a l p y  of  Si2H~ at 298 K. 

E s t i m a t e s  of  t h e  i n t e r m o l e c u l a r  p o t e n t i a l s  for all of  t he  
spec ies  are n e e d e d  in o rde r  to eva lua t e  t h e  t r a n s p o r t  
p roper t i es .  Tab le  A-III  l ists L e n n a r d - J o n e s  p a r a m e t e r s  
for the  s i l icon c o n t a i n i n g  spec ies  in  ou r  model .  The  po- 
ten t ia l  p a r a m e t e r s  were  ava i l ab le  in  t he  l i t e ra tu re  (36) for 
Sill4, St, a n d  Si~. P a r a m e t e r s  for the  r e m a i n i n g  spec ies  
were  e s t ima ted ,  as ou t l i ned  below.  

P o t e n t i a l  p a r a m e t e r s  for t he  spec ies  S i l l ,  Si2H2, Si2H,~, 
a n d  SigHs were  e s t i m a t e d  by  sca l ing  to a n a l o g o u s  ca rbon-  
c o n t a i n i n g  species .  Fo r  example ,  for  S i l l ,  we  a p p r o x i m a t e  

ESiH4 
eSiH = ec, • - -  [A-4] 

ECH4 

O'-SiH4 
~rsi H = o-cH x - -  [A-5] 

O'CH 4 

w h e r e  t he  p a r a m e t e r s  for t he  c a r b o n  c o n t a i n i n g  spec ies  
w e r e  o b t a i n e d  fl 'om Ref. (36). 

Po t en t i a l  p a r a m e t e r s  for SiH.~ a n d  SiH:~ were  o b t a i n e d  
by  l inear  i n t e r p o l a t i o n  b e t w e e n  S i l l  a n d  Sill4 

n - l  
O-Sill, ' = O'Si H ~- ~ - ( O - S i l l 4  --  O-Sill) [ A - 6 ]  

wi th  a s imi la r  e q u a t i o n  for e. The  p o t e n t i a l  p a r a m e t e r s  
for Si.2H:~, H:,,SiSiH, H,~SiSiH~, a n d  Si~H~ were  o b t a i n e d  by  
l inea r  i n t e r p o l a t i o n  b e t w e e n  SigH2 a n d  Si~H~ 

3 % - 2  
~2.,~ = r 2 + u ((r~i~.~ ~ - ~r~i2H2) [A-7] 

w i t h  a s imi la r  e q u a t i o n  for E. 
For  Si:~, we e s t i m a t e  t he  cross  s ec t ion  as in  Ref. (36) 

5 
~,~i:, = ~ - ( 3  • ~s,.~) - 0.55 [A-8] 
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and approximate 

esi3 = �9 [A-9] 

LIST OF SYMBOLS 

ai Polynomial coefficient for fits to thermochemical 
data 

Ck Molar concentration of the kth species 
cp Mixture heat capacity 
cpk Specific heat capacity of kth species 
Dkj Multicomponent diffusion coefficient 
Dk,m Mixture diffusion coefficient 
Dk v Thermal diffusion coefficient 
g Acceleration of gravity 
hk Specific enthalpy of kth species 
K Total number  of species 
kB Boltzmann's constant 
M Mass flow rate 
M~ Mass loss rate at the lower boundary 
M u Mass 10ss rate at the upper boundary 
Mo Mass flow rate at the channel inlet 
p Thermodynamic pressure 
R Universal gas constant 
T Temperature 
u Fluid velocity in x direction 
v Fluid velocity in y direction 
V~y Diffusion velocity of kth species 
x Distance along principal flow direction 
Xk Mole fraction of kth species 
y Cross-stream coordinate 
Ym,x Maximum channel dimension 
Yk Mass fraction of the kth species 
sk Rate of production of kth species by chemical reac- 

tion 
W Mixture mean molecular weight 
Wk Molecular weight of kth species 
a Coordinate index: 0 for planar, 1 for radial 
�9 Lennard-Jones well depth 
~k Probability of reacting upon collision with the sur- 

face 
Mixture thermal conductivity 
Mixture viscosity 

v Stoichiometric coefficient 
Stream function 

p Density 
o- Lennard-Jones cross section 

Normalized stream function 
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