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A CVD process with a two-component  gas mixture A-B  where only the 
component  B is deposited is solved numerically for an axisymmetric stagnation flow 
geometry assuming the mass fraction of B on the deposition surface to have a fixed 
value YBd. A comparison of the calculated flow lines with visualization experiments 
shows satisfactory agreement. The agreement between calculations and SiO: and 
Si3N 4 deposition experiments (Sill 4 + O 2 ~ SiOz, Sill 4 + N H  3 ~ SiaN4) was good 
for some deposition ranges. In these ranges the deposition profiles could be 
calculated with only one fitting parameter  (YBd). 

1. INTRODUCTION 

The complexity of chemical vapor  deposition (CVD) processes is caused by the 
interdependence of the three main stages which determine the deposition: transport  
of  the reactive species to the surface, chemical reaction on or near the surface and 
transport  of the reaction products from the surface. 

The theoretical part  of  this paper describes a simple CVD process in an 
axisymmetric stagnation flow geometry with the following properties. The gas 
consists of  only two components A and B with mass fractions YB and YA, where 
YB ~ YA ; B is deposited on the sample, which is heated to the deposition temperature 
T a. The thermodynamics and the kinetics of  the process may be described by the 
constant mass fraction YBa as a boundary condition at the deposition surface. This 
boundary condition can be derived exactly if, for example, the gas phase near the 
surface is in thermodynamic equilibrium with the deposited material, which has the 
vapor  pressure PB of the component  B. 

The calculations are restricted to laminar and incompressible (Mach number 
M a ~  1) flow in the steady state, with the temperature dependence of the gas 
properties and gravity effects taken into account. Thermodiffusion effects are 
neglected; this is justified only if A and B have similar molecular weights. Similar 
calculations have been made L z for other geometries, but gravity effects and the 
temperature dependence of the gas properties were not considered in detail. 

The results of  the theoretical discussion will be compared with the deposition of 
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SiO 2 and Si3N 4 on silicon wafers according to the reactions 

Sill4 + 0 2 ~ SiO2 + ... 

3Sill4 + 4 N H  3 ~ Si3N4 + ... 

with nitrogen as the carrier gas. The last part of the paper discusses CVD processes 
in which an N-component diffusion (N>  2) determines the deposition. 

2. DEPOSITION GEOMETRY 

The deposition calculations and the experiments were performed with the 
deposition geometry shown in Fig. 1. The reaction gas was led vertically through a 
nozzle onto a silicon wafer of  2.8 cm diameter. The wafer was attached to a 
hotplate which was resistance heated at low temperatures and heated by electron 
bombardment at high temperatures (Ta > 700 K). The deposition temperature T~ of 
the silicon plate was variable over the range 300-1300 K and the pressure p in the 
reaction chamber could be adjusted over the range 10-760 Torr by a valve in the gas 
outlet. The total gas flow/tot w a s  varied between 1 and 6 I(STP) min-1. The mean 
gas velocity v o in the nozzle can be derived from /tot: V0 = itotPstd/pA, where the 
standard pressure Pstd is 760 Torr and A is the cross section of the nozzle. In our 
experiments v o was in the range 0.1-15 m s-1. A more detailed description of the 
apparatus is given elsewhere 3. 
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The calculations were carried out for the region ABCDEFGH.  The geometri- 
cal parameters of interest for these calculations are the inner radius Ro of  the nozzle 



HYDRODYNAMIC DESCRIPTION OF CVD PROCESSES 15 

(0.8 cm), the inner radius R 0 of the deposition chamber (2.8 cm), the radius Rhp of the 
hotplate (1.6 cm), the distance d between nozzle and hotplate (3.0 cm) and the 
distances AB and FG (Fig. 1) (both 0.4 cm). The thicknesses of the silicon plate 
(0.035 cm) and of the nozzle wall (0.1 cm) are neglected in the calculations. 

3. CALCULATIONS FOR A TWO-COMPONENT GAS (YB ~ YA) 

The CVD process can be calculated by boundary layer theory < s as well as by a 
complete solution of the gas flow problem. The complete solution is no more 
complicated than the boundary layer problem as the differential equations of both 
methods are two-dimensional. The second method, however, gives more infor- 
mation 6 than the first and has therefore been chosen to solve our flow problem. 

It is thus necessary to solve the following equations 5' v : the continuity equation 
for the mass, 

div pv = 0 (1) 

the continuity equations for the momentum (only the equation for the x direction is 
given here), 

&x ~vx ~vx Op ~ f I Ovx 2 I t  
PVx~x+PVyTfy+pVz & - 3x ~ -pgn+~x~l l2~x-3d ivv , j  + 

¢ I&= Ovy~) ~ f  I&z &,\) 

the continuity equation for the energy, 

pCpv grad T = div 2 grad T (3) 

and the continuity equation for component B, 

pv grad YB -- div pD grad YB (4) 

where x, y, z are cartesian coordinates, v is the barycentric gas velocity with 
components vx, vy, v~, p is the density, p the pressure, T the temperature, q the 
viscosity, Cp the specific heat at constant pressure, 2 the heat conductivity, D the 
binary diffusion coefficient of component B in A, g the acceleration due to gravity 
and n the unit vector in the direction ofg.  In addition the perfect gas law 

p RT 
p M 

(5) 

must be fulfilled (R is the gas constant and M the molar mass of the gas). 
As the calculations are restricted to incompressible flow (Ma ~ 1), the change of 

the total density due to pressure variations can be neglected, i.e. the pressure is 
assumed to be constant in eqn. (5) so that 

p T' 
p ' -  T (6) 
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where p and p '  are the densities at temperatures T and T'. The temperature 
dependences o f  t/, 2, Cp and D must  be considered because o f  the large temperature 
differences in CVD processes. 

The boundary  condit ions at the boundaries  o f  the region A B C D E F G H  are 
shown in Fig, 2 (left-hand side). For  all the calculations the deposit ion chamber  was 
assumed to be closed along AB in order to save computa t ion  time. The influence o f  
this simplification on the flow and the deposit ion is negligible. It was assumed that 
there was no deposit ion on the cold walls (AB, AH,  BC, temperature T o = 300 K) 
and no slip ( v = 0) on any wall. In the gas inlet (CD) a Hagen-Poiseui l le  profile 
(v: = 2Vo{ 1 - ( r /Ro)2})  was adopted  and in the gas outlet (GH)  it was assumed that 
no axial change of  any gas proper ty  occurred. 

H G G H 
. . . .  ! . . . . .  T - " . . . . . . . .  i~- - . . . . . .  T---7(£ . . . . .  

87- -0  F ~ : 0  ' w*~eq,{16] F ~ ' - 0  
6z - T :  L £b*=O bz *- 

®% 1 ~ = O  ~ =o YB= YB~ Ys"=o 
~"~o ~ -o  
~ q ~ O  

= 0 Vz = 2vo[1-(7~ w*= 4 r "  w'=eq(152 
T=To vr=O ~ q j * : r ~ 2 5 r  "~ q j*=.5 
m = 0 T = T o 0"=0 G*: 0 

n~ 1 
A B 

Fig. 2. Boundary conditions in the region ABCDEFGH of  Fig. 1. Left, boundary conditions for v, T} 
YB ; right, boundary conditions for ~}*, ~*, 0", YB* ; n is the normal to the surface. 

It  is useful to describe the flow problem by introducing the dimensionless 
parameters  x* = x / R  o, y* = y / R  o, z* = z /Ro,  v* = V/Vo, O* = ( T -  To)/(Td - To), 
P* = P/Po, YB* = (YB -- Yad)/(YBo - YBa), P*=P/PoVo 2, 2" o 2/20, tl* o rl/qo, 
C p * =  Cp/Cpo, D * =  D/Do,  where T o , Cpo, Po, Y,0, 2o, t/o and D o are the gas 
properties in the plane CD (Fig. 1). In accordance with studies on heat transfer in 
s tagnation flow geometries 5,s, the nozzle radius Ro was taken as the reference 
length. The gas flow is characterized by the Reynolds number  Re ( = PoVoRo/tlo), the 
Prandtl  number  Pr ( =  qoCpo/2O), the Schmidt number  Sc ( =  qo/poDo), the Froude  
number  Fr  ( = voZ/gRo), the temperature quotient  Q ( = Td/To) and the temperature-  
dependent  parameters  r/*, 2", Cp* and D*. 

The local mass deposit ion rate rh B ( =  pD~? Y,/~?n where n is the normal  to the 
deposit ion surface) is described by the Sherwood number  Sh 

(--  rhBRo/DoPo(YBo- YBd))and 

Sh -- f(r~*, Re, Sc, Pr, Fr, Q, t/*, 2", D*, Cp*) (7) 

where q* = &/R o (r~ is the distance f rom the stagnation point  on the deposit ion 
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surface). The influence of Pr, Fr, t/*, 2*, D* and Cp* can be neglected in the 
isothermal case (Td = To): 

Sh = f(r~*, Re, Sc) (8) 

The influence of the acceleration g due to gravity on the gas flow, i.e. the 
influence of the Froude number Fr, is only important if there are density variations 
in the gas. The number which characterizes the competition between forced and free 
convection is 

Gr 1 Apo 
C - R e  z = F r  Po (9) 

where Gr is the Grashof number ( =  gpoApoRo3/rlo 2) and Apo is a typical density 
variation in the gas 4' 5. In order to keep the same reference system the radius R 0 was 
chosen as the geometric parameter for the definition of the Grashof  number. 
Provided that the density variations are caused by thermal expansion, Apo/Po can be 
expressed by Apo/p o = flAT o (/~ is the expansion coefficient) and for an ideal gas by 
Apo/Po = ATo/To,  where in our case AT o = Td -- To. 

Theinfluence of gravity on the gas flow can be neglected if Gr/Re 2 < C o, where 
C o is dependent on the geometry and the choice of the geometric parameter. In this 
paper we have studied the gas flow in the C range 0-22 and our calculations enable 
us to estimate the value of Co. If Gr/Re z < Co then the deposition is not dependent 
on Fr, and Sh is given by 

Sh = f(G*, Re, Sc, Pr, Q, q*, 2*, D*, Cp*) (10) 

This equation has the interesting feature that all values except Re are pressure 
independent. Therefore at constant Re the Sherwood number Sh does not depend 
on pressure and the mass deposition rate 

rh~ = ~ P ~  (YBo - YBd) f(rs*, Re, Sc, Pr, Q, r/*, 2", D*, Cv* ) (11) 
0 

is also pressure independent (Do oc 1/po). The values of C 0, 2 and t/are determined 
by the gas component A only. As A is usually a common gas like N2, Ar or H2, these 
values are known from the literature. The binary diffusion coefficient D, however, 
must be estimated empirically 9. 

For  the numerical solution of the gas flow the problem was transformed into 
cylindrical coordinates. It then depends only on the coordinate z in the direction of 
the axis and on the radius r. Instead of the velocity components Vr and Vz, the stream 
function ~k* defined by 

1 31p* 1 t ~ *  
p*vz* = r* Or* P*Vr* -- r* •z* 

and the vorticity o9" 

~o* - ~v,* ~Vz* 
0z* t3r* 
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were introduced. The resulting equations that have to be solved instead of eqns. (1)- 
(4) are 6' lo 

r,2 c co* c~'* (3 co* ~3~'* 

1 0 ( ~ / ~o*]] 1 ~? [ ,3 e /t/*co*l] 
Rec~z*~r*3~z*[rl*~-J~+Re~r* ~ r ~ r * ~ * - ] ;  + 

. 

+ lo, <l_c, lo, OO*l= l O1..oo*  1 o l**oo*  
CP*0z*I 0r*] =P 0r* I 8z*] R e P F ~ * [  2 r c ~ - J - tRe Pr~ r*D ' r 0~-J 

?, [y ,~ .O , l_~[y~  * ~O, I (14) 

0z*/" 0r*/ 0r*l" 
S (  p S - )  1 c~( ~ ) 1 *D'r* Y* -)ReSc ~r* p*D*r* Ya* (15) ReSc 

The term S in eqn. (12) is a rather cumbersome term (given in ref. 6 (eqn. 2.22-47)) 
and it disappears ifq is temperature independent. Following ref. 6 we have neglected 
S 

The equations were solved with the boundary conditions given on the right- 
hand side of Fig. 2, which follow directly from the conditions on the left-hand side 
and from the given differential equations. For co* the formula 

r* co* \ 
] 6 an*~ 

was used as the boundary condition at the walls (n* is the normal to the surface and 
the index w denotes the value at the wall). Equation (16) was derived from eqns. (12) 
and (13) as described in ref. 6. The total boundary value problem was solved 
numerically by the method of finite differences 6' xo. 

The values ~k*, co*, Ys* and 0* were calculated for the nodes of  a grid which was 
formed by 20 equidistant radial lines, including the lines HG, FE, CD and AB in 
Fig. 1, and by 15 equidistant axial lines, including the lines AH, BC, FG and DE. In 
addition five more equidistant radial grid lines were outlined between the deposition 
surface and the first parallel grid line in order to calculate the boundary layer near 
the deposition surface FE. The iteration procedure was terminated when the 
condition 

<5  × 10 -~ (17) 
~bN - l,max 

was fulfilled at any node. The abbreviations q5 u and Cu-J stand for ~,*, co*, YB* and 
0* at the Nth and ( N -  1)th iterations. ~ U  1 . . . .  is the maximum value of ¢ (i.e. of ~*, 
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co*, YB*, 0") in the field calculated at t h e . ( N -  1)th iteration. The computer program 
was written in F O R T R A N  IV and normally 100-200 iterations were necessary to 
reach convergence according to eqn. (17). A typical running time was 100 s on a 
time-sharing Honeywell Bull Computer  Series 60. 

4. THEORETICAL RESULTS AND VISUALIZATION EXPERIMENTS 

The calculations were carried out mostly for an N2-SiH 4 mixture (YsiH, ~ YN2)' 
The heat conductivity and the viscosity of  N 2 were taken from ref. 11 and the 
temperature dependence of these values was extrapolated by a straight line on a 
log-log plot, resulting in 

2(cal s -  1 c m -  1 K -  l )  = 62 x 10 -6 (T/300 K) °84 

q (P) = 1.8 x 10 -4 (T/300 K) 0'62 

The temperature dependence 12 of the specific heat Cp = 0.25 cal g-1 K -1 was 
neglected. The diffusion coefficient of  Sill  4 in N 2 

D (cm z s -  1) = 0.16 (T/300 K) Lv p -  a (a tm)-  1 

was derived from the critical temperature and volume of N 2 and Sill 4 using eqns. 
11-10 to 11-17 from ref. 9. The resulting Prandtl number Pr and Schmidt number Sc 
were 0.73 and 0.9 respectively. Figures 3 and 4 show two flow patterns computed for 
Re = 50 and for different Gr /Re 2 values (Gr/Re z = 0 in Fig. 3, Gr /Re 2 - 22 in Fig. 
4). The parameters of  the flow lines are the values of  the reduced flow function 
¢ *  = ¢ / v o R o 2 P o  . The different flow patterns in Figs. 3 and 4 are mainly caused by the 
different values of  Gr /Re 2. For increasing values of  Gr /Re 2 the loop beside the 
heated cylinder (i.e. beside F G  in Fig. 1) disappears, whereas the roll under the 
deposition surface degenerates into a loop reaching into the outlet. 

"~.~:~.=:=:--:Z:Z~.\ ~ \  /'/..~-~;_-:-:=: _.:-:~fi 

~t ~ \ l t t  I r l l  i i  :' :)Xt! ! : '  :: 

Fig. 3. Calculated f low lines: R e  = 50, T d = 300 K, G r / R e  2 = 0 (Fr = 0.09).  
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Fig .  5. C a l c u l a t e d  f low l ines  : Re  = 50, T d = 900 K, G r / R e  z = 22 ( F r  = 0.09)• 

Figure 5 shows a flow pattern (Re = 50, Gr/Re z = 22) in the reverse geometry 
with the nozzle above the sample. This flow pattern is more complex than that of 
Fig. 4 because of the influence of gravity. Further flow patterns were calculated for 
different Re (50 < Re < 250) and different Gr/Re 2 (0 < Gr/Re z < 22). The main 
parameter which determined the form of the flow patterns was the parameter 
Gr/Re 2. The flow patterns could be divided into two classes. (1) Flow patterns in the 
form of Fig. 3 were independent of the position of the reactor. In this class gravity 
has a negligible influence on the gas flow. The number Gr/Re 2 was always less than 
of the order of unity. (2) Flow patterns in the form of Figs. 4 or 5 depended on the 
position of the apparatus. The number Gr/Re 2 was always greater than of the order 
of unity. The value of Co -~ 1 follows from these considerations. 
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lO mrn 

Fig. 6. Experimental flow pattern for the flow conditions of  Fig. 3. 

Fig. 7. Experimental flow pattern for the flow conditions of  Fig. 4. 
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Fig. 8. Experimental flow pattern for the flow conditions of Fig. 5. 

The calculated patterns are in good agreement with the experimental flow 
patterns displayed in Figs. 6-8, which were obtained by the TiC14-H20 method t. 

The deposition rates, i.e. the Sherwood numbers Sh on the deposition surface 
(EF in Fig. 1), were calculated for different Reynolds' numbers and deposition 
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temperatures for an N2-SiH 4 gas mixture. The number Gr/Re 2 was always less than 
unity so that we always had a flow pattern like Fig. 3. The Schmidt number was also 
varied under isothermal conditions. 

All calculated Sherwood number profiles on the deposition surface EF had a 
maximum Sherwood number SI~ at the stagnation point. The Sherwood number 
decreased to approximately 0.5S1~ on the boundary of the deposition surface (point 
F in Fig. 1). We found that the profiles could be described approximately by the 
relation 

Sh/SI~ ----- f ( rs )  (18)  

over the investigated ranges : 

(1) 5 0 < R e < 2 5 0 ,  T O = To, 0 . 8 < S c < 8 ,  Gr/Re 2 = 0 

(2) 50 < Re < 250, 300 K < T d < 1300 K, N2-SiH 4 mixture, Gr/Re z < 1 

The function f(rs) is shown in Figs. 9 and 10. 

- -  t h e o r y  (eq. [ 18)) 
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Fig. 9. Theoretical and experimental profiles for the silicon wafers 1-4 (see Fig. 11): s is the local 
thickness, s s the thickness at the stagnation point and r s the distance from the deposition surface to the 
stagnation point. 

Fig. 10. Theoretical and experimental profiles for silicon wafers 1-3 (see Fig. 12). 

In the isothermal case the following relation was found for the Sherwood 
number SI~ at the stagnation point : 

S~ = 0~Sc 1/3 Rem~x 1'2 ~ = 0.65___0.02 (19) 

where the Reynolds number Rema x is calculated for the maximum velocity Vm,x in the 
nozzle. Since in the case of a Hagen-Poiseuille profile the relation v,,~ = 2v0 is 
fulfilled, the Reynolds number Remax is related to Re by R%, x = 2 Re. Equation (19) 
is in good agreement with boundary layer approximations for a gas flowing 
perpendicularly with velocity Vm, , towards an infinite circular plate. For this flow the 
same dependence on Sc and Re was found 4's' 13 with the factor ~ = 0.55. In refs. 4 
and 8 these boundary layer approximations were made for the heat transfer. The 
relations obtained there can be transformed into mass transfer relations by 
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replacing the Nusselt  number  l~;u and the Prandtl  number  Pr by Sh and Sc 
(heat -mass  transfer analogy). 

For  the non-isothermal  case the temperature dependence o f  the Sherwood 
number  Sh~ can be described 1" y 

Sh~ = 14.0 (T~/300 K) °4 (20) 

for an N z - S i H  4 gas mixtvre (Sc = 0.9, Pr = 0.73, 5 0 < R e < 2 5 0  with Gr /Re  2 < 1). 
For  these Gr /Re  2 values Sh does not  depend on gravity (deviation < 5 ~ ) ,  as was 
confirmed by calculatio'~l. 

5. CVD EXPERIMENTS 

For  the theoretical calculation o f  the C V D  reactions 

3Sill4 + 4 N H  3 --, Si3N 4 + . . .  

Sill4 + Oz ~ SiO z + . . .  

it is assumed that  during deposit ion a constant  Sill  4 mass fraction Yd(SiH4) is 
maintained on the deposit ion surface. Since N H  3 (02) is in excess in the reactive gas 
mixture, the deposit ion is determined by the Sil l  4 diffusion to the surface. In 
the rmodynamic  equilibrium the Sil l  4 partial pressure on SiO 2 (Si3N4) is small 
(Psin, ~ 10-10 Torr)12 so that  Yd(SiH4) = 0 would be justified, but  because we are 
not  sure that  this equilibrium is reached we use the above boundary  condit ion that  
YO is a constant  greater than or equal to zero. An  estimate according to the Wilke 
method  9,14 shows that  Sill4 diffusion can be described by the binary diffusion 
coefficient D of  Sill  4 in N 2. In  our  case the N 2 data  11,12 for 2, r /and Cp can be used. 
Therefore the considerations o f  Section 4 can be applied, leading to the Sherwood 
numbers  Sh for the mass t ranspor t  o f  Sil l  4 to the surface. All Sill  4 transferred to the 
surface is assumed to react to Si3N 4 (SiO2). Thus it is possible to calculate the 
deposit ion rate o f  Si3N 4 (SiO2) f rom the transfer o f  Sil l  4 to the surface. 

The CVD experiments were carried out  with the geometry shown in Fig. 1, the 
deposit ion surface being above the nozzle. Dur ing  the deposit ion of  SiO z or  Si3N 4 
onto  the silicon wafers the thickness growth rates ~s at the stagnation point  were 
measured automatical ly by moni tor ing  the interference maxima of  a monochro -  
matic light source ()~ = 4050 /~) with a photocell.  All measurements  showed the 
thickness to be propor t ional  to the deposit ion time. After deposit ion the profiles 
were measured by observat ion o f  the interference colors. 

The Si3N 4 deposit ion was made under  the following condit ions : 

Yo(SiH4) = 0.0021 Yo(NH3) -- 0.02 Yo(Ar) = 0.026 

total gas flow/tot = 5.12 I(STP) m i n -  1 (Re = 250) 

950 K < T d < 1100 K (Gr /Re  2 < 1) 

100 Torr  < p  < 760 Torr  

Ar is the dilution gas o f  commercial  Sill  4. Figure 11 shows the measured deposit ion 
rates ~s at the stagnation point  for different pressures and temperatures.  In addit ion 
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the theoret ical  lines (calculated with the help o f  eqn. (20)) are  d i sp layed  in Fig. 11 
with the depos i t ion  t empera tu re  and  the quot ient  

Yo(SiH4)-  Yd(SiH.,) 
~, : (21) 

Yo(SiH4) 

as parameters ,  where 7 has the m a x i m u m  value 7 = 1, when Yd(SiH,) = 0. These 
lines are  pressure independen t  because  gravi ty  can be neglected (see eqn. (11)). The 
7 values which fit the measured  depos i t ion  rates are  given at  each measur ing  point .  
These  7 are pressure and  t empera tu re  dependent .  The m a x i m u m  value reached is 

7 = 0 . 5 .  
The  depos i t ion  profiles o f  the wafers 1 4 are shown in Fig. 9. Similar  good  

agreement  was found  for  the wafers whose measur ing  poin ts  are m a r k e d  by squares 
in Fig. 11. Fu r the r  profiles p roduced  under  the depos i t ion  condi t ions  p = 1 atm, 
ito ~ = 5.12 I (STP)  rain -1,  Td = 1100 K or  1050 K with var ious  Y0(NH3) 
(0.01 < Y o ( N H J  < 0.078) were measured  and  they again  agreed with the pred ic ted  
curve. A t  low tempera tu res  the profiles became i r regular  but  they always showed a 
m a x i m u m  at the s t agna t ion  point .  These i r regular i t ies  are  p r o b a b l y  caused by  the 
very s t rong t empera tu re  dependence  o f  the depos i t ion  ra te  in this depos i t ion  range. 
Small  changes in surface t empera tu re  can p roduce  a change  in depos i t ion  rate.  The 
measur ing  points  o f  the wafers with these i r regular  profiles are  m a r k e d  by circles 
in Fig. 11. 
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Fig. 11. Theoretical and experimental thickness growth rates ~s of Si3N 4 at the stagnation point vs. the 
pressurep : theoretical growth rate (parameters 7 and Td) ; • the measured profile is in accordance 
with the calculated profile; • the measured profile disagrees with the calculated profile. Parameters at 
the measuring points: (1) the number of the wafer (only given at some points); (2) the ? value that is used 
to fit the experimental value to the theory. 
Fig. 12. Theoretical and experimental thickness growth rates ~s of SiO 2 at the stagnation point vs. the 
pressure p: theoretical growth rate (parameters 7 and Td) ; • the measured profile agrees with the 
calculated profile; x the profile is flatter than the theoretical profile; • crater profile; $ no deposition 
was measured. 

F igure  12 shows the results o f  the S i O  2 depos i t ion  with the fol lowing 
depos i t ion  cond i t ions :  
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Y0(SiH4) = 0.0021 Y0(O2) = 0.074 Yo(Ar) = 0.051 

total gas flow/tot = 5.12 I(STP) min -  ~ (Re = 250) 

750 K < T d <  1000 K (Gr/Re2 < 1) 

20 Torr  < p  < 760 Torr  

The theoretical lines for different T a and 7 are also shown and some 7 values found 
by fits of the experimental data to the theory are given. All these 7' values lie below 
0.25. 

For  wafers 1-3 (Fig. 12) the deposition profiles were measured and compared 
with the theoretical curve as shown in Fig. 10. Again good agreement with the 
theory was found for all layers produced with the deposition conditions 100 
Torr  < p  < 760 Torr,  900 K < T d < 1000 K. The measuring points of  these wafers are 
marked by squares in Fig. 12. With decreasing temperature or decreasing pressure 
the profiles become flatter and finally degenerate to a crater profile with a minimum 
deposition rate at the stagnation point. The measuring points on the wafers with 
minimum profiles are marked by circles in Fig. 12. 

All these measurements show that the CVD processes studied have deposition 
ranges over which the deposition profiles agree with the calculations. For  absolute 
values of  the deposition rates only one fitting parameter  (7) is necessary for each 
profile. This parameter  must be deduced from Figs. 11 and 12. There are ranges, 
however, where our model is not applicable (e.g. in the case of  S i O  2 fo rp  < 100 Torr  
or T a <900 K). In these ranges more complicated boundary conditions may be 
necessary for calculating the deposition profiles. 

6. CVD PROCESSES IN N-COMPONENT GASES ( N >  2) 

A difficulty in simulating CVD processes in real mult icomponent  gases is that 
instead of the Fick law (diffusion proportional  to the concentration gradient) the 
Stefan-Maxwell equations is must be used to describe the relation between the 
diffusion gas flows and the concentration gradients. 

There are three ways of solving this problem: 
(1) by an exact numerical computat ion;  
(2) by an approximate calculation using the Wilke method 14 which enables us 

to describe the diffusion by a Fick law with concentration-dependent diffusion 
coefficients; and 

(3) by an empirical estimation as in the Carl ton-Oxley model ~6. In this model 
the boundary layer thickness is calculated from CVD processes in two-component  
gases where only one component  is deposited. The Stefan-Maxwell equations must 
be solved in this boundary layer in order to obtain the deposition rate. 

The first method of solving this problem is described in ref. 17 but it was not 
applied to CVD processes. The second method has been applied 1° to the deposition 
of metals from halogenides. The third method has been used ~ 3 for calculating the 
deposition o f W  (WF 6 + 3H 2 ~ W + 6HF) at the stagnation point. This method has 
the advantage that the theoretical results of  two-component  CVD processes (as 
described in this paper) are applicable. 
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7. CONCLUSIONS 

CVD processes can be calculated by hydrodynamic methods as described in 
this paper. These methods can also be employed for the calculation of deposition on 
samples of a complicated shape. The advantage of this method is that deposition 
rates can be predicted and optimal deposition parameters can be chosen. Computer 
simulation is useful for the application of CVD. A comparison of computations and 
experimental data should allow the selection of those processes which result in 
deposition. 
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