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Morphological aspects of the evolution of a gas - solid interface during typical CVD 
processes are presented, as well as a continuum model of CVD growth. A linear stability 
analysis used determines the effect of reactor conditions on the stability ofplanar growth. 
The main focus, however, is numerical solution of governing equations under a wide 
variety of conditions and with different initial interface shapes as starting point. Simpli- 
fied solutions under specific deposition conditions and the numerical procedure for solv- 
ing the complete system of equations are presented. The focuses are on the use of a 
parametrization that eliminates numerical problems encountered with steep interface 
gradients and the automatic generation of an adaptive mesh for the domain above the 
interface. Seueral examples illustrate the numerical solution procedure. To our knowl- 
edge, this is the first attempt to simulate interface evolution during CVD for long deposi- 
tion times from various initial interface shapes. The simulation revealed several mor- 
phological phenomena observed experimentally in previous studies, including the forma- 
tion of occlusions that contributes to film porosity and was clearly shown by the numeri- 
cal results. Film uniformity strongly depends on the controlling mechanism of deposi- 
tion. Severe nonuniformities develop under difisional limitations, while deposition is 
very uniform under conditions of kinetics control. Film uniformity could be improved 
by choosing conditions for which a Damkohler number of deposition, Da, would have 
the lowest value. 

Introduction 
Requirements of purity, electrical and mechanical proper- 

ties of films in electronic, structural, engineering and coating 
applications have become increasingly difficult to achieve. 
Film morphology during chemical vapor deposition (CVD) 
plays an important role in determining properties relevant in 
thin film applications. Experimental efforts to characterize 
and control film morphology have led to a classification of 
morphology in terms of zones of specific morphology as a 
function of reactor conditions (Movchan and Demchishin, 
1969; Thornton, 1974). Although useful, this information does 
not identify underlying phenomena or explain their relative 
importance. Some attempts have been made at studying the 
problem of film morphology during vapor deposition more 
fundamentally. Under low-pressure deposition, the mean free 
path (MFP) in the gas is larger than typical substrate sizes, 
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which means transport of reactant to the substrate takes place 
ballistically. Under these conditions, Monte Carlo simula- 
tions of discrete particles have proved very useful in predict- 
ing film morphology, and good agreement between experi- 
mental observations and simulation results were obtained 
(Tait et al., 1990). However, the method is computationally 
very expensive. Singh and Shaqfeh (1993) used a continuum 
approach and showed simulation results of deposition with 
surface reemission under different sticking coefficients (see 
also Cale and Raupp, 1990). 

A continuum approach lends itself better to studying the 
underlying phenomena, and allows the analysis of film stabil- 
ity to arbitrary perturbations (Palmer and Gordon, 1988,1989; 
Van den Brekel and Jansen, 1978a,b). Typically, the height of 
the gas-solid interface (say H )  is expressed as a function of 
the horizontal coordinate (say XI and physical phenomena 
such as surface diffusion, which depend on interface shape, 
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are accounted for by terms containing the appropriate spatial 
derivatives. The resulting problem belongs to the class of 
free-boundary problems, which occur in many important sci- 
entific and technological processes. These include among 
others, two-phase flow through porous media, flow in a 
Hele-Shaw cell, flame propagation in combustion theory, 
catalyst deactivation by plugging, solidification processes, 
etching processes, and growth of bacteria (Pelce, 1988; Hoff- 
mann and Sprekels, 1990). 

In a previous study (Viljoen et al., 1994; Thiart et al., 1994) 
we presented a continuum model for evolution of the 
gas-solid interface during typical atmospheric pressure CVD 
processes. Concentration of reactant in the gas phase and the 
interface shape were solved in Cartesian coordinates by suc- 
cessive solution at each instant in time. It was assumed that 
the interface position could be expressed as a single-valued 
function of the horizontal coordinate, which is acceptable for 
deposition under many realistic process conditions. Satisfac- 
tory results were obtained for cases where deposition was not 
severely limited by gas-phase mass transport. However, there 
are real cases where expression of the interface as a single- 
valued function becomes inappropriate. Experimental results 
of Van den Brekel (1977) showed fingerlike growth under 
diffusion-limited growth conditions, which illustrate this 
point. Indeed, under these conditions the simulations could 
be continued only up to a point where interface gradients 
approached infinity, and therefore caused numerical difficul- 
ties. 

This study proposes a solution procedure that can over- 
come the problems encountered with infinite gradients. We 
address the problem of highly irregular interface shapes dur- 
ing typical CVD processes, and present a parametrization that 
eliminates the numerical difficulties encountered before. The 
continuum model of gas-solid interface evolution is pre- 
sented first, after which a linear stability analysis is per- 
formed. The focus then shifts to numerical solution of the 
governing equations. Special cases where the system of cou- 
pled equations can be simplified and solved more easily are 
highlighted. The numerical procedure for solution of typical 
CVD cases with highly irregular interface shapes is pre- 
sented, with emphasis on an appropriate parametrization, as 
well as automatic adaptive mesh generation. Numerical ex- 
amples are then used to illustrate application of the solution 
method and to identify parameters that have the most signifi- 
cant effect on film morphology during CVD. 

Model of CVD Growth 
Under low-pressure operation, with a ballistic transport and 

deposition mode, the flux of reactants to the interface can to 
a good approximation be represented as a known constant or 
as a function of the incident angle or local interface curva- 
ture (Bales and Zangwill, 1991; Mazor et al., 1988). The 
problem then simplifies to solving for the position of the in- 
terface only, for which appropriate numerical techniques are 
well known. However, under atmospheric pressure condi- 
tions, transport to the interface is diffusive, rather than bal- 
listic. The MFP of the gas is very short compared to the typi- 
cal length of surface features. Interface growth depends on 
the concentration field in the gas phase above it, which in 

Figure 1. Modeling setup of growing film during CVD. 

turn depends on the shape of the interface. The resulting 
coupled nonlinear initial-boundary-value problem is similar 
to solidification problems, where the shape of the liquid-solid 
interface is unknown and depends on the temperature field 
in the surrounding liquid and solid. 

Consider the growth of an amorphous solid film during a 
typical high-pressure (0.1 to 1 atm) CVD process (Figure 1). 
The growth process consists of different subprocesses, includ- 
ing the following: (1) transport of reactants to the interface, 
(2 )  adsorption and desorption of reactants, (3) transport of 
adsorbed species along the interface, (4) surface reaction of 
adsorbed reactants to form solid product, ( 5 )  transport of solid 
material along the interface, and (6) transport of gaseous 
products away from the interface. 

Although the physical problem is three-dimensional, we can 
simplify the analysis somewhat by considering changes in only 
one horizontal direction. Thus the gas-phase model will be- 
come 2-D and the gas-solid interface will be described in 
1-D. This simplification is especially helpful when numerical 
simulations of interface evolution are proposed, since 3-D 
simulations can be computationally prohibitive. Let us con- 
sider the different subprocesses in more detail. 

Gas phase 
The mode of reactant transport to the film interface is as- 

sumed to be diffusion through a boundary layer. The thick- 
ness of this layer, 6, is typically much larger than the charac- 
teristic length of surface features, which means we can as- 
sume the top boundary of this layer to be flat (for slab geom- 
etry) and therefore unaffected by surface protrusions. The 
reactant concentration (C,) in the bulk flow is assumed to be 
constant and not dependent on axial position in the reactor. 
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At the interface the adsorption, desorption, and surface 
reaction can be presented as 

k ,  
A* + P ,  

where A is the gaseous reactant, * represents a surface site, 
and P is the solid product. Note that the surface reaction is 
assumed to be irreversible. A conservation balance of the 
surface intermediate A* takes the form: 

( 3 )  

where the second term on the lefthand side represents the 
transport of adsorbed species along the surface and C,  is a 
constant denoting the concentration of all sites, vacant and 
occupied. Typically, under conditions of epitaxial growth the 
temperature is high and film growth very slow, so that the 
surface mobility of adsorbed species is relatively high. How- 
ever, we are interested in growth of amorphous films, where 
surface mobility is relatively low and growth rates fast. This 
means that the surface mobility term in Eq. 3 can be ne- 
glected for cases we consider. This term should not be con- 
fused with the surface diffusion of solid species which is driven 
by interface curvature. The latter effect will be discussed in 
the next section. If we make the steady-state approximation 
for C,, and assume that the rate of surface reaction is much 
slower than that of adsorption/desorption ( k ,  << kad, kdca) ,  
one finds the well-known expression 

where @A = CA,/C, is the fractional coverage. Let us fur- 
thermore assume that KadCA << l, which leads to 

@A = KADCA.  (4) 

At this point we have not included the effect of an irregu- 
lar surface on the adsorbed concentration. Thus, Eq. 4 repre- 
sents the fractional coverage on a flat interface during growth 
of an amorphous film. In the presence of protrusions, the 
effect of capillarity tends to minimize surface energy and the 
result is that less reactant will be adsorbed on protrusions 
than in depressions. This effect is expressed by the Gibbs- 
Thompson relation (Mullins, 1957): 

where K is the local curvature defined as negative for convex 
parts and positive for concave parts (viewed from the gas 
phase) and r is the capillary length defined as 

The surface reaction is assumed to be first order with respect 
to adsorbed reactant, thus the reaction rate is given by 

where k = k,C, .  At the interface the reaction of adsorbed 
species is balanced by the flux of reactant to the surface. The 
length of the substrate is much larger than the typical size of 
surface features, and boundary conditions in the horizontal 
direction are therefore taken as periodic. Now introduce the 
following nondimensional variables: 

where V,, is a reference growth rate and L is a characteristic 
length scale. It seems most convenient to choose this scale as 
the capillary length, thus L = r. The gas phase becomes 
(dropping the subscript for A )  

d C  1 

Pe 
_-  - - ( v 2 e )  
di- 

with boundary conditions 

e=1 
1 v  

at {=-+-T, 

at i = X ,  

77 V" 

( 6 )  

with n = 0 , + 1 ,  + 2  ,..., (7) 

and where X represents the position of the interface and K 

the dimensionless curvature. The dimensionless parameters 
are defined as 

vo L K 6  r 
Df Df 

P e = - ,  D a = - - ,  q = g ,  

where K = kKAD, 

Solid phase 
Growth in the solid phase is equivalent to the interface 

moving at a rate u normal to its previous position. This rate 
is determined by two factors, namely, growth as a result of 
surface reactions and flattening of protrusions by surface dif- 
fusion of solid species. Thus 

1928 August 1995 Vol. 41, No. 8 AIChE Journal 



and a is the number of molecules per unit surface area, and Table 1. Range of Parameters for Typical CVD Process 
D, the surface diffusivity. The last term represents the effect 
of surface diffusion (Mullins, 1957) with s the arc-length along 
the interface. The parameter CLa gives an indication of the 
thickness of solid film that participates in the surface diffu- 
sion phenomenon. If it is very small, only a thin top layer of 
solid has sufficient mobility to be affected by the surface dif- 
fusion process, and the solid beneath it is considered immo- 
bile. For modeling purposes this parameter is grouped with 
D, to form a modified surface diffusivity D: with units mys. 
It is assumed to have an exponential temperature depend- 
ence. The parameter + therefore represents a dimensionless 
form of effective surface diffusivity. 

The deposition rate V represents the vertical component 
of interface growth. If we take the planar growth rate as a 
reference and assume that the vertical component of growth 
during nonplanar conditions is roughly the same as during 
planar growth, the top position of the gas boundary layer is 
given by 5 = 1/17 + r. 

The Peclet number, Pe, gives an indication of the relative 
magnitude of convection and diffusion effects. In this prob- 
lem, convection refers to the effect of interface movement, 
and the value of Pe is extremely small for most cases since 
film growth is so slow relative to gas diffusion. The Damkohler 
number, Da, gives an indication of the relative magnitude of 
gas diffusional and surface kinetic resistance, or alternatively, 
the relative rate of surface kinetics and gas diffusion. Several 
different forms of the Damkohler number have been used 
(Carberry, 1976; Levenspiel, 1972) for identifying whether 
mass-transfer limitations are present, or not. Typically a 
process is kinetically controlled for small values of Da, in 
which case the rate of diffusion is relatively fast (Da << 1). As 
the value of Da increases, surface kinetics become faster and 
thus comparable to the rate of diffusion. This represents a 
transition regime (Da = 1). For large values of Da, surface 
kinetics become extremely fast and the process becomes 
severely mass-transfer limited (Da >> 1). The Damkohler 
number has a strong effect on the morphology of CVD 
growth, as will be illustrated later with numerical examples. 

In general, one also has to formulate energy balance equa- 
tions for both the gas and solid phases, which would enable 
you to determine the temperature along the interface and in 
the gas boundary layer. These equations would be coupled to 
the concentration balance and interface evolution equations, 
which greatly complicates the problem. In addition, physical 
properties such as the gas diffusivity (Of), surface diffusivity 
(D,), and capillary length (r), as well as the rate constant 
( K )  also depend on temperature. The temperature distribu- 
tion will strongly depend on reactor configuration. In a cold- 
wall reactor the substrate is heated directly (resistively) and 
maintained at a higher temperature than the outer walls. In 
this case, severe temperature gradients can be present, and 
Ananth and Gill (1992) showed that a negative gradient 
through the solid film can stabilize planar film growth. In a 
hot-wall reactor external heating of the substrate is achieved 
through radiation, and thermal gradients are typically much 
less severe than in the cold-wall configuration. To make the 
problem more tractable, we will assume the hot-wall configu- 
ration. The temperature of the solid film is assumed constant 
and the gas boundary layer is in thermal equilibrium with the 
solid. Temperature dependence of physical properties and 

Parameter Typical Value Parameter Typical Value 
T (K) 900-2,000 D,* (mys) 10-22-10-17 
P (atm) 0.1-1.0 E,  - (kcal/mol) 20-150 
% dilution 90-99 E, - (kcal/mol) 20-80 
6 (m) W4-10W3 KO (rn/s) 104-108 
D~ (m2/s) 1 0 - ~ - 1 0 - ~  r (m) 10- 12 - 10 - 10 

parameters will be taken into account, but temperature now 
acts as a parameter, which can be chosen arbitrarily. 

For the cases considered in this article, we choose parame- 
ters in the range typical for the CVD growth of, for example, 
S i c  and CrB,, thus temperatures higher than 900 K and at- 
mospheric pressure. Some properties, such as surface diffu- 
sivity and surface tension are not well-known for all solid ma- 
terials. Nevertheless, we can define a range of typical values 
for deposition conditions, physical properties, and parame- 
ters, as shown in Table 1 (based on values in Kingery et al., 
1976; Kristyan and Olson, 1991; Mazor et al., 1988; Van den 
Brekel, 1977; Mullins, 1957, 1959; Palmer and Gordon, 1989). 
The functional form of the temperature dependence of K ,  
D f ,  D,* and r is shown in Table 2. 

Planar Solution 
The system of equations has an analytical solution if the 

interface remains planar. Under these conditions the reac- 
tant concentration in the boundary layer is given by 

The corresponding solid phase equation becomes 

from which we can determine the growth rate V, (since Pe 
depends on V,) for different operating conditions. The reac- 
tant concentration at the interface is given by 

(11) 

This expression illustrates the effect of the Damkohler num- 
ber, Da, on reactant concentration at the interface. An in- 
crease in the value of Da represents an increase in diffu- 
sional resistance, which leads to a decrease in C!,(O). 

Table 2. Functional Form of Temperature-Dependent 
Parameters 

Parameter Functional Form Reference 

K K,exp[- K2/T1 Froment and Bischoff (1990) 

2 K,exp[- &,/TI Srolovitz et al. (1988) 
K , T ~ ~  Bird et al. (1960) 

Van den Brekel 
and Jansen (1978a,b) 

r K7/7 
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Stability of Planar Interface 
Although planar growth is usually preferred it is not easily 

achieved in practice. Anisotropic effects and impurities can 
create irregularities and protrusions on the surface. Preferen- 
tial growth of these protrusions will take place due to higher 
reactant concentrations at their tips than at their bases. On 
the other hand, surface diffusion and capillarity tends to 
smooth any irregularities and has a stabilizing effect on pla- 
nar growth. The relative magnitude of these effects will de- 
termine whether the growing interface is inherently stable, or 
not. In this section we will study the role of stabilizing and 
destabilizing effects on planar film growth. A linear stability 
analysis (LSA) often yields valuable information about appro- 
priate deposition conditions for ensuring uniform films. A 
small sinusoidal perturbation is imparted to the basic solu- 
tion (in our case planar interface) and it is determined 
whether the perturbation will grow or decay under specific 
deposition conditions. 

Since only small deviations from planar conditions will be 
considered, we can express the growth equation in terms of 
the vertical translation of the interface ( d H / d ~ )  and trans- 
form to coordinates moving with the interface (Viljoen et al., 
1994). The revised gas and solid phase equations become 

with boundary conditions 

1 

rl 
e=1 at c = - ,  

(12) 

and for the solid phase 

with boundary conditions 

and where 

An interesting point to note is that the surface diffusion term 
contains a highly nonlinear fourth-order spatial derivative, 
which is unusual, since diffusion terms are normally of sec- 
ond order. 

For the LSA, perturb the concentration and height of the 
interface as follows: 

where trial functions of the form 

are used, e,( 5 )  is given by Eq. 9, and E is a small perturba- 
tion parameter. Note that in the moving coordinate system 
H ,  = 0. 

The methodology of the LSA is explained in more detail in 
Viljoen et al. (1994), and we will only present the results here. 
The LSA yields the dispersion relation 

where 

1 
2 = - [ - Pe 

cp = eXP( ,) *2 - *1 

The dispersion relation is an expression of the eigenvalue w 
as a nonlinear function of the wavenumber of perturbation, 
p, and various system parameters. The wave number p is 
related to the wavelength of perturbation through A = 2r /p .  
Growth of the planar interface is stable or unstable depend- 
ing on the value of o. If w > 0 for specific reactor conditions, 
any perturbation of the surface will grow, and if w < 0, per- 
turbations will disappear and the planar surface will be the 
stable mode of propagation. Neutral stability is where w = 0, 
and conditions that lead to this situation are called critical 
conditions, since it represents the boundary between stable 
and unstable regions. Thus, for a specific set of conditions a 
critical wavenumber of perturbation, A,,, can be determined. 
If the planar interface is perturbed with a wavelength larger 
than A,,, the perturbation will grow in time and the planar 
interface is not a stable solution for those reactor conditions. 
On the other hand, all perturbations with wavelengths smaller 
than A,, will dissipate. By determining the critical wavelength 
at different substrate temperatures, pressures, and so forth, 
the dispersion relation enables us to study the effect of reac- 
tor conditions on the stability of planar film growth. 

The dispersion relation (Eq. 16) is not in a very convenient 
form, though. Ideally, we want to express the eigenvalue w as 
a polynomial function of the wavenumber. Let us try to sim- 
plify the dispersion relation. Consider the relative magnitude 
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of different parameters. Since convection effects as a result 
of movement of the interface are so small, Pe -=x 1. If short 
wavelength perturbations are most important, then p2 >z Pew 
and p >> Pe. Therefore, (ctz = - p and I& = + p. Further- 
more, since q is very small and p relatively large, it means 
that cp = 0. The dispersion relation becomes 

4 
Pe ( p + qDa)  

p ( P e  + qDa - p2> 
w = - Pe - -p4 + 

This relation can be simplified further if the relative magni- 
tude of p and qDa is considered. If p -C qDa, then 

In most cases, however, p * qDa, which means 

w = qDa - p2 - ( & ) p 4  

This simplified dispersion relation clearly shows the effect of 
different parameters on the stability of planar growth. An 
increase in the Damkohler number increases the value of w ,  
which relates to a decrease in planar film stability. On the 
other hand, surface diffusion, as represented by the parame- 
ter $, stabilizes planar growth, especially for small wave- 
length perturbations (where p is large). Curves of w as a 
function of p from the biquadratic function in Eq. 18 in Fig- 
ure 2 illustrate these trends. The critical wavelength, A,,, can 
be determined from the dispersion relation by noting that 
A,, = 2rr/pcr. For the simplified dispersion relation (Eq. 181, 

m 
2 
x 
3 

-3 
0.0 2.0 

x 1 0 5  

Figure 2. Effect of qDa and 4lPe on linear stability for 
simplified dispersion relation. 
( I ) ~ ~ ? D U  = 
10 , (3) @a = 
= 10". 

+/Pe = 10'~; (2) q ~ a  = 2x w9, $/pe = 
+/Pe = 10"; (4) qDa = 2 X  10- , +/Pe 

h 

E 

xu 

3 
w 1 0 0  
L 

I I 
0 l,,r,,,,,,l 
0 5 1 0  

T D a  x 107 

Figure 3. Effect of qDa on critical wavelength, Acr, ac- 
cording to simplified dispersion relation and 
for different values of 4IPe. 

this value can be determined analytically: 

2rr /= - I +  1+4- 

This relation is shown in Figure 3 for different values of 4/Pe. 
The curves represent the boundary between stable (below 
lines) and unstable (above lines) regions. Note that the criti- 
cal wavelength decreases with qDa and increases with $/Pe. 

These results are valid only for cases where p >> qDa. In 
general, the full dispersion relation, Eq. 16, should be used 
for studying stability effects. By considering the temperature 
dependence of material properties and therefore parameters 
such as 4, qDa, and Pe, one can use the dispersion relation 
to determine the effect of temperature (or pressure) on the 
stability of planar film growth. This can be expressed in terms 
of the change in critical wavelength with temperature or 
pressure, or one can determine the change in maximum al- 
lowable bulk concentration that will ensure planar film growth 
for a specific size perturbation (Viljoen et al., 1994). 

Now consider a specific example, with the choice of param- 
eters as in Table 3. Important information can be obtained 
from the planar solution and the LSA without having to solve 
the complete system of PDEs. For specific reactor conditions 

Table 3. Parameters and Constants for Typical CVD Process 

~ Parameter Value Parameter Value 

% dilution 95 K4 1.823 

K ,  (m/s) 107 K ,  (kcal/mol) 87.4 
K ,  (kcal/mol) 47.7 K7 (mK) 8 X 

P (atm) 1.0 K ,  (m2/s) 10'0 

S (m) K ,  (rnys) 2 ~ 1 0 - ,  
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Table 4. Effect of Temperature on Growth Rate and Planar Film Stability for Choice of Parameters in Table 3 

Growth c/c, 
T Rate at 4, 477 t d  

( K) ( prn/h) Interface Da 4 ( p m )  ( prn) h i n )  
1,000 2.06 0.987 0.0128 6.61 X lo-' 8.08 359 1.57 X 10' 
1,200 63.3 0.666 0.502 8 . 7 0 ~  10-3 7.30 43.6 1,320 
1,400 187 0.132 6.60 1.44 10.4 34.5 35.3 
1,600 235 0.0222 44.1 65.7 16.2 35.3 5.28 
1,800 263 5.28 x 10-3 188 1.26 x 101 25.6 45.0 2.29 
2,000 288 1.69 X lo- '  590 1.34XlU4 44.1 71.8 2.41 

(temperature and pressure), reactant concentration at the in- 
terface is given by Eq. 11, and the deposition rate is deter- 
mined by solving Eq. 10. System parameters and stability re- 
sults are presented in Table 4 for a range of temperatures. 
Note how the growth rate increases with temperature, and 
the reactant concentration (C/C,) at the interface decreases 
sharply. At low temperatures it almost equals its value in the 
bulk, which indicates there are no significant mass-transfer 
limitations and the process is controlled by surface kinetics. 
With an increase in temperature the kinetics become faster 
and interface concentration decreases to a point where the 
process becomes controlled by diffusion in the gas phase. This 
is confirmed by plotting the Iogarithm of deposition rate as a 
function of the reciprocal of temperature (Figure 4). A shift 
in controlling mechanism occurs where the slope of the curve 
changes. It shows that we can identify three regions: the ki- 
netic, transition, and diffusion-limited regimes. The process 
is in the kinetic regime at relatively low temperatures (up to - 1,100 K), which corresponds to small values of the 
Damkohler number (Da < 0.1). With an increase in tempera- 
ture, a transition from kinetic to diffusion-limited growth 
takes place (0.1 < Da < 10.0). At high temperatures (higher 
than - 1,440 K) the process is severely mass-transfer-limited, 
thus for values of the Damkohler number larger than - 10. 

Table 4 also shows the effect of temperature on the stabil- 

n 

2 
E 
\ 

3. 

ho 
0 

t-l 

3.0 

2.0 

1 .o 

0.0 

ity of planar growth. The critical wavelength (A,,) is obtained 
by solving the dispersion relation (Eq. 16) for w = 0 under 
specific conditions, for example, specific temperature. This 
represents the boundary between stable and unstable re- 
gions. Therefore, a protrusion with wavelength smaller than 
A,, will be smoothed, while one larger than A,, will grow un- 
stably. The critical wavelength decreases with temperature, 
reaches a minimum, and then increases again. This trend is 
shown in Figure 5. The reason for the minimum lies in the 
difference between activation energies for the surface reac- 
tion and surface diffusion. The latter is larger and the stabi- 
lizing effect of surface diffusion becomes significant only at 
high temperatures. This is evidenced by the large increase in 
the value of 

The most unstable wavelength A,,, can also be determined 
from the dispersion relation. It is the wavelength that corre- 
sponds to the largest value of the eigenvalue w and repre- 
sents the wavelength of perturbation that will grow fastest 
and dominate during the initial stages of unstable growth. 
The value of A, is important when choosing a physically 
meaningful size of substrate to simulate numerically. Usually, 
the substrate to be considered is chosen much larger than A, 
to ensure that end effects do not affect the natural develop- 
ment of interface shapes. Another important parameter in 

as shown in Table 4. 

40 

h 

E x 
W 

0.5 0.7 0.9 1.1 900 1200 1500 1800 

1000/T ( 1 / K )  T ( K )  
Figure 4. Effect of temperature on growth rate showing Figure 5. Effect of temperature on critical Wavelength 

shift in controlling mechanism. for parameters in Table 3. 
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Table 4 is t d .  This value represents the deposition time nec- 
essary to double the amplitude of the most unstable pertur- 
bation (with wavelength A,,,) and therefore gives a good indi- 
cation of the time scale of unstable growth. It is determined 
from the time dependence of the perturbed solution, thus 
from 2 = exp [ wmtd],  where w, is the eigenvalue correspond- 
ing to the most unstable wavelength, A,,,. For example, for 
the set of chosen parameters, at 1,200 K it would take 22 h to 
double the amplitude of perturbations (around 1 pm), while 
the film thickness at this time would already be 1,400 pm. 
This means that even under unstable planar growth condi- 
tions, you may not see significant film nonuniformity, unless 
a film of several millimeters is grown. However, at 1,600 K 
the value of t ,  is down to only 5.3 min, which means very 
severe nonuniformities can be expected even at short deposi- 
tion times. 

Numerical Solution of Governing Equations 
Even though the LSA yields valuable information about 

stability of the basic solution (in our case the planar inter- 
face), it does not predict the form of interface evolution for 
general conditions significantly different from those required 
for planar growth. This information can be obtained only from 
solving the governing equations and following the evolution 
of the interface with time. The system of equations repre- 
sents a coupled nonlinear initial-boundary value problem that 
cannot be solved analytically for general conditions. The 
problem is further complicated by the presence of an inter- 
face with arbitrary shape, or free boundary. However, it is 
possible to make assumptions that can simplify the problem 
significantly. For example, from a time-scale analysis we can 
determine that changes in the gas phase take place much 
faster than the time scale of solid film growth (Thiart et al., 
1994). Therefore, the gas phase problem can be considered 
in pseudo-steady state with respect to changes in the solid 
phase. This means the problem can be solved on the solid 
phase time scale, with the gas phase equations solved in steady 
state and independently at each instant in time. Essentially, 
this decouples the two phases and they are solved succes- 
sively at each time step rather than simultaneously. 

Simplified solution 
The determination of the concentration field is the most 

time-consuming step in the numerical procedure, since the 
computational domain is one dimension larger than that for 
the interface. In the present study the interface is repre- 
sented by a line (thus l-D), and the gas phase is the 2-D 
domain above it. Determination of the gas phase solution is 
therefore computationally much more demanding than that 
for the interface shape. This will be even more true when a 
2-D interface is considered with a 3-D gas phase problem. It 
is therefore very helpful to find an approximate solution to 
the gas phase equations and simplify the problem to solving 
the interface evolution equation only. Let us consider possi- 
ble simplifications. 

An assumption that is reasonable in many cases is that there 
are no sharp gradients in the interface, and it is assumed to 
be fairly close to planar form. That means we can use the 
model formulation as represented by Eqs. 12 to 15. Now con- 
sider two limiting cases of deposition control. 

Diygicsion-limited 
A previous study has shown that the reactant concentra- 

tion at the interface under diffusion-limited growth condi- 
tions will be close to zero and will be approximately propor- 
tional to the height of the interface (Thiart et al., 1994). 
Therefore, approximate the gas concentration at the inter- 
face as its value at that height above a planar interface. Thus, 
from Eq. 9 

This decouples the gas and solid phase problems, and the 
equation for interface evolution becomes 

For most physical cases PeH * 1, thus exp(- PeH) = 1 - 
PeH, which when substituted into the growth equation leads 
to 

Now consider the weakly nonlinear form where lH51 << 1, in 

which case 4- = 1 + -H:. The equation for interface 
evolution becomes 

1 
2 

(20) H, = qDaH + -HE' 1 + Htf - %IfSsSf 4J 2 

with periodic boundary conditions 

and with initial condition 

where X,([) is an arbitrary initial interface shape. 
The growth equation is still a nonlinear PDE, but it is in a 

form suitable for application of standard numerical tech- 
niques, and is much simpler to solve than the original system 
of coupled equations. If a linear stability analysis of the sim- 
plified equation is performed, we find a very interesting re- 
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sult: The dispersion relation is identical to the simplified dis- 
persion relation for the complete system, thus Eq. 18. This 
means the simplified equation has the same linear stability 
behavior as the original system (when p >> qDa) and con- 
firms the validity of the assumption used to arrive at Eq. 20. 
The dispersion relation therefore has the form 

o = qDa-  p2  - ( ?)p4. 
Pe 

(23) 

Kinetic control 
Another limiting case is deposition under kinetic control. 

The interface concentration will be close to that in the bulk 
gas and can therefore be assumed as constant. Let us assume 
it to be the value at the interface under planar deposition 
conditions. This is given by Eq. 11. The weakly nonlinear form 
of the growth equation becomes 

with the same boundary and initial conditions as Eq. 20. This 
equation is identical to Eq. 20 except for the absence of the 
destabilizing term qDaH, which accounts for preferential 
growth of protrusions relative to depressions. Predictably, the 
linear stability of Eq. 24 shows that planar growth is inher- 
ently stable for all wavelengths of perturbation. 

Solving Eqs. 20 and 24 shows us more about interface evo- 
lution than the LSA of the full system does and therefore 
brings us a step closer to visualizing interface behavior in the 
real system. However, these equations are strictly valid only 
for interface shapes close to planar, and are therefore also 
limited in their application. 

Solution of complete system 
Numerical techniques for solving this kind of problem can 

be divided into two classes: the first is where interface shape 
and the field variable are decoupled and solved with succes- 
sive approximation, and the second is simultaneous iteration 
for interface shape and field variables. Another distinction 
between different methods concerns the solution domain. 
One option is to transform the original coordinate system onto 
a domain with fixed boundaries, of which the interface is one. 
Grid or mesh generation is then simple, but the field equa- 
tions become more complex. Alternatively, the problem can 
be solved in the original coordinates, where the grid or mesh 
changes with time. Generation of a new irregular mesh at 
each iteration becomes necessary. Ettouney and Brown (1983) 
evaluated different numerical techniques and found that the 
Galerkin finite element technique was well-suited to solving 
steady solidification problems. They preferred solution of the 
problem in transformed coordinates, and studied cases where 
the interface could always be expressed as a single-valued 
function of the horizontal coordinate. For more complex in- 
terface shapes the transformation between the regular and 
computational domain could be more difficult. 

In a previous study, the full system of equations was solved 
numerically for a variety of deposition conditions by consid- 
ering interface evolution in terms of vertical displacement and 

using the conventional Cartesian coordinate system (Thiart et 
al., 1994). The position of the interface was expressed as a 
single-valued function of the horizontal coordinate ( H (  6 )). 
Thus interface curves were expressed in terms of the gradient 
dH/dC.  The gas and solid phase problems were decoupled by 
solving them successively at each instant. Satisfactory results 
were obtained for cases where deposition was not severely 
diffusion-limited, thus where Du < 10. In these cases, inter- 
face gradients (dH/dE ) remained finite. However, there were 
many physically meaningful cases where gradients ap- 
proached infinity and resulted in breakdown of the numerical 
procedure. The conventional Cartesian coordinate system, 
where the interface position was expressed as a single-valued 
function of the horizontal coordinate, became inappropriate, 
because it limited the natural evolution of highly irregular 
interface shapes. 

Choice of appropriate parametrization 
The position of interface was expressed as a function of a 

parameter, say u, which was chosen as the horizontal coordi- 
nate x (or [ )  for representation in the Cartesian coordinate 
system. However, this choice of parameter proved inappro- 
priate for cases where significant mass-transfer limitations 
were present. In the present study we use a more appropriate 
choice of parameter, which will permit the evolution of any 
possible interface shape. For initial or boundary value prob- 
lems where steep gradients and large curvature are encoun- 
tered, for example, in flame and combustion problems, the 
so-called arc-length strategy has typically been used. In this 
technique, a function such as position of the interface, is not 
expressed in terms of the horizontal coordinate, since this 
can lead to problems in regions of steep gradients. Instead, 
the function is expressed in terms of its change along the arc 
length of the curve, whickr stretches the curve and eliminates 
steep gradients. A multivalued function in the horizontal co- 
ordinate becomes a single-valued function in the arc length 
of the curve. Therefore, the arc length (say s) is introduced 
as new independent variable and the original inde- 
pendent variable (say x) becomes a dependent variable. The 
relation between x and s introduces an additional equation, 
and the original system equations are transformed and ex- 
pressed in terms of the arc length s (Bhatia and Hlavacek, 
1983; Kubicek, 1976). The problem is solved in terms of the 
new parameter s, which proves computationally more conve- 
nient in the region of steep gradients than the original sys- 
tem. The method has proved to be a very useful tool in con- 
tinuation methods and for tracing solution branches in bifur- 
cation diagrams (Seydel and Hlavacek, 1987). 

The arc length seems the obvious choice as a parameter 
for expressing the position of an interface during CVD 
growth. However, in the present initial-boundary-value prob- 
lem it has the disadvantage that the total arc length changes 
with time and its value at each point in time is not known a 
priori. This introduces an unnecessary complication to the so- 
lution procedure. An appropriate choice of parameter is one 
that has a fixed total length not dependent on time, and that 
can be discretized into an equidistant grid. The normalized 
arc length satisfies all the requirements set for an appropri- 
ate parameter, since its range is constant and known a priori 
(it is chosen arbitrarily), and the position of the interface is a 
unique function of u. This means that the gradients dx/da 
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and Jz/du cannot approach infinity as in the former case 
where u was chosen as x (or 5). The relation between u 
and the position of the interface is not an analytical function, 
but this is not necessary. The interface is discretized into an 
equidistant grid with predetermined number of points, and 
spatial derivatives at each point are represented by appropri- 
ate finite difference formulas. Interface position is therefore 
known at discrete values of the parameter. 

The numerical solution is therefore obtained in the follow- 
ing way: the gas and solid phase equations are decoupled by 
solving them successively at each instant, instead of simulta- 
neously. An explicit method is used, which eliminates the need 
for iterative solution, but this means that extremely small time 
steps are required to ensure stability of the finite difference 
scheme, The equation for interface evolution is expressed in 
terms of the parameter u (normalized arc length) and solved 
by finite differences on an equidistant grid in u. The gas 
phase equations are solved by Galerkin finite elements in the 
original Cartesian coordinate system and with the interface 
shape as input at each time step. This requires the automatic 
generation of a 2-D mesh with irregular and changing bound- 
aries at each time step. 

Automatic mesh generation 
In most problems with steep gradients, the mesh is gener- 

ated once only at the start of the solution procedure. How- 
ever, in the solution of a free-boundary problem, the mesh 
changes constantly as the interface changes shape, and there- 
fore has to be generated at each point. This step can be very 
time-consuming and it is therefore necessary to use an effi- 
cient automatic mesh-generation scheme. For an accurate 
numerical solution in the gas phase, it is necessary to place 
nodes in the 2-D gas domain in such a way that the resulting 
quadrilateral cells have appropriate shapes. They should be 
as close as possible to rectangles (no angles close to 0" or 
180") with aspect ratios preferably smaller than 10 to 1, to 
ensure an accurate Galerkin finite element representation. 
Accordingly, one can define three optimization criteria for 
placement of interior points: adaption, smoothness, and or- 
thogonality. The first criterion refers to concentrating nodes 
in specific regions inside the domain, for example, close to 
one of the boundaries. This is done to ensure sufficient reso- 
lution in areas where severe changes or steep gradients are 
anticipated, such as is the case in combustion problems (De- 
greve et al., 1987). In the present study the gas concentration 
close to the interface is important for determining interface 
dynamics and it is desirable to concentrate nodes close to this 
boundary. In addition, the number of points along the inter- 
face is typically much larger than that in the vertical direction 
(up to 10 to 11, which means strong adaption is necessary at 
the interface to ensure acceptable aspect ratios of elements 
in that region. Smoothness refers to the requirement that 
there should be a gradual change in cell size, since any rapid 
variations lead to inaccuracies (Thompson et al., 1985). The 
orthogonality criterion strives to make all cell angles 90", 
which is desired for sufficient solution accuracy. 

In determining the position of interior nodes, the mesh- 
generation scheme optimizes measurable quantities of these 
three criteria, expressed in terms of the positions of nodes. 
However, the three criteria are essentially noncomparable, 
which leads to a complex vector optimization problem. One 

way to deal with this problem is to assign different scalar 
weights to each criterion, depending on its importance, and 
to combine them into one objective function. The procedure 
is essentially a discrete version of the variational method pro- 
posed by Brackbill and Saltzmann (1982). More details are 
given in Degreve (1990). 

To illustrate the use of our automatic mesh generator, and 
to show the effect of adaption and orthogonality, consider 
the two meshes in Figure 6. An arbitrary interface shape was 
chosen (it does not have to be symmetrical) and the position 
of interior nodes on a 50x20 element mesh were deter- 
mined. In both cases the position of points was adapted to be 
more concentrated near the interface. In the first mesh (Fig- 
ure 6a), the weights for adaption and orthogonality were sim- 
ilar and relatively small, and the result is a very uniform mesh. 

(b) 
Figure 6. Examples of meshes from automatic mesh 

generator. 
(a) Relatively uniform cells and small aspect ratios with lit- 
tle emphasis on adaption or orthogonality. (b) Adaption 
close to bottom boundary and larger weights of orthogonal- 
ity result in better cell orthogonality, but aspect ratios in- 
crease. 
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In the second mesh (Figure 6b), both orthogonality and adap- 
tion were increased and as a result cells are more rectangular 
in shape, but their aspect ratios have increased. The relative 
weighting of adaption, orthogonality, and smoothness there- 
fore have to be tailored to the requirements of the specific 
case under consideration. 
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Numerical Examples 
Application of the solution procedure outlined earlier can 

be illustrated through numerical examples of CVD growth 
from arbitrary initial interface shapes for any desired deposi- 
tion time. Since periodic boundary conditions are applied, the 
interface length to be simulated can be chosen arbitrarily. 
However, it is important to consider a sufficiently large part 
of the substrate to avoid the influence of end effects. Gener- 
ally, the horizontal range is chosen between 5 and 20 times 
that of the critical wavelength, Acr .  

As a first example, consider growth from two randomly 
rough initial conditions, similar to what may be expected in 
practical applications. We use the parameters as given in 
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Table 3. The results are shown in Figure 7 for increasing 
temperatures, which correspond to increasing values of the 
Damkohler number, Da. Since growth rates change signifi- 
cantly with temperature, different deposition times were cho- 
sen to ensure approximately the same final film thickness. 
The results clearly show that deposition is very uniform at 
low temperature ( -  1,100 K), but becomes much less uni- 
form as deposition temperature is increased, and becomes 
fingerlike at high temperature. This trend has also been ob- 
served experimentally, for example, in the CVD growth of Si 
from SiHCl, (Van den Brekel, 1977) and the deposition of 
CrB, from CrO,C1, and BCI, (Schmidt, 1991). The finger- 
like growth can be attributed mainly to different controlling 
mechanisms of deposition. At low temperature ( - 1,100 K), 
the process is controlled by surface kinetics (Da < 11, and re- 
actant concentration is approximately constant over all parts 
of the film surface. However, as temperature increases, diffu- 
sional limitations develop (as evidenced by increase in Da) 
and reactant concentration in depressions becomes depleted 
relative to that at protrusions. The result is a very nonuni- 
form fingerlike structure. The results in Table 4 indicate that 

D a = l . O  
T= 1 2 4 8 K  
t=5400s 

t ( @ !  
-250 0 250 

H o r i z o n t a l  d i s t a n c e  (,urn) 
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H o r i z o n t a l  distance (,urn) 

Figure 7. Effect of temperature and thus Damkahler number on uniformity of film growth from two randomly rough 
initial interfaces at a constant pressure of 1 atm. 
(a), (b) Dn = 0.1; (c), (d) Da = 1.0. 
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Figure 7. Effect of temperature and thus Damkahler number on uniformity of film growth from two randomly rough 
initial interfaces at a constant pressure of 1 atm. 
(e), (f) Da = 10; (g), f h )  Da = 20; (if, Cj) Da = 50. 
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the effect of surface diffusion becomes very strong with in- 
creasing temperature (as evidenced by the large increase in 
+), and one would therefore expect surface diffusion to limit 
the growth of fingers and prevent the formation of deep 
grooves, but this is not the case. The reason lies in the magni- 
tude of interface curvature. Surface diffusion is effective only 
for very high curvature and therefore over short wavelengths. 
Protrusions in the specific examples considered have rela- 
tively large wavelengths and the effect of surface diffusion is 
therefore overshadowed by the destabilizing effect of gas dif- 
fusional limitations. 

Another experimentally observed phenomenon that is 
shown by the results in Figure 7 is the tendency of some fin- 
gers to nose ahead of their neighbors. This is the result of 
depletion of reactant in the grooves between large fingers. 
An interesting phenomenon is the tendency of some grooves 
to close and form occlusions, while others remain open. Nu- 
merically, this is taken care of by eliminating all parts of the 
interface that overlap, and rearranging points on the remain- 
ing part. The formation of occlusions contributes to film 
porosity and has an adverse effect on film properties. One 
should note, however, that the model is strictly valid only for 
cases where the MFP is much shorter than the width of a 
groove. Just before grooves “neck off,” this restriction is vio- 
lated and Knudsen diffusion is a more appropriate transport 
mechanism. However, this effect is not expected to change 
the quality of results significantly. The results in Figure 7 il- 
lustrate the limitations of a model where interface shape is 
represented as a single-valued function of the horizontal co- 
ordinate. Such a model cannot predict the formation of oc- 
clusions, which is an important physical phenomenon, or  the 
nonvertical growth of grooves. 

Figure 8 shows isoconcentration lines at the end of the runs 
for deposition cases in Figures 7a and 7i. The results in Fig- 
ure 8a indicate that reactant concentration at the interface is 
fairly close to its value in the bulk under kinetically con- 
trolled deposition ( D a  = 0.1). It is also fairly constant and 
varies less than 0.1% with position along the interface. Un- 
der diffusion-limited conditions (Da = 50), however, reactant 
concentration at the interface changes significantly with posi- 
t.ion and there is a 500% increase in the concentration from 
the base to the top of the largest finger. Also note that there 
is a large difference in the magnitude of interface concentra- 
tion in kinetic and diffusion-limited cases. Reactant concen- 
tration at the interface is close to the bulk value for Da = 0.1 
and close to zero for Da = 50. To illustrate the effect of the 
controlling mechanism on film growth more clearly, consider 
the following example. Suppose the final interface shape in 
Figure 7i is used as a new initial condition for film growth 
under kinetic control (Da = 0.1) and gas diffusional control 
( D a  = 50). Let us consider the gas phase solution in these 
cases. Figures 9a and 9b shows the isoconcentration lines un- 
der kinetic and diffusional control, respectively. Under condi- 
tions of diffusion-limited growth, the isoconcentration lines 
tend to follow the shape of the interface. They are closer 
together above fingers and rarefied in grooves. Since growth 
is proportional to the concentration gradient, and the gradi- 
ent is larger where isoconcentration lines are closer together, 
this clearly shows that preferential growth of fingers will take 
place under diffusion-limited conditions. However, under ki- 
netic control the form of isoconcentration lines is reversed, 

C/C, = 0.929 

0.925 

0.921 

I 0.917 

0.909 

solid film 

I‘ 
0.020 

(b) 
Figure 8. lsoconcentration lines in the gas boundary 

layer for deposition conditions in Figures 7a 
and 7i. 

and they are rarefied above fingers and closer together in 
grooves. In this case, the form of isoconcentration lines com- 
pensates for the effect of interface curvature on reactant con- 
centration, since reactant flux to  all parts of the interface is 
almost the same. The results in Figures 10a and 10b show the 
different growth characteristics in the two cases. It shows in- 
terface evolution from the fingerlike initial shape for condi- 
tions as in Table 3 and for T=1,248 K and T =  1,616 K, 
respectively. Under diffusional control, finger formation con- 
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(b) 
Figure 9. lsoconcentration lines for growth from finger- 

like initial condition under (a) kinetic control 
(Da=O. l ) ,  and (b) diffusional control (Da=  
50). 
Different shape of isoconcentration lines illustrates reason 
for growth of protrusions. 

times, but under kinetic control, grooves are filled and the 
relative height of fingers decrease. Note that the length of 
substrate considered in Figures 9 and 10 is identical to that 
in Figures 7 and 8. 

A common experimental observation in film deposition is 
the tendency to  form semicircular nodules, where some nod- 
ules increase and other diminish in size (Parretta et al., 1990; 

AIChE Journal August 1995 

Messier and Yehoda, 1985; Messier, 1986). This growth- 
death phenomenon is the result of growth normal to the in- 
terface and a tendency to minimize surface energy. It seems 
most prevalent in our simulations for growth at moderate val- 
ues of the Damkohler number (Da = 20), as can be seen from 
results in Figures 7g and 7h. This phenomenon can also be 
observed in our numerical simulations by following interface 
evolution from an initial condition where large irregularities 
are present, thus with severe roughness. Figure 11 shows the 

T = 1 1 0 3 K ,  D a = O . l  

(a) 

T = 1 6 1 6 K ,  D a = 5 0  

(b) 
Figure 10. Film growth for conditions with isoconcen- 

tration lines as shown in Figure 9. 
(a) Under kinetic control, Da = 0.1; (b) under diffusion- 
limited conditions Da = 50. 
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Figure 11. Development of semicircular cap structure 
showing growth-death phenomenon. 

growth of a film at relatively low temperature (1,248 K) for 
the conditions as in Table 3. The results clearly show the 
semicircular structure and the tendency of some caps to in- 
crease in size while others disappear. 

Reactor pressure is another deposition variable that affects 
film uniformity. Gas diffusivity is inversely proportional to  re- 
actor pressure, and therefore many CVD processes are con- 
ducted at reduced pressure to increase reactant diffusion to  
the interface. A decrease in operating pressure has been 
found to improve the stability of planar film growth (Viljoen 
et al., 1994; Ananth and Gill, 1992). Through the relation 
between pressure and diffusivity (Of), the Damkohler num- 
ber, Da, is proportional to reactor pressure. This means we 
should be able to reduce diffusional limitations by decreasing 
the deposition pressure. Figure 12 shows the effect of pres- 
sure on film growth at high deposition temperature ( - 1,600 
K). Conditions were chosen identical to those in Figure 7i, 
except for the pressure. The results show that film uniformity 
can be improved significantly if the pressure is reduced from 
1 to 0.1 atm. This decrease in pressure also corresponds to a 
decrease in the Damkohler number from Da = 50 to  Da = 5. 

The initial interface shape can be chosen arbitrarily in our 
numerical solution procedure. Let us repeat the runs in Fig- 
ure 7, but for initial shapes of triangular V-grooves and rec- 
tangular trenches with a range of aspect ratios. These shapes 
are typically found in electronic applications, but note that 
the length and time scales may be completely different. Nev- 
ertheless, the results do show interesting growth phenomena 
similar to what is observed in electronic applications. Figures 
13a to Figure 13h show the effect of temperature on the uni- 
formity of film growth in three rectangular grooves and three 
V-grooves of different size. The rectangular grooves have as- 
pect ratios of 1:1, 2:1, and 4:l. Once again, parameters were 
chosen to have the values indicated in Table 3 and reactor 
pressure was taken as atmospheric. The results show that all 
grooves are filled uniformly at  low temperature ( - 1,100 K) 
and thus low values of Da. Therefore, good step couerage is 

obtained under these conditions. The term step coverage 
refers to the thickness of film inside the groove relative to 
that outside in regions without grooves (Oh et al., 1992). As 
the temperature is increased, occlusions start to form in all 
three rectangular grooves, and at T = 1,616 K severe finger 
formation has taken place. At this temperature almost no 
material has deposited in the grooves as a result of severe 
diffusional limitations. If this situation is undesirable, diffu- 
sional limitations can be reduced and step coverage therefore 
improved by decreasing reactor pressure. The results of film 
growth in V-grooves illustrate that the size of grooves is im- 
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Figure 12. Effect of pressure on film uniformity at high 

temperature and for conditions as in Figure 
79. 
(a) atm; (b) 0.1 a m .  
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Figure 13. Effect of temperature and thus Damkbhler number on uniformity of film growth in rec- 
tangular and V-shaped grooves at a constant pressure of 1 atm. 
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Figure 13. Effect of temperature and thus Damkohler 
number on uniformity of film growth in rec- 
tangular and V-shaped grooves at a constant 
pressure of 1 atm. 
(g), (h) Da = 50. 

portant in determining whether conclusions will be formed. 
At high temperature ( T  = 1,616 K) occlusions form for both 
large V-grooves, but step coverage in the small groove is still 
good. This phenomenon has also been observed experimen- 
tally in the deposition of silicon by CVD (Van den Brekel, 
1977). The numerical simulation can thus be used to predict 
whether occlusions will form or finger formation will take 
place for specific deposition conditions and with a specific 
initial shape of groove. Note, however, that the present con- 
tinuum model is valid only for cases where the MFP is shorter 
than the typical size of surface features, which is the case for 
pressures close to atmospheric (0.1 I P I 1.0). 

Summary and Conclusions 

In this article, a continuum model for interface evolution 
during typical atmospheric pressure CVD is presented. The 
effects of gas diffusion through a boundary layer, adsorption 
and desorption, capillarity, surface reactions, and solid phase 
surface diffusion are accounted for. A basic solution of the 
model is planar film growth, and a linear stability analysis is 
used to determine under which conditions this basic solution 
will become unstable. When this is the case, the model equa- 
tions have to be integrated in time to determine the dynamic 
behavior of the interface and the morphology of deposition. 
The coupling between governing equations makes it worth- 
while to attempt simplified solutions that are applicable in 
limiting cases. Two such simplified cases, namely, growth un- 
der diffusion-limited conditions ( D a  >> 1) and growth under 
kinetic control ( D a  << l), were considered. In both cases a 
much simpler system of equations was obtained and similari- 
ties and differences between these and the complete model 
were discussed. 

The second part of the article focuses on solution of the 
complete system of equations. This enables us to follow the 
evolution of the gas-solid interface from any initial interface 
shape and for a wide range of deposition conditions. Impor- 
tant aspects of the solution method include the parametriza- 
tion necessary to avoid problems with infinite gradients, and 
the automatic generation of an adaptive mesh at each point. 
Several numerical examples were also considered. It was 
found that the model correctly predicts experimentally ob- 
served phenomena, including the following: the decrease in 
film morphology with increase in temperature, the formation 
of deep grooves and fingers during diffusion-limited growth, 
the formation of semicircular structure where some caps 
(nodules) grow at the expense of others leading to the typical 
growth - death phenomenon, and the development of occlu- 
sions. The shape of isoconcentration lines in the gas phase 
was found to depend on the temperature and thus the 
Damkohler number. At high temperature ( -  1,600 K) under 
diffusional control, they are close together above protrusions 
and rarefied in grooves and depressions, which explains pref- 
erential growth of fingers and the formation of grooves. At 
low temperature ( - 1,100 K) under kinetic control, this is re- 
versed. It was also found that a decrease in reactor pressure 
increases the uniformity of deposition and prevents finger 
formation. 

The results indicate that the morphology of deposition is 
strongly dependent on the controlling mechanism of deposi- 
tion, as characterized by the Damkohler number, Du. At low 
temperature and pressure (in our case 1,100 K and 0.1 atm), 
the process is limited by kinetics of surface reactions, in which 
case Da -=c 1 and film deposition is found to be very uniform. 
As the temperature and/or pressure is increased, diffusional 
limitations develop and preferential growth of protrusions 
take place, leading to a very nonuniform fingerlike structure 
at large Damkohler numbers (Da >> I). If a high temperature 
( - 1,600 K) has to be maintained to get a desired deposition 
rate, film uniformity can be improved by decreasing reactor 
pressure, which reduces diffusional limitations. Numerical re- 
sults therefore suggest that to maintain uniform film growth, 
deposition conditions should be chosen in such a way that 
the lowest value of Da, the Damkohler number, is achieved. 
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Notation 
C =concentration, mol/m3 or moI/m2 

(2 = dimensionless concentration, subscripts: 0-basic, 

D I -surface mobility, m2/s La activation energy, J/mol 
H * =constant, used in linear stability analysis 

C* =function of <, used in linear stability analysis 

1-perturbed 

k =reaction rate constant, mol/m2. s 
k ,  =reaction rate constant, l/s 

k,, =adsorption rate constant, m3/mol 
kdeJ =desorption rate constant, l/s 

K,, = adsorption/desorption equilibrium constant, 
(mo1/m3)-l 

K ,  = Boltzmann’s constant, J/K 
KO = preexponential factor, m/s 

K, , .  . ., K ,  =constants used in calculation of K ,  Of, D,* and r 
1 =period of interface considered, m 
n =vector normal to surface 

NAv = Avogadro’s number 
R(C)  =reaction term, mol/m2*s 

t =time, s 
T =substrate temperature, K 
V = volume, m3 
z =vertical coordinate, m 

Greek letters 
p = molar volume, fl NA v ,  m3/mol 
y =surface tension, J/m2 
7 = L/S 
5 =horizontal coordinate, dimensionless 
7 =dimensionless time, tV,/L 

=molecular volume, m3 
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