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From analyses of the flatband potential, determined 
from the capacitance-voltage characteristics, it was con- 
firmed that in the PSL electrodes, surface states pin the 
Fermi level. It was also demonstrated that the Pt deposi- 
tion onto the PSL surface is very useful for a photoelectro- 
chemical activation of the PSL, particularly in the thin 
PSL case. 
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A Model of Silicon Carbide Chemical Vapor Deposition 
Mark D. Allendorf* and Robert J. Kee 
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ABSTRACT 

We present a model describing the interacting gas phase and surface chemistry present during the steady-state chemi- 
cal vapor deposition (CVD) of silicon carbide (SIC). In this work, we treat the case of steady-state deposition of SiC from 
silane (Sill4) and propane (C3H8) mixtures in hydrogen carrier gas at one atmosphere pressure. Epitaxial deposition is as- 
sumed to occur on a Pre-existing epitaxial silicon carbide crystal. Pyrolysis of Sill4 and C3H8 is modeled by 83 elementary 
gas-phase reactions. A set of 36 reactions of gas-phase species with the surface is used to simulate the deposition process. 
Rates for the gas/surface reactions were obtained from experimental measurements of sticking coefficients in the litera- 
ture and theoretical estimates. Our results represent the first simulation of a silicon carbide deposition process that in- 
cludes detailed descriptions of both the gas phase and surface reactions. The chemical reaction mechanism is also com- 
bined with a model of a rotating disk reactor (RDR), which is a convenient way to study the interaction of chemical 
reactions with fluid mechanics. Transport  of species from the gas to the surface is accounted for using mult icomponent  
transport properties. Predictions of deposition rates as a function of susceptor temperature, disk rotation rate, and reac- 
tant partial pressure are presented. In addition, velocity, temperature, and concentration profiles normal to the heated 
disk for 41 gas-phase species are determined using reactor conditions typical of epitaxial silicon carbide deposition on sili- 
con substrates. 

The resistance of silicon carbide (SIC) to high tempera- 
tures and corrosive chemical atmospheres makes it an at- 
tractive material for a variety of applications. For example, 
in applications requiring high-power or high-frequency, 
silicon carbide is useful as a semiconductor because of its 
large bandgap, high thermal conductivity, and other desir- 
able characteristics (I). In its polycrystalline form, silicon 
carbide has potential for wear-, oxidation-, and high-tem- 
perature-resistant coatings; it can also be used as a diffu- 
sion barrier to prevent escape of fission product.~ from the 
surface of fuel particles used in high-temperature gas- 
cooled reactors (2, 3). Silicon carbide can be formed from 
gas-phase reactants by an equally large variety of pro- 
cesses, including epitaxial deposition to produce thin 
films (1, 4-10), chemical vapor infiltration (CVI) of porous 
substrates (11), coating of substrate particles in fluidized 
bed reactors (2, 3), and gas-phase nucleation of ceramic 
powders (12). Chemical reactions occurring in both the gas 
phase and on heated surfaces are significant components 
of all these processes. The chemistry of the deposition pro- 
cess has been examined by several investigators through 
the calculation of gas- and solid-phase equilibria (13-16). 
Stinespring and Wormhoudt have also studied the kinetics 
of gas-phase silane (Sill4) and propane (C:~Hs) decom- 
position, shedding considerable light upon the deposition 
process and pointing out the importance of gas-phase 
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chemistry to the generation of reactive species (14). So far, 
however, no mechanism of silicon-carbide deposition has 
been proposed that simultaneously includes the critical ef- 
fects of surface reactions as well as gas-phase chemistry. 

In this work, we examine the case of steady-state deposi- 
tion of SiC from Sill4 and C3H8 mixtures in hydrogen car- 
rier gas at one atmosphere pressure. This system was 
chosen for our study since a substantial body of experi- 
mental and theoretical data exists on which a detailed re- 
action mechanism can be based. In addition, due to recent 
work by Nishino (4-6), Davis (1, 7), and others (8-10), con- 
siderable progress has been made in improving chemical 
vapor deposition (CVD) techniques for growing electron- 
ics-grade single-crystal films of cubic (13) silicon carbide on 
silicon, renewing interest in this process from both experi- 
mental (1, 17) and theoretical (1, 14) points of view. The 
section on Chemical Reaction Mechanism describes chem- 
ical reactions for both the gas-phase decomposition of the 
reactants and the deposition of silicon carbide by colli- 
sions of gas-phase molecules with the surface. Silicon car- 
bide is assumed to deposit epitaxially on a pre-existing ep- 
itaxial silicon carbide crystal. This mechanism is based on 
previous work we have done in the area of epitaxial silicon 
CVD and on results of experimental studies of silicon-car- 
bide CVD in the literature. The mechanism and the results 
of the model presented here do not apply to the formation 
of the buffer layer during the temperature ramp phase of 
silicon carbide deposition on silicon substrates. Film 
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g r o w t h  d u r i n g  t h i s  p h a s e  is p r o b a b l y  d o m i n a t e d  by de- 
fects  (7) w h i c h  are  no t  c o n s i d e r e d  here.  

We h a v e  also c o m b i n e d  the  r eac t ion  m e c h a n i s m  wi th  the  
m o d e l  of  a r o t a t i ng  d i sk  r eac to r  (RDR) d e v e l o p e d  by 
Col t r in  et al. (18) to p r e d i c t  d e p o s i t i o n  ra tes  as a f unc t i on  
o f  su r face  t e m p e r a t u r e ,  r e a c t a n t  par t ia l  p ressure ,  a n d  d i sk  
ro t a t i on  rate.  T h e  R D R  p r o v i d e s  a c o n v e n i e n t  way to s tudy  
t he  i n t e r ac t i on  of  fluid m e c h a n i c s  a n d  c h e m i s t r y ,  s ince  the  
N a v i e r - S t o k e s  e q u a t i o n s  (wh ich  are  t he  e q u a t i o n s  of  mo- 
t ion  for a v i scous ,  c o m p r e s s i b l e  fluid) can  be  r e d u c e d  to a 
o n e - d i m e n s i o n a l  fo rm by  a m a t h e m a t i c a l  t r a n s f o r m a t i o n  
(19). R o t a t i n g  d i sk  r eac to r s  are  also a t t r ac t ive  f rom a prac-  
t ical  v i ewpo in t ,  s ince  the  t e m p e r a t u r e  g r a d m n t s  and  f luxes  
of  g a s - p h a s e  spec ies  n o r m a l  to t he  d i sk  are  c o n s t a n t  across  
t he  d i sk  u n d e r  s o m e  c o n d i t i o n s  (20, 21). T h e  R D R  t h u s  has  
the  po t en t i a l  to p r o d u c e  u n i f o r m  d e p o s i t i o n  ac ross  t he  
s u b s t r a t e ,  w h i c h  can  e l i m i n a t e  u n e v e n  d e p o s i t i o n  and  un-  
usua l  su r thce  v a r i a t i o n s  ( such  as swir l  p a t t e r n s  on  t he  de- 
posi t)  c a u s e d  by  fluid c o n v e c t i v e  ef fec ts  f o u n d  in bar re l  
and  c h a n n e l  r eac to r s  (10). T h e  sec t ion  on  M a t h e m a t i c a l  
F o r m u l a t i o n  d i s c u s s e s  t he  m a t h e m a t i c a l  de ta i l s  of  the  
mode l  and  t h e  n u m e r i c a l  so lu t ion  t e c h n i q u e .  Veloci ty,  
t e m p e r a t u r e ,  a n d  c o n c e n t r a t i o n  profi les  n o r m a l  to the  
h e a t e d  su r f ace  for 41 g a s - p h a s e  spec ies  arc  d e t e r m i n e d  
u s i n g  r eac to r  c o n d i t i o n s  typ ica l  of  ep i t ax ia l  s i l icon c a r b i d e  
d e p o s i t i o n  on  s i l icon subs t r a t e s .  T h e s e  r e su l t s  are pre- 
s e n t e d  in t he  sec t ion  on  Mode l  P r e d i c t i o n s  and  are  h m i t e d  
to cases  in w h i c h  the  r e a c t a n t  gases  e n t e r  t he  r eac to r  at  
r o o m  t e m p e r a t u r e ,  as occu r s  in cold wall  reactors .  T h e  sec- 
t ion  o n  C o m p a r i s o n s  wi th  t he  L i t e r a t u r e  c o m p a r e s  t he  pre- 
d i c t i ons  of  ou r  r eac t i on  m e c h a n i s m  wi th  s o m e  of  the  ex- 
p e r i m e n t a l  s t ud i e s  ava i l ab le  m t he  l i te ra ture .  

Chemical Reaction Mechanism 
At a t m o s p h e r i c  p ressu re ,  a t  w h i c h  m o s t  SiC d e p o s i t i o n  

p r o c e s s e s  opera te ,  c o n s i d e r a b l e  hea t  t r a n s f e r  occurs  f rom 
the  ho t  d e p o s i t i o n  su r face  to t he  gas. T h e  r e s i d e n c e  t i m e  of  
t he  r e a c t a n t  gases  at  h i g h  t e m p e r a t u r e  is suf f ic ient ly  long  
t h a t  s u b s t a n t i a l  d e c o m p o s i t i o n  of  t h e  r e a c t a n t s  t akes  
place.  Th i s  p r o d u c e s  a large  n u m b e r  of  d e c o m p o s i t i o n  
p r o d u c t s  t h a t  col l ide  a n d  reac t  w i th  t he  sur face  to p r o d u c e  
SiC. T h e  su r f ace  r eac t iv i ty  of  t h e s e  p r o d u c t s  var ies  widely.  
Thus ,  an  u n d e r s t a n d i n g  of  t he  de ta i l s  of  the  ga s -phase  
c h e m i c a l  k ine t i c s  is cr i t ica l  to  t he  accu ra t e  p r e d i c t i o n  of 
d e p o s i t i o n  rates .  F o r t u n a t e l y ,  t he  g a s - p h a s e  r eac t ions  t h a t  
d e c o m p o s e  Sill4 a n d  C.~Ha are  well  u n d e r s t o o d ,  so tha t  esti- 
m a t i o n  of  t he i r  ra tes  is no t  r equ i red .  Very  li t t le is k n o w n  of  
the  k ine t i c s  of  r e a c t m n s  at  the  surface ,  howeve r ,  r e q u i r i n g  
t h a t  severa l  s imp l i fy i ng  a s s u m p t i o n s  be  m a d e  in o rde r  to 
p roceed .  Fo l l owing  a b r i e f  p r e s e n t a t i o n  of  the  ga s -phase  
pyro lys i s  m e c h a n i s m s ,  de ta i l s  of  w h i c h  are  re la t ively  
s t r a i g h t f o r w a r d ,  we  p r e s e n t  an  i n - d e p t h  d i s c u s s i o n  of  the  
su r face  r eac t ion  m e c h a n i s m .  

Gas-phase chemistry . - -The r eac t i ons  u sed  to mode l  the  
g a s - p h a s e  pyro lys i s  of  s i l ane  and  p r o p a n e  are  s h o w n  in 
T a b l e  I. All r e a c t i o n s  in the  gas p h a s e  are  revers ib le :  the  re- 
verse  ra tes  are  ca l cu la t ed  f rom t h e r m o c h e m i c a l  data.  No 
a d j u s t m e n t  of  g a s - p h a s e  r eac t ion  ra tes  was  p e r f o r m e d  to 
match experimental SiC deposition rate data in the liter- 
ature. 

The mechanism for the thermal decomposition of silane 
was obtained from Ref. (18) (Table I). The rate constant for 
the unimolecular decomposition of silane (reaction II-58]) 
quoted in that reference was obtained by fitting RRKM re- 
sults at 600, 800, and 1000 K. Since silicon carbide deposi- 
tion processes typically operate at temperatures much 
higher than this, we use rate constants obtained by fitting 
RRKM results at 600, 1150, and 1750 K (22). The rates of all 
other reactions are the same as in ReL (18). 

The elementary reactions occurring during hydrocarbon 
pyrolysis (Table I) were obtained from two sources. Reac- 
tions 11-25HI-57] are from MHler el al. (23). The remaining 
reactions are taken from a paper by Wcstbrook and Pitz 
(24). Reactions involving species with four or more carbon 
atoms have been eliminated from the mechanism, as have 
CaH and C, since our calculations show that their concen- 
trations are very small at the temperatures of interest. 
Thus, they do not make a significant contribution to the 

d e p o s i t i o n  rate.  In  add i t ion ,  r e ac t i ons  i n v o l v i n g  spec ies  
w i th  s i l i con -ca rbon  b o n d s  h a v e  no t  b e e n  i nc luded  in the  
m e c h a n i s m  s ince  S t i n e s p r i n g  a n d  W o r m h o u d t  c o n c l u d e  
t h a t  t h e s e  spec ies  do  no t  c o n t r i b u t e  s ign i f ican t ly  to the  
depos i t i on  rate,  b a s e d  on  t h e i r  c a l cu l a t i ons  of t he  gas- 
p h a s e  r eac t ion  k ine t i c s  (14). A s imi la r  c o n c l u s i o n  is 
r e a c h e d  b a s e d  on  re su l t s  of  e q u i l i b r i u m  ca lcu la t ions  (13). 

Surface reactions.--In th i s  mode l ,  col l i s ion and  subse-  
q u e n t  r eac t ion  of g a s - p h a s e  mo lecu l e s  wi th  t he  h e a t e d  sur- 
face a re  r e s p o n s i b l e  for  SiC d e p o s i t i o n  (and  no t  f o r m a t i o n  
of  ga s -phase  Si-C species ,  as d i s c u s s e d  above).  Thus ,  sur- 
face r eac t ion  c h e m i s t r y  is a cr i t ical  c o m p o n e n t  of  any  
m o d e l  of  SiC depos i t i on .  Tab le s  II and  III  list t he  sur face  
spec ies  a n d  su r face  r eac t ions  e m p l o y e d  in our  m e c h a n i s m  
of  SiC depos i t i on .  U n l i k e  t he  g a s - p h a s e  d e c o m p o s i t i o n  re- 
ac t ions ,  t h e r m o d y n a m i c  a n d  k ine t i c  da ta  for t he se  spec ies  
a n d  r eac t i ons  are on ly  n o w  b e c o m i n g  avai lable .  Th i s  pau-  
ci ty of  da ta  r equ i r e s  severa l  s imp l i fy ing  a s s u m p t i o n s  t h a t  
we n o w  discuss .  

In t h e  m e c h a n i s m  we h a v e  a s s u m e d  t h a t  d e p o s i t i o n  oc- 
curs  at  d a n g l i n g  b o n d  si tes  on t he  s i l i con-ca rb ide  surface.  
The  n u m b e r  of  t h e s e  s i tes  is e s t i m a t e d  f rom the  dens i t y  of  
s i l icon c a r b i d e  (6.52 x 10'4/cm2), and  th i s  n u m b e r  is con-  
s e rved  in the  model .  G a s - p h a s e  spec ies  tha t  col l ide  wi th  
t he  su r face  and  s t ick  to s u c h  s i tes  are  c o n s i d e r e d  as "sur -  
face spec ie s ; "  su r face  spec ies  t h a t  are  cove red  by  subse -  
q u e n t  r eac t i on  w i th  add i t i ona l  g a s - p h a s e  spec ies  are con-  
v e t t e d  to b u l k  s i l icon carb ide .  To ob ta in  the  co r rec t  
s t o i c h i o m e t r y  (one  s i l icon for eve ry  c a r b o n  depos i t ed )  we 
h a v e  wr i t t en  the  su r face  r eac t i ons  so t h a t  c a r b o n  spec ies  
depos i t  on ly  on  s i tes  o c c u p i e d  by  si l icon,  St(s), and  s i l icon 
depos i t s  on ly  on  s i tes  o c c u p i e d  by  ca rbon ,  C(s). Th i s  re- 
s t r i c t ion  c lear ly  does  no t  p e r m i t  f o r m a t i o n  of e i t h e r  pu re  
s i l icon or c a r b o n  phases ;  howeve r ,  e x p e r i m e n t s  (6, 16, 28) 
i nd i ca t e  t h a t  on ly  SiC is fo rmed  w h e n  t he  C/St rat io  is 

1.00. No te  that ,  a l t h o u g h  t h e r e  is no  b u l k  spec ies  def ined  
as "SIC," s i l icon c a r b i d e  is d e p o s i t e d  wi th  t he  cor rec t  den-  
s i ty  by d e p o s i t i n g  b u l k  si l icon,  St(b), a n d  bu lk  ca rbon ,  
C(b), w i th  e f fec t ive  dens i t i e s  d e t e r m i n e d  by  the i r  m a s s  
f rac t ion  in s i l icon carb ide .  

E x p e r i m e n t a l  e v i d e n c e  for t he  e x i s t e n c e  of  t h e  su r face  
spec ies  l i s ted  in T a b l e  II is very  l imi ted ,  a l t h o u g h  e lec t ron  
e n e r g y  loss s p e c t r o s c o p y  (EELS)  ind ica tes  t h a t  Sill2 can  
be  a d s o r b e d  on  the  s i l i con  su r face  (29, 30). The  spec ies  
SiH2(s) (s i ly lene a d s o r b e d  on the  surface)  is no t  s t r ic t ly  re- 
q u i r e d  by  our  mode l ,  s ince  H2 cou ld  be  i m m e d i a t e l y  de- 
s o r b e d  t i o m  the  su r face  (for e x a m p l e ,  r eac t ion  [III-21] 
cou ld  be  wr i t t en  SiH~. + C(s) ~ St(s) + C(b) + Hx.) However ,  
B u s s  et al. h a v e  o b t a i n e d  a ra te  c o n s t a n t  tb r  H 2 d e s o r p t i o n  
f rom s i l icon u s i n g  m o l e c u l a r  b e a m  m e t h o d s  (32), so we 
have  i n c o r p o r a t e d  th i s  r e su l t  in to  our  model .  Si l t (s)  and  
CH(s) we re  i n c l u d e d  so t h a t  m o l e c u l e s  w i th  odd  n u m b e r s  
of  h y d r o g e n  a t o m s  can  s t ick  to t he  su r face  w i t h o u t  desorb-  
ing  h y d r o g e n  a toms .  S i n c e  t h e r e  is no  e v i d e n c e  t h a t  hydro-  
gen  a t o m s  can  d e s o r b  (at leas t  in th i s  t e m p e r a t u r e  range)  
f rom a s i l i con  or  s i l i con-ca rb ide  surface ,  t he se  a t o m s  m u s t  
r e m a i n  on  the  su r face  unt i l  t hey  can  r e c o m b i n e  w i th  an- 
o t h e r  h y d r o g e n  a t o m  to d e s o r b  as Ha. Th i s  is a more  real- 
is t ic  t r e a t m e n t  of  t he  su r face  c h e m i s t r y  s ince  r eac t ions  in- 
vo lv ing  gas -phase  spec ies  w i th  odd  n u m b e r s  of  h y d r o g e n  
a t o m s  h a v e  t he  s a m e  o rde r  w i th  r e spec t  to sur face  s~tes as 
do r eac t i ons  of  spec ies  wi th  even  n u m b e r s  of  h y d r o g e n  
a toms .  For  e x a m p l e ,  r eac t ion  [23] m Tab le  III  cou ld  have  
b e e n  wr i t t en  2Stria + 2SiC(s) --* 2St(s) + 3Ha(s) ! 2SiC(b), 
bu t  th i s  is s e c o n d - o r d e r  in b o t h  sur face  s i tes  and  reac tant .  
S imi lar ly ,  t he  use  of  (Si)H a n d  C(H) sur face  spec ies  per- 
mi t s  H a toms ,  w h i c h  are  k n o w n  to s t i ck  to s i l icon sur faces  
wi th  u n i t  p r o b a b i l i t y  (31), to res ide  on  t he  surface.  

In  f o r m u l a t i n g  a r eac t ion  m e c h a n i s m  for su r face  deposi-  
t ion  we  h a v e  c h o s e n  to wr i t e  t he  gas -sur face  r eac t ions  as 
i r r eve r s ib le  su r face  a d s o r p t i o n s ,  the  ra tes  of  wh ich  are 
(wi th  a few e x c e p t i o n s )  d e t e r m i n e d  by  reac t ive  s t i ck ing  
coef l ic ients .  I r r eve r s lb i l i t y  was  a s s u m e d  b e c a u s e  the  lack 
of  a c c u r a t e  t h e r m o c h e m i c a l  da ta  for su r face  species  does  
no t  p e r m i t  ca l cu la t ion  of  r eve r se  r eac t ion  ra tes  f rom the  
e q u i l i b r i u m  a n d  fo rward  rate  c o n s t a n t s .  Th i s  effect ively  
e l i m i n a t e s  two  processes ,  e t c h i n g  of the  sur face  by hydro-  
gen  and  s u b l i m a t i o n  of  mlicon,  s ince  we have  c h o s e n  no t  
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Table II..%trace species 

Si(s) 
C(s) 
SiH2(s) 
SIH(s) 
CH(s) 
(C)H 
(Si)H 
Si(b) 
C(b) 

A silicon surface site 
A carbon surface  site 
An Sill2 group adsorbed  on the  silicon carbide surface 
An Si l l  g roup  adsorbed on the  silicon carbide surface  
A CH group adsorbed  on the  silicon carbide surface 
Hydrogen  a tom adsorbed  on a carbon surface site 
Hydrogen  a tom adsorbed  on a silicon surface site 
Bulk silicon deposi ted at the  dens i ty  of  silicon carbide 
Bulk carbon deposi ted at the  dens i ty  of  silicon carbide 

to  i n c l u d e  t h e s e  a s  e x p l i c i t  i r r e v e r s i b l e  r e a c t i o n s .  A s  wil l  
b e  s e e n  b e l o w ,  h o w e v e r ,  e t c h i n g  is n o t  e x p e c t e d  to  b e  s ig -  
n i f i c a n t  a t  t h e  t e m p e r a t u r e s  o f  i n t e r e s t  h e r e .  I n  a d d i t i o n ,  
a l t h o u g h  s u r f a c e  g r a p h i t i z a t i o n  a t t r i b u t e d  to s i l i c o n  s u b l i -  
m a t i o n  is  o b s e r v e d  w h e n  S iC  is h e a t e d  to  t e m p e r a t u r e s  
a b o v e  1300 K (33), t h e  s u r f a c e s  o f  C V D - S i C  f i l m s  a r e  n o t  
b e l i e v e d  to  b e  c a r b o n  r i ch .  

T h i s  a p p r o a c h  h a s  b e e n  u s e d  s u c c e s s f u l l y  to  m o d e l  d e p -  
o s i t i o n  o f  b o t h  g a l l i u m  a r s c n i d e  (25) a n d  s i l i c o n  f r o m  si l-  
a n e  (18). A l t h o u g h  s o m e  r e a c t i o n s  in  t h e  m e c h a n i s m  a r e  
m o r e  g l o b a l  i n  n a t u r e  t h a n  t h o s e  l i ke l y  to  be  o c c u r r i n g  o n  
t h e  s u r f a c e  ( for  e x a m p l e ,  r e a c t i o n  [III-16] is t h i r d - o r d e r  in  
Si(s)  s i t es ) ,  e v i d e n c e  f r o m  s u r f a c e  e x p e r i m e n t s  i n d i c a t e s  
t h a t  t h e  r e a c t i o n s  in  T a b l e  I I I  a r e  a r e a s o n a b l e  r e p r e s e n t a -  
t i o n  o f  t h e  i m p o r t a n t  p r o c e s s e s .  S t u d i e s  o f  e t h y l e n e  ad -  
s o r p t i o n  o n  s i l i c o n  u s i n g  E E L S  (26, 27) i n d i c a t e  t h a t  h y -  
d r o c a r b o n s  i r r e v e r s i b l y  a d s o r b  w i t h  r e l e a s e  o f  m o l e c u l a r  
h y d r o g e n .  A t  t e m p e r a t u r e s  a b o v e  1000 K,  o n l y  s i l i c o n  car -  
b i d e  is o b s e r v e d  o n  t h e  s u r f a c e ;  v i b r a t i o n a l  b a n d s  a s s o c i -  
a t e d  w i t h  C - - C  a n d  S i - - H  b o n d s  f o u n d  a t  l o w e r  t e m p e r a -  
t u r e s  d i s a p p e a r .  T h i s  i n d i c a t e s  t h a t  t h e  d e t a i l s  o f  
i n d i v i d u a l  r e a c t i o n s  o c c u r r i n g  o n  t h e  s u r f a c e  d u r i n g  sili- 
c o n  c a r b i d e  f o r m a t i o n  a r e  p r o b a b l y  n o t  c r i t i ca l  to  a s u c -  
c e s s f u l  m o d e l ,  s i n c e  t h e y  a r e  r a p i d  a n d  t h e  p r o d u c t  is al- 
w a y s  t h e  s a m e ,  viz. ,  e v e r y  c o l l i s i o n  t h a t  r e s u l t s  in  a m o l e -  
c u l e  s t i c k i n g  to  t h e  s u r f a c e  c a u s e s  a n  a t o m  (or  a t o m s )  
o f  s i l i c o n  o r  c a r b o n  to  b e  d e p o s i t e d .  T h e  s u r f a c e  c h e m i s t r y  
p r o b l e m  is  g r e a t l y  s i m p l i f i e d  b y  t h i s  s i n c e  it r e d u c e s  t h e  
n u m b e r  o f  r e a c t i o n s  in  t h e  m e c h a n i s m .  
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S t i c k i n g  c o e f f i c i e n t s  a r e  c o n v e r t e d  to  A r r h e n i u s  f o r m  b y  
m u l t i p l y i n g  e a c h  c o e f f i c i e n t  b y  t h e  r a t e  o f  g a s - p h a s e  col l i -  
s i o n s  w i t h  t h e  s u r f a c e  ( d e r i v e d  f r o m  k i n e t i c  t h e o r y ) ,  t h e n  
e q u a t i n g  t h i s  q u a n t i t y  w i t h  t h e  m a s s  a c t i o n  e x p r e s s i o n  for  
t h e  s p e c i f i c  r e a c t i o n .  T h i s  y i e l d s  a r a t e  c o n s t a n t  o f  t h e  f o r m  
A T  ~'~. W e  a s s u m e  t h a t  s t i c k i n g  c o e f f i c i e n t s  o b t a i n e d  o n  s i l l  
c o n  s u r f a c e s  a r e  a p p l i c a b l e  to  s i l i c o n  c a r b i d e ,  s i n c e  v e r y  
f e w  h a v e  b e e n  m e a s u r e d  o n  s i l i c o n - c a r b i d e  s u r f a c e s .  T h i s  
p r o b a b l y  h a s  l i t t le  e f f e c t  a s  fa r  a s  r e a c t i o n s  o f  r a d i c a l s  w i t h  
t h e  s u r f a c e  is  c o n c e r n e d ;  i t  is  n o t  u n r e a s o n a b l e  to  a s s u m e  
t h a t  t h e s e  r e l a t i v e l y  u n s t a b l e  s p e c i e s  wil l  r e a c t  o n  s u r f a c e s  
w i t h  h i g h  e f f i c i e n c y  to  p r o d u c e  m u c h  m o r e  s t a b l e  ad -  
s o r b a t e s .  O u r  p r e d i c t i o n s  r e g a r d i n g  s i l i c o n  d e p o s i t i o n  
s h o u l d  t h u s  b e  e s s e n t i a l l y  u n a f f e c t e d  a l so ,  s i n c e  o u r  c a l c u -  
l a t i o n s  s h o w  ( s ee  t h e  s e c t i o n  o n  M o d e l  P r e d i c t i o n s )  t h a t  
s i l i c o n - c o n t a i n i n g  r a d i c a l s  a r e  p r i m a r i l y  r e s p o n s i b l e  for  
s i l i c o n  d e p o s i t i o n .  S t i c k i n g  c o e f f i c i e n t s  tb r  t w o  i m p o r t a n t  
h y d r o c a r b o n  s p e c i e s ,  C2H4 a n d  CzH2, w e r e  d e r i v e d  f r o m  
m e a s u r e m e n t s  o f  a d s o r p t i o n  o n  a s i l i c o n  s u b s t r a t e .  S i n c e  a 
s i l i c o n  c a r b i d e  m o n o l a y e r  f o r m s  i m m e d i a t e l y ,  h o w e v e r ,  
t h e  s t i c k i n g  c o e f f i c i e n t  is  e f f e c t i v e l y  m e a s u r e d  o n  s i l i c o n  
c a r b i d e .  T h u s ,  c a r b o n  d e p o s i t i o n  s h o u l d  a l so  n o t  be  se r -  
i o u s l y  a f f e c t e d  b y  a s s u m i n g  a n  e q u i v a l e n c e  b e t w e e n  t h e  
s i l i c o n  a n d  s i l i c o n - c a r b i d e  s u r f a c e s ,  

E x p e r i m e n t a l l y  d e t e r m i n e d  s t i c k i n g  c o e f f i c i e n t s  a r e  
a v a i l a b l e  fo r  s e v e r a l  i m p o r t a n t  s i l i c o n  s p e c i e s  in  t h e  m e c h -  
a n i s m .  D a t a  for  s i l a n e  a r e  f r o m  Ref .  (34) a n d  w e r e  o b t a i n e d  
f r o m  s t u d i e s  in  a C V D  r e a c t o r  u s i n g  h y d r o g e n  c a r r i e r  g a s  
a t  p r e s s u r e s  a p p r o a c h i n g  o n e  a t m o s p h e r e .  A s  in  Ref .  (18), 
w e  h a v e  a s s u m e d  t h a t  t h e  s t i c k i n g  c o e f f i c i e n t  fo r  d i s i l a n e  
is  t e n  t i m e s  t h a t  o f  s i l a n e .  T h e  s t i c k i n g  c o e f f i c i e n t  o f  S i l l  2 
o n  a h y d r o g e n a t e d  s i l i c o n - c a r b o n  s u r f a c e  h a s  b e e n  m e a s -  
u r e d  by  r e s o n a n c e - e n h a n c e d  m u l t i p h o t o n  i o n i z a t i o n  t e c h -  
n i q u e s  to  b e  0.15 a t  300 K a n d  >0 .5  for  v i b r a t i o n a l l y  ex -  
c i t e d  Si l l2  (35). C o m p u t a t i o n a l  s t u d i e s  (36) o f  S i l l  2 
a d s o r p t i o n  o n  Si(1 I1) (7 • 7) [ t he  h i g h - t e m p e r a t u r e  m o d i -  
f i c a t i on  o f  t h e  S i ( l l l )  s u r f a c e ]  a r e  in  g e n e r a l  a g r e e m e n t  
w i t h  t h e s e  r e s u l t s ,  y i e l d i n g  s t i c k i n g  coef f •  n e a r  
u n i t y .  B a s e d  o n  t h e s e  s t u d i e s  w e  u s e  a s t i c k i n g  c o e f f i c i e n t  
o f  1.00 fo r  SiH~. T h e  r e s u l t s  o f  t h e o r y  a l s o  i n d i c a t e  t h a t  
Si l l2  d e c o m p o s e s  b y  d e s o r b i n g  a h y d r o g e n  m o l e c u l e  a n d  

Toble III. Surface reactions 
R e a c t i o n  m e c h a n i s m  r a t e  c o e f f i c i e n t s  in  f o r m  kf = A T  ~ e x p  ( - E / R T )  

U n i t s  a r e  m o l e s ,  c u b i c  c e n t i m e t e r s ,  s e c o n d s ,  K e l v i n s ,  a n d  c a l o r i e s / m o l e  

Reac tmn A [3 E 

I. H + Si(s) --, (Si}H + Si(b) 
2. H + C(s) --* (C)H + C(b) 
3.2(Si)H + 2Si(b) ~ 2Si(s) + H2 
4.2(C)H + 2C(b) --* 2C(s) + H2 
5. CH4 + Si(s) --* C(s) + Si(b) + 2H2 
6. CH~ + Si(s) --* CH(s) +Sl(b) + Hz 
7. CH2 + Si(s) ~ C(s) + Si(b) + H2 
8. CH2(s) -t Si(s) - ,  C(s) ~ Si(b) �9 He 
9. CH + Si(s)--* CH(s) + Si(b) 

10. C2H 5 4 2Si(s)--* C(s) + CH(s) -t 2H2 -~ 2Si(b) 
11. C2H4 + 2Si(s)--~ 2C(s) + 2He + 2Si(b) 
12. C2H3 + 2Si(s) ~ C(s) + CH(s) + 2Si(b) + H2 
13. C2H 2 + 2Si(s) ~ 2C(s) + 2Si(b) + H2 
14. i*C3H~ + 3Si(s) --* 2C(s) + CH(s) + 3Si(b) ~ 3H2 
15. n*C3H7 + 3Si(s)--* 2C(s) d CH(s) + 3H2 + 3Si(b) 
16. C:~H 6 + 3Si(s) --* 3C(s) + 3H2 + 3Si(b) 
17. C.~H~ + 3Si(s) --* 3C(s) + 3Si(b) + 2H2 
18. H2CCCH + 3Si(s)--* 2C(s) + CH(s) + Hz + 3Si(b) 
19. CH2CHCH2 + 3Si(s) --, 2C(s) + CH(s) ~ 2H2 + 3Si(b) 
20. C3H z + 3Si(s) --* 3C(s) + H2 + 3Si(b) 
21. Sill2 +C(s)---* C(b) + SiH2(s) 
22. Sill4 + C(s)--, C(b) + SiH2(s) ~ H2 
23. SiH~ + C(s) --* C(b) + Sill(s) + Hz 
24. Si l l  + C(s)--* C(b) + Sill(s) 
25. Si + C(s)--* C(b) + Si(s) 
26. Si2H~ + 2C(s) --* 2C(b) + Sill(s) + SiH2(s) + H2 
27. Si2H3 + 2C(s) ---* 2C(b) + SiH2(s) + Sill(s) 
28. Si2 + 2C(s)--* 2C(b) + 2Si(s) 
29. Si2H6 + 2C(s ) - ,  2Si(s) + 2C(b) +3H 2 
30. H3SiSiH + 2C(s) --* 2C(b) + 2SiH2(s) 
31. H2SiSiHe + 2C(s) ---* 2C(b) + 2SiHe(s) 
32. Si2H2 + 2C(s) ---, 2C(b) + 2Sill(s) 
33. Si3 + 3C(s)--* 3C(b) + 3Si(s) 
34. 2CH(s)--* 2C(s) + He 
35. 2Sill(s)---* 2Si(s) + H2 
36. SiHz(s) ---* Si(s) + Hz 

2.180E + 12 0.5 0.0 
2.180E + 12 0.5 0.0 
7.230E + 24 0.0 61000.0 
7.230E + 24 0.0 6;'-~00.0 
4.197E + 07 0.5 0.0 
8.666E 4- l l  0.5 0 2  
8.972E + 11 0.5 0.0 
8.972E ~ 11 0.5 0.0 
9.310E + 11 0.5 0.0 
5.760E + 20 0.5 0.0 
9.367E + 17 0.5 0.0 
5.970E + 20 0.5 0.0 
1.216E + 19 0.5 0.0 
4.360E ~ 29 0.5 0.0 
4.360E �9 29 0.5 0.0 
7.061E ~ 26 0.5 0.0 
4.524E + 29 0.5 0.0 
4.580E + 29 0.5 0.0 
4A70E + 29 0.5 0.0 
4.642E + 29 0.5 0.0 
6.120E + 11 0.5 0.0 
3.184E + 10 0.5 18678.0 
6.026E + 11 0.5 0.0 
6.227E + 11 0.5 0.0 
6.334E + 11 0.5 0.0 
3.950E + 20 0.5 0.0 
4.023E + 20 0.5 0.0 
4.140E ~ 20 0.5 0.0 
2.113E + 20 0.5 18678.0 
3.999E + 20 0.5 0.0 
3.999E J 20 0.5 0.0 
4.070E + 20 0.5 0.0 
2.302E + 29 0.5 0.0 
2.250E + 24 0.0 61000.0 
2.250E + 24 0.0 61000.0 
2.912E ~ 14 0.0 9000.0 
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not by dissociating to give two H atoms adsorbed on the 
surface (36); this finding has been incorporated in our 
model as reaction [III-36]. Finally, the sticking coefficient 
of Si l l  adsorption on amorphous hydrogenated silicon has 
been measured using a laser-induced fluorescence tech- 
nique (37); a value of 0.94 was found and is used here. 

In the absence of experimental  data, we use sticking co- 
efficients determined by computational studies. A classi- 
cal trajectory study of silicon atoms interacting with the 
Si(100) surface found a value of 0.965 at 1500 K for the 
sticking coefficient (38); this value was found to be inde- 
pendent  of temperature. We use a value of 1.00 at all tem- 
peratures for the silicon-atom sticking coefficient. For all 
other silicon-containing species, we assume unity sticking 
coefficients. 

Investigations using ultrahigh vacuum surface tech- 
niques have also yielded reactive sticking coefficient data 
for the three most  important  hydrocarbon species for sili- 
con-carbide deposition. Again, data were obtained on 
Si(111) and Si(100) surfaces and not on silicon carbide it- 
self; we assume these surfaces are equivalent. The results 
of Bozso et al. (39) and Stinespring and Wormhoudt (17) 
are in good agreement on the sticking coefficient for C2H4; 
we use the value of 1.6 • 10 -'~ (measured over the tempera- 
ture range 1062-1227 K) from (17). In an early study, Mogab 
and Leamy obtained a sticking coefficient for acetylene of 
0.02-0.03 over the temperature range 1073-1373 K (40); we 
use 0.02. Stinespring and Wormhoudt also measured 
sticking coefficients for methane and propane and ob- 
tained values of 5.0 • 10 -5 and 2.0 • I0 -~, respectively (17). 
We assume that the initial hydrocarbon reactant, propane, 
does not stick to the surface; at the temperatures typical of 
SiC deposition (1500-1800 K), propane is not a significant 
component  of the gas phase near the surface, so this pro- 
duces little error while eliminating a reaction that is third- 
order in silicon surface sites. The reactive sticking coeffi- 
cient of propene (C3Hs) is assumed to be the same as that of 
C2H4; Bozack et al. (41) propose that C3H6 and C2H4 form 
similar adsorbates on the silicon surface. 

All hydrocarbon radical species are assumed to stick 
with unit efficiency. Although there are no experimental  
measurements  of hydrocarbon radical sticking coeffi- 
cients or theoretical results available, enhanced reactivity 
of propene with a hydrogenated-Si(100) surface is thought 
to be caused by formation of a C3Hv radical on the surface 
(42). It is thus reasonable to assume that hydrocarbon radi- 
cals have a higher probability of reacting with the surface 
than stable molecules. 

Data obtained from experiments and theory indicate 
that hydrogen molecules do not stick to silicon surfaces 
(31) or do so only at high temperatures (43). Based on these 
results, we assume that hydrogen molecules do not stick to 
the silicon carbide surface. Hydrogen has been shown to 
etch silicon carbide at very high temperatures (>1800 K) 
(44, 45), so our model will probably overpredict the deposi- 
tion rate at these temperatures. Since current techniques 
typically use silicon substrates (which melt at 1683 K) for 
making electronics-grade silicon carbide, substrate tem- 
peratures usually do not exceed 1650 K. Hydrogen etch 
rates are low at these temperatures (44), so it is reasonable 
to ignore them. Nevertheless, we include some results for 
surface temperatures above 1800 K to clarify points re- 
garding the mechanism. 

Hydrogen atoms are a significant component  of the gas 
phase at these temperatures; they are found to stick with 
unit efficiency to silicon surfaces (31) and to inactivate the 
surface to adsorption of hydrocarbons by capping dan- 
gling bonds (41). It is thus important to account for their 
surface reactivity. Since we are not aware of any evidence 
for inactivation of silicon-carbide surfaces due to hydro- 
gen atom accumulation, we assume that surface diffusion 
of H-atoms is sufficiently rapid at these temperatures that 
they can recombine and desorb as hydrogen molecules. 
There is evidence in the literature to support  this view. 
Laser desorption studies by Koehler et aI. of hydrogen 
atoms on Si(111) at high coverages indicate that recombi- 
nation of hydrogen atoms occurs on the surface followed 
by desorption of H2; second-order kinetics are obeyed and 
an activation energy of 61 kcal/mole is measured (46). Sur- 

face diffusion of hydrogen atoms was not observed below 
740 K and could also not be seen above that temperature, 
due to desorption of  molecular hydrogen. Although Koeh- 
ler et al. conclude that hydrogen atoms have low mobility 
at temperatures below 1300 K (the surface temperature 
achieved during the laser pulse), indicating that a large 
energy barrier to diffusion exists, the laser desorption data 
are also consistent with a diffusion activation barrier that 
is comparable to that for recombination of H-atoms on 
neighboring sites. Theoretical estimates of H-atom diffu- 
sion constants on silicon surfaces have activation barriers 
of around 63 kcal/mole (47), in agreement with this result. 
Additional evidence that hydrogen atoms do not accumu- 
late on the silicon-carbide surface comes from the EELS 
studies of C2H4 on S i ( l l l )  referred to earlier (26, 27). At 
temperatures below 1000 K a vibrational band characteris- 
tic of the S i - -H bond is observed, indicating that hydrogen 
atoms are adsorbed on the surface. At higher tempera- 
tures, however, this band disappears, showing that the 
Si - -H bond has been broken. No evidence for Si--H bonds 
is observed above 1000 K, indicating that hydrogen has 
been desorbed. The rate for hydrogen atom recombination 
(Reactions [III-3] and [III-4]) used in these studies is that 
obtained from the thermal desorption studies (46). 

In the absence of experimental  data, we assume that the 
CH(s) and Sill(s) species also diffuse rapidly. We use the 
same rate coefficient for their recombination as for hydro- 
gen atom recombination, except  that we have scaled the A- 
factor by v ''~, where v is the vibrational frequency of the ad- 
sorbed species, assuming that the A-factor is proportional 
to the vibrational frequency (48). A similar activation 
energy for the two processes is expected in light of  the 
comparable Si--H and Si--C bond strengths (49). Classical 
trajectory studies of silicon atoms diffusing on silicon (38) 
and experimental  estimates (50) yield large diffusion coef- 
ficients for atomic silicon at temperatures typical of SiC 
CVD (> 10- + cm2/s at 1500 K). It thus seems reasonable to 
assume that radical species also diffuse rapidly across the 
growing silicon carbide surface at high temperatures. 

The results of the analysis of existing experimental  and 
theoretical data in this section may be summarized as fol- 
lows. Reactions of stable gas-phase species with the sur- 
face are two-five orders of magnitude less rapid than are 
those of unstable radical or unsaturated species. The latter 
are assumed to have unity sticking coefficients, an as- 
sumption which is confirmed by experimental  data ob- 
tained for several silicon-containing radicals. Sticking co- 
efficients of stable hydrocarbons do not change 
substantially with temperature, justifying our derivation 
of the rate constant based on kinetic theory. Although data 
are not available for all species used in the mechanism, 
sufficient information has been obtained to make reasona- 
ble generalizations regarding the rates of gas/surface reac- 
tions. 

Mathematical Formulation 
Under certain circumstances the flow in the vicinity of a 

rotating disk can (by mathematical transformation) be de- 
scribed as an ordinary differential-equation boundary- 
value problem. The transformation that reduces the full 
three-dimensional fluid transport equations (19) was first 
described in 1921 by von Karman for an infinite-radius 
disk spinning in an isothermal, quiescent, semi-infinite en- 
vironment. In this geometry, scalar quantities depend only 
on the distance from the disk and not on radial or angular 
position; thus, the mass and energy fluxes to the surface 
are uniform everywhere. Recent investigations (18, 25, 51) 
have extended the von Karman analysis to include com- 
plex chemical kinetics and are capable of predicting depo- 
sition chemistry. Thus, an infinite-radius disk provides an 
especially convenient  geometry in which to study the in- 
teraction of complex gas-phase and surface chemistry 
with the gas-phase transport of species. 

The boundary value problem that we solve (25) is stated 
a s  

Mixture continuity 
du u dp 
- - + 2 V + - - - = 0  [lJ 
d x  p dx  
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Radial  m o m e n t u m  

d (  ) dV dV 
d x  ~ d ~  " p u  d~' - ~ - ~ ) -  0 

Circumferen t ia l  m o m e n t u m  

121 

Surface chemis t ry . - -The  mass rate of  consumpt ion  or 
creat ion of  species  by he t e rogeneous  react ion at the  sur- 
face, Sk, is g iven by 

[s 

Sk = Mk  ~ (V"k, - V ' k , ) q ,  [9] 
I 1 

d ( d W )  dW 
T x  - pu Jx -  - 2p v w  = o 

The rma l  energy  

131 
where  q~ is the  rate of  progress  for each  of  the  I~ surface  re- 
actions,  and vk~ are the  s to ich iomet r ic  coeff icients  for the 
sm'face reactions.  Each surface react ion proceeds  accord- 
ing to the  law of  mass  action, whe re  the  rate of  progress  of  
react ion i is 

d (), dT~ dT  K~ dT  
[4] 

K K 

q, = k,, l l  lX.lr - kr, l l  IlOl 
k - I  k - I  

Gas-phase  species  con t inu i ty  

dpYkVk dYk 
- - +  pu . . . .  Mk(ok = O (k = 1, K~) 

dx  dx  

Equa t ion  of  state 

pRT 
P . . . . . . .  r6] 

M 

[5] 

In the gove rn ing  sys tem of equat ions ,  the i n d e p e n d e n t  
var iable  is x, the  he igh t  above  the  disk. The  d e p e n d e n t  var- 
iables are: t empe ra tu r e  T, the  axial veloci ty  u, the radial 
ve loc i ty  var iable  (normal ized by the  radius) V = u/r, the  cir- 
cumferen t i a l  ve loc i ty  var iable  (normal ized by the radius) 
W = w/r, the  gas-phase  species  mass  fract ions Yk, and the 
surface  species  site fract ions Zk. Variables  in the equa t ions  
inc lude  the  mass  dens i ty  p, the  viscosi ty  ~t, the  thermal  
conduc t iv i ty  h, the  cons tan t -pressure  hea t  capaci ty  cp, the 
species  di f fus ion veloci t ies  Vk, the  species  en tha lp ies  hk; 
the  molecu la r  we igh ts  are specif ied by the  Mk- The chemi-  
cal p roduc t ion  rates of  gas-phase  species  by gas-phase re- 
act ions (52) are g iven  bydh. There  are Ks "sur face"  species  
and K~ gas-phase  species.  

In a s teady-s ta te  p rob l em the  ne t  p roduc t ion  rate of  spe- 
cies ( inc luding gas-phase,  surface,  or bulk  species) by sur- 
tace react ions  is t ime  i n d e p e n d e n t  

sk = 0 (k = 1, K~) [7] 

Note  that  Eq. [71 appl ies  only to the  "sur face"  species  and 
not  to the  bulk  species.  In physical  terms,  this express ion  
states that  at s teady state (no t ime  dependence )  the surface 
compos i t ion  remains  constant ;  i.e., even though  surface 
species  are be ing  crea ted  and des t royed  by surface reac- 
t ions,  they  are be ing  crea ted  and des t royed  at the same 
rate. The  chemica l  p roduc t ion  rates of  gas-phase species  
by surface  reac t ion  are ba lanced by the  di f fus ive  and con- 
vec t ive  f luxes to and away from the  surface.  This  point  is 
d i scussed  fur ther  in a s u b s e q u e n t  sect ion on boundary  
condi t ions .  The  rate o f  p roduc t ion  of  the bulk-phase  spe- 
cies is a measu re  of  the  film growth  rate. Equa t ion  [7] there-  
fore, m u s t  be inc luded  with  Eq. [1]-[6] in the  sys tem of gov- 
e rn ing  equa t ions ,  a l though  it can be t hough t  of  as a (very 
complex )  bounda ry  condi t ion  on the  gas-phase sys tem of 
equat ions .  Note  the  d is t inc t ion  be tween  6k, which  is the 
p roduc t ion  of  gas-phase  species  by gas-phase reactmns,  
and k k which  is the  p roduc t ion  of  species  (possibly includ- 
ing gas-phase species) by he t e rogeneous  react ions  at the  
surface,  sk is a func t ion  of  the  gas-phase compos i t ion  im- 
media te ly  above  the  surface,  the  surface  composi t ion ,  and 
the  bulk-mater ia l  compos i t ion .  

We use a m u l t i c o m p o n e n t  t ranspor t  formula t ion  (53, 54) 
in which  the  specms dif fus ion veloci t ies  are expressed  as 

1 .~ dXj D T 1 dT  
Vk = ---~-- ~ M j D k j -  [.8] 

XkM ~= ~ dx  PYk T dx  

Dk are the  ordi- where  Xk are the  mole  fract ions and Dk3 and T 
nary m u l t i c o m p o n e n t  diffusion coeff icient  mat r ix  and the  
the rmal  diffusion (Soret  effect) coefficient.  

/ Ykp/Mk gas (tool/era '~) 
[Xk] = (Zkl" sur face  (mol/cm ~) [1I] 

\ ak bulk (unitless) 

The  concen t ra t ions  [Xk] for the  gas-phase species  are the 
molar  concent ra t ions .  In our  surface-react ion formal ism 
we dis t inguish  be tween  "sur face"  species  that  fbrm the 
top-mos t  layer of  the  solid (in contac t  wi th  the gas) and the 
bulk-phase  solid. The  surface  species '  concent ra t ion  is 
g iven  in t e rms  of  the  fract ion Zk of  avai lable  sites occupied  
by each species  and the surface  site dens i ty  is g iven  by F 
(mol/cm2). The  bulk  species  " concen t r a t i on"  is descr ibed  
by an act ivi ty  ak. The  rate constants  k, are taken m the  
usual,  modi f ied-Arrhen ius  form. 

Boundary  condi t ions . - -The gas-phase mass flux, Jk, of  
each species  at the  surface is ba lanced by the  creat ion or 
dep le t ion  rate of  that  species  by surface reaction: 3k = .~k. 
The  gas-phase  mass  flux at the  surface is a combina t ion  of  
diffusive and convec t ive  processes  and is expressed  as: 
Jk = pYku -- pYkVk, where  the  mass-averaged (Stefan) veloc- 
ity at the  surface  is c o m p u t e d  f rom the  surface  react ion 
rates s u m m e d  over  all the  gas-phase species 

u = ~ ~k [12] 
k=lp 

At the  disk surface  we mus t  also specify boundary  condi-  
t ions for the  t empe ra tu r e  and the radial and c i rcumferen-  
tial veloci t ies .  In the  s imula t ions  here, we will  prescr ibe  a 
fixed disk t empera tu re .  The  surface  veloci t ies  are  specif ied 
by a no-slip condi t ion  as V = 0 and W = ~, where  fl is the  
disk rota t ion rate (radians/s). 

Far  f rom the  disk surface,  the boundary  condi t ions  re- 
qui re  that  the  t empera tu re  and species  concent ra t ions  be 
prescr ibed  at reactor  inlet  values;  in this case, an unre- 
acted mix tu re  of  silane, propane,  and carr ier  gas at room 
tempera ture .  Fur the rmore ,  we asst~me that  the radial and 
c i rcumferen t ia l  veloci t ies  are zero. In der iv ing  the system 
of govern ing  equa t ions  it is a s sumed  that  the radial pres- 
sure  g rad ien t  is zero. A c o n s e q u e n c e  of  this is that  there  
can be no prescr ibed  axial  veloci ty  at the reactor  inlet. The  
sp inn ing  disk s imply  acts as a p u m p  that  draws fluid into 
the reactor  and the  inlet  ve loc i ty  is de te rmined  as a part  of  
the solution.  Evans  and Gre i f  (21) deve loped  an ex tens ion  
to the sys tem of equa t ions  that  al lows the  inlet  axial veloc- 
ity to be specif ied as a boundary  condit ion.  However ,  for 
all of  the  calcula t ions  in this paper  we use the  usual  rotat- 
ing-disk equa t ions  (no imposed  flow) and the asympto tm 
axial  veloci ty  is part  of  the  solution.  

Numer ica t  solution technique. - -The govern ing  differen- 
tial equa t ions  are discret ized via finite di f ferences  on a 
mesh  ne twork  that  spans  the gas-phase region above  the  
disk. While the p rob lem is formal ly  posed on a semi-  
infinite domain ,  we  solve it on a fixed domain  that  is suffi- 
c ient ly  large to r ep resen t  the  semi-infini te  behavior .  In the 
p rob lems  presen ted  here, the  domain  ex tends  2.0-3.0 cm 
above  the disk surface,  d e p e n d i n g  on the t empera tu re  
chosen  for the  disk. The  m e t h o d  of  numer ica l  solut ion has 
been  presen ted  in detail  e l sewhere  (18, 25, 55, 56). Briefly, 
we  solve the  sys tem of  a lgebraic  equa t ions  that  results  
f rom the f ini te-difference discret izat ion by a d a m p e d  rood- 
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ified N e w t o n  a lgor i thm.  The  m e s h  ne twork  is ad jus ted  
adapt ive ly  to p lace  m e s h  points  in a way  that  represen ts  
the  solut ion accurately,  yet  uses  a m i n i m u m  n u m b e r  of  
points.  The  first s tep in any i tera t ive  solut ion p rocedure  is 
to guess  a trial solution.  When the  N e w t o n  a lgor i thm fails 
to converge ,  the  solut ion es t imate  is cond i t ioned  by a pe- 
r iod of  t ime  in tegra t ion  on the  associa ted  t i m e - d e p e n d e n t  
p rob l em (55, 56). The  N e w t o n  m e t h o d  converges  very  rap- 
idly (quadrat ical ly)  w h e n  it has a trial es t imate  to the  solu- 
t ion tha t  is suff icient ly close to the  actual  solution.  Unfor-  
tunately,  for a p r o b l e m  as c o m p l e x  as this one, it is near ly  
imposs ib le  to guess  a solut ion that  is wi th in  the  doma in  of  
c o n v e r g e n c e  for Newton ' s  method .  While Newton ' s  
m e t h o d  m a y  fail w h e n  the  init ial  i terate  is far f rom the  so- 
lut ion,  so lv ing  the  t i m e - d e p e n d e n t  p rob l em by impl ic i t  
numer i ca l  m e t h o d s  is usua l ly  stable, even  for h igher  non- 
l inear  and stiff  p rob lems .  In  fact, car ry ing  the  t ime  integra- 
t ion out  to the  s teady solut ion is one  m e t h o d  of  de te rmin-  
ing the  solut ion we  seek. However ,  the  asympto t ic  
c o n v e r g e n c e  to the  s teady state is ve ry  s low compared  to a 
successfu l  Newton '  i teration.  Therefore ,  we only carry the  
t rans ient  solut ion far e n o u g h  to ensure  success  by the  
N e w t o n  i teration.  

Model Predictions 
In  a typical  s teady-sta te  s i l icon-carbide  CVD process,  

p ropane  and si lane in a mole  ratio Si/C -< 1.0 are m i x e d  
wi th  h y d r o g e n  carr ier  gas at a tmospher ic  pressure.  Sus- 
cep tor  t empera tu re s  for depos i t ion  on si l icon are in the  
1600-1680 K range,  be low the  me l t ing  poin t  of  silicon. We 
have  adop ted  a set of  condi t ions  as a "base  case"  that  are 
typica l  of  s teady-sta te  si l icon carb ide  CVD processes  re- 
por ted  in the  l i tera ture  (5, 6, 10). I npu t  mo le  fract ions of  sil- 
ane and p ropane  are 6.0 x 10 -4 and 2.0 • 10 4, respect ively ,  
(mole ratio Si/C = 1.00) in hyd rogen  carr ier  gas at one at- 
m o s p h e r e  total  reac tor  pressure.  For  the  base case the  disk 
(susceptor)  t e m p e r a t u r e  is 1625 K. 

An  appropr ia te  range  of  disk spin rates mus t  also be  
chosen.  S ince  the  R D R  m o d e l  does  no t  inc lude  the  fluid 
mechan ica l  effects  of  buoyancy ,  d isk  rota t ion rates mus t  
be  suff icient ly large that  the  convec t ive  forces genera ted  
by the  ro ta t ing  d isk  are  large c o m p a r e d  wi th  buoyancy  
forces. A real  R D R  opera t ing  unde r  condi t ions  where  this 
is no t  the  case wou ld  conta in  fluid mechan ica l  instabi l i t ies  
(gas rec i rcu la t ion  patterns),  wh ich  usual ly  cause  u n e v e n  
deposi t ion.  At  h igh  suscep tor  t empera tu res ,  such as those  
e x a m i n e d  here, b u o y a n c y  effects can be qui te  large. Evans  
and Gre i f  def ine  a m i x e d  convec t ion  pa ramete r  (20) for the 
RDR, GrfRe 3/2, where  Gr is the  Grashof  number ,  g(1 - ~ )  
rd3/pw,| 2, and Re  is the  Reyno ld ' s  number ,  rd2gt/v~ (g is the  
accelera t ion  of  gravity,  Pw is a d imens ion less  dens i ty  evalu- 
ated at the  surface  of  the  disk, rd ]s the  d imens ion less  ra- 
dius of  the  disk, and v~ is the  k inemat i c  v iscos i ty  at the  
inlet). When  this pa rame te r  is of  order  unity,  buoyancy  ef- 
fects can be  neglec ted .  So lu t ions  of  the  Navier -S tokes  
equa t ions  and flow visual izat ion expe r imen t s  demons t r a t e  
tha t  va lues  of  Gr/Re 3j2 less than  about  five p roduce  flow 
condi t ions  that  co r re spond  to the  ideal  one-d imens iona l  
flow over  an inf ini te-radius disk (20, 57) s imula ted  by the  
R D R  model .  For  the  t empe ra tu r e  range  cons idered  in this 
s tudy,  d isk  ro ta t ion  rates of  900 rpm or greater  are r equ i r ed  
in order  to ma in ta in  Gr/Re 3/2 <_ 5; we  chose  1200 rpm for the  
base  case  and e x a m i n e  the  s i l icon carbide  depos i t ion  over  
the  1200-2000 r p m  range  of  disk rota t ion rates. 

We n o w  proceed  wi th  a detai led d i scuss ion  of  the  mode l  
predic t ions  for the  base  case. The  fluid flow predic t ions  of  
the  R D R  m o d e l  are  d i scussed  in detai l  e l sewhere  (18); a 
l imi ted  d i scuss ion  is p re sen ted  here, however ,  s ince the  
t empera tu re s  e x a m i n e d  are m u c h  h igher  than  those  
s tud ied  previously .  F igure  1 shows t empe ra tu r e  and veloc- 
ity profi les as a func t ion  of  d is tance  above  the  disk. The  
bounda ry  layer  is a p p r o x i m a t e l y  1.5 cm th ick  at this tem- 
p e r a t u r e a n d  rota t ion rate; as d i scussed  earlier, this  layer 
b e c o m e s  th inne r  as the  spin  rate  increases,  scal ing as gt '/2. 
The  ro ta t ion  of  the  disk creates  convec t ion  which  pulls gas 
toward  it, p roduc ing  an inpu t  gas ve loc i ty  m a g n i t u d e  of  
about  8.5 cm/s at 1200 r p m  and a d isk  t empera tu re  of  
1625 K. Gas app roach ing  the  hea ted  suscep tor  is first ac- 
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Fig. 1. Gas temperatures and velocities as a function of height above 
the rotating disk. Reactor conditions: disk temperature: 1625 K; mole 
fraction C3Ha: 2.0 x 10-4; mole fraction Sill4:6.0 • 10-4; hydrogen 
carrier gas at 1 arm pressure. Input gas temperature: 300 K. Disk rota- 
tion rate: 1200 rpm. 

celera ted  toward  it by  the  decrease  in gas dens i ty  (due to 
the  h igher  t empera tu re )  and then  s lowed d o w n  to near  
zero at the  disk surface  [as po in ted  out  p rev ious ly  (18), the  
ve loc i ty  at the  surface  is no t  exact ly  zero because  of  the  
depos i t ion  occur r ing  there]. The  profiles of  the  radial and 
c i rcumferen t ia l  ve loc i ty  are s imilar  in shape to those  cal- 
cu la ted  in the  earl ier  s tudy  of  the  R D R  (18); these  veloci-  
t ies increase  l inear ly  wi th  the  radial  coord ina te  and thus  
the  data  shown  in Fig. 1 are scaled by the  va lue  of  r. 

Concen t ra t ion  profi les as a func t ion  of  he ight  above  the  
disk are p red ic ted  by the  m o d e l  for the  41 gas-phase spe- 
cies used  in the  chemica l  reac t ion  m e c h a n i s m  (concentra-  
t ion and t empe ra tu r e  are i n d e p e n d e n t  of  r and 0, so no pro- 
files are g iven  as a func t ion  of  these  parameters . )  F igure  2 
displays  concen t ra t ions  for the  species mos t  s ignif icant  to 
the  deposi t ion;  only  the  reg ion  close to the  hea ted  disk is 
shown as this is where  mos t  of  t h e g a s - p h a s e  decom-  
pos i t ion  occurs.  These  profiles show that  the  two reactants  
d isplay ve ry  d i f ferent  behav io r  in this env i ronment .  The  
hyd roca rbon  reactant ,  propane,  is more  than  96% decom-  
posed  at a he igh t  of  2 m m  above  the  disk (Fig. 2a), pyrolyz- 
ing to form pr imar i ly  the  stable p roduc t s  m e t h a n e  (CH4), 
e thy lene  (C2H4), and ace ty lene  (C2H2). Concent ra t ions  of  all 
hyd roca rbon  radical  species  are at least  two-orders  of  mag- 
n i tude  lower  than  the  concen t ra t ions  of  these  stable spe- 
cies. Compar i son  of  our  resul ts  wi th  equ i l ib r ium calcula- 
t ions (14) shows that  concen t ra t ions  of  C2H4 and C~H 2 at 
the  d isk  are h igher  than  those  expec t ed  at equi l ibr ium.  In  
addit ion,  the  concen t ra t ion  of  C2H4 exceeds  that  of  C2H2 by 
about  a factor  of  ten, h igh l igh t ing  an impor tan t  conse- 
q u e n c e  of  the  d i f ference  in geomet r ies  be tween  the  R D R  
and channe l  or barre l  reactors.  At  the  low inpu t  flow veloc- 
ities used  in channe l  or barre l  reactors  (2.5 cm/s is typical), 
the  process  gases flow only about  1.0 cm d o w n s t r e a m  f rom 
the  suscep tor  lead ing  edge  before  the  bounda ry  layer fills 
the  channel .  I so the rms  at the  leading edge  are thus  near ly  
pe rpend icu la r  to the  gas flow, so that  cold reactants  en- 
coun te r  h igh  t empera tu re s  at the  ups t r eam edge  of  the  sus- 
cep tor  and are  rapidly  hea ted  to the  suscep tor  tempera-  
ture, wh ich  in mos t  cases exceeds  1600 K. S ince  the  
react ions  that  p roduce  C2H4 are fast at t empera tu res  as 
m u c h  as 300 K lower  than  this, substant ia l  concen t r ahons  
of  C2H4 are qu ick ly  produced.  As the  gas cont inues  to flow 
over  the  hot  susceptor ,  the  h igher  ac t iva t ion-energy pro- 
cess that  conver t s  C2H4 to C2H2 (reaction [I-54]) occurs  at 
s ignif icant  rates, d e c o m p o s i n g  mos t  of  the  C2H4 to C2H2. 
This  is ref lected in the  s imula t ions  of  channel - reac tor  gas- 
phase  k inet ics  p e r f o r m e d  by  S t inespr ing  and W o r m h o u d t  
(14) (at a suscep to r  t empe ra tu r e  of  1665 K), in wh ich  the  
concen t ra t ion  of  C2H2 near  the  suscep tor  exceeds  that  of  
C2H4 by about  a factor  of  ten. Cold reac t ive  gases in the 
RDR,  however ,  have  shor ter  res idence  t imes  at the  high 
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Fig. 2. Gas-phase mole-fraction profiles of significant hydrocarbon (a, left) and silicon (b, right) species for the reactor conditions in Fig. 1. For 
clarity, not all species used in the mechanism ore shown. 

temperatures required to decompose C2H4 to C2H2. Thus, 
at RDR susceptor temperatures comparable to those used 
by Stinespring and Wormhoudt, the concentration of C~H4 
at the disk in the RDR exceeds that of C2H2. The reaction 
of C2H2 at the surface also contributes to its lower concen- 
tration in the gas phase near the surface; its larger sticking 
coefficient relative to C~H4 depletes the C2H2 concentration 
to a greater extent than does the reaction of C2H4 with the 
surface�9 

In  contrast to propane, silane is only 52% decomposed at 
2.0 mm and only -85% decomposed at the disk surface 
(Fig. 2B). This is due to the strong inhibit ion of its uni- 
molecular decomposition (reaction [I-58]) by the hydrogen 
carrier gas; the rate of reaction [I-58] peaks at the surface, 
where the temperature is highest. The decomposition 
leads primarily to reactive species such as Sill2, Si, and 
Si2H2. Concentrations of all but  one of the silicon-con- 
taining species are within a factor of three of the values ex- 
pected for a purely gas-phase equil ibrium (Si3H s is within a 
factor of five). Larger deviations from equilibritlm are ob- 
served at distances less than 2 mm above the surface, as 
surface reactions begin to affect the gas phase. These re- 
sults are consistent  with those of previous investigators 
(14, 59), who concluded that the reactions which follow 
[I-58] are sufficiently fast that the concentrations of silicon- 
containing species approach equil ibrium in the absence of 
surface reactions. In  contrast with earlier simulations of 
the gas-phase SiH4/C3H3 kinetics (14), however, our mechan- 
ism predicts that Sill4 remains the silicon species in high- 
est concentrat ion throughout the gas phase, rather than 
Sill2. This is probably due to the higher activation energy 
we have used for reaction [I-58], which is based on the most 
recent heat of formation for Sill2 (64.3 KcaYmol) (18). 

Figure 2 also shows that, for most species, s{eep concen- 
tration gradients into the disk do not exist. The only spe- 
cies whose concentrations are greatly reduced near the 
surface are hydrogen atoms and hydrocarbon radicals 
(such as CH3 and C2H3). This shows that reactions of gas- 
phase species with the surface at 1625 K are not so fast that 
species concentrations near the disk are depleted, which 
would cause the deposition to become transport limited. 
The shape of these profiles is a direct consequence of the 
differing surface reactivities of the molecules in the gas 
phase. As noted above, most of the Sill4 decomposes to un- 
stable species that react efficiently with the surface�9 Pro- 
pane decomposition, however, yields largely stable hydro- 
carbons, which react slowly with the surface compared 
with silicon species such as Si and Sill2. This produces a 
low steady-state concentration of C(s) sites (<1% of the 
total sites) and a high concentration of Si(s) sites. Since, in 
our model, the deposition of silicon depends on the exist- 
ence of C(s) sites, reactions of silicon species with the sur- 
face are limited by the slow surface chemistry of the stable 
hydrocarbons. Thus, the high gas-phase concentrations of 

stable hydrocarbons and their low surface reaction rates 
causes the rate-limiting step in SiC deposition to be the 
formation of C(s) sites. 

In Fig. 3 the relative contributions of the principal spe- 
cies responsible for deposition are plotted as a function of 
temperature. Among the gas-phase silicon species, only 
Sill2, Si, and Sill3 contribute significantly to the deposi- 
tion. The contribution of silane to the deposition rate is 
negligible; its sticking coefficient is only about 10 -4 at 
these temperatures. Increasing the temperature causes the 
Sill2 to decompose to silicon atoms, but  deposition rates 
are not substantially affected by this because the sticking 
coefficients and transport  rates of the two species are 
roughly the same. One consequence of our mechanism is 
that the species Si~H~, whose concentration slightly ex- 
ceeds that of Sill2, contributes little to the deposition. This 
is a result of our assumption that reaction [III-32] has a sec- 
ond-order dependence on C(s) surface sites. It has little ef- 
fect on the deposition rate, however, since it is the reaction 
of hydrocarbons with the surface that limits the growth 
rate. The incorporation of carbon into the growing deposit 
is dominated by the stable hydrocarbons C2H4 and C2Hz, 
with smaller contributions from CH4, C3H4, and CH3 (not 
shown in Fig. 3 for clarity.) Increasing the surface tem- 
perature changes the composition of the gas phase and 
thus the dominant  depositing species from C2H4 to C2H2. 
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Deposition due to the species CH4 and radical species is 
largely unaffected by this temperature change. 

The temperature dependence of the deposition rate is 
shown in Fig. 4. For low surface temperatures (1500- 
1600 K) the deposition rate is weakly dependent  on tem- 
perature. At higher surface temperatures,  the growth rate 
increases more rapidly, following Arrhenius behavior; a 
small activation barrier of 4.9 Kcal/mol over the 1600- 
1725 K temperature range is obtained by fitting the data 
(dashed line, Fig. 4). Above 1725 K, the deposition rate 
tapers off with temperature. This complex dependence on 
surface temperature is understandable in terms of the rela- 
tive concentrations of reactive hydrocarbons in the gas 
phase and their  rates of reaction with the surface. At low 
surface temperatures,  the weak temperature dependence 
of the growth rate is caused by the slow surface reaction 
rate of C2H4, which is the primary species responsible for 
carbon deposition (Fig. 3). Heating the surface to tempera- 
tures between 1600 and 1725 K causes the composition of 
the gas phase to change substantially as C2H4 is converted 
to C2H2 by reactions [I-36], [I-41], and [I-54]. Since C2H2 is 
adsorbed more efficiently by the surface than C2H4 (react- 
ing 32 times faster with the surface than C2H4), it becomes 
the primary hydrocarbon responsible for carbon deposi- 
tion above 1625 K. The 1600-1725 K temperature range 
thus represents a transition between the surface chem- 
istries of C2H4 and C2H2. At the highest temperature exam- 
ined (1850 K), nearly 85% of the deposited carbon comes 
from C2H2. Even at these high temperatures the rates of hy- 
drocarbon surface reactions still limit the rate of deposi- 
tion, as evidenced by concentration profiles at 1850 K 
showing substantial concentrations of C2H2 near the sur- 
face (not shown.) The saturation of the growth rate ob- 
served in Fig. 4 is thus not  due to mass transport limita- 
tions caused by high surface reaction rates. Additional evi- 
dence of this is seen in the dependence of the deposi- 
tion rate on disk rotation rate at 1800 K, which scales as 
120 37 (Fig. 5) rather than as 12050, as is expected in the trans- 
port-limited case. 

The temperature dependence of the deposition rate can 
be understood in more quantitative terms by performing a 
sensitivity analysis, which determines the effect of indi- 
vidual reaction rates on gas-phase concentrations and the 
deposition rate. Such an analysis is helpful in determining 
which reactions in a complex mechanism are rate limiting. 
Sensitivity coefficients are defined as O~/O(~k, where ~ is a 
component  of the solution (such as the deposition rate or a 
gas-phase concentration at some location) and ak is the Ar- 
rhenius "A-factor" for the kth reaction. These coefficients 
represent the fractional increase (or decrease, if the coeffi- 
cient is negative) in the deposition rate that occurs when 
the rate of reaction k is doubled. 

The sensitivity of the deposition rate to several gas- 
phase and surface reactions is shown in Table IV for four 
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different temperatures (only the largest sensitivity coeffi- 
cients are given). At the lowest disk temperature (1500 K), 
the growth rate is most  sensitive to the rate of the C2H4 sur- 
face reaction (reaction [III-10]), with much smaller sensitiv- 
ities to the other major depositing species and little or no 
sensitivity to gas-phase reactions. This confirms that depo- 
sition is surface reaction-limited in the low temperature 
(1500-1600 K) regime. Increasing the surface temperature 
to 1625 K decreases the sensitivity to reaction [III-10], con- 
sistent with the decreasing concentration of C2H4 near the 
disk. At high disk temperatures (above 1725 K) where the 
deposition rate no longer increases substantially with tem- 
perature, the deposition rate is virtually insensitive to the 
rates of both gas-phase and surface reactions; no sensitiv- 
ity to the surface reaction contributing the most to the dep- 
osition rate (C2H2 adsorption, reaction [III-11]) is observed 
in spite of the fact that substantial concentrations of C2H2 
are still present near the disk. 

This behavior at high temperatures can be understood 
by examining the sensitivity of the gas-phase C2H2 concen- 
tration near the surface to reaction [I-54] (the reaction pri- 
marily responsible for C2H2 production) and to the CzH2 
surface reaction (Table V). Consider an arbitrary point in 
the gas phase just  above the surface. The rates of chemical 
reaction and mass diffusion at this point must  be balanced 
since the model  determines a steady-state solution. If, 
now, the surface reactivity of C2H2 is increased (by increas- 
ing the rate of reaction [III-11]), the flux of C2H2 to the sur- 
face will also increase. Since this causes the concentration 
of C2H2 near the surface to decrease, the rate of gas-phase 
C2H2 production must  increase to balance the increased 
C2H2 flux. The sensitivities in Table V show that this is pos- 

Table IV. Normalized deposition rate sensitivity coefficients 

TDISK (K) [I-54] [I-59] [III-1O] [ I I I -11]  [III-21] 

1500 0.025 0.002 0.180 0.039 0.003 
1625 0.054 0.011 0.091 0.013 0.001 
1750 0.038 0.016 0.021 0.021 0.000 
1850 0.017 0.016 0.004 0.025 0.000 

Table V. Gas-phase CzH2 sensitivity coefficientsevaluated at the 
sudace 

TDISK (K) [I-54] [III- 11 ] 

1500 0.65 -1.00 
1625 0.45 -1.00 
1750 0.17 -1.00 
1850 0.05 -1.00 
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sible at 1500 K; although doubling the rate of reaction 
[III-11] would decrease the concentration of C2H2 at the 
surface by a factor of two (sensitivity coefficient of -1.0 for 
reaction [III-11]), the production of C2H2 via reaction [I-54] 
can make up for most  of the increased flux (positive sensi- 
tivity coefficient of 0.65 for [I-54]). At high temperatures 
(1750-1850 K), however, the sensitivity to reaction [I-54] is 
much smaller, showing that the C2H2 production rate can- 
not increase further due to the low concentration of C2H4. 
Thus, the effect of increasing the rate of reaction [III-11] is 
to decrease the concentration of C2H2 throughout  the gas 
phase, so that no net increase in the flux of C2H2 to the sur- 
face can occur. This results in a deposition rate that is rela- 
t ively independent  of temperature above 1725 K. 

Figures 6 and 7 plot the dependence of the deposition 
rate on the composit ion of the reactant gas stream. In 
Fig. 6, the deposition rate is plotted as a function of the sil- 
ane concentration, holding the propane mole fraction con- 
stant, while Fig. 7 shows data for varying propaneconcen-  
tration with fixed silane concentration. As expected, the 
deposition rate is found to be independent  of the silane 
concentration but depends linearly on the propane con- 
centration (which extrapolates to zero for a propane mole 
fraction of zero.) Gas-phase decomposit ion of silane pro- 
duces radical species that stick with unit efficiency to the 
surface of the growing film, so that silicon atoms are de- 
posited as soon as a C(s) site becomes available. Propane 
decomposit ion,  on the other hand, produces largely stable 
hydrocarbon species that react much more slowly with the 
surface. Since the growth mechanism is constrained so 
that a carbon site must  be available in order for a silicon 
atom to be deposited, growth is l imited by the rate at 
which surface carbon sites can be produced, resulting m a 
dependence on the input propane concentration. 

Compar isons  wi th  the  L i te ra ture  
Although no exper imental  studies of silicon carbide 

CVD have been performed in an RDR, there have been nu- 
merous investigations of this process in cold wall channel 
and barrel reactors (for the sake of brevity, we will refer 
only to channel reactors). Unfortunately, direct compari- 
sons of RDR simulations with results obtained in these re- 
actors are difficult due to the large differences in geome- 
try. In particular, the thermal and mass-transfer boundary 
layers in the RDR are constant across the disk, while those 
in channel reactors change as a function of position in the 
reactor. This causes deposition rates to vary aeross the  sur- 
face, so that it is unclear at what location in a channel reac- 
tor the deposition rate should be comparable to those ob- 
tained in the RDR. Dimensional  analysis to determine the 
functional dependence of the mass transport boundary 
layer thickness can be used as a rough guide for locating 
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regions of comparable mass transport rate (and thus, com- 
parable deposition rates.) In a channel reactor, the mass 
transport boundary layer thickness scales approximately 
as (vx/u~vg) "2, while in the RDR it scales as (v/~) ~12, where v 
is the kinematic viscosity, x is the distance downstream 
from the leading edge of the boundary layer (usually taken 
as the upstream edge of the susceptor) in a channel reac- 
tor, and uavg is the velocity of the incoming gas (at 300 K) in 
the channel reactor. Combining these two relationships 
gives an inequali ty defining the portion of the boundary 
layer in a channel reactor whose thickness is comparable 
to that of the RDR for identical values of v 

x <- Uavg/~ [15] 

Using the base conditions for the RDR, we have f~ = 126 
s -1 (1200 rpm); a typical value of Ua,g found in the literature 
(10) is 2.5 cm/s. This yields x <- 0.02 cm, showing that rates 
of mass transport (and, hence, deposition rates) in the two 
reactors are comparable only at the leading edge of the 
susceptor. At distances further downstream than 0.02 cm 
from the leading edge, the boundary layer will always be 
thicker in a channel reactor, so deposition rates are ex- 
pected to be lower than those found in the RDR. Since 
deposition rates in a channel reactor are usually measured 
near the center of the susceptor, we expect  that such rates 
reported in the literature will be significantly smaller than 
those found in the RDR. This is, in f~ict, the case; the depo- 
sition rate calculated for our base conditions in the RDR is 
0.23 ~m/min, while typical deposition rates reported for 
channel and barrel reactors (5-7, 10, 58) are in the range 
0.04-0.1 ~m/min. 

Several investigators have compared equilibrium calcu- 
lations with experimental  data to infer details of the SiC 
deposition mechanism. In one study, Fischman and Petu- 
skey performed equil ibrium calculations for the S i - -C- -  
C1--H system (13). In comparing experimental  results with 
the equil ibrium data, they observed a marked tendency in 
the experiments  to deposit  silicon rather than SiC at C/St 
ratios an order of magnitude higher than predicted by 
thermodynamics.  They concluded that gas-phase silicon 
species are more reactive with substrate surfaces than hy- 
drocarbons and that the rate-limiting step in SiC formation 
is the deposition of carbon. This conclusion has been con- 
firmed by the surface studies discussed in the section on 
Chemical Reaction Mechanism. Although the silicon spe- 
cies present in the gas-phase of the St--C--C1 H system 
are d]fferent from those present when the imtial reactants 
are Sill4 and C3H8, the gas-phase hydrocarbons are essen- 
tially the same (primarily CH4 and C2H2 at equihbrium). 
Further, the weaker strength of  the S i - -H bond indicates 
that these species should be even more likely than St--C1 
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species to deposit rapidly. Thus, our model, predicting 
that the low efficiency of hydrocarbon surface reactions 
limits the rate of SiC deposition and that silicon surface 
deposition is thst, agrees with the conclusions reached by 
Fischman and Petuskey. 

We are aware of two studies that have examined the tem- 
perature dependence of the deposition rate over the range 
of susceptor temperatures typical of cubic silicon carbide 
growth on silicon; both studies were performed in cold- 
wall barrel reactors. The results of the two studies are not 
in complete agreement  with each other. Nishino et al. 
found little increase in the growth rate with temperature 
up to about 1425 K, followed by an exponential increase 
with an apparent activation energy of 15 kcal/mol over the 
range 1475-1650 K (6); large error bars on a limited number 
of data points indicate that the activation energy could be 
considerably lower than this, however. Powell et al. per- 
formed studies in a similar reactor (10) and observed little 
or no dependence on temperature over a limited range of 
susceptor temperatures (1575-1645 K.) Our results showing 
little or no change in the deposition rate up to 1600 K fol- 
lowed by exponential  growth with an activation energy of 
4.9 kcal/mol can thus be considered in reasonable agree- 
ment with existing experimental  data, given the size of the 
uncertainties in the data. 

Several investigators have examined the effects of vary- 
ing the concentrations of the reactant gases. Minagawa 
and Gatos (28) measured the dependence of the SiC depo- 
sition rate on the input Sill4 and C~H8 concentrations, 
using a reactor with geometry similar to the RDR (but with 
a stationary disk). Their data display trends that arc similar 
to the results presented here, although they were meas- 
ured at higher temperatures (1873 K). Two studies in hori- 
zontal barrel reactors have also been performed. Powell 
et al. (10) found that the silicon carbide growth rate was 
proportional to the silane concentration and independent 
of the propane concentration in experiments  in which the 
flow rate of one gas was held constant while the other was 
varied. Nordquist  eL al. (58) examined the effect of varying 
the C/Si ratio on the deposition rate; in their experiments,  
the flow rates of both gases were varied while keeping the 
(C + Si) atom concentration constant. These two studies 
appear to contradict our result that the deposition rate is 
independent  of silane and varies linearly with the concen- 
tration of propane. However, the data of Nordquist  et al. 
may, in fact, be in agreement  with our results. If, as indi- 
cated by our model, the rate of silicon adsorption by the 
surface is fast and film growth is limited by the slow depo- 
sition of carbon atoms from stable gas-phase species, then 
variation of the silicon atom fraction (Xs,) by adjusting the 
flow rates of both gases will appear to exhibit  a linear de- 
pendence on Xs, when the variation is actually caused by 
the adjustment  of the propane flow rate. Thus, one cannot 
conclude from the results of (58) that the rate-controlling 
step in SiC growth is the addition of silicon to the film sur- 
face. One possible source for the disagreement with the re- 
sults of Powell eL al. may lie in the tact that the deposition 
rate varied substantially across the surface of the suscep- 
tor in their experiments,  being highest at the upstream 
edge of the wafer and lowest at the downstream edge. The 
effect of high deposition rates at the upstream edge may be 
to deplete the boundary layer of silicon species, while the 
concentrations of hydrocarbon species remain approxi- 
mately constant, due to the slower hydrocarbon surface 
chemistry. If the depletion is large enough, a transport de- 
pendence on silane concentration could be introduced, 
thereby masking the effect of the relatively slow hydrocar- 
bon surface reactions. Although the location of the deposi- 
tion rate measurements  on the surface is not stated by 
Powell et al., we assume that a point near the center of the 
wafer was used. Measurements close to the leading edge 
might reveal a different reactant dependence. 

Summary 
In this paper we have presented a model of the gas-phase 

and surface chemical reactions leading to the steady-state 
deposition of silicon carbide. The pyrolysis of the gas- 
phase reactants, Sill4 and C3H8, is modeled by 83 elemen- 
tary reactions with rates obtained from the literature. Sur- 

face chemistry is included, using 36 elementary reactions 
whose rates are based on experimentally determined 
sticking coefficients, surface desorption studies, and 
theoretical estimates. Our results thus represent the first 
simulation of a silicon carbide deposition process that in- 
cludes detailed mechanisms for both the gas-phase and 
surface reactions. The chemical reaction mechanisms are 
combined with a previously developed model of a rotating 
disk reactor in order to predict deposition rates as a func- 
tion of reactor parameters and to understand the interac- 
tion between fluid mechanical effects and the chemistry 
responsible for film growth. 

The results of the model can be summarized by the fol- 
lowing picture of SiC deposition under the base conditions 
adopted here (which are typical of SiC grown on silicon for 
electronics purposes.) The reactant gases, Sill4 and C:~Hs, 
are convected toward the disk by its rotation. At distances 
less than 1.0 cm above the surface, heat transfer from the 
hot susceptor causes the gas temperature to rise steeply 
and the reactants begin to decompose. Propane decom- 
position yields primarily the stable hydrocarbons CH4 and 
C2H4, with the production rate of C2H~ peaking about 2 mm 
above the disk, where the gas temperature is about 1350 K. 
The C2H4 decomposes further to produce C~H2, although 
the short residence time at temperatures above 1600 K 
does not permit complete conversion to C~H2. Decom- 
position of Sill4 is slower than that of C3Hs, being inhibited 
by the hydrogen carrier gas, so its decomposition rate 
peaks very near the disk surface, where temperatures are 
highest. Substantial Sill4 decomposition occurs within 
2 mm of the disk, however; SiH~, Si2H~, and Si are the pri- 
mary decomposit ion products. 

For equal availability of carbon and silicon surface sites, 
the reactive hydrocarbons in highest concentration, CzH~ 
and C2H2, deposit more slowly on the surface than do the 
decomposit ion products of Sill4. This causes the concen- 
tration of carbon sites on the surface to be very small. 
Thus, the deposition rate is limited by the surface chem- 
istry of stable hydrocarbons and is linearly dependent on 
the input concentration of propane. The slow rates of sur- 
face reactions persist even at the highest temperatures ex- 
amined (~ 1800 K), preventing the growth process from be- 
coming completely transport limited. 

In examining the temperature dependence of SiC 
growth in the RDR, it was found that the deposition rate at 
low temperatures (1500-1600 K) is limited by the C2H4 sur- 
face reaction. As the temperature of the disk is increased, 
C2H4 near the disk is converted to C~H2, so that the primary 
hydrocarbon responsible for carbon deposition changes 
from C2H4 to C~H2. This produces a transition region be- 
tween the surface reactions of these two molecules for disk 
temperatures between 1625 K and 1725 K. Above 1725 K, 
deposition rates no longer increase significantly with tem- 
perature due to saturation of the gas-phase C2H2 produc- 
tion rate. The model is in reasonable agreement with the 
limited data available for comparison, although it is clear 
that the configuration of the reactor (i.e., RDR vs. channel 
reactor) has substantial effects on the gas-phase composi- 
tion as well as on the fluid mechanics. 

It is anticipated that models such as this will be useful in 
understanding the details of silicon carbide deposition and 
in optimizing a variety of complex manufacturing pro- 
cesses for producing this material. Extension of this model 
to the higher temperatures used to deposit alpha-silicon 
carbide on silicon carbide crystals (above 1873 K) requires 
that hydrogen etching reactions be included in the surface 
mechanism. Accurate etching rates as well as additional 
reactive sticking coefficient data must be obtained at 
higher temperatures to do this. Further experiments in ro- 
tating disk and channel reactors are now required to ob- 
tain a more complete understanding of this process. 
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