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ABSTRACT 

Fi lms  of  si l icon d ioxide  and si l icon oxyni t r ide  were  g rown by L P C V D  using gas-phase mix tu res  of  Si2C16, N20, and 
NH3 in the  t empera tu re  range 550~176 The act ivat ion energy  for S i Q  depos i t ion  was 29 kcal /mole.  U n d e r  comparab le  
p ressure  and t empera tu re  condit ions,  g rowth  rates of  SiO2 f rom Si2C16 were  at least  three  t imes  h igher  than  those  obta ined  
us ing  SiH2Cle or Sill4. The  effect  0f  t empera tu re  and reactant  flow ratios on film composi t ion ,  stress, refract ive index,  e tch  
rate, and un i fo rmi ty  were  studied,  and these  proper t ies  were  found to be comparab le  to those  in films depos i ted  f rom 
SiH2C12 and Sill4. The  effect  of  N20/NH~ ratio on physical  proper t ies  was inves t iga ted  for oxyni t r ide  films. The  depend-  
ence  of  these  proper t ies  on film compos i t ion  was the  same regardless  of  the  CVD reac tan t  m ix tu r e  used.  However ,  the  
NH3 to ox idan t  ratio requ i red  to obtain  a specific film compos i t ion  was s t rongly inf luenced  by  the  ox idan t  and sil icon pre- 
cursor  used.  Compar i sons  are m a d e  to the  L P C V D  systems:  SiH2Cl=-N20-NH3, SiH4-NO-NH3, and SiH4-CO2-NHs. 

We have  recent ly  repor ted  on the  use of  hexachlorodi -  
s i lane (Si2C16) in the  chemica l  vapor  depos i t ion  of  poly- 
crysta l l ine  and amorphous  si l icon (1) and si l icon ni t r ide  
(2). Hexach lorod is i l ane  was selected as a possible  safe and 
efficient  a l ternat ive  to silane and dichlorosi lane,  the  cur- 
rent ly  prefer red  precursors  in si l icon and si l icon ni t r ide  
CVD. Since  we  found Si2C16 capable  of  p roduc ing  h igh  
qual i ty  films of bo th  Si and Si3N4 over  a wide  range of  tem-  
peratures ,  an ex tens ion  of  the  inves t iga t ion  to the  deposi-  
t ion of  SiO2 and si l icon oxyni t r ide  films wou ld  be clearly of  
interest .  A l though  SiO2 can be depos i ted  at modera t e  tem- 
pera tures  wi th  nonhazardous  precursors  such as tetra- 
e thoxys i lane  (TEOS) (3, 4) or d iace toxydi te r ia rybutoxy-  
si lane ( D A D B S ) ( 5 ,  6), h igher  t empera tu re  deposi t ions  
(>750~ which  lead to improved  densi ty,  uni formity ,  and 
conformal i ty ,  are still carried out  us ing e i ther  SiHzC]2- 
N20 (7-13) or SiH4-N20 (8, 14, 15). Si l icon oxyni t r ide  films 
are depos i ted  a lmost  exc lus ive ly  f rom SiH2C12-N20-NH3 
(16-20) or SiH4-NH3-CO2(NO) (21-24) gas mixtures .  In  con- 
trast  to Sill4 and SiH2C12, Si2C16 is not  known  to autoigni te  
unde r  ambien t  condit ions.  I t  is a l iquid  with  a vapor  pres- 
sure  that  a l lows useful  t ranspor t  rates wi th  min imal  source  
t empera tu re  control  and the  vapor  readily decomposes  to 
p rov ide  films of  si l icon and si l icon ni t r ide d o w n  to 450~ 

Experimental  
The SiO2 and oxyni t r ide  films were  depos i ted  in a tu- 

bular  hot-wall  reactor  at t empera tu res  f rom 550 ~ to 850~ 
The  I in. d iam (100) sil icon substra tes  were  placed horizon-  
tally on a quar tz  plate. Total  p ressure  was main ta ined  at 0.7 
torr  by an au tomat ic  throt t le  va lve  located downs t ream.  
Dist i l led Si~CI~ was suppl ied  by Cambr idge  I so tope  Labo-  
ratories (Cambridge,  Massachusetts) ,  and conta ined  less 
than  0.01% chlorosi loxane.  N2, NH3, and N20 gases were  all 
99.999% pure.  In  SiO2 film growth,  the  total  flow of 
N20 + N2 was kep t  at 250 sccm wi th  N20 be tween  50 and 
250 sccm, whi le  the  flow of Si2C16 was var ied  be tween  2-11 
sccm. This  resul ted  in an R = N~O/Si2C16 = 5-125. For  the  
g rowth  of  si l icon oxyni t r ide,  the  flow of Si2CI~ was e i ther  2 
or 10 sccm. The total  flow of NH3 + N20 was cons tan t  at 
150 sccm, whereas  N2 was f ixed at 100 sccm. The ratio R' = 
(N20 + NH3)/Si2C16 was therefore  e i ther  15 or 75, whi le  
N H J N 2 0  var ied  f rom 2.0 to 0.07. The  Si2C16 conta iner  was 
he ld  at 5~ (1.2 torr  vapor  pressure)  and flow was con- 
t ro l led  by a need le  valve.  The  5~ t empera tu re  (6~ above  
the  mel t ing  point) Was chosen  in order  to obtain  accept-  
able  g rowth  rates and still conserve  the  Si2C16 source  mate-  
rial. The  part ial  pressure  of  Si2CI~ in the  sys tem ranged  
f rom 0.0055 torr  (2 sccm) to 0.03 torr  (11 sccm). 

F i lm  th ickness  and index  of  refract ion were  measu red  
wi th  a Gaer tner  e l l ipsometer  e q u i p p e d  wi th  a He-Ne  laser. 
A u g e r  e lec t ron spec t roscopy  was used  for Si, N, O, and C1 
analysis.  Hydrogen  con ten t  and Si-H and N-H bond  distri- 
bu t ions  were  de te rmined  wi th  a Nicolet  Model  5PC F T I R  

spec t rometer .  X-ray topography  was used  to measu re  film 
stress. E tch  rates were  measu red  by e l l ipsomet ry  after 
room t empera tu re  e tch ing  in 100:1 H~O:HF. 

Results and Discussion 
SiLicon dioxide.--The si l icon d iox ide  g rowth  rate as a 

func t ion  of  t empera tu re  is shown in  Fig. 1 for R = 15 and 75 
over  the  t empera tu re  range 550~176 No SiO2 growth  
was observed  be low 550~ Since  growth  of  Si3N4 occur red  
as low as 450~ (2), the  h igher  m i n i m u m  growth  tempera-  
ture  for SiO2 mus t  be  due  to lower  react ivi ty  of  N20. The  
dashed lines are the observed tempera ture-dependent  
growth rates for SigN4 (2) at R = 15 and 75 with an activation 
ene rgy  of  29.3 kcaYmole. It  can be seen that  the  same acti- 
va t ion  energy  appl ies  to S i Q  depos i t ion  be tween  600 ~ and 
750~ where  the depos i t ion  is mos t  l ikely surface reaction- 
control led.  The  s lope decreases  above  750~ sugges t ing  
the  beg inn ing  of a mass  t ranspor t - l imi ted  reaction.  Similar  
growth rate saturation occurs at the same tempera ture  in the 
SiH4-N20 (15) and TEOS (4) systems. The 29.3 kcal/mole acti- 
vat ion energy is comparable  to the 33 kcal/mole re- 
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Fig. 1. Growth rote of Si02 and Si3N4 as o function of substrate tem- 
perature at R = 15 and R = 75. 
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por ted  for SiH4-N20 (15), h igher  than  the  12.0 kcaYmole 
found for SiH4-O2 (25), bu t  lower  than  the  45-46 kcaI /mole 
found for T E O S  (3, 4) and SiH2C12-N20 (13). 

The  SiO2 growth  rates ob ta ined  us ing  R = 15 vary  f rom 
3.2 ~m/h at 850~ to 0.02 Fm/h at 550~ I f  the  Si2C16 flow is 
decreased  by 80% to 2 sccm (R = 75), the  grovr rate also 
decreases  by 80% at all t empera tures .  A 67% drop in 
g rowth  rate was observed  for Si3N4 films unde r  the  same  
condi t ions  (2). The  effect  on growth  rate of  changing  R by 
increas ing  N20 flow f rom 50 to 250 sccm (partial p ressure  
0.134-0.673 torr) whi le  Si2C16 flow remains  cons tan t  at 10 
sccm (partial p ressure  0:027 torr) is shown in Fig. 2 for 650 ~ 
and 750~ Comparab le  results  for Si3N4 are g iven  by the  
dashed  lines. At  both tempera tures ,  the  SiO2 growth  rate is 
d i rec t ly  propor t iona l  to the  N20 flow. In  contrast ,  Si3N4 
g rowth  at 650~ saturates  for NH3 flows hav ing  R > 10(2). 

The  g rowth  rates obta ined  compare  very  favorably  to all 
o ther  mode ra t e  to high t empera tu re  CVD methods .  Appre-  
ciable g rowth  general ly  cannot  be observed  be low 800~ in 
the  SiH2C12-N~O system. The  depos i t ion  rate at 900~ is 
only  0.3-0.7 txm/h at a total  p ressure  of  0.6-0.8 torr  and 0.08- 
0.09 torr  SiH2C12 part ial  pressure  (8, 10). In  contrast ,  the  
SiO2 g rowth  rate f rom Si2C16-N20 at 850~ was 3.2 ixm/h at a 
total  p ressure  of  0.7 tor t  and Si2C16 part ial  p ressure  of  only 
0.03 torr. A s imilar  compar i son  was no ted  in SigN4 growth  
(2). Dich loros i lyene  (SIC12), p roduce  d by h o m o g e n e o u s  de- 
composi t ion ,  has been  s ingled out  as the  film growth  pre- 
cursor  us ing  chlor inated monos i lanes  (1). I f  this is the  case, 
then  the  growth  rate advantage  of  Si2C]6 could  be  due  to its 
cons iderab ly  lower  k ine t ic  stabil i ty toward  gas-phase de- 
compos i t i on  into this in termedia te .  However ,  a g rowth  
rate advan tage  of  Si2C16 also exists  re la t ive  to SiH4- 
N20(8, 15). In  this system, g rowth  rates be tween  0.15- 
0.30 ixm/h have  been  observed  at 850~ at 1.0 torr  total  pres- 
sure  and 0.01-0.02 torr  Sill4 partial  pressure.  Depos i t ion  
rates comparab l e  to our  resul ts  are obta ined  wi th  TEOS(3) 
and DADBS(5),  at 725 ~ and 600~ respect ively ,  but  m u c h  
h igher  p recursor  part ial  pressures  mus t  be used  (0.35 and 
0.7 torr). 

Auge r  (AES) analysis of  films g rown at 750~ 
(R = 20-100) and at 650~ (R = 75) showed  the  films to con- 
tain 30 a tom percen t  (a/o) Si. Therefore,  wi th in  the  ac- 
curacy of  A E S  (___ 3 a/o) the  films appear  to be  s o m e w h a t  
oxygen-r ich.  As in the  case of  Si3N4, the  R values  used to 
ach ieve  this  s to ich iomet ry  l ie  be tween  those  found for 
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Table I. Stress and refractive index in silicon dioxide films 

Growth temperature Stress 
(~ R (10 s dynes/cm 2) n 

600 20 -2.2 1.54 
650 5 -3.6 1.55 
650 20 -3.1 
650 75 1.49 
750 5 -4.2 1.53 
750 20 -3.2 1.51 
750 75 -2.3 1.47 
850 all 1.47 

ox ide  growth  f rom SiHzC12 and Sill4. The  chlor ine  con ten t  
was 1.3 a/o for a film grown at 750~ us ing R = 20, whereas  
it  was nonde tec tab le  (<0.2 a/o) for R = 100. At  650 ~ and 
750~ wi th  R = 75, the  C1 concen t ra t ion  was 0.5 a/o. Chlo- 
r ine is therefore  in the  high 1019 a tom/cm 3 range, about  the  
same  as repor ted  for films g rown from SiH2C12 at 800 ~ (12) 
and 900~ (9). Chlor ine seems to be  un i fo rmly  d is t r ibu ted  
t h roughou t  the  th ickness  of  the  film, wi th in  the  accuracy  
of  AES,  wi th  poss ibly  a sl ight bu i ldup  at the  Si/SiO2 in- 
terface. 

Depos i t ion  under  op t imized  flow and t empera tu re  con- 
di t ions led to SiO2 films with  good th ickness  uniformity.  
For  example ,  for 750~ and R = 75, films depos i t ed  on sub- 
strates p laced in the  30 cm central  zone of  the  reactor  
showed  less than  _+ 3.5% th ickness  variation.  Compar i son  
wi th  o ther  CVD systems is difficult  w i thou t  hav ing  data  
for Si2C16 for ver t ica l ly  moun ted  c lose-spaced wafers.  
Compos i t iona l  un i formi ty  was excel lent .  F igure  3 reveals  
Auge r  profiles o f a  300A SiO2 film grown at 750~ with  R = 
100, and for compar ison,  a 240A SigN4 film grown f rom 
Si2C16 and NH3 at the  same t empera tu re  wi th  R = 60. Table  
I p rovides  film stress and index  of  refract ion measure-  
ments .  Stress  in the  oxide  films was compress ive .  It  in- 
c reased  wi th  both  increas ing depos i t ion  t empera tu re  and 
decreas ing  R, and is ve ry  typical  of  SiO2 films depos i t ed  by 
o ther  me thods  at these  t empera tu res  (26). The  h igher  
i ndex  films in Table  I are l ikely to be s o m e w h a t  silicon- 
rich. Us ing  the  re la t ionship  given by Learn  and J a c k s o n  
(15), an index  change  f rom 1.47 to 1.53 would  cor respond  to 
2.5 a/o excess  silicon. 

S i l i c o n  o x y n i t r i d e . - - T h e  growth  rate  plots  for si l icon 
oxyni t r ide  (SiON) depos i ted  at t empera tu res  be tween  
650~176 (R' = 15 or 75) lie be tween  the  plots ob ta ined  for 
Si3N4 and S i Q  shown in Fig. 1. The  effect  of  the  reactant  
f low ratio (R" = N20/(N20 + NH3)) on the  oxygen  con ten t  
(O/(O + N)) is shown in Fig. 4. It  is ev iden t  that  the  reactiv- 
ity of  NH3 is h igher  than  that  of  N20, because  R" = 0.85 is 
r equ i red  to ach ieve  O/(O + N) = 0.5 in the  film. The  effect  is 
even  more  p ronounced  wi th  SiH2C12-N20-NH3(18, 19) as 
shown in Fig. 4, where  R" = 0.95 for O/(O + N) = 0.5. At  
O/(O + N) = 0.15, the  Si concen t ra t ion  in the  film is 44 a/o 
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Fig. 2. Growth rate of Si02 and Si3N4 as a function of R(N20/Si2CI6 or Fig. 3. Auger depth profile of Si02 and Si3N4 films deposited on Si 
NH~/Si2Cle). substrates at 750~ with R = 100 and R = 60, respectively. 
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Fig. 4. Effect of reactant flow ratio, R", on SiON film composition in 
5izCl~ end SiH~CI2 systems. 

typ ica l  of  Si~N~. Fo r  O/(O + N) -> 0.23, t h e  Si c o n t e n t  is 
32-34 a/o, c o r r e s p o n d i n g  to SiO~, b u t  lower  t h a n  e x p e c t e d  
for  t h e s e  i n t e r m e d i a t e  compos i t i ons .  S i l icon  def ic ienc ies  
of  a few a/o are c o m m o n  in  L P C V D  o x y n i t r i d e  f i lms g r o w n  
f rom b o t h  SiH2C12 a n d  SiH~ (16, 19, 24). Fo r  f i lms g r o w n  at  
750~ a n d  R' = 75, t he  ch lo r ine  c o n c e n t r a t i o n s  d e c r e a s e d  
r ap id ly  f rom 1.0 a/o in  f i lms w i th  O/(O + N)) = 0.61, to 
v a l u e s  be low de tec t ib i l i ty  (<0.2 a/o) for o x y g e n  c o n t e n t s  

b e l o w  0.42. A s imi la r  t r e n d  was  r e p o r t e d  for  SiH2C12 g r o w n  
fi lms (18). 

T h e  effects  of  o x y g e n  c o n t e n t  (O/(O + N)) a n d  R" on  film 
re f rac t ive  i n d e x e s  are  dep i c t ed  in Fig. 5 a n d  6, a long  w i th  
da ta  for severa l  o t h e r  CVD s y s t e m s  (16, 19, 23, 24). F i lm  in- 
d e x e s  va ry  s m o o t h l y  w i t h  c o m p o s i t i o n  r ega rd le s s  of  t he  
CVD sys tem,  as expec ted ,  b u t  no t  w i t h  R", w h e r e  R" m a y  
be  c o n s i d e r e d  he re  to b e  t he  o x i d a n t / ( o x i d a n t  + NI-I3) ratio. 
T h e  la t t e r  r e su l t  s i m p l y  reflects  t he  effect  of  t h e  re la t ive  re- 
ac t iv i t i es  of t h e  p r e c u r s o r s  on  f i lm compos i t i on .  T h e  u se  of  
SiH2C12 r e su l t s  in  a ve ry  low N~O react iv i ty ,  r e q u i r i n g  
R " =  0.95 to g row a fi lm w i t h  n = 1.67, a n  i n d e x  corres-  
p o n d i n g  to O/(O + N) = 0.5. Very  low NH3 reac t iv i t ies  are  
o b s e r v e d  in the  SiH4-based m e t h o d s .  The  use  of  CO2 re- 
su l t s  in  a fi lm w i t h  n = 1.67 w h e n  R" = 0.23, w h e r e a s  R" = 
0.05 is r e q u i r e d  to a ch i eve  th i s  i n d e x  w h e n  NO is t h e  oxi- 
dant .  On  t h e  o the r  h a n d  a s m o o t h  va r i a t i on  of  i n d e x  w i t h  
R" over  m u c h  of  i ts r a n g e  is o b s e r v e d  u s i n g  Si2C16, resul t -  
ing  i n  a m i n i m u m  v a r i a t i o n  of  c o m p o s i t i o n  w i t h  r e a c t a n t  
f low f luc tua t ion .  

T h e  F T I R  spec t r a  b e t w e e n  2000 a n d  3500 c m  -z are 
s h o w n  in  Fig. 7 for f i lms of  s i l icon n i t r i de  a n d  S iON 
(O/(O + N ) ~  0.5) g r o w n  at  750~ U s i n g  L a n f o r d  a n d  
R a n d ' s  m e t h o d  (27), t he  h y d r o g e n  c o n c e n t r a t i o n  of  b o t h  
f i lms was  d e t e r m i n e d  to be  =3.5 • 102~ a t o m s / c m  3 (3.5-4 
a/o), w h i c h  is c lose to t h a t  f o u n d  in f i lms g r o w n  f rom 
SiH2C12(18). D i f fe rences  in  t he  h y d r o g e n  d i s t r i b u t i o n s  are 
c lear ly  o b s e r v e d  for t h e  two films. P rev ious ly ,  we  f o u n d  (2) 
t h a t  Si3N~ fi lms g r o w n  at  750~ c o n t a i n e d  h y d r o g e n  in pre-  
d o m i n a n t l y  Si-H form;  t he  d i s t r i b u t i o n  is 60% S i l l  a n d  40% 
N-H for  t he  f i lm s h o w n  in Fig. 7. The  a d d i t i o n  of  o x y g e n  to 
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Fig. 10. Auger depth profile of top 300A of SiON film grown at 750~ 

produce SiON yields 90% N-H/10% St-H, a distribution 
commonly observed in Si3N4 films grown from SiH2C12- 
NH3 (28, 29). Figure 8 shows IR spectra between 700 and 
1400 cm -1 for 2000/~ films of SIO2, Si3N4, and SiON 
(O/(O + N) = 0.5). All were grown at 750~ The Si-O and 
Si-N stretching modes of the SiO2 and SisN4 films are at 
1080 and 840 cm -1, respectively. The broad peak from the 
SiON film is at 950 cm- ' ,  indicating a different bonding 
matrix, not a mixture of SiO2 and Si3N4 clusters. Similar 
observations were made for films grown from SiH2C12 (16). 

Film stress and etch rate for SiON as a function of film 
composition are shown in Fig. 9. All films were grown at 
750~ with R' = 75. Stress displays a linear decrease with 
increasing oxygen concentration from 8.2 • 10 ~ dynes/em 2 
(SigN4) to -2.3 • 10 ~ dynes/cm 2 (SiOD. Zero  stress occurs 
for O/(O + N) = 0.77 at R" = 0.98. In  general, film stress de- 
creased slightly with decreasing growth temperature. Film 
etch rates in 100:1 H20:HF increase linearly with increas- 
ing oxygen content from 5 to 150 A/rain as the composition 
changes from pure Si3N4 to SiO2. The stress and etch rate 
data are very typical of films grown under  comparable con- 
ditions by other methods (26). 

Auger measurements indicate excellent compositional 
uniformity. The profile of the top 300~, layer of a 1000A 
film grown at 750~ (R" = 0.5) is shown in Fig. 10. The film 
composition is 34.5 a/o St, 50.3 a/o N, 15.2 a/o O, and no de- 
tectable C1. However, the wafer-to-wafer thickness unifor- 
mity varied considerably with the N20/NH3 ratio. At 750~ 
and R' = 75, depletion effects were very strong at high NHs 
partial pressures. Increasing N20 partial pressure caused 
the thickness gradients to decrease. Thickness uniformity 

over the central 30 cm segment of the reactor was +- 30% for 
Si3N4(2), whereas it is +3,5% for SiO2 under similar condi- 
tions, and lies intermediate for the oxynitride films. De- 
pletion effects can be minimized or eliminated and thick- 
ness profiles improved by either increasing Si2C16 flow 
(decreasing R') or lowering the deposition temperature. 

Conclus ions  
We have shown that high quality films of silicon dioxide 

and silicon oxynitride can be deposited by LPCVD using 
hexachlorodisilane as a precursor. Growth takes place at 
temperatures above 550~ For T > 750~ growth rates are 
greatly enhanced compared to monosilane and dichlorosi- 
lane, the precursors most commonly in use. The higher 
growth rate from Si2C16 is attributed to its lower kinetic 
stability and greater reactivity. Physical and chemical 
properties of the films are comparable to those obtained 
from other precursors at these temperatures. The higher 
growth rates and possibly greater safety margins  associ- 
ated with the use of Si2C16 make it an attractive alternative 
to silane and dichlorosilane in CVD processes for silicon 
and its insulators. 
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Chemical Vapor Deposition of Epitaxial Silicon from Silane 
at Low Temperatures 
I. Very Low Pressure Deposition 

James H. Comfort *'1 and Rafael Reif* 

Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge, 
Massachusetts 02139 

ABSTRACT 

The deposition of epitaxial silicon films at temperatures from 600~176 by both very low-pressure chemical vapor 
deposition (VLPCVD) and plasma-enhanced chemical vapor deposition (PECVD) has been examined. The VLPCVD dep- 
osition process is first order in silane partial pressure, zero order in hydrogen partial pressure, and exhibits a low, 8-12 kcal/ 
mole, activation energy for temperatures from 700~176 with 1-15 mtorr silane and hydrogen. For temperatures below 
700~ an activation energy of 40 kcal/mole is observed. The growth rate depends upon surface orientation, decreasing in 
the order (100), (111), polycrystalline, indicating surface processes are rate controlling. The low activation energy regime is 
associated with a process controlled by silane adsorption and decomposition on a sparsely covered silicon surface. The 
higher activation energy regime is thought to reflect growth under conditions of high surface coverage with silane frag- 
ments and the transition temperature is thought to be pressure dependent. Conditions for the deposition of device quality 
epitaxial silicon at low temperatures are defined and discussed. Plasma enhancement  of the VLPCVD process is dis- 
cussed in a companion paper. 

This paper and a companion paper examine the epitaxial 
deposition process under very low-pressure chemical 
vapor deposition (VLPCVD) and plasma-enhanced chemi- 
cal vapor deposition (PECVD) conditions, respectively. 
Previous PECVD epitaxy research has focused on the role 
of a plasma in enhancing the removal of native oxide and 
made independent  analysis of deposition enhancement  
difficult. In this work we examine VLPCVD and PECVD 
growth processes subsequent to an optimized argon 
plasma sputter cleaning procedure (1, 2). Plasma enhance- 
ment  for crystalline deposition operates as a parallel addi- 
tion to an existing heterogeneous thermal deposition pro- 
cess. Thus it was necessary to first isolate the nature of the 
VLPCVD process in order to interpret or assess any en- 
hancement  processes. The ultimate goal of this research, 
however, was the development and implementation of a 
technologically useful process for the deposition of epitax- 
ial silicon at low temperatures. 

This paper (Part I) will discuss the experimental  deter- 
mination of reaction orders and apparent activation ener- 
gies for the VLPCVD deposition process. These results are 
then compared with the literature to provide a consistent 
picture of the interaction o f  silane with silicon surfaces at 
low temperatures. Existing deposition models will be as- 
sessed to determine their validity and to propose direc- 
tions for more comprehensive modeling of silicon deposi- 
tion from silane. Conditions which lead to the deposition 
of device quality epitaxial silicon films suitable for bipolar 
device fabrication will also be presented. The second 
paper (Part II) will discuss plasma enhancement  of the 
deposition process within the context of the thermal depo- 
sition model. It will be shown that, as implemented here, 
plasma enhancement  of intrinsic deposition is relatively 
inefficient but does not introduce any observable degrada- 
tion in film quality. This will set the stage for the more cru- 
cial application of plasma enhancement  to the deposition 
of doped epitaxial films at low temperatures which will be 
discussed elsewhere (3, 4). Methods for increasing the ef- 
ficiency will be discussed and suggestions for future 
PECVD implementations will also be provided .  

*Electrochemical Society Active Member. 
1 Present address: IBM T. J. Watson Research Center, Yorktown 

Heights, New York 10598. 

Intrinsic VLPCVD 
Although silicon deposition from silane has been 

studied for over 20 years there is still a surprising lack of 
understanding of mechanistic details, particularly con- 
cerning surface-controlled deposition processes. Early re- 
search, carried out in atmospheric pressure systems em- 
ploying surface temperatures in excess of 1000~ typically 
exhibited significant gas-phase heating and silane decom- 
position. Deposition kinetics were generally-determined 
by mass-transfer limitations and thus strongly coupled to 
the details of the reactor hydrodynamics. Modeling efforts 
focused on solution of  the relevant mass and energy bal- 
ances coupled with simplified treatment of the silane reac- 
tion network. These early models suffered from a lack of 
detail and thus were only able to reproduce or predict iso- 
lated features of the deposition systems and could not 
truly be considered predictive. Recent  advances in the un- 
derstanding of the basic gas-phase reaction network for 
homogeneous silane pyrolysis (5) and application of so- 
phisticated hydrodynamic modeling have led to the devel- 
opment  of detailed models for silicon deposition under 
conditions Where gas-phase reaction and mass transport 
dominate the deposition kinetics (6-8). These models are 
quite general and are capable of predicting reactor behav- 
ior under a variety of experimental  conditions provided a 
defined geometry is employed. A common feature of  these 
models, however, is the lack of detail concerning the di- 
rect, heterogeneous decomposition of silane at silicon sur- 
faces which must appear as a boundary condition in the 
numerical  simulations. 

As deposition pressures and temperatures are reduced 
to suppress homogeneous decomposition and improve 
deposition uniformity, the importance of these surface in- 
teractions increases relative to the homogeneous pyrolysis 
deposition pathway. Recently it was pointed out that over- 
estimation of the rate of  homogeneous silane pyrolysis 
under low pressure conditions has led to incorrect and 
misleading conclusions regarding the extent of gas-phase 
decomposition under low temperature, LPCVD condi- 
tions (9). As a result most silane deposition processes are 
completely controlled by surface chemistry which is, as 
yet, poorly understood and subject to considerable con- 
troversy. For the very low pressure conditions employed 
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