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ABSTRACT

A TRANSIENT, THREE-DIMENSIONAL NUMERICAL STUDY OF
CHEMICAL VAPOR DEPOSITION IN BATCH REACTORS

A time-accurate model of multicomponent reacting flow with homogeneous and het-
erogeneous chemical reactions was developed to simulate the transport phenomena,
gas-phase chemistry, and deposition profiles in constant-volume chemical vapor depo-
sition reactors with arbitrarily complex geometry in two or three dimensions. A fully
rigorous multicomponent gas transport model including thermal diffusion was used.
A transformation was applied to the matrix of ordinary diffusion coefficients to form
a matrix of effective ordinary diffusion coefficients. This transformation permitted a
decoupling of the species continuity equations from one another. A first-order. time-
accurate splitting procedure was used to integrate the species and energy equations,
which were stiff due to terms arising from the homogeneous and heterogeneous chem-
ical reactions. The stiff equations were solved with the CVODE library. A variable-
density projection method was used to solve the variable-property momentum equa-
tions. The partial differential equations describing the model were discretized using
a conservative finite difference method implemented on overset grids. The overset
method was used to obtain solutions on arbitrarily complex geometrical domains.
A computer code was developed using the OVERTURE object-oriented class library.
The CHEMKIN library was used to compute thermodynamic properties of multi-
component mixtures of ideal gases and homogeneous reaction rates. The CHEMKIN
TRANSPORT library was used to compute multicomponent transport properties. The
SURFACE CHEMKIN library was used to compute the heterogeneous reaction rates.

Numerical simulations included natural convection in two-dimensional horizontal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and tilted reactors, chemical vapor deposition in a three-dimensional reactor with
a heterogeneous chemistry, chemical vapor deposition in a two-dimensional reactor
with moderately complex homogeneous and heterogeneous chemistry, and a CPU
timing study with a system with a complicated homogeneous and heterogeneous re-
action model. Results indicated that the solver obtained accurate solutions in CVD
batch systems having complicated homogeneous and heterogeneous reaction models

for both small and moderate Rayleigh number flows.

William Wangard, III

Department of Mechanical Engineering
Colorado State University

Fort Collins, Colorado 80523

Summer 2001
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Chapter 1

INTRODUCTION

This dissertation presents the development of a model of thermally-activated chem-
ical vapor deposition in batch reactors. The model is developed from the general
conservation laws and rigorous transport theory of multicomponent gases. A com-
puter code is developed to numerically solve the model with real fluid properties and

a wide range of chemical reaction mechanisms in geometrically complex reactors.

1.1 Background
1.1.1 A General Description of Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a process used to deposit a film (or coating)
onto a substrate by means of a series of chemical reactions with gaseous reactants.
The properties of the film and the substrate are fundamentally important to the
functionality of many products and devices, such as integrated circuits (Blewer and
McConica, 1989), optical coatings (Jensen, 1989), protective coatings, and lasers
(Nakamura and Fasol, 1997).

Chemical vapor deposition involves gas phase (homogeneous) and surface (het-
erogeneous) chemical reactions combined with transport processes. A schematic
representation of the elements of the process are shown for a region near a react-
ing surface is shown in Fig. (1.1). The chemical and transport processes can be

summarized as follows:

1. homogeneous chemical reactions which produce additional gaseous (and possi-

bly ionic) species,
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Figure 1.1: Schematic of a CVD process.

2. mass transport by convection and diffusion of gaseous species in the bulk region

to the surface.
3. chemisorption of gaseous species.
4. surface diffusion of the chemisorbed (surface) species,

5. heterogeneous reactions which produce a solid film and other surface and gas

phase species,

6. desorption of the surface species into the gas phase, and

=~

. mass transport of the reaction products into the bulk region.

There are many categories of CVD processes. These include thermally-activated
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CVD, plasma-enhanced CVD, UV radiation-enhanced CVD, laser-induced CVD,
electron-beam assisted CVD, and ion-beam assisted CVD (Morosanu, 1990). In
each of these systems, the distinguishing characteristic is the type of energy source
used to activate the chemical reactions. CVD is also characterized by the chemical
reactants used in the system, such as in OMCVD, in which the reactants include
organometallic species. Atmospheric-pressure and low-pressure CVD, in which case
the system is run near atmospheric pressure or reduced pressures on the order of
1 Torr (Morosanu, 1990). This work is concerned primarily with the modeling of
thermally-activated CVD, operated at either low- or atmospheric pressures, with a

variety of possible chemical gas phase species.

1.1.2 Modeling of CVD Reactors

Numerically simulating a CVD system involves several steps. The first is to
chose the scale on which the system is modeled: microscopic or macroscopic. Micro-
scopic scale CVD modeling focuses on the mechanisms behind the growth of solid
films due to heterogeneous reaction processes, such as nucleation phenomena, island
growth, and surface diffusion (Jensen, 1989). Macroscopic CVD modeling focuses
on the mechanisms governing the transport phenomena on the interior of the reac-
tor. These phenomena include, of course, convection and diffusion of gas species in
a multicomponent mixture. Macroscopic CVD models may include kinetic mech-
anisms for surface and gas phase reactions. but these are generally obtained from
literature, and generally assumed to be valid representations of the physical processes
that are actually occurring. Sensitivity analysis is useful to determine the relevance
of particular chemical reactions in a particular mechanism (Kee et al., 1996; Ern and
Giovangigli. 1995), and these analyses can performed without solving a fully two- or
three-dimensional simulation.

The vast majority of experimental (and numerical) CVD is conducted in contin-
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uous flow reactors. In a continuous flow reactor, the system is operated under steady
state conditions. This is done so that process control is as straightforward as possi-
ble. Time is eliminated from the list of process variables, such as system pressure,
substrate temperature, gas flow rates, etc. A set of various continuous flow CVD
reactor geometries is shown in Fig. (1.2). Some designs are more suited towards par-
ticular CVD chemistries, total substrate surface area, etc. The substrate is affixed
to the susceptor, which is maintained at (approximately) constant temperature by

heating or cooling, depending on the particular CVD system.
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Figure 1.2: Sketches of several continuous flow thermal CVD reactor configurations
(Kleijn, 1991).

In Ern et al. (1996), a numerical model of a three-dimensional, horizontal channel,
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steady continuous flow CVD reactor was developed to study gallium arsenide growth
from trimethylgallium and arsine source reactants. Fluid flow and temperature com-
putations were computed using a vorticity-velocity formulation of the Navier-Stokes
and energy balance equations. Detailed gas phase and surface chemistry mecha-
nisms were incorporated. A rigorous theory of multicomponent gas transport was
used (Ern and Giovangigli, 1994). The model was used to predict deposition pro-
files and complex buoyancy-induced flow phenomena that commonly occurs in these
types of reactors (Jensen, 1989).

In Kleijn and Hoogendoorn (1991) and Kleijn (1991), numerical simulations of of
thermally-activated CVD in continuous flow systems were studied. CVD chemistries
were tungsten by hydrogen reduction of tungsten hexafluoride, tungsten deposition
by silane reduction, and gallium arsenide deposition by trimethylgallium and ar-
sine. Homogeneous reaction kinetics were ignored, and heterogeneous reaction ki-
netics were simplified. Reactor geometries investigated include flow in axisymmetric
pedestal reactors, and horizontal channel reactors. In more recent studies of steady
flow reactors, detailed homogeneous and heterogeneous reaction mechanisms were
included Okkerse et al. (1998, 2000)

A recent study of CVD in geometrically complex steady flow reactors was pub-
lished by Salinger et al. (1999). In this work, CVD of gallium arsenide was simulated
in a horizontal flow reactor. Effect of susceptor tilt angle was studied. An earlier
study of three-dimensional flow effects in a steady flow horizontal reactor demon-
strated that wall temperatures and velocity profiles are strongly coupled (Moffat
and Jensen, 1988). The chemistry studied was homoepitaxial deposition of silicon
from silane. Dilute reactants were assumed to simplify the equations governing the
conservation of species. A simplified model of gas phase and surface kinetics was
employed compared to the model of Coltrin et al. (1984). In that work a detailed

gas phase and surface reaction kinetic mechanism was used, along with a rigorous
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model of multicomponent gas transport, but the results were for two-dimensional,
steady state CVD systems.

The theory of multicomponent gas transport is an important aspect of CVD mod-
eling. Many papers have focused on the importance of studying various aspects of
these phenomena. The kinetic theory of multicomponent transport is based on the
original works of Maxwell and Boltzmann (Boltzmann, 1964). The first detailed so-
lution of the theory was presented almost simultaneously by Enskog and Chapman,
in 1916 and 1917, respectively. In their work, they explicitly derived the relationship
between mass diffusion and the various driving forces (concentration gradients, tem-
perature gradients, pressure gradients, and body force differences between species).
These results are compiled in the work by Chapman and Cowling (1939).

A complete formalism for computing the transport coefficients in a multicom-
ponent gas mixture was given by Hirschfelder et al. (1954). Additional theory and
implementation was supplemented by Monchick and Mason (1961). and implemented
a computer code (Kee et al., 1986). Other formalisms for the theory have been de-
veloped by Ferziger and Kaper (1972) and Ern and Giovangigli (1994).

Several studies have been performed to show the importance of using rigorous
multicomponent models for simulating gas transport processes. The importance of
thermal diffusion in CVD systems has been thoroughly investigated (Holstein. 1988:;
Kleijn and Hoogendoorn, 1991; Kleijn et al., 1989; Jenkinson and Pollard, 1984).
Results of these works show that thermal diffusion should not be neglected: errors
in the deposition rates up to 30% may result without this effect. The reciprocal
phenomena, called the diffusion-thermo (or Dufour heat flux) has been shown to be
negligible (Jenkinson and Pollard, 1984: Kleijn, 1991; Holstein, 1988). Simplified
methods for the computation of multicomponent gas transport have received mixed
results. In Kleijn (1991), a simplified transport model yielded errors of less than

5%. The dilute limit approximation for the transport properties computed by the
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methods of Ern and Giovangigli (1994) yielded poor accuracy in Ern et al. (1996)
and Ern and Giovangigli (1995).

1.2 Motivation

The primary goal of this work is to develop a rigorous model of thermally-
activated CVD in batch reactors with complex geometry. (Hereafter, unless oth-
erwise indicated, CVD implies thermally-activated CVD.) Until now, there has not
been any significant model development for CVD batch systems.

A CVD batch system consists of vessel that is charged with mixture of reactant

_ gases and is operated with no flow into or out of the reactor during the deposition
process. Any of the reactor configurations shown in Fig. (1.2) could be used in batch
mode if the inlet and outlet ports were closed during the operation of the unit.

There are several issues which motivate the study of CVD batch reactors. A
major advantage is the nearly complete utilization of the limiting reactant species
and minimal waste of high purity carrier gases. The deposition rate is determined
by the concentration of the reactant species near the surface of the reactor. In some
CVD systems such as low pressure CVD of tungsten (10~3-10 Torr), the predominant
transport mechanism is diffusion, consequently the near-surface gas composition is
nearly identical to the reactor exit composition. In the work of McConica et al.
(1994), tungsten was deposited in a batch reactor by hydrogen reduction of tungsten
hexafluoride and was carried out at 64 Torr; results were compared to a commercial
continuous flow CVD reactor operated at 80 Torr. High purity carriers were not
used in the batch system; thus, even at the lower system pressure, the reactant
concentrations were higher than in the continuous flow reactor. Tungsten films of
thickness 2380 Awere grown on a 6 inch diameter silicon wafer. The deposition times

in the batch reactor and continuous flow reactor were 14 and 48 seconds, respectively.
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The continuous flow reactor also generated 680 times (by volume) more effluent gas
that had to be processed, since it operated at a low reactant utilization (5%). The
higher surface concentrations in the batch system yielded faster growth rates and
the lack of high purity carriers saved on material costs.

Deposition profiles in some reactors may improve if operated under batch con-
ditions. Obtaining uniformly thick films is difficult to achieve experimentally (and
numerically) due to the complex nature of the phenomena in CVD systems. The
relationship between utilization and film uniformity depends on the nature of the
CVD chemistry and the geometry of the reactor. Several studies of steady flow atmo-
spheric CVD of gallium arsenide by trimethylgallium and arsine have been reported
(Ern and Giovangigli, 1995; Salinger et al., 1999). In Ern and Giovangigli (19953),
the reactant utilization was estimated to be 75%. The nonuniformity in deposition
profiles on the susceptor in this study was due not only to high reactant utilization,
but also from the formation of longitudinal buoyancy rolls which affected the distri-
bution of reactants at the surface. In Moffat and Jensen (1988), a base case of silicon
CVD by reduction of silane in hydrogen in a horizontal channel reactor heated on
the entire bottom surface. The utilization was estimated a approximately 1%. The
deposition thickness decreased by 53% in the streamwise direction not due to the
low conversion, but due to the formation of complex three-dimensional buoyancy
rolls. It is likely that these structures could be dampened by increasing the flow rate
(Jensen, 1989), but that would decrease the utilization.

Thus, it is possible that batch systems can achieve as good film uniformity as
continuous flow CVD systems, but operate at higher conversion, which would be less
wasteful. This is the main motivation for this work.

Another motivation of this work is the paucity of modeling of CVD in reactors
with geometrical complexity. As the illustrations of the reactor geometries shown in

Fig. (1.2) show, the geometry of CVD reactors are not always simple. Susceptors are
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sometimes tilted to take advantage of buoyancy effects. Barrel shaped susceptors are
also geometrically complex. In this work, a numerical solution is obtained in complex
geometries by using the overset grid method (Henshaw, 1998), and using a general
curvilinear finite difference method to solve the differential equations arising from

the CVD batch model.

1.3 Industrial Applications

The CVD batch solver has several potential industrial applications. Two of these
include the following: (1) feasibility of batch CVD design modifications, and (2)
investigation of the feasibility of conversion of continuous flow CVD systems to batch
operation.

In the first category, this model would be used as a component tool in the design
process of a CVD batch system. The design cycle of a CVD reactor may take
several years, especially if new technologies are being investigated (Sampath, 2001).
Assuming that the model were validated against a prototype system. this model
then could be used to assess the efficacy of design modifications such as reactor
orientation, operating conditions, and initial conditions. Poor design modifications
could be assessed prior to the costly process of building and testing a prototype.

A great deal of care is needed, however, in validation of the batch CVD model
against a prototype reactor. Special attention must be made to accurately represent-
ing the homogeneous and heterogeneous reaction kinetics. The CVD batch model
assumes that these data accurately reflect, in a macroscopic sense, the physical phe-
nomena that result in the formation of new gas species, and indeed that of the
formation of the solid film. Failure to obtain accurate kinetic models would render
the solution meaningless from the reactor designer’s point of view.

In the second category, this work could be used by researchers interested in con-
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version of a continuous flow CVD system to batch operation. This type of conversion
may be of interest primarily due to the high cost of reactant gases often used. At the
time of this writing, one manufacturer’s price for Arsine (ArH;) a gas used in CVD
of gallium arsenide devices, is $8.44 per gram. The cost of more exotic gases is often
much more, such as $32.00 per gram for Germane (GeH,). If the continuous flow
system is operated under conditions leading to low conversion, which may be neces-
sary to have near-constant conditions at the wafer surface, there can be significant
savings associated with running in batch mode.

The general procedure for use of this model for such a purpose is straightforward,
but not trivial. Ideally, the first step would be to model the flow CVD system with
a commercial, academic, or in-house flow CVD code. Of course, it is also necessary
to make sure that the reaction kinetics mechanisms are adequately tuned. Next, the
same reactor geometry can be modeled in batch mode with this work with the same
reaction kinetics models, if they are appropriate over the operating conditions. Initial
and operating conditions could by parametrically varied to assess conditions which
would yield uniform deposition, or uniform near-surface reactant concentrations. It
is important to be able to match the near-surface conditions that occur in a flow
system with that of a batch system if orie is seeking a simple conversion of the reactor
type from flow to batch. Otherwise, the category of use falls back to that of batch
reactor design, and this could be cost or time prohibitive.

The primary use of the model would be to identify the reactor conditions that
would give as close as possible initial and operating conditions that mimic the near-
surface conditions in the flow system. In a batch system this is difficult for several
reasons. Since the volume is fixed, changes in mole numbers or average temperature
change the operating pressure. Second, as reactants are consumed, the average
concentration of these species decreases. This may change the system pressure, and

similarly affect the film growth rate or morphology. Also, operating the system in
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batch without significantly reducing the reactant gas concentration would be akin
to operating the system with low utilization of reactants. Even so, the utilization
may still be better than the continuous flow system, and such investigation should
not be dismissed out of hand. The actual benefits are highly dependent upon the

reactor design and the particular kinetics of the CVD chemistry.

1.4 Summary of Following Chapters

The material in each of the following chapters is summarized as follows:

Chapter 2. The nature of a macroscopically modeled CVD batch reactor is
described. Numerical methods for incompressible, multicomponent reacting flow
are discussed. Stiffness in the system of equations is addressed. Computation of
thermodynamic properties, transport coefficients, and chemical reaction rates are
outlined. Grid generation techniques are discussed with emphasis on the overset
grid method. The OVERTURE object-oriented framework is introduced.

Chapter 3. The CVD batch model is formally derived. In the first section,
the quantities used in multicomponent gas flows are defined. Next, the conservation
equations in a multicomponent reacting fluid are given in coordinate free notation.
Next, assumptions are made with regard to simplification of the CVD model. The
rigorous multicomponent transport constitutive relations are listed. The constitu-
tive equation for the diffusion flux is then cast into a form more suitable for implicit
integration of the species conservation equations. The governing equations are then
written in their final form after substituting the assumptions and constitutive equa-
tions. The thermodynamic properties of multicomponent ideal gas mixtures and ho-
mogeneous reaction kinetics are computed by the CHEMKIN software package. The
methodology used in this package is summarized. A similar discussion is presented

for the SURFACE CHEMKIN software package, which is used to compute the hetero-
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geneous reaction rates and the CHEMKIN TRANSPORT software package, which is
used to compute the multicomponent transport properties. Finally the initial and
boundary conditions of the model are discussed.

Chapter 4. A dimensional analysis of the governing equations is presented. It
is shown that the nature of the momentum equation is controlled by the Grashof
number, Gr. The divergence of velocity, which appears in the continuity and energy
equations, can be scaled locally, or on a volume average basis. The volume basis
scaling depends on the rate of reaction at the reactor surfaces due to heterogeneous
reaction kinetics. The normalized species continuity equations are functions of the
Grashof number; the Schmidt number, Sc; and the homogeneous Damkéhler number,
Da. The normalized energy equation is a function of the Grashof number: the Prandtl
number, Pr, the Schmidt number; and the Energy Generation number, E.

Chapter 5. The numerical solution of the model is discussed. The discretiza-
tion procedure for solving each of the model equations is presented. First. the species
energy equations are solved using a stiff splitting procedure. The non-stiff solves are
solved using a linearized implicit method for the diffusive terms and an explicit
method on the convective terms. Thermal diffusion is computed explicitly. The en-
ergy equation is solved in a similar manner. The species and energy equation terms
due to chemical reactions form a spatially decoupled stiff system of equations at each
grid point. A stiff solver is used to solve this system. The solution to this system is
used to compute the deposition rates. The system pressure is recomputed, and then
the momentum equations are solved using a projection method for variable density
flows on a collocated grid. The convective and diffusive terms are treated implicitly.
while a few terms were treated explicitly.

Chapter 6. The methods by which the solver was validated are discussed. The
results of several validation studies are presented. In the first study, natural convec-

tion in a thermally driven cavity is compared against a benchmark solution from the
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literature. In the second study, CVD in a low-pressure reactor is compared against
a model of CVD in a perfectly stirred reactor. After the validation studies, several
natural convection problems in a two-dimensional (2-D) domain are investigated,
including convection in a box heated on its bottom surface and in a tilted reac-
tor. Several CVD systems are modeled next. The first system is a three-dimensional
(3-D) domain with a simple CVD mechanism in which homogeneous kinetics are neg-
ligible. Velocity, temperature, gas composition profiles are presented. In addition,
uniformity issues at the deposition surface are discussed. In the second system, a
CVD system with homogeneous and heterogeneous reaction mechanisms are studied
in a 2-D reactor. Finally, the solver CPU requirements are assessed on a CVD system
with large and complicated homogeneous and heterogeneous reaction mechanisms.
Chapter 7. The results of the simulations are discussed. Conclusions are then
presented. Recommendations for further work are then listed. Finally, the changes

necessary to convert the CVD batch solver code to a continuous flow reactor code

are discussed.
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Chapter 2

THE CVD BATCH MODEL:
ASSUMPTIONS AND EQUATIONS

In this chapter, the equations of the CVD batch reactor model are given. The model

equations consist of the following:

1. A set of differential equations, boundary conditions, and constraints to deter-
mine the local density, temperature, velocity, and composition fields in the

reactor domain.

"~
H

Equations to determine quantities such as thermodynamic properties, trans-

port properties, and chemical reaction rates.

The chapter begins with a definition of the CVD batch system. Next. the fun-
damental quantities relevant to the analysis of multicomponent gas mixtures are
defined. A set of assumptions is then made with regard to the model to simplify
the resulting governing equations. Each of these assumptions is justified, and the
bounds on their validity is discussed. Constitutive equations for the stress tensor,
heat flux vector, and diffusion flux vector are presented, and the diffusion flux vector
is recast into a more useful form using a transformation. The governing equations
are then listed in coordinate-free notation, in completely general form insofar as the
assumptions allow. Next, the details of the computations performed by the suite
of chemical kinetics and transport packages are presented. Finally, the initial and

boundary conditions are discussed.
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2.1 Definition of the CVD Batch System

A schematic of a CVD batch reactor is shown in Fig. (2.1). The reactor walls
are some solid material that encloses the reactive gas mixture. The walls may be
heated, cooled, or insulated, depending on the desired temperature profile of the
interior surfaces in the reactor. The susceptor may be actively heated or cooled.

The CVD batch system is defined as the region consisting of the bulk gas of
the reactor bounded by the interior surfaces of the reactor. The system for the
reactor in Fig. (2.1) is shown in Fig. (2.2). Even though the boundary of the system
is shown as a thick line, it actually represents the interior surface of the reactor.
The dark black line indicates that the susceptor temperature may be different than
the other surfaces of the reactor. In actuality, the temperature distribution of the
interior surfaces are coupled to the energy transport processes in the interior. As
a simplification, it is assumed that the interior surface temperature distribution is
known. It may possibly be computed from a heat transfer model or measured from
experimental data. [t is also assumed that the physical location of the surface is

unaffected by the growth of the deposited film.

2.2 Multicomponent Gas Mixtures
2.2.1 Gas Mixture Quantities

This section describes some of the basic quantities relevant to an analysis of a
multicomponent mixture and how these quantities are related. These quantities are
the density of the mth species in the mixture, the total density, the concentration of
the mth species in the mixture, the total concentration, the mass and mole fraction
of the mth species, the molecular weight of the mth species, and the mean molecular
weight of the mixture.

The CVD batch reactor contains a mixture of M different gas species. The partial
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Figure 2.1: Schematic representation of a CVD batch system.
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Figure 2.2: A sketch of the CVD batch model system for the reactor schematic shown
in Fig. (2.1).
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density of the mth species in the mixture, py,, is the mass of the mth species per

unit volume. The total density (or just density) of the gas, p, is given by

M
p=) pm (2.1)
m=1

The mass fraction of the mth species, ¥y, is as follows:

, P
Wm=_m~ (

p

!\.’J
"
~—

The partial concentration of the mth species in the mixture, ¢, is the number of
moles of the mth species per unit volume. The total concentration (or just concen-

tration), of the gas, c, is given by

R74
c=) ctm (2.3)
m=1

The mole fraction of the mth species, xm, is as follows:

Cm .
Xm = P (2.4)

Summing Eqns.(2.4) and (2.2) yields the constraint on the mole and mass fractions:

M M
ZXm=Zwm=1- ('.
m=1

m=1

no
w
S——

The ratio of a species’ density and concentration is equal to its molecular weight:

Pm
Wy, = —. 2.6
m= (2.6)

The mean molecular weight is equal to the ratio of the total density and the total

concentration:

g="r 2.7
W= (2.7)
The ratio of the mass and mole fraction is given by
Ym Wy
m__m 2.8
- T (2.8)
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The mean molecular weight can be computed from the mole fractions or the mass

fractions. In terms of the mole fractions,
M
T= ) Xmlm: (29)
m=1
This expression may be derived using Egs.(2.7, 2.1, and 2.4) as follows:
o=
M
1
= E Z Pm
m=1
M
— z: XmPm
m=1 Cm

M
=) Xmttn: (210)

m=1

[ A~

A similar derivation may be used to show that

Moo\
'=( "’—"‘) . (2.11)
m=1 Um

2.2.2 Velocity, Diffusion Velocity, and Diffusion Flux

The species velocity, u,,, is the local velocity of the mth species in the bulk
mixture. The mass-average velocity (or simply velocity), u, is computed by weighting

the species velocities by the mass fractions:

U= Ymtin. (2.12)

m=1
The diffusion velocity of the mth species, 4., is defined as the difference between the

species velocity and the mass-average velocity:
U = Uy —U. (2.13)
The diffusion flux of the mth species, j,,, is given by

Im = Pmitm, (2.14)
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and it represents the difference between the total flux of species m and the flux of
that species due to bulk motion. Multiplying Eq. (2.13) by p,,, summing over all
species, and using Eq. (2.12), it may be shown that

M
Z jn =0. (2.15)

m=l

The phenomena of mass diffusion can be viewed an expression of the second law
of thermodynamics. The flux of species results from various driving forces that are
present when the system is not in equilibrium. These driving forces, when present,
drive the motion of species in such a way that the entropy of the system increases.
The driving forces for mass diffusion are gradients in concentration, the natural
logarithm of temperature, and the natural logarithm of pressure. An additional
driving force is present when body forces are species-specific, such as in a plasma
in the presence of an electric field. The relationship between the diffusion flux and
the forces can be obtained from the theory of irreversible thermodynamics (Belfiore.
1999; Hirschfelder et al., 1954) or from the rigorous kinetic theory of dilute gas
mixtures (Chapman and Cowling, 1939; Hirschfelder et al., 1954). The rigorous
kinetic theory is also used to obtain explicit forms for the transport coefficients
in terms of a set of collision integrals. which involve the dynamics of a molecular

encounter and hence the intermolecular force law.

2.3 Assumptions

Several assumptions and appropriate justifications are now made in order to
simplify the problem. They are as follows:

The continuum hypothesis is valid. A fluid consists of a large number
of particles moving and colliding with each other — exchanging momentum and
energy. The immense number of particles precludes the the possibility of describing

the dynamics of the system by tracking the motion of each individual particle.
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The continuum hypothesis is an assumption that the physical properties of the
fluid are smooth and continuous functions. This hypothesis is considered valid when
the mean free path of the molecules in the gas, A, is much smaller than the charac-
teristic length of the system of interest, [.. The ratio of these two quantities is called

the Knudsen number, Kn:

| >

Kn = 7 (2.16)
The fluid is considered a continuum when
Kn <0.1. (2.17)

In Jeans (1925), the mean free path of the mth species. A\, in a binary mixture

of elastic, spherical, particles is shown to be

kgt

TP Zn (.‘(nszmnv 1+ wm/wn)

where kg is Boltzmann's constant. @ is the temperature, p is the pressure, and

Am = , (2'18)

Smn = 5 (6 + 8a). (2.19)

where d,, is the molecular diameter of the ith species.

Consider an example problem to determine the pressure for which a binary mix-
ture of gases at known temperature in a reactor with known characteristic length
satisfy the continuum hypothesis. A mixture of diatomic hydrogen, H,, and tung-
sten hexafluoride, WF, used in CVD of tungsten is assumed. Table (2.1) shows the
mean free path of each species normalized by kgf/p as a function of composition, as
computed with Eq. (2.18). The second and third columns in the table list the molec-
ular weight and collision cross-section for each species, respectively. The remaining
columns give the normalized mean free path of the species as a function of the mole

fraction of hydrogen, xu,. Let 6 = 600 K and [, = 0.1 cm. Using the limiting case
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Ap/kgd x 1071 (cm™?)
Species || w (gmol™) | § x 108 (cm) || x&, = 0.01 | xu, = 0.50 | xu, = 0.99
H, 2.016 292 19.4 22.4 26.3
WF, 297.840 5.16 8.5 2.7 1.6

Table 2.1: Mean free paths of a binary mixture of hydrogen and tungsten hexaftuoride
computed by Eq. (2.18). Molecular data are from Kee et al. (1986).

of pure hydrogen, Ap/kgf = 26.3 x 10" cm™2. If Kn < 0.1, then

p > 2200 dynecm™2

> 1.6 Torr.

Thus, at 600 K, the continuum hypothesis for this mixture of gases is reasonable for
pressures greater than 1.6 Torr.

The gas in the reactor is ideal. An ideal gas is a mixture of gas molecules
that interact with each other only through collisions. There are no other forces
between molecules. This assumption simplifies the equation of state and the rela-
tionship between energy and temperature.

The ideal gas law is valid in a multicomponent mixture whenever the partial
pressure of the mth species, x,p. is much less than the critical pressure of that
species, and when the temperature is much greater than the critical temperature
(Cengel and Boles, 1989). Since these are conditions are true in all cases considered
in this work, the ideal gas law is assumed valid.

The equation of state relating pressure, volume, temperature, and composition

in a multicomponent ideal gas mixture is as follows:

_ PR 2.9
p=— (2:20)
where R is the universal gas constant. This equation is also written
p=pRo, (2.21)
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where R = R/uw. The gas constant for the mth species, Ry, is given by

The relationship between the internal energy and temperature for a mixture of
ideal gases is simple. The specific internal energy of pure ideal gas component m,

em, is a function of temperature alone:

em(0) = €f,, + /00 com(0') db', (2.23)
where e, is the specific energy of formation of the mth species, and c,,, is the
specific heat capacity at constant volume of the mth species. The specific energy of
formation is the energy released when species m is formed from its elements at the
standard state.

The internal energy of a mixture of ideal gases is additive. Thus, the specific

internal energy of the mixture is given by

M
€= Unem (2.24)
m=1
Differentiating this expression yields
M
De Db ¢ Dy,
—=g—+ ) e 2.25
Dt “Dt & (225)
where the mean specific heat capacity at constant volume, c,, is defined by
ve
=) UmCum: (2.26)
m=1

The gas is transparent to radiation. At low pressures and temperatures,
the energy transport due to radiative exchange in gases is negligible compared to the
energy transport due to either convection or conduction. This assumption is consid-
ered reasonable for temperatures less than 2500 K and pressures of 1 atmosphere or
less (Siegel and Howell, 1981). Radiative heat exchange between interior surfaces of
the CVD walls is not negligible, and must be included in an analysis to determine
interior wall temperatures. However, in this work, all interior surface temperatures

are assumed to be known.
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The gas is Newtonian. This assumption is valid for gases, and most low- to
moderate-weight liquids. A general indication of the validity of the Newtonian model
for fluids is based on the ratio of two time scales: (1) the time scale representative of
the rate at which the fluid can respond to achieve a new flow state when subjected
to transient forces, and (2) the characteristic time represented by the rate of change
of the strain tensor. If the first time scale is much smaller than the second, then the
fluid essentially responds instantaneously to transient forces on the fluid, and the
fluid stresses are always in local equilibrium. While this condition is valid for gases
and low- to moderate-molecular weight liquids, it is rarely true for high-molecular
weight liquids and in any fluid subject to extremely rapid changes in strain rates
(Leal, 1992). In thermal CVD, the Newtonian model is considered valid under all
circumstances normally encountered (Kleijn. 1991).

Gravity is the only body force. It is assumed that the body force is the
same for all gas species, g,, = g. This assumption simplifies the momentum and
energy equations and causes forced mass diffusion (Bird et al., 1960: Hirschfelder
et al., 1954) to vanish identically. This assumption is not valid if the gas contains
charged species in the presence of electric and/or magnetic fields.

Ionization is negligible. Due to the previous assumption, the dynamics of the
system cannot include charged gas species. This assumption is valid for CVD systems
in which the equilibrium constant for dissociation is small. Some CVD processes,
such as plasma-enhanced CVD, specifically depend on the dynamics and chemical
reactions of ionic species (Morosanu, 1990), but these systems are not considered in
this work.

The Dufour effect is negligible. The heat flux resulting from concentration
gradients, commonly called the DuFour effect, results from the complex intermolec-
ular collisions in a multicomponent gas (Hirschfelder et al., 1954). It has been shown

to be negligible under nearly all operating conditions (Holstein, 1988; Jenkinson and
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Pollard, 1984). The DuFour effect is often several orders of magnitude than that of
ordinary heat conduction. It is considered negligible in this work.

The bulk viscosity is negligible. In the constitutive equation for fluid stress,
the bulk viscosity is considered negligible, since it is identically zero for monatomic
gases, and usually considered unimportant unless the fluid is undergoing processes
with extreme dilatation, such as in ultrasonic vibratory flows (Panton, 1990).

Pressure diffusion is negligible. The mass diffusion flux resulting from pres-
sure gradients is proportional to V Inp (Hirschfelder et al., 1954), which is vanish-
ingly small in systems considered in this work.

Viscous dissipation is negligible. Viscous dissipation is the irreversible con-
version of kinetic energy to thermal energy (Leal, 1992; Panton, 1990; Bird et al..

1960). This assumption is reasonable in all CVD batch systems.

2.4 Constitutive Equations

Macroscopically observable phenomena such as fluid stress. heat flux, and mass
diffusion, arise from molecular level phenomena. Constitutive equations describe
these phenomena in terms of macroscopically observable quantities, such as compo-
sition, velocity, and temperature. The constitutive equations for a multicomponent
ideal gas mixture at low density (Hirschfelder et al., 1954), simplified by the previous
assumptions, are as follows:

Fluid stress:

9
S=-p(Vu+Vul) + épv -ul +pl. (2.27)
Heat flux:
M
q=-kV0+) hnjn (2.28)
m=l
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Mass diffusion flux:

w M vo
im=p—3 ) UnDnaVxn — df, 2~ (2.29)
n=1

In the above equations, S is the total fluid stress, u is the dynamic viscosity,
p is the pressure, I is the unit tensor, h,, is the specific enthalpy of mth species,
Dy, is the mnth element of D, the matrix of ordinary multicomponent diffusion
coefficients (D, = 0) and d',rn is the thermal diffusion coefficient of the mth species.

By Eq. (2.15),

M
Y dl =0 (2.30)
m=1

2.5 Diffusion Flux

The diffusion flux given by Eq. (2.29) is written in terms of the gradients of the
mole fractions. This is not convenient because the species conservation equations
are usually written in terms of mass fractions (or species densities). In Cartesian

coordinates, Eq. (2.29) can be written in matrix form as follows:

(| C(E) ()
E WDW 0 0 m ong
Jzar fzo A
N X1 dlnd
Jyt a9y oy 1
: |=| 0 wDw o o S (2.31)
. i’QL axnodrr
7 ) M
" 8| |dea
; 0 0 WDw|| % ",
\j:M) - ) \%iu‘) \352""5:/

where W = diag[w,,...,wy]. Note that the vectors are of length 3M, where M
is the number of species. Since the matrix W DW acts on each spatial component

independently, a shorthand notation for the above equation is introduced:

P _Vve
= z;,zWDWVX 7 ¢ (2.32)
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where the vector j is of length M, but it is implied that this same equation applies
to each spatial dimension. Hereafter, this notation will be used for operations of this
type.

The gradients in mole fraction of mth species can be written in terms of the

gradients of the mass fractions of mth species using the following:

M
VXm=Y_ Crun Vitn, (2.33)
n=1
where
Cr = . (2.34)
aWn

Differentiating the conversion formula between mole fraction and mass fraction,

Eq. (2.8), vields

Cmnn = (Jmn - Wmi) iv (2.35)
Wn /) Wn
where d,,, is the Kronecker delta. Thus,
Vx=CVy. (2.36)

It can be shown that C is singular, since its columns sum to zero. This is proven

as follows:
M M B\ @
> Cmn =3 (dmn = ma )
; W
i=1 =1
- M -
w W w
=—=) Un——
n m=1 wm wn
@ X%
=2 (1-Tul).
Wn m=1 m
B M
=0 (2.37)
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Thus, we can write the diffusion flux as follows:

J=-pI'V¢p - %0- : (2.38)
where
I=-—WDWC. (2.39)
w

Eq. (2.38) is the formulation for the multicomponent diffusion flux used in the nu-
merical model. It has the same general appearance as the diffusion flux used for
binary mixtures (Bird et al., 1960).

It is now shown that Eq. (2.38) is equivalent to the expression for diffusion flux

in binary mixtures. Consider the case of W = 2. The diffusion flux of each species

is given by
J1=—plu Vi - pl'12 Vs,
J2 = =Pl Vi — pl22 V. (2.40)
From the constraint given by Eq. (2.3), Vi, = —~Vy». Thus, the above two equa-
tions may be written
J1=-p(Tu -Tw)Vy, (2.41)
Ja=-p(Tn—Ta) Vi, (2.42)

It can be shown that ['y; —I'12 = Dy,. First expanding Eq. (2.39) and using Dy = 0.

= —El,.;WDWC,

1 Cowy Dyaw, CnuwDiaw,
w? | CuweDywy CrawaDoywy
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Thus,

w Dypw.
= (Cn—Cn),

wlDlg‘w'_) w , w w , w
i S v “Yo— | - — |1 -t¥— '
w Wy wy Wo Wa

wlDlg’UJg w w
=T —X2—— — —I},
w wa

Fh-Te=-

D
= # Daws + x1un ],

= Dl2y

and by switching subscripts, it is easy to show that [y — 3, = Dy,.

2.6 Governing Equations

The governing equations are written for a general multicomponent ideal gas using
the assumptions and constitutive equations previously discussed. They are as follows:

Continuity: The equation of mass conservation, or continuity equation, is

L Dp
-=r -u=0. 2.44
> Dt +V-u=0 (2.44)

Species Continuity: The conservation statement for the mth species in the mix-
ture, or species continuity equation, is

apw l 0‘1 ' dz'

—Tm'f'v '(Puwm) = rm+v’zprmnVWn+v' (vag

n=l
(m=12,.... M), (2.45)
where r, is the volumetric mass generation rate of the mth species in the mixture
due to homogeneous chemical reaction. Even though this equation is written for all
M species, there are only M — 1 independent species continuity equations. This is
due to the constraint given by Eq. (2.5), namely that the species equations must

sum to the total continuity equation.
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Momentum: The momentum balance is given by

9
D—’:=—Vp+pg+v-(u(Vu+VuT)—§p(V-u)I). (2.46)

Thermal Energy: The conservation of thermal energy is derived by subtracting
the mechanical energy equation from the conservation of total energy. The result is

as follows:

D6
pc,,a =V - (kV6)-p(V-u)

M

=Y (emrm + Copy (G V0) + BBV - ). (247)

m=l1

2.7 Surface Flux Due to Heterogeneous Chemical
Kinetics

During a CVD process, chemical reactions occur at the interfacial surface between
the gas and the substrate that result in the formation of a solid film. The net
molar production rate per unit area of species m due to heterogeneous chemical
reaction, s, may be a complicated function of the surface temperature, pressure.
the composition of the gas, and the composition of site-specific species on the surface.
These reaction rates are computed by SURFACE CHEMKIN (Coltrin et al., 1996). A
brief overview of SURFACE CHEMKIN is presented later in this chapter.

The net mass generation rate per unit area is thus

O = M (2.48)
W

By convention, o, < 0 for reactants, and o,, > 0 for products of the chemical
reaction. Mass conservation requires that the flux of gas phase species must be

equal to the net mass generation rate per unit area of the gas phase species. Hence,
Om = —PmUm - N, (2.49)

where n is the unit vector normal to the wall that points into the wall.
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2.8 Chemical Kinetics and Transport Properties

This section summarizes the computations performed by the CHEMKIN, SUR-
FACE CHEMKIN, and CHEMKIN TRANSPORT packages. The CHEMKIN package (Kee
et al., 1996) is used to compute the thermodynamic properties of multicomponent
gas mixtures, such as c,, by, €, etc., and it is also used to compute the chemical re-
action rates of the gas phase species due to homogeneous chemical reaction, r,,. The
SURFACE CHEMKIN package (Coltrin et al., 1996) is used to compute the reaction
rates of the gas phase, surface phase, and bulk phase species due to heterogeneous
chemical reaction, g,,. The CHEMKIN TRANSPORT package (Kee et al., 1986) is

used to compute the transport properties such as p and k.

2.8.1 Homogeneous Reaction Rates

Consider a mixture of M gas phase species undergoing a total of I reversible or

irreversible chemical reactions. A general expression for this set of reactions can be

written
M M
Z Amifm = z '4mi§m (l = 17 2' L] [) (2-50)
m=1 m=1

The stoichiometric coefficients A,; represent the coefficient of the mth species in the
ith reaction equation and &, is the symbol for the mth species. The superscripts
" and " represent forward and reverse stoichiometric coefficients, respectively. By
convention, 4,,; > 0 and A; > 0. Since each elementary reaction usually involves
only a few species, the stoichiometric coefficient matrix is quite sparse for a large set
of reactions.

The net production rate of the mth species, r,, (gecm~3s!), is written as follows:

[
Tm=Wm Y Am@ (m=12..., M), (2.51)

i=1

where A = A" — A’. The rate of progress variable for the ith reaction, g;, is given
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by the difference of the forward and reverse reaction rates.

M M
g = ky, H cim — k,, H cfmi, (2.52)
m=1 m=1

where ¢, is the molar concentration of the mth species and kg, and k., are the
forward and reverse rate constants of the ith reaction. Fy,; are the forward reaction
orders which normally equal the forward stoichiometric coefficients A, and Ry are
reverse reaction orders which normally equal the reverse stoichiometric coefficients
Afni. Both Fy,;; and R,,;; may take non-integer values to simulate reactions of arbitrary

order, but the law of mass action will not be satisfied unless
Fri = Rpi = Ami. (253)

The forward rate constants for the I reactions may take the form

E. B  C
— ﬂ‘ 1 1 3 -
kf- = A;0”exp (-ﬁ + 0—1/5 + 5575) y (2.54)

where 4, is the pre-exponential factor, 3; is the temperature exponent. and E; is the
activation energy of the ith reaction. The additional terms B; and C; are used when
the reaction follows a Landau-Teller type rate law (Coltrin et al., 1996).

From thermodynamics, the forward and reverse rate constants of the mth reaction

are related to each other by

kf. _ DPatm Z't;l Anm 9 ==
P "P-( RO ) : (2:59)

where the equilibrium constant of the mth reaction, k,,, is defined by
ky, = e 340/RE (2.56)

The quantity Ag? is the change in the standard Gibbs free energy of the ith reaction

when changing the reactants to products:

M
Ag =Y Audt, (2.57)

k=1
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where g is computed from the identity
gk = hy — 08}, (2.58)

and h; and §; are the molar enthalpy and entropy of pure species k£ at temperature
6.

The molar specific heat capacities at constant pressure, enthalpy, and entropy are
evaluated by CHEMKIN from polynomial curve fits for several temperature ranges.
The polynomials are computed by regression from the actual values computed by
methods of statistical mechanics (Kee et al., 1996). All other thermodynamic prop-
erties may be computed from these three.

CHEMKIN also has features to allow for more complex reaction mechanisms, in-
cluding third-body reactions, unimolecular/recombination fall-off reactions, chem-
ically activated bimolecular reactions. and several types of plasma reactions (Kee

et al., 1996).

2.8.2 Heterogeneous Reaction Rates

Consider the region consisting of substrate, the surface of the substrate, and the
gas mixture near the surface. The formalism of SURFACE CHEMKIN describes this
region as a collection of several types of “phases”: gas, surface, and bulk.

The gas phase consists of the mixture of gases above the surface. SURFACE
CHEMKIN allows only one gas phase in any one reaction mechanism. The number of
species in the gas phase is K.

The surface phases consist of the different types of morphological structures that
exist at the physical boundary between the solid and the gas. Such phases may
be used to describe “ledge” sites, “planar” sites, or any number of features which
exist at the surface. In each mechanism, it is assumed that there are N, surface
phases. Each phase contains K4(n) species in phase n, where 1 < n < N,. Itis

assumed that surfaces species on one phase are distinct from surface species of the
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same composition on a different phase. For example, a hydrogen atom adsorbed onto
a ledge site is not necessarily the same as a hydrogen atom adsorbed onto a planar
site.

The site fraction of the kth species on the nth phase, z¢(n), is the fraction of
the total number of available sites in the nth phase which are occupied by the kth
species. The site may also be vacant. Thus for each phase,

PNV ESS (2.59)
k€K ,(n)
where the notation k& € K,(n) implies a summation over all of the species in the nth
surface phase.

The areal concentration of the kth surface species, nx (molecm™2), is given by

_ zk(n)7n
"= (2.60)

where 7, is the density of sites of phase n (molcm~2) and v(n) is the number of
sites that each species k occupies on the nth phase.
Consider a set of I reversible or irreversible surface reactions involving K™ chemical

species. A general form for these reactions is identical to that in the previous section:

K K
Y Bu& =) Bu& (i=12....0), (2.61)
k=1 k=1

where By; are the stoichiometric coefficients and & is the chemical symbol for the
kth species. As with homogeneous kinetics, the stoichiometric matrices are often
sparse for large sets of reactions.

The production rate of the kth species per unit area, s, (molem=2s~1) is given

by

-

I
se=)_ Bugi (2.62)
=1

where B=B" - B'.
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The rate of progress of the ith reaction, ¢; is given by the difference between the

forward and reverse reaction rates:
K BI K B”
@ =k [[6e™ - & T 0™ (2.63)
k=1 k=1

where b represents the molar concentration (¢¢) for gas phase species, the areal
molar concentration (1) for surface species, and the activities (a;) for solid bulk
species. The activities of the bulk species normally sum to unity (for ideal solid
solutions). See Coltrin et al. (1996) for more details.

A relationship between the forward and reverse rate constants may be determined
by considering the system at equilibrium. The result is
k. atm \ Zke kg Bri ¢o(n) Bl -B,, 9 A,
Ef—. = ky, (B 161 A9 Bresuin B kel;[(n) vg B, (2.64)
where 42 is the standard-state surface site density of site type n. For clarity, it is
noted that the first sum is taken over all gas phase species, the first product is taken
over all surface phases, the second sum is taken over all species in the nth surface
phase, and the second product is taken over all species in the nth surface phase. The

equilibrium constant of the ith reaction. k,,, is given by

k, = e™4/RI (2.65)

Pi

where Ag? is the change in the Gibbs free energy of the ith reaction by changing the

reactants to products at the temperature 6, and at 1 atmosphere pressure:
M
A3 = Buds. (2.66)
k=1

The Gibbs free energies of the species are determined from the enthalpy and en-
tropy, which are computed by interpolation of polynomial curve fits to data generated
by methods of statistical mechanics.

In addition, SURFACE CHEMKIN allows for non-integer stoichiometry coefficient,

site coverage modification of the rate expression, ion-energy dependent rate expres-
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sions, sticking coefficient mechanisms, Bohm rate expressions for ionic reactions, and

other methods for simulating heterogeneous kinetics (Coltrin et al., 1996).

2.8.3 Transport Properties

The CHEMKIN TRANSPORT package is used to compute the transport proper-
ties needed by the CVD batch model. These properties are the viscosity, p: the
conductivity, k; the thermal diffusion coefficients, dT; and the matrix of ordinary
multicomponent diffusion coefficients, D.

The mixture viscosity is determined using the Wilke mixture-averaged formula

from Wilke (1950):

M
p=V" Xmhm (2.67)
m=1 Zn—l Y’l mn

1 w2 i U2 \ M 2
Brin = — — — — . 2.
ton= g5 (10 52) (1 () "(22) (268

and the pure species viscosity is given by

where

_ i -rmeO
Hm = 16 TN oz Qe

In this equation, N is Avogadro’s number and &, is the Lennard-Jones collision

diameter. The collision integral, Q>%*, is a function of the reduced temperature

kgt
« - 287 97
o, = (2.70)
and the reduced dipole moment
1 ¢
= ——= 2.7
om 2enad’ 2.71)

where ¢, is the Lennard-Jones potential well depth and (, is the dipole moment.
This (and other) collision integrals are determined by interpolation from tabulated
Stockmayer potentials (Monchick and Mason, 1961).
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The thermal conductivity, multicomponent thermal diffusion coefficients and or-
dinary multicomponent diffusion coefficients are determined from a 3M x 3M block

system of equations given by

[0 pool g S0 0
oo pow poo fe ] (2.72)
0 Lo poeo) \ oo X

where X is the vector containing the mole fractions, and ¢, are solution vectors of
length M, where M is the number of gas species. The components of the L-matrices
are functions of the binary diffusion coefficients, the temperature, pressure, the mole
fractions, several collision integral ratios, and rotational and vibration contributions
of the molecular specific heat capacities. For brevity, they are omitted. Explicit
formulae are given in (Kee et al., 1986).

The ordinary multicomponent diffusion coefficients are determined from the in-
verse of the L% matrix. Defining P = (L%%)™",

16w
Dmn:' 97 Xm
25wnp

(Pmn - Pmm) . (2?3)

Hence, the computational cost for computing the D involves the inversion of an

M x M matrix, in addition to the computation of L%%,

The thermal conductivity and thermal diffusion coefficients are determined by

solving Eq. (2.72). Then.

M

k=- Z Xm (S0, + So1,,) (2.74)
m=1}
8Wm Xm
dp = —2" 500 - 2.75
m SR m (2.75)

2.9 Initial and Boundary Conditions
2.9.1 Initial Conditions

The CVD batch system is assumed to be in thermal and static equilibrium at

the moment the reactor is turned on. The system pressure, temperature and com-
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position (specified as mole or mass fractions) completely describe the state of the
gas. In addition, initial site fractions of the surface species are given. These may be
computed beforehand using a package to determine equilibrium site fractions at a
surface for a given temperature, pressure and composition, such as SURFKIN (Coltrin

et al., 2000).

2.9.2 Boundary Conditions

Boundary Conditions on Temperature

The temperature of the susceptor and other reactor surfaces are assumed to be

known functions of position and time:
6 = 0,(z.y.z.t) (on interior surfaces). (2.76)

At symmetry boundaries, the normal component of the gradient of all scalar

quantities is zero, thus,

n-V0 =0 (onsymmetry surfaces), (2.

~N
-~]
-3
~

where n is a vector normal to the symmetry surface.

The boundary conditions are numerically approximated using the ghost line
method. In this approach, an extra row of points is added just outside the dis-
cretization and boundary points that lie within the physical domain of the system.
The value of the unknown function at the ghost point is determined by the type of
boundary condition on that boundary. In the case of a Dirichlet boundary condi-
tion, the value at the boundary point is specified, and value at the ghost point is
determined by extrapolation. For a Neumann boundary condition, the discretization
of the boundary condition includes the value of the ghost point; its value floats to
satisfy the Neumann condition. The details of the implementation of this method in

the solver is discussed in the next chapter.
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Boundary Conditions on Velocity

On all surfaces, the no-slip condition is used:
u-t=0. (2.78)

where ¢ is a tangential vector(s) on the boundary surface. In two dimensions, a sur-
face has one tangential vector, while in three dimensions, a surface has two tangential
vectors.

At a reacting surface, the normal component of velocity, called the Stefan velocity.,
is determined by summing the fluxes of the gaseous species at the wall. By SURFACE
CHEMKIN convention,

(2.79)

_ J <0 (for reactant species),
" >0 (for product species).

The total flux at the wall is obtained by summing the species fluxes at the surface.
The Stefan velocity, u,, is the total flux at the wall divided by the gas density. If n

is the unit-vector pointing toward the surface from the reactor interior, then
M
1 :
Uy=U-R===) O, (2.80)
P m=1

Boundary Conditions on the Mass Fractions

At all non-reacting surfaces,
Jmn=0 (m=12,....M). (2.81)

The flux of species due to heterogeneous chemistry is included as an additional
term in the governing equations. As will be discussed in the chapter on the numerical
methodology, the species equations are split into two parts: a non-stiff solve followed
by a stiff solve. The reaction terms are only included in the stiff solve, in which case
the species continuity equation is written in a form which includes boundary flux

terms. The non-stiff solves use a zero flux boundary condition on all walls.
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2.10 Deposition and Etch Rates

The net creation rate of the bth bulk solid species (in gem=2s7!) is given by a.
The sign of o, determines whether that species is being deposited or etched from
the surface. If o, > 0, then the species is being deposited at the surface. If g5 < 0,
then the species is being etched from the surface. It is possible that some species are
deposited at the same time other species are etched. The deposition (or etch) rate,
D, of the solid film is given by the following:

D=Y a, (2.82)
bEN,
where the summation is taken over all bulk solid species.
The rate of change of the thickness of the film, or the film growth rate, G, is
computed as follows:
. Cs
G= b;,b . (2.83)
where p, is the density of the bth solid bulk species. Since both etching and deposition

process may occur, G may be positive, negative, or zero.
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Chapter 3

REVIEW OF NUMERICAL MODELING ISSUES IN CVD
BATCH SYSTEMS AND GRID GENERATION
METHODS

The nature of the transport processes inside a macroscopically modeled CVD batch
reactor can be described as that of incompressible flow of a reacting, multicompo-
nent gas mixture with chemical reactions at the flowfield boundaries. This chapter
outlines the most important issues regarding the numerical solution of this type of
system: the nature of incompressible flow: the stiffness in the model equations due
to source terms; computation of thermodynamic and transport properties; and com-
putation of homogeneous and heterogeneous reaction rates. A discussion of grid
generation is presented with emphasis on the overset grid method. Finally, the
OVERTURE framework, which forms the foundation of this work, is introduced. and

its functionality is illustrated by an example problem.

3.1 Definition of Incompressible Flow

The mass conservation (or continuity) equation for a general fluid is given by

1 Dp
;E'*’V'H—O, (3.1)

where p is the fluid density, u is the fluid velocity, and D/Dt is the substantial, or
material, derivative operator which “follows the motion” of the fluid (White, 1979).
A flow is defined as incompressible when

10p _

=== 2
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This condition is true if the fluid density is constant and uniform. This condition
is very nearly true in flows of isothermal liquids, since the density is a very weak
function of the pressure in liquids. In flows of gases, this condition prevails when
the Mach number, Ma, is less than 0.3. The Mach number is defined as the ratio of
the local speed to the sound speed in the fluid. Under these conditions, changes in
density due to the motion are less than 5% (Anderson, 1989).

The incompressibility condition changes the nature of the mass conservation (or
continuity) equation. In compressible flow, the continuity equation is differential
equation that predicts the evolution of the fluid density (White, 1979). In incom-
pressible flow, the continuity equation is a constraint equation on the fluid velocity
(Ferziger and Peric, 1996). The flow velocities in the case studies considered in this
work are consistent with the condition Ma < 1, and thus incompressible fluid flow

is assumed.

3.2 Numerical Methods for Incompressible Flow
Problems

There are many techniques for solving incompressible flow problems. These in-
clude the artificial incompressibility method, the stream-function vorticity method.
the velocity-vorticity method, the pressure-Poisson method, and projection methods.

The artificial compressibility method is applicable only to the solution of steady
state flows (Chorin, 1967). In this approach, an artificial equation of state through a
compressibility parameter is introduced. The method is devised such that the steady
state solution obtained is independent of the compressibility parameter. This method
is valid only for steady flow systems. Since the CVD batch system is unsteady, this
method cannot be used.

The streamfunction-vorticity method is usually used for two-dimensional and
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axisymmetric flows. There are many references for this method, including Hirsch
(1988), White (1979), and Panton (1990). In this approach, the curl of the mo-
mentum equations is taken, which eliminates pressure as an unknown. This method
reduces the two momentum equations into a single equation in terms of a single
component of the vorticity.

The vorticity-velocity formulation has been used to model steady-state, three-
dimensional flows. In this approach, the momentum and continuity equations are
written in terms of a vector equation of vorticity transport and a Laplacian equation
for each velocity component in terms of the vorticity (Ern and Giovangigli, 1995).
The advantage of this method is the pressure is eliminated as an unknown. The
disadvantages are that additional differential equations on the vorticity must be
solved, and that boundary conditions on these equations are determined in terms of
the unknown velocity field.

The pressure-Poisson method is useful for constant density steady or unsteady
flows. In this approach, the divergence of the momentum equations is taken. The
continuity equation is then substituted into this result to vield a Poisson equation on
the pressure. The momentum equations and the Poisson equation on the pressure
are then solved to obtain the velocity and pressure fields. This method is not as
easily implemented in fields with time varying density (Henshaw et al., 1994).

The projection methods are commonly used for steady and unsteady incompress-
ible flows (How and Wetton, 1991; Huang and Wu, 1994; Bell et al., 1994: Majda
and Sethian, 1985; Pember et al., 1999). In this method the momentum equations
are integrated with the pressure term treated explicitly. The solution to the velocity
field does not, in general, satisfy the continuity equation. A projection operator is
defined to project the velocity onto the space of vector functions that satisfies the
constraint imposed by the continuity equation. In practical application, the projec-

tion operator is the Laplacian operator. The solution to this projection is a pressure
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correction function. The pressure correction function is then used to compute a ve-
locity correction function. These correction functions are then applied to pressure
and velocity to obtain a solutions which are consistent with the continuity equa-
tion. Special care must be taken when considering the boundary conditions on the
projection operator (Gresho and Sani, 1987; Connell and Stow, 1986; von Schubert,
1995). In some investigations, the projection operator has been simplified and the
correction function to pressure and velocity computed iteratively (Patankar, 1980;
Kleijn, 1991).

In the present work, a variable density projection method is used. The convective
and the diffusive terms are treated implicitly. The pressure correction function is
obtained by a variable density projection. The Poisson equation is solved with
an iterative solver or direct solvers such as PETSc (Balay et al.. 1996) or YALE

(Chesshire and Henshaw, 1999).

3.3 Multicomponent Reacting Flow Issues

3.3.1 Numerical Solution of Stiff Systems

The energy and species conservation equations contain convective and transport
terms and source terms due to homogeneous and heterogeneous chemical reactions.
In many types of reacting flow problems, such as in this work, or combustion, air
pollution modeling, etc., the system of these equations may be stiff, mainly due to
the chemical reaction source terms. Stiffness implies that there is a vast disparity
in the various time scales of the solution, and the use of implicit methods for time
integration of such systems is recommended (Press et al., 1992; Sportisse, 2000).

Consider a system of M species with a domain discretized into N cells. A fully
implicit numerical method would result in matrices of size M x N, which can be

very large. Since the source terms cause the strongest coupling between the species
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and energy equation, an operator splitting method is used to reduce the dimension
of the matrices.
The species and energy equations create a system of equations of the following

form:

‘fi—: = (A+B)z, 2(0) = zo, (33)

where 2 is the vector of variables, and A and B are the slow and fast operators,
respectively. The fast operator, B is the source of the stiffness. The operator A
consists of the diffusive and convective terms.

Consider the first-order (slow-fast) splitting scheme given by

dz* . ooy _ ,
- = Az, z°(0) = 2, (3.4)
% = Bz, z"(0)==z"(At), (3.5)
where
z(At) = 2°°(At) + O(At). (3.6)

A similar splitting (fast-slow) could be performed by integrating the fast oper-
ator first. It is shown in Sportisse (2000) that the (slow-fast) splitting scheme is
preferable. Second- and higher-order splittings are also available, with significant
costs associated with each. A second-order Strang splitting is significantly more ex-
pensive, requiring the evaluation of both the (slow-fast) and (fast-slow) splittings
integrated over three time intervals between ¢ = 0 and t = At (Sportisse, 2000).

The splitting results in a slow solve and a fast solve. The spatially coupled slow
solve consists of a set of M systems of equations, each with matrix size V. The fast
(stiff) solves fully decouple (spatially) and thus form a set of N sets of equations,
each with matrix size M. Thus, it is apparent that this splitting has reduced the

matrix dimension necessary to simulate the system.
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Different solvers are used for the fast and slow solves. The fast solves are com-
puted with the CVoDE (Cohen and Hindmarsh, 1994) package. CVODE uses a
backwards differentiation formula method, and Jacobians are evaluated by numer-
ical differencing. Other stiff solver methods are given in Press et al. (1992). The
slow solves are computed by standard iterative or direct solvers such as YALE and
PETSc. These solvers are called directly by OVERTURE member functions. A va-
riety of solver methods and preconditioners are available (Chesshire and Henshaw,

1999).

3.4 Numerical Grid Generation

3.4.1 General Methods

The mode] describing the CVD batch reactor consists of a set of nonlinear partial
differential equations which must are solved on the physical domain representing the
interior of the reactor up to. and including, the surfaces of the reactor walls. The
numerical solution of these equations requires some discretization of the physical
domain into a collection of points or cells. This collection of points is called a grid.

There are three general types of grids used in numerical modeling: structured,
unstructured. and hybrid grids. Structured grids consist of points have a structure
with respect to the local coordinate system of the physical domain. In unstructured
grids, there is no built-in structure. A hybrid grid consists of a collection of structured
and unstructured grids in the physical domain. Hybrid grids are also called dragon
grids.

There are several types of structured grids used to discretize geometrically com-
plex physical domains: orthogonal, nonorthogonal, patched-block, and overset grids.
In the first two categories, a single mesh is used to discretize the entire domain. In

some cases, a single orthogonal grid is adequate for this purpose. However, a sin-
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gle orthogonal mesh may not be feasible for a very complicated three-dimensional
domain. A nonorthogonal mesh introduces additional degrees of freedom for the
placement of grid lines, which may be necessary to generate a grid with sufficient
quality to obtain an accurate solution. Nonorthogonality of the grid lines intro-
duces complexity in the model with additional geometrical terms (Demirdzic and
Peric, 1990; Ferziger and Peric, 1996). The truncation error from the discretization
of these geometrical terms can pollute the solution for highly nonorthogonal grids
(Ferziger and Peric, 1996).

Patched-block and overset grid generation are two classes of multi-block grid gen-
eration methods. The common characteristic of the patched-block methods is that
the domain is subdivided into a number of smaller domains (subdomains) which are
gridded separately by a set of subgrids. ™ the patched-block method, the boundaries
of the subgrids align exactly. The grid lines in each adjacent subgrid do not nec-
essarily need to align. In the overset grid method, the subgrids overlap each other.

The boundaries of each overlapping subgrid are determined by interpolation.

3.4.2 The Overset Grid Method

As just discussed, the overset grid method is a multi-block grid generation method
used to discretize domains for the solution of differential equations. There are several
advantages for using this technique.

First, it can be used to discretize complex geometries. The subgrids are pieced
together in a patchwork that fill the domain and sufficient overlap is required to
obtain the required accuracy for interpolation. The patched block method may also
be used to generate grids for complex geometries, but the subgrids must align exactly,
and this introduces constraints which force the subgrids to become nonorthogonal.
Unstructured grids are also often used to model complex geometries, but the resulting

coefficient matrices are also unstructured.
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Figure 3.1: Schematic of the cross section of a duct with a square cross section
containing a circular pipe at its center.

The overset grid method is also excellent for modeling systems that have moving
boundaries, as discussed in Chesshire and Henshaw (1999). However, the CVD
systems studied in this work have stationary boundaries.

Lastly, the overset grid method is suited towards implementation on parallel
architectures. The processing time for each subgrid could be implemented on a
separate processor; hopefully the time spent on communication between processors

would make the effort worth it.

3.4.3 Example of an Overset Grid

The overset grid method is now applied to an example of a two-dimensional
physical domain. Consider a very long rectangular duct having a square cross section
containing a circular pipe at its center. A schematic of this duct is shown in Fig. (3.1).
It is desired to solve a differential equation on the domain between the outer surface
of the pipe and the inner surface of the duct wall.

An overset grid for the physical domain consisting of the region between the pipe
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Figure 3.2: An overset grid for the physical domain between the outer wall of the
pipe and the inner wall of the rectangular duct shown in Fig. (3.1).

surface and the duct wall is shown in Fig. (3.2). This overset grid, generated with
the ogen grid generator (Henshaw, 1999a), consists of two orthogonal subgrids. The
inner subgrid is an annular grid that maps the domain near the outer surface of
the pipe. The background subgrid is Cartesian and maps the region away from the
pipe and up to the inner surfaces of the duct wall. The grid points of the subgrids
are located at the intersection of the grid lines. Grid points that lie on a boundary
are called boundary points. Interior grid points are located in the interior of the
domain. but do not lie on the boundary of the subgrids which overlap each other
in the interior. The points on the edges of the interior overlapping boundaries are
called interpolation points. Ghost points, not shown in the figure, lie outside the
physical domain, and are used for numerical computation of boundary conditions.
The numerical model generates an algebraic equation at each point on the grid.
The discretization of the differential equation forms an equation that is applied to
the discretization (and possibly boundary) points . Boundary conditions form an

equation that applies to boundary points (or ghost points if the governing equation
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is applied to the boundary points.) Ghost points that are not used are assigned
trivial equations. Interpolation equations are applied to each interpolation point.
The interpolation equations relate the function value at an interpolation point to
the function values of its nearest neighbors on an adjacent subgrid, called interpolee
points. As the number of interpolee points increases in the interpolation stencil, so
does the accuracy of the interpolation and the required overlap between subgrids.

Another factor that influences grid overlap is the interpolation method. If inter-
polee points are themselves interpolation points, then the interpolation values are
coupled by a sparse system of equations. This is known as implicit interpolation. If
the overlap is increased sufficiently, then no interpolee points will be interpolation
points, and the interpolation equations for each grid are not coupled. This is known
as explicit interpolation. Explicit interpolation simplifies the system of equations,
but requires more points in the composite grid. As a comparison, implicitly and
explicitly interpolated composite grids are generated for the domain of the previous
example. The resulting grids are shown in Fig. (3.3). On the left is the grid gener-
ated by implicit interpolation. It contains 507 discretization (and boundary) points
and 88 interpolation points. The interpolation points are marked by heavy dots for
identification. On the right is the grid generated by explicit interpolation. It contains
588 discretization (and boundary) and 80 interpolation points. Note the difference in
the amount of overlap. This amount overlap is consistent with second-order accurate
interpolation (Henshaw, 1999a).

There are several factors which motivate the use of overset grids and OVERTURE

in this work:
e The ability to discretize complex three-dimensional domains.
e Each subgrid can be orthogonal (or minimally non-orthogonal).

e The OVERTURE class library is built the using A++P++ matrix library
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Figure 3.3: A comparison between implicit and explicit interpolation methods used
to generate the overset grid for the domain for the region between the outer surface
of the circular pipe and the inner surface of the square duct shown in Fig. (3.1).
The grid on the left, generated by implicit interpolation, contains 507 discretization
and boundary points and 88 interpolation points. The grid on the right, generated
by explicit interpolation, contains 563 discretization and boundary points and 80
interpolation points.

(Quinlan, 1999), which is implementable in parallel computing environments.

e The OVERTUPE suite performs a large number of tasks needed to solve differ-
ential equations on overset grids. The object-oriented nature of this suite of

class libraries simplifies the entire code development process.

Finally, it is noted that OVERTURE is an incomplete research tool. Part of the
present work involved adding features to the OVERTURE suite which were needed,

but not yet implemented. These features included the following:
e Addition of several finite difference operators,
o Classes to link OVERTURE to the CHEMKIN suite,

o Classes to solve the stiff chemical reaction equations.
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The finite difference operators added to the OVERTURE suite will be identified
in the section on finite difference operators in chapter 5. Details of the class written
to link OVERTURE to CHEMKIN are not particularly relevant to this work, since it
consists of mechanism to call CHEMKIN functions for various points on a grid. The
details relating to the stiff solver are described only in terms of the stiff equations
actually being solved. Since CVODE was used for the stiff solver package, the author

refers the reader to Cohen and Hindmarsh (1994).

3.5 Introduction to OVERTURE

The OVERTURE framework (Chesshire and Henshaw, 1999) consists of a library
of C++ classes for the discretization and solution of partial differential equations
on complex domains using overset boundary-fitted curvilinear grids. It also has exe-
cutable programs for grid generation (Henshaw, 1999a) and visualization (Henshaw,
1999b). The framework is primarily used for finite-difference and finite-volume meth-
ods on such grids, although support for other types of grids and methods (such as

hybrid grids and finite element methods) may be added in the future.

3.5.1 Grid Generation with OVERTURE

The grid generator ogen is used to create overlapping grids that can be used with
the OVERTURE class library to solve partial differential equations. An overlapping
grid is generated by first defining a collection of Mappings that completely fill the
physical domain and have a sufficient degree of overlap for the algorithm to succeed.
The class Mapping is a transformation that maps a portion of the physical space to
the unit square (or cube). A Mapping can also transform a physical space to another
physical space, e.g., a coordinate stretch, rotation, etc. The physical and (to be)

interpolated boundaries on the Mappings are also identified.
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From the list of Mappings, individual Mappings are selected from lowest to highest
priority. The Mapping with the lowest priority will have as few points as possible
in the final grid. If the overlapping grid algorithm succeeds, a CompositeGrid is
created. The class CompositeGrid contains a collection of objects which define the
various components of the overlapping grid including interpolation information. The
CompositeGrid object also contains arrays to store a large amount of geometric data
associated with a grid, but many of these arrays are null by default in order to reduce

the size of the data file in which the CompositeGrid is saved.

3.5.2 Numerical Solution of Partial Differential Equations
with OVERTURE
OVERTURE is designed to solve partial differential equations on overset grids.
It is written in object-oriented C++, and its structure simplifies many of the time
consuming tasks that arise when writing a code to solve a particular set of PDEs.
A complete list of the class definitions, member functions. and inheritance structure
can be found in the OVERTURE reference manuals (Chesshire and Henshaw, 1999).
The salient features of OVERTURE are now illustrated by means of an example.

Consider the two- or three-dimensional partial differential equation given by
V*u=1, u=2 (on boundary.) (3.7)

It is desired to solve this with a finite difference method. The system of equations
representing the discretization of this differential equation, the boundary conditions,

and the interpolation equations is given by

Au=f. (3.8)

It is assumed that the OVERTURE grid generator ogen has been used to create a
composite overlapping grid and save it to a file called fileName.

In the source code for the executable, the CompositeGrid is read from fileName:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

CompositeGrid cg;
getFromADataBase (fileName, cg);
cg.update();

A CompositeGrid is instantiated and read from filename. The cg.update() func-
tion is used to compute geometric data for the grid such as cell volumes, etc. A vari-
able u and the coefficient matrix A are represented by CompositeGridFunctions.
The stencil size of the coefficient matrix depends on the number of dimensions of
the CompositeGrid:

int stencilSize=pow(3,cg.number0fDimensions())+1;
realCompositeGridFunction u(cg), A(cg,stencilSize,all,all,all);

The coefficient matrix representing the finite difference approximation of the Lapla-

cian operator and the boundary conditions is specified by the following:

CompositeGridOperators op(cg);

A = op.laplacianCoefficients();

A.applyBoundaryConditionCoefficients (0,0, dirichlet, allBoundaries);
A.applyBoundaryConditionCoefficients (0,0,extrapolate,allBoundaries);
A.finishBoundaryConditions();

In the first statement, CompositeGridOperators op(cg) defines an object which is
used to compute finite differences and finite difference operators for realComposite-
GridFunctions. The next statement, A=op.laplacianCoefficients() computes
the coefficients of the Laplacian operator (in 1-, 2-, or 3-D) and copies them into
A. The next two lines fill in entries to the coefficient matrix corresponding to the
boundary conditions. The last line adds entries for interpolation equations, periodic
edges, and ghost line corners (which occur at the intersection of ghost lines in 2-D
and 3-D grids only).

Now consider, in detail, what occurs in the previous statements. Take for ex-

ample, a simple, 1-D grid corresponding to the unit line interval with uniform grid
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spacing, h, and a single ghost point at each boundary. After A = op.laplacian-
Coefficients() is executed, A is filled in at all interior and boundary points with
the discrete approximation to the Laplacian operator, resulting in a (sparse) repre-

sentation of the coefficient matrix:

0 0 o0 ... i=-1 (ghost point)
& i% & 0 ... =0 (boundary point)
0 5+ # & O i=1 (interior point)
A=[0 0 % 3 & 0 i=2 (interior point)
0 # 7 » i=N (boundary point)
| 0 0 0] i=N+1  (ghost point)

At this point in time, no equation has been applied at the ghost points, which corre-
spond to the first and last rows of A. The boundary conditions of the test problem are
applied by A.applyBoundaryConditionCoefficients(0,0,dirichlet,allBound-

aries), which replaces the rows corresponding to the boundary points with the

identity operator, as follows:

0 0 0 ... ) i=-1 (ghost point)
o1 0 0 .. i= (boundary point)
0 & -asf- m 0 ... i= (interior point)
A=10 0 % = & 0 =2 (interior point) (3.9)
0 0 1 0 i=N (boundary point)
i 0 0] i=N+1 (ghost point)

Extrapolation equations are applied to the ghost point rows using A.applyBound-

aryConditionCoefficients(0,0,extrapolate,allBoundaries). The coefficient

matrix is now given by

1 -3 3 -1 0 i=-1 (ghost point)
01 0 o0 ... i=0 (boundary point)
0 4 # = O i= (interior point)
A=|0 0 5 7 & O i=2 (interior point)  (3.10)
0 0 1 0 i=N (boundary point)
I 0 -1 3 -3 1] i=N+1 (ghost point)
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The last statement, A.finishBoundaryConditions(), is used to supply interpo-
lation equation coefficients, and extrapolation coefficients at ghost line corners. In
this simple example, no interpolation points or ghost line points are present.

Next, an Oges object is created, which is used to solve the system of equations.
The Oges class contains information about which software package, i.e., YALE, HAR-
WELL, etc., is used to solved the equation system; the type of preconditioner used

(if any); convergence criteria; and other information (Henshaw, 1999a).

Oges solver( cg );

The Oges requires specification of the coefficient matrix. This is done by the state-

ment

' .solver.setCoefficientArray( A);
Now that the left-hand side is completely specified, it is necessary to fill in the right-
hand side at all points. For the Dirichlet boundary condition test problem, the right-
hand side of the differential equation is filled in at all interior points. The boundary
points are filled in with the values corresponding to the boundary conditions. By
default, Oges fills in zero values at extrapolation and interpolation points. The
statements used to fill in the right-hand side for the test problem are as follows:
. .// ASSIGN THE RIGHT-HAND SIDE: Laplacian u = 1; (u = 2 on boundary)

for( int grid=0; grid<cg.numberOfComponentGrids(); grid++ )

¢ getIndex(cglgrid].indexRange(),I1,I2,I3);

// INTERIOR POINTS
£[grid] (I1,12,13) = 1.;

// BOUNDARY POINTS
for( int side=Start; side<=End; side++ )
tor( int axis=axisl; axis<cg.number(QfDimensions(); axis++ )
{
if( cglgrid] .boundaryCondition() (side,axis) > 0 )
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{
getBoundaryIndex(cglgrid] . indexRange() ,side,axis,Ibl,Ib2,Ib3);
£[grid] (Ib1,Ib2,Ib3) = 2.;
}
}
}

The complete linear system which represents the finite difference approximation to

the test problem is thus

- 9 4 3 4

1 -3 3 -1 0 Uy 0

o1 ¢ 0 ... Uy 2

0 "ll? ?2' F‘; 0 u) 1

00 w # & 0 ¢ w S=010% (3.11)
0 0 1 0 Uy 2

i 0 -1 3 -3 1 un) (0]

The solution. u, is obtained by the statement

solver.solve(u, £);

In this example, it is clear that the C++ classes are doing a lot of computations
“behind the scenes.” These computations are built in to the class definitions, and
are intended to streamline the process of code design. Details of the computations,
such as interpolation, are not intended to be manipulated directly by the user. and
are thus hidden. Note that in these sets of code snippets there was no reference to
how interpolation is being done. The default interpolation is based on the amount of
overlap in the grids. [t is assumed, by default, that there must be enough overlap for
implementation of second-order interpolation equations. If higher-order interpolation
is specified (in the grid generation process), then that information will be included in
the CompositeGrid, and interpolation equations will be constructed at higher-order.
Of course, the order of the interpolation is dependent on the amount of overlap.

The OVERTURE user manuals contain a great deal more information regarding the
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details of the classes; including, member variables, member functions, inheritance,

etc. (Chesshire and Henshaw, 1999).

-
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Chapter 4

DIMENSIONAL ANALYSIS

In this chapter, a dimensional analysis is performed on the governing equations
of the model presented in chapter 2. The purpose of dimensional analysis in this
work is to gain insight as to which terms in the governing equations, under which
circumstances, might be considered negligible and make the equations easier to solve.
Dimensional analysis is a technique in which each of the variables and parameters in
an equation is normalized with respect to a characteristic value, or scaling factor, of
that variable or parameter. The scaling factors are chosen such that the normalized
variables are order of magnitude unity. The scaling factors are collected together
to form dimensionless groups. The magnitudes of these dimensionless groups then

serve as parameters which govern the basic nature of the equation.

4.1 The Momentum Equation

The dimensional analysis of the momentum equation cannot begin until the na-
ture of the flow inside a CVD batch reactor is better understood.

In a CVD batch reactor, there are no gas inlets or outlets, and the temperature
distribution inside the reactor may not be uniform. Through the ideal gas law, the
density distribution may be variable as well. Variations in the density field may
induce fluid motion. In other words, the flow inside a CVD batch reactor is driven
by natural convection.

Recalling the momentum equation, Eq. (2.46),

p(%‘+u»7u)+Vp=pg+V-(ﬂ(Vu+VuT)—

W

£(V-u) 1). (4.1)
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Note that density differences do not appear. However, there is a component to the
pressure field which balances gravitational forces exactly in the absence of motion.

This is called the static pressure field, p;. The static pressure field is the solution to

VP; = P9, (42)

where p, is the density field in the static fluid field. It is not necessarily the same as p.
Subtracting Eq. (4.2) from Eq. (4.1) yields the dynamic momentum equation. which
clearly shows how density variations in the fluid field influence motion. Defining

p = p — ps, the dynamic equation is as follows:

2

p(a—u+u-Vu> +Vpd=ﬁg+V»(u(Vu+VuT) 3

% p(V-u) 1), (4.3)

where p, is the dynamic pressure defined by
Vp=Vps+ Vp,. (4.4)

The following characteristic quantities are used for the normalization of the var-

ious terms appearing in the momentum equation:

P = p/pe, B = pfpe,
5" = p/Acp, Pz = pa/Aep,
u” = u/u, V' =I[lV.

t* = tucfl,, ey =g/g.

The quantities with * superscripts are dimensionless. Terms with ¢ subscripts are
characteristic of the behavior of the system. The characteristic density and viscosity
are chosen from some reference state, perhaps the initial condition. A, scalings
refer to a characteristic change of that quantity in the system. This distinction
is made for the pressure and density terms because they do not vary from zero

to some characteristic value. They vary slightly about some mean characteristic
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value. The velocity, on the other hand, varies from zero at all non-reacting walls
to some maximum value in the reactor. Thus the characteristic value of velocity is
also characteristic of the change in velocity. As in other natural convection flows,
there is no directly obvious choice for the characteristic velocity. There is also no
obvious choice for the characteristic length; note that the characteristic length is
not necessarily the length of the reactor! It is the distance over which the velocity
changes from minimum to maximum. [t is assumed that characteristic time is equal
to the ratio of the characteristic length of the flowfield and the characteristic velocity.

Even though the characteristic length, velocity, or pressure variation is not pre-
cisely known, it is assumed that the scalings presented above are perfectly valid.

Making the appropriate substitutions yields the following:

pcu D’ i Acp . _( . Hele . 1=

where
D'u* Ou’ . e s
D = o +u'-V'u
T. — - (v'ut + v‘ulr) — .2- - (v. . ul) I
0 3 .

At this point, a few assumptions are made regarding some of the characteristic
quantities. Since buoyancy is the responsible for the fluid motion, it must be as large
as any of the other terms in the equation. Dividing the momentum equation by the

characteristic buoyancy terms yields

2 ..,
pu; \ .D'u Acp - felle .
(’-\cl’glc) "De T (Acpyl ) VE=ret (Ac gli) ver. e

It is assumed that the characteristic pressure term (in parentheses) is of the

same order of magnitude as either the characteristic convective or stress terms. If

the former is assumed, then

pc_uz D‘ i o) _ = Hele .
(Acpglc) ( D TVP ) =P “”( cpgp) v (4.7)
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The quantities in parentheses are dimensionless groups. However, they include
the characteristic velocity, which is unknown. If it is assumed that the convective
(and pressure) term is of the same order as the buoyancy term, then

peliy
Acpgle

~ O(1). (4.8)

Solving this equation for u. and substituting the result into Eq. (4.7) yields

'D.u- . 8 —_— - —1_. - . 1 3
pW+Vpd—peg+‘/GV T, (4.9)
where Gr is the Grashof number defined by
A 3
Gr = PIRPle (4.10)

p?

The scaling given by Eq. (4.9) is appropriate for large Grashof numbers, since the
stress term cannot be larger than the buoyancy term.

The scaling appropriate for low Grashof numbers is obtained by assuming the

characteristic pressure term is on the same order as the stress term. In this case,

pcu;-) ,D"U' _ == ucuc . ) . : . .
(Acpglc) P —Pest (Acng) (V*-T° - Vpy). (4.11)

If it is assumed that the stress (and pressure) term is of the same order as buoyancy,
then the characteristic velocity can be eliminated from the momentum equation to

yield the following:

Grp-D%t_' — e+ VT —V'p (4.12)

For moderate values of the Grashof number, neither Eq. (4.9) nor Eq. (4.12) is
appropriate. The dimensionless equation reduces to the original dynamic momentum
equation given by Eq. (4.3), with all quantities in dimensionless form. The magnitude
of the Grashof number depends on quantities that are known for a given CVD batch
system, ezcept for the characteristic length. Since [, is unknown, the Grashof number

is also unknown. However, the dimensional analysis was not done in vain. For a
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given problem, the fully dimensional form of the equations can be solved for the
flowfield. From the solution, the characteristic length may be determined directly,
and from this, the Grashof number may be computed. If the magnitude of the
Grashof number corresponds to one of the above cases — high or low Grashof number
— then subsequent computations may be modified (simplified) by this additional

information.

4.2 Static Pressure

The static pressure equation is given by

Vs = p,g. (4.13)
If ps > p4, then

Vp = p.g. (4.14)
Since, p = p,R0, and g = —ge;, the z-component of this equation is
—Inp=-—=-. (4.15)
Assuming the temperature is constant, this equation may be integrated to vield

p=men (L), (19

where po is the pressure at 2 = 0. For small values of the argument gz/R#, the
exponential term can be expanded in a Taylor series. Truncating the series after the

second term yields the following:

P=p (1 - Z—;) . (4.17)

The pressure field consists of a spatially constant pressure and a linearly varying

field. The spatially constant term py is called the background pressure.
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The magnitude of the background pressure is equal to the pressure consistent

with the ideal gas law for the entire reactor. That is,
poV =mRo, (4.18)

where V' is the total volume of the reactor. This is proven by integrating the density

m=/p,dV.
v

Assuming a constant temperature and constant cross-sectional area, A, this equation

over the volume:

may be integrated to yield

m= P_‘!g_’i [1 — exp <-%%)] . (4.19)

Expanding the exponential in a Taylor series and truncating all terms higher than

second order yields

_ poAH
" RO

(4.20)

which is the same as Eq. (4.18), since V' = AH.

The magnitude of the background pressure is usually several orders of magnitude
greater than the linear variation in the static pressure. Consider a CVD reactor
with height 10 cm containing a binary mixture of WFg and H, at 300 K and 1 Torr.
each species equally present in terms of moles. The mean molecular weight of the
mixture is 150 gmol~2. The change in the static pressure is given by pogH1u/R6,
or 5.9 x 1075 Torr. Hence, whenever the pressure is needed for computation of the

thermophysical quantities, the background pressure is used.

4.3 The Divergence of Velocity

The continuity equation is used to appropriately scale the divergence of velocity,

which appears ia the energy equation. In dimensional form, the continuity equation
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is given by

1Dp
‘U= ——== 2
V-u Dt (4.21)

One might choose u./!. for the scaling of the divergence of velocity. However, if the
flow were constant density, then the divergence would be identically zero, from the
right-hand side of the equation. A better scaling for local the divergence is based on

the characteristic value of (1/p)Dp/Dt. Using the ideal gas law and the chain rule,
1Dp _1Dp 1D8 1D

oDt pDt 0Dt @Dt

The last term on the right-hand side, which results from the change in the composi-

(4.22)

tion field, is considered negligible. The dimensionless form of this equation may be

given as follows:

c A, ... ,0 ()
1Dp_u(Ap 1 D*p ACIDO) (4.23)

;E B E pccucgc;D.t. - 0. 0_‘D.t'
where
A'p" = Ap/Acp,
P’ = p/pccuche,
A0 = A6/A0,
0° =6/0..
Note that the use of ¢, in the scaling of the pressure is acceptable since ¢, = O(R)
for an ideal gas.
The pressure term is negligible, because the ratio A.6/6. may be order unity,

while A.p/p.cy . < 1. Thus,

)
*.ut = ce¢ . 9
V-u (uc M)v u (4.24)

The divergence can also be scaled on a global average basis. The volume average

of the divergence is given by

—V~u=l/v.udv. (4.25)
v/,
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Using Stokes’ theorem,
= 1
V~u=—/u»nd.~'l, (4.26)
Via
where the boundary velocities are computed from the reaction rates by
1
u-n=--)Y o, (onboundary). (4.27)
2>

Thus, an appropriate scaling for the global divergence is given by

V' -u = (.4,:0::) V- u. (4.28)
peVe

where A, is the characteristic surface area of the reacting walls, V; is the volume
of the reactor, and o, is a characteristic reaction rate for the gas species due to
heterogeneous reaction. The term in parentheses is the ratio of the mass flow rate
out of the gas phase (and being deposited by heterogeneous chemical reaction) and

the total mass in the reactor. Thus, if there are no surface reactions, the global

divergence is zero.

In the momentum equation, part of the stress tensor contains the divergence of
velocity. This term could be rescaled by the local or the global divergence as given
in this section: however, this is probably not necessary since the divergence term in

the stress tensor is generally smaller than the velocity gradient terms.

4.4 The Species Continuity Equations
The species continuity equations are normalized using the following scalings:

t"=tD,. /2,
j:n = jmlc/pchy

T =Tm/Te
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where D, is a characteristic diffusion coefficient, and r. is a characteristic reaction
rate due to homogeneous kinetics. It is assumed that the characteristic time is based
on a scale related to mass diffusion.

As with the momentum equations, there are two possible scalings for the char-
acteristic velocity, consistent with either a low or high Grashof number limit. The

characteristic velocity in the high Grashof number limit is given by

4 = | DePI (4.29)
pe
Making the appropriate substitutions,
ap.ym f— ‘e . —_— 5
—— +VGrScV - (puyn) + V-3, =Dar;,, (m=1.2.....M). (4.30)

ot

where Sc is the Schmidt number and Da is the homogeneous reaction Damkéhler

number defined by

He

Sc= . 4.31
peDe. ( )
rl?
Da= —=%. 4.32
peD. ( )
The characteristic velocity in the low Grashof number limit is given by
Acpgl?
ue = =P (4.33)
He
and the resulting dimensionless equation is
ap.ym 3] - —_ ¢ /
—— +GrScV - (puyn) + V-3, =Dar,, (m=1,2,...,M). (4.34)

6t-
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4.5 The Energy Equation

The energy equation is normalized with the following scalings:

t° = ket/pecucls, ¢ = Co/Cuer
A" = Af/A.0, P = p/pccucle,
Comy = Cppu/Cues V-u' = (10:/ud0)V - u,
R;, = Rn/cye, R = R/c,.,
e = éem/e., k* = k/k.,

where k. is a characteristic thermal conductivity, c,. is the characteristic specific
heat, and e, is the characteristic specific internal energy.

As with the momentum equations, there are two possible scalings for the char-
acteristic velocity, consistent with either a low or high Grashof number limit. The

dimensionless energy equation for high Grashof numbers is given by

gto: +VGrPr (p'cu’ - V0" +p'V" - u’) = V- (k°V°6")

pey

M M
EY - 3 (ondne VO R ) (439
me1 C a

m=l1

where Pr is the Prandtl number, E is the Energy Generation number, and Ga is the

Gay-Lussac number defined by

Pr = pecye/ke, (4.36)
E = ecrcl?/kAdd, (4.37)
Ga=AA4/06.. (4.38)

The dimensionless energy equation for the low Grashof number limit is

pcc;ai. + GrPr (ptc;uc . V‘at +p-va . ut) = v: . (k.v.g‘)

M M
® & Pr s °= e ¥ 1 s s - (23
—-E E en’m = 5o E (cpme~V0 +€R"‘9v -Jm), (4.39)
m=l1 m=1
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4.6 Closure

The behavior of the momentum equation in the closed batch system is governed
by a single dimensionless group, the Grashof number. Unfortunately, the Grashof
number cannot be computed directly from the geometry and operating conditions
of the system because the characteristic length of the flow field is not known. The
characteristic length is not necessarily the length of the reactor, although one could
assume that it is a reasonable choice. If one did choose to use the length of the reactor
as the characteristic length, and this choice was in error by an order of magnitude,
then the computed Grashof number would be in error by three orders of magnitude.
If it were decided to ignore terms based on the magnitude of such an inappropriately
computed dimensionless group could render the solution meaningless. Instead of
choosing a length scale based on convenience, the appropriate procedure in this
case is to solve the equations in dimensional form for a given system and measure
the characteristic length from the solution. From this measurement, the Grashof
number can be rigorously computed, and appropriate simplifications can be made
when performing subsequent computations. As an example, consider the flow field in
a CVD system at very low pressure. Suppose that, as measured from the computed
flow field, the quantities GrSc and GrPr are both much less than unity. Under
these conditions, the convective terms in the energy and species equations could be
neglected. Thus, in all subsequent computations, the momentum equation would
not need to be solved at all.

The source term in the species continuity equation is controlled by the magnitude
of the gas phase Damkohler number, Da, which is representative of the ratio of gas
phase reaction rate to the mass diffusion rate. Due to the large variability in reaction
and diffusion rates, the magnitude of the Damkéhler number is also highly variable.

The source terms in the energy equation are controlled by the Energy Generation

number, E, and the ratio of the Prandtl number to the Schmidt number, also known
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as the Lewis number, Le. The Energy Generation number is the ratio of the energy
released by gas phase chemical reaction to the energy transport due to conduction.
Due to the variability in the reaction rates and magnitudes of the energy of formation
of the species, E is also highly variable. The ratio of the Prandtl number and the

Schmidt number is typically order unity for gases.
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Chapter 5

THE NUMERICAL METHOD

5.1 Introduction

In this chapter, the implementation of the numerical solution strategy for the
model is discussed.

First, a summary of the steps of the numerical method is presented. In the next
section, temporal discretization of the differential equations is discussed. The energy
and species equations are solved with a slow-fast splitting technique as discussed in
Sportisse (2000) to handle the stiffness arising from the chemical reaction terms.
The fast solves are performed with the CVoDEstiff differential equation solver for
dense systems. The slow solve contains the convective and diffusive terms. The
diffusion term is solved with a diagonally implicit approach. The convective terms
are also treated implicitly. The off-diagonal terms in the diffusion matrix are treated
explicitly.

In the next section, the discretization of the momentum equation is presented.
The momentum equation is solved with a variable density projection method. In
this approach, the momentum equations are integrated. The resulting velocity field
will not, in general, satisfy continuity. A Poisson equation is solved for a function
which projects the velocity onto the space of functions that satisfies the constraint
imposed by the continuity.

Next, the spatial discretization of several of the finite difference operators is
discussed, such as the divergence, Laplacian, and V - (sV) operators, where s is a
scalar function. All operators are computed using conservative finite differences in

two- and three-dimensional curvilinear coordinates.
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5.2 Numerical discretization

5.2.1 Notation
The time level of variables is indicated by a superscript. That is,
P’ =p(z,t=0) (5.1)

represents the pressure at time zero. As the solution is integrated to the next time

step, Aty,
p' =p(z,t = At)). (5.2)

The next time interval for the integration may be different than At,. In general we

refer to the time step for the ith integration step as A¢;. Then

p" =p(x,t = At). (5.3)

=1

5.3 Summary of the Numerical Method

A flowchart of the CVD batch solver numerical procedure is shown in Fig. (5.1).

A summary of the steps are as follows:

1. The initial conditions on velocity, temperature, background pressure, gas phase

mass fractions, and site fractions are specified.
2. Thermodynamic and transport properties are computed.

3. A first-order splitting is used on the species-energy system.

The fast part of the species and energy equations are solved on the interior

and boundary nodes.

The Stefan velocity and bulk deposition at reactive surfaces are computed.
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Specify Initial Conditions: (w, &, po, W, and )’ (€ M.k N
v
Compuate fluid properties
¥y
Solve fast energy and species equations on interior and boundacy
¥
Campute Stefan velocity and deposition tates
¥
Evaluate pg. Update (p, 6, and w)°
¥
Solve slow part of species equation for all gas species
'
Solve slow part of energy equation
v
Evaluxte po. Update (p. & and w)™*!
v
Compate static pressare ficld, p,"*’
¥
Integrate momentum equations to obtain u "
¥
Solve projestion equaton for ¢**
¥
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¥
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¥
Check Stopping Critena
Yes
Continve lterating?
No
END

Figure 5.1: Flowchart of computations performed by the CVD batch solver.
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The background pressure is computed to adjust for changes in gas compo-

sition and temperature.

The slow part of the species and energy equations are solved on the interior

and boundary nodes.

The background pressure is again computed to adjust for changes in gas

composition and temperature. pt+t, 07 p*+! and %! are now known.
4. The static pressure field is computed.
5. Each component of the momentum equation is integrated to obtain u".
6. A variable-density projection to enforce continuity on a global basis.
7. The velocity and dynamic pressure are then computed to obtain u"*! and pj*'.

8. Stopping criteria are checked. If not satisfied, return to step (2). Otherwise

stop.

5.3.1 Initialization

The initial conditions for the system completely specify the state of the gas in
the reactor and the site fractions of surface species on all reactive surfaces. The
initial conditions for the gas phase are specified by the pressure, temperature, and
mass (or mole) fractions. The surface site fractions may be arbitrarily guessed, but
it was found that that estimating the site fractions from an equilibrium computation
of the surface species with a known surface temperature, pressure, and gas phase
composition, with a code such as SURFKIN (Coltrin et al., 2000), yielded improved
convergence of the solver. The density, viscosity, and other remaining fluid properties

are then computed. The initial fluid velocity is zero.
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Boundary Cell

|

Ghost Point A

l

O
Interior Cell

Figure 3.2: Schematic representation of a boundary and interior node.

5.3.2 The Species and Energy Equation Stiff-Splitting

The species and energy equations form a coupled system of equations that can

be represented by the following equation:

% = Az + Bz. (5.4)

The vector z is defined differently for interior and boundary nodes. A schematic
of the grid near the reactor surface is shown in Fig. (5.2). In this figure the control
volumes are shown for a boundary node and an adjacent interior node. On the
interior node, all chemical reactions are homogeneous. On the surface node, gas
phase reactions can occur throughout the cell volume, V', and surface reactions may
cause a flux of gas species at the surface, which has area A. The site fractions of
the surface species and mass bulk species deposited by CVD is also stored at the
boundary node. The stiff equations at the surface node include the homogeneous

reactions in the gas cell, and the conservation equations for the site fractions of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

surface species.

Consider each of the following systems of equations: (1) the fast species and en-
ergy equations in the interior, (2) the fast species and energy equations on the bound-
ary, (3) the slow (non-stiff) species equations in the interior and on the boundary,

and (4) the slow energy equation in the interior and on the boundary.

The Fast Part of the Species and Energy Equations in the Interior

At the interior nodes, the fast part of the species equation is

Op¥m -
’;f = oy (5.5)
or
MWm  Op -
P T mp =Tm- (5.6)

Summing the the species equations and using Y, rm» = 0 yields

dp _ - -
Et——O. (3.7)

Substituting this result into Eq. (5.6) yields

OYm - T_m =1.2 / 3
= (m=1,2,....M). (5.8)

The fast part of the energy equation is
a6 1 =
-5 = —-— Em €mTm- (0.9)

Hence, the fast equation system at interior nodes is given by Eqns. (5.7), (5.8),

and (5.9).

The Fast Part of the Species and Energy Equations on the Boundary

The fast part of the species equation at the boundary cells is derived by rewriting

the species continuity equation in integral form:

0pYm .
[ (%2 -rm) v == [ n-(utntin dd  (m=12....00). (s10)
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For the boundary node, this equation is approximated by

where A is the area of the reactive surface and V' is the volume of the boundary cell.
It is assumed that the flux between the boundary cell and other cells is zero, since
it is treated in the slow solve.

From the definition of the species flux, that is,

Oh=-N- (Pmpm + jm) ' (512)

Eq. (5.11) may be written as follows:

Pt A .
-] = — = 9 \
( En rm) Va"' (m=1.2,... M), (5.13)

Summing this equation over all species yields

a 4 -
3‘?‘ = F E Om- (014)
Thus. the fast species equation on the boundary is
Om A I'm -
—_—=— -y E ; — =1,2.....M). .
el (o,,. Um : a’,) + p (m =1, ) (5.15)

It is assumed that the reactive surfaces have Dirichlet boundary conditions on the

temperature:
6 =T,(t) (on boundary) (5.16)
The Stefan velocity is computed from the following differential equation:
do 1 -
g—zgo’m—u,. (3'1‘)

with ¢(0) = 0. Integrating from time t* to t**! yields

¢n+l - ¢n = ﬁs-/l":rn (5’18)
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where U, is the mean Stefan velocity during the integration step.
The time rate of change of the areal concentration of the kth surface species is
given by is given by

e _ % for all surface species. (5.19)
dt Wi

The rate of change of the site fractions, dz;(n)/dt, is obtained by differentiating
Eq. (2.60) with respect to time and using Eq. (5.19) to eliminate dn;/dt. The result

is as follows:

dzi(n) _ geue(n) _ z(n) dye
dt Wik Y dt

(for all surface species). (5.20)

The solid mass deposited per unit area per unit time, ", is given by

m = W = Z Ok. (5.21)

where k € N, implies a summation over all solid bulk species. In this analysis, it is
assumed that the CVD growth at the control volume surface is uniform and planar.
Hence, variations in the computation of film growth are limited by the grid resolution
at the surface.

The time rate of change of the surface site densities is given by

% = = 99
dt —g(t), (D.--)

where g(t) = 0 if the site densities are constant.
Hence, the fast equation system at the boundary cells is given by Egs. (5.14),
(5.15), (5.16), (5.17), (5.20), (5.21) and (5.22).

The Slow Part of the Species Equations in the Interior and on the Bound-
ary

The slow part of the species equations is given by

Optm 2 df
2 T V- (puyn)=V- Eprmnvwn +V- (TVG)

n=l1

(m=1,2,....M), (5.23)
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which is obtained by setting r,, = 0 in Eq. (2.45). The discretization of this equation
is implicit on the diagonal component, [y, of the diffusion coefficients and explicit
on the convective term and off-diagonal diffusion terms. The density is held fixed.

The discretization formula is as follows:

(£1-9 (9] v = Zv - 9 (et
A"
+ Z;V (" TR VY) + V- ((7”‘“—) VO") , (m=12,.... M), (5.24)
i#m

where I is the identity matrix. This discretization decouples the species equations,
resulting in M distinct matrix problems. The constraint given by Eq. (2.5) requires
the solution of M — 1 species equations. However, all M equations are solved in
order to determine the error in conservation of the mass fractions.

The boundary condition on the equation is a zero flux of all species at all surfaces.
The flux of gas species due to heterogeneous chemical reaction is taken care of by
the fast solve on the boundary nodes. The zero flux boundary condition applied by
setting the scalar values [, and d7, to zero at the faces of the control volumes at
the boundary surface. This zeros out the contribution to the flux on the boundary
faces of the control cells when computing the various divergence operators. The

ghost point values of the mass fractions are obtained by extrapolation.

The Slow Part of the Energy Equation in the Interior and on the Boundary

The slow part of the species equations is obtained by setting )", enrm = 0 in
the energy equation. The discretization is is fully implicit, as follows:

n.n n n& P
[pc"(AtI u" V) V- (k"V)+p u’z"(v u™) 1

ey -
+ E — (v I+ Zc,,mgm V|t = S0 (5.25)

Dirichlet boundary conditions are applied to all boundary nodes, and the ghost point

values are obtained by extrapolation.
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5.3.3 Update of the Background Pressure

The fast and slow solves can result in changes in composition, temperature and
density. The pressure field computed by the ideal gas law using these quantities will
not, in general, be spatially uniform. A smoothing procedure is performed after the
fast and slow solves to adjust the background pressure consistent with the ideal gas
law.

The background pressure smoothing step after the fast solve is as follows. First,

the average change in the species concentrations is computed using

. L] n_n
Ac, = /(X":" - XmP ) &V (m=1,2,....M), (5.26)
Vsys v w*

o
where the states before and after the fast solve are represented by n and =, respec-
tively. The integrand represents the local change in the concentration of the mth
species. The integral of this quantity is the global change in the number of moles of
the mth species. Dividing this result by the system volume. V. yields the average
global change in the concentration of that species. This change is added to the local

species concentration prior to the stiff solve.
Crn = Cm + Acm, (5.27)

where ** represents the system state after the pressure smoothing step. This proce-
dure conserves the total number of moles of each species, and therefore mass. The

total concentration after the smoothing step is given by

M
=) e (5.28)
m=1
Using, Eq. (2.4), the mole fractions are
13 C:': -
Xm = Py (029)

From Eq. (2.9), the mean molecular weight is given by

M
ot = E Xom Wiy (5.30)

m=1
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The density is computed from Eq. (2.7):
Pt =c"u. (5.31)

The background pressure is then determined as follows:

P = / PRY v, (5.32)
;

v‘y’ u"}t-

Using the ideal gas law, the local temperature after the smoothing step is given by

UL Pt § 3

= 5.33
0 R (5.33)

The smoothing procedure following the slow energy and species equation solve is

simpler, since there is no net change in mass (or moles) of the system. Thus,

m*t = m™, (5.34)
where
m"* =/Vp" dv, (5.35)
can be computed directly. Also,
mt! = , %;fi:— dv, (5.36)

where 6"*! and w™*! are the temperature and mean molecular weight after the slow
species and energy solves.
Equating Eqgs. (5.35), (5.36), and recognizing that p, = p, the background pres-

sure is determined as follows:

+1 _ m =
P = I @™+ (R6™+T) dV° (5.37)
The density field at the n + 1 state is then computed by
pn-f-l
pn+l - ﬁﬁkon‘n' (5.38)

Hence, the density, composition, temperature, and background pressure are consis-

tent with the ideal gas law at the n + 1 time step.
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5.3.4 Momentum Equation
The Static Pressure Distribution

The static pressure distribution is computed by solving

1
p,.—HVPS‘“ =g, (5.39)
which is obtained by setting ¥ = 0 in the momentum equation. The divergence of

the hydrostatic equation is given by

v (va;'“) =0. (5.40)

pn‘f'l

This equation is solved with the boundary condition specified by taking the normal

component of Eq. (5.39):

1

n: pn+l

Vpitl=n.g. (5.41)

In matrix form, the differential equation and boundary conditions may be written

as follows:
Ap,=f. (5.42)

This system of equations is singular, since a constant added to the solution satis-
fies both the differential equation and the boundary conditions. The singularity is

removed by augmenting the system as follows:

Ap,+ar=f

r'p, =5, (5.43)

where a is a constant and J is a real number, » is a vector which makes the system

of equations non-singular. It is easily verified that
o ]
a=—=, 5_44
r (5.44)

where {7 is the null vector of A.
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From Eq. (5.40), f = 0. If r is chosen such that {Tr # 0, then a = 0. Thus,
the solution to the augmented system yields the same solution to p, as the original
system. The vector » is arbitrarily chosen to be a column of ones. This has been

found to make the system of equations nonsingular in all case studies encountered.

Integration of the Momentum Equation

The momentum equation is given by

Ju 1 1 .
§+;V(pd+p,)—g+;V~T-u~Vu, (5.45)

where T is the stress tensor.

The following discretization is used to obtain the velocity at the new time step:

vt ouwtu —ut | el 1 . .
At +p,,+lv(pd+ps)+ =9+WV'Tn -u"-Vu’,
(5.46)
where
9
™ = 4" [Vu' + (V)T - éu" (V-uMI|, (5.47)
and
Vpa+p,)" =V (p] + 011 + Vo (5.48)
The velocity at the intermediate state, designated by u" determined from
u ~u" 1 1 . . .
I, +p"+lV(p,',‘+p§‘“)=g+WV~T" -u"-Vu, (5.49)
with the boundary conditions as follows:
u-t=0 on all surfaces (3.50)
u-n= {0 on all su.rfaces (5.51)
u, on reactive surfaces

The solution for u* will not, in general, satisfy continuity. The projection step is

un+1 -y 1
+

X Ve =0. (5.52)
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The projection equation is obtained by taking the divergence of this equation:

V- pn+1v¢ =7 (V cut -Vt (5.53)

A volume average divergence is used in the source term to eliminate the propa-
gation of density waves. Defining Q = V - u, the average divergence is obtained by

by integrating the divergence over the volume:

)
> Qdv,
Vsys v

1
=— [ u-nd4i,
sys JA

1
= Vsys/Au,d.—l,

where u, is the Stefan velocity on the reactive surfaces.

a:

—

5.54)

The local divergence, from the continuity equation, is given by

Dlnp
Dt

Q=- (5.55)

The local divergence is not used in this model, since it adds a term into the projec-
tion of the form 3%p/dt%. The integral formulation of the projection smoothes out
the density waves and still enforces continuity globally. Furthermore, the integral

formulation directly yields the result that
Q=0 (5.56)

when there is no heterogeneous chemistry. This result is consistent with the theory
of compressible flow in the zero Mach number limit (Pember et al., 1999).

Thus, the projection equation is

v. M4V¢=——(V u -Q), (5.57)

and boundary conditions on this equation are

ad+m-Vo =0 on all walls, (5.58)
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where a and b where a = 0 and b = 1 for reactive walls, non-reactive walls, and inflow
boundaries. At an outflow boundary, a = 1 and b = 0. In a CVD batch system there
are, however, no inflow or outflow boundaries. Thus, the system of equations for the
projection equation is singular, and the solution is obtained by the same technique
as that for the static pressure distribution.

The velocity and pressure corrections are as follows:

At -
=t - V. (5.59)

it =pi+0. (5.60)

The projection method has one main limitation. The projected velocity field can-
not satisfy the boundary conditions on both components of velocity specified by
Egs. (5.50) and (5.51). This is because the boundary condition on the projection
equation, Eq. (5.58), is defined in terms of the vector normal to the surface. In this
case, only the boundary condition on the normal component of velocity is preserved.
The tangential component will, in general, change after the velocity correction. For-
tunately this is not of major consequence because the tangential component of ve-

locity is enforced the next time the momentum equation, Eq. (5.49), is integrated.

5.4 Spatial Discretization of Differential Opera-
tors

The OVERTURE framework for the solution of differential equations employs the
overset grid method. In this approach the physical domain is subdivided into a set of
logically rectangular subdomains which are allowed to overlap at their boundaries.
The physical boundaries of the subdomains lie along the physical boundaries of the
original domain.

Each subdomain has a mathematical mapping to a unit square (or cube). This

mapping allows the derivatives of the domain to be expressed in terms of derivatives
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on the unit square. The derivatives and derivative operators are discretized with
second- or fourth-order accurate central differences applied to the equations in the
computational (unit cube) coordinates, as will be outlined.

Finite differences are compactly represented using shift and derivative operators
(Strikwerda, 1989; Henshaw, 2000). The shift operator in the mth coordinate direc-

tion is defined as follows:

Ui 41y M =0,
E,,.mui = Wi, ia+1,i3 ifm= 1, . (561)
uilvi’.'vi3+l lf m= 2'

and the difference operators are given by

Dirn = (5.62)
D, =1 - ’i_l (5.63)
Dor, = E,,;—f: (5.64)
Dimym, = M—f;'n"z;l (5.65)
Diyp=E. -1 (5.66)
The inverse shift operator, E~!, is given by
E¢; = ¢iyy (5.67)
E~'E¢; = E™ i1 (5.68)
¢i = E7' o1 (5.69)

Let Doy, Doy ,., Do, , and Doy, denote second-order accurate derivatives
with respect to r and &, where r and z represent the position vectors in compu-
tational and physical space, respectively. The derivatives with respect to r are the

standard centered difference approximations. For example,

au~ '_(Ei-m— ;rln)“t -

ar. Do ui = 3(Arm) (5.70)
Pu Eim—2+E;} ) u; .
aszzrmr,.“i = (s o )2+ ) (5.71)
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where Ar,, is the equal to 1/(Ny, —1), where Ny, is the number of vertices in the m-
direction not including ghost points. Similar expressions, shown in Henshaw (2000),
give the finite difference operators for fourth-order accuracy.

The derivatives with respect to & are defined by the chain rule. For the second-

order approximations, the first and second derivatives are

du or, ou -
— — 9
0T, z 0T Orp (5.72)
Ora .
~ Dgzmu, = z al'm Dg,,,,ui (073)
2 2
a_u 3T,, au +ZZ arn. 31'1 a2u (5‘74)

Bre, ~ & 9z2, or, O O, OO

orn or, Or . e
~ Dg,m,mu,- = Z (Dgzm) ‘aTrTn'D'_)rnui + Z Z me al’l Dorm,,u, (D.-{D)

The elements of the Jacobian matrix, dr,,/0z, are known from the geometrical

information of the grid, and are computed by OVERTURE functions by member

functions from the CompositeGridOperators class (Chesshire and Henshaw, 1999).

5.5 Finite Differences in Conservative Form

Conservative finite difference operators are part of OVERTURE’s CompositeGrid-
Operators class. These include the divergence, Laplacian, “divScalarGrad.” and
“mixed derivative” operators. Defining J to be the determinant of the Jacobian

matrix of the transformation derivatives,

oz
ar 4

it can be shown that Jdr is a measure of the volume in physical space.

J=

(5.76)

The divergence operator is
R ek
V:-u= Z az;
= Zz az, —. (5.77)
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It may be written in conservation form for the computational variables as follows

(Henshaw, 2000):
el

=

T T & 0r;
-lv..v (5.78)
- J r 1 .
where U is the scaled transform of u in the computational space:
Ui=J Z —u. (5.79)

a.'l’k
The conservative form of the divergence operator is used in the discretization of
Egs. (5.24), (5.25), (5.49), and (5.57) in a manner described in Section 3.5.2.
The is called conservation form for the computational variables because integrals
over dr space can be expressed in a simple form from which the divergence theorem

may be applied:

= /V, -Udr. (5.80)

The Laplacian operator in in conservative form is derived using the divergence

of the gradient:
0=iv 2 [rin]
='}'ZJ‘-?367 zJaz,Zng_i]' (5.81)
The “divScalarGrad” operator, V - (a (2) V¢) is given in conservation form by
V- (a(z) Vo) = ; ) 5% [Z J%a ; ‘;%’:gr—i] . (5.82)
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For clarity, this expression is written out in full for two dimensions:
_1fa or \® | (or\?| 9¢
\ (a (.’B) V¢) = 7 {E: (GJ [(5;‘1') + (6_:1:2) o +
d or\* | [0r2\*] 99
-3—1‘: (aJ [(01'1) + (61’2) ] 37'2) +
d

61'1 67‘2 61'1 67'2 a¢
37'1 (GJ [62.'1 62.’1 + a:l.'gal'o] 61’2) +

d Ory0r, Or 0r| 09 ]
37 ( d [3x1 dz, + 5z, 0z, ax..] 371) } : (5.83)

A slightly modified form of this expression is as follows:

V- (a() Vo) = ‘{ 0 (.4lla¢)+i(.4lza—¢)+

ar, ar ) o ars
3‘32 (.42‘%) ai (.4"2;‘:) +} (5.84)
where
Al=aJ (%)2 + (g;‘)} (5.85)
ot [0, ] 530
AR =aJ (g;) + (%)2] : (5.87)

A second-order accurate compact discretization to this expression at the grid point

located at (i), i) is

V-(a(2)V9),;, = {D+rl (Al 1/2.0 D-rn®ii) +
Dir, (A2 _12D-ratir ) +
D, (»‘1,-112_1/2,.400'-,@1,.',) +
Dir, (A, 1/2Dor 03 2) } - (5.88)
This derivative operator was added to the OVERTURE suite as part of this work

and is incorporated into the spatial discretization of Eqns.(5.24), (5.25), (5.49), and
(5.57).
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The mixed derivative operator 3/0z;(s0/0z;), where i and j represent two inde-

pendent coordinates, is determined by taking the divergence of

a¢
s—e;.

6:1: i

The divergence of this vector is

% \_ 0 (2
Ve (sa_zje') 9z (831'1)

1
- _J'vr " (Avr¢) '

where the tensor A is given by

— az z; dT
A=s)| onorl oron
Oz, 9z; Oz, dz;

g dr 9ndn
oz; 0z, oz; }
This derivative operator was also added to the OVERTURE suite as part of this work,
and is incorporated into the spatial discretization of Eq. (5.49).

Again, it should be noted that these stencils are second-order accurate, and that
the transformation derivatives, as well as the Jacobian, at each point in the grid is
known. The scalar values A!!, A'2, etc. must be known at all cell faces. that is, the
points between the vertices. The scalar values are determined by a special averaging

procedure whereby the geometric terms are arithmetically averaged and the original

scalar values are harmonically averaged. The harmonic average of s; and s;,, is

defined by

25:8i41

Siyip = ——.
8 + Sit1

The arithmetic average of s; and s;,, is defined by

—

Sivrj2 = 5 (Si + 8is1) -
Recalling that
ar\? | (or\?
AU _ ory ar
A =g [(axl) + (azz) ]
= aF,
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the face average value of A" is given by
A,!.}.[/g = &i+l/2ﬁi+1/2- (5'89)

This averaging procedure is used for two reasons. First, the mapping derivatives
may switch sign on the grid, and an arithmetic average is more appropriate. The
harmonic average is used on the scalar quantity because one can define a zero scalar
face value for a boundary cell by assigning zero to the scalar on the ghost line.
The harmonic average average of anything with zero is zero, and thus the zero flux
boundary conditions are computed in this manner. Furthermore, it is shown in

Patankar (1980) that the harmonic average is preferred in diffusion problems.

5.6 Closure

In this chapter, the temporal and spatial discretization of the differential equa-
tions of the CVD batch model is given in detail. A flowchart of the solver, presented
at the beginning of the chapter, outlines the general procedure implemented into the
user application code. The solver, written using the OVERTURE class library, strictly
follows the flow of information presented in this chapter. In the next chapter, the

solver is first validated and then used to model several CVD batch systems.
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Chapter 6

MODEL VERIFICATION AND SIMULATION RESULTS

6.1 Model Verification

Many verification studies were conducted during the writing of the CVD batch
model solver. Each component of the solver, i.e., the species equation slow solve,
energy equation slow solve, the energy and species equation fast solve, the momentum
solve was verified separately. In these tests, verification implies that the solution for
each component was compared against a known analytical solution when available,
or the solution was compared against a benchmark solution from another model.

One of the verification tests that merits mention here is the mass conservation
study of the slow part of the species continuity equations. In this test, multicompo-
nent diffusion of a mixture of inert gases (initially nonuniform) was allowed to reach
a steady state. In this test, the reactor walls were nonreactive and the temperature
distribution was nonuniform. At the initial state and at steady state, the quantity of
gases was integrated to determine the error in the non-conservation of the integra-
tion method. Results indicated that the error in mass conservation on a single grid
was on the order of the machine precision, and for a composite grid the conservation
error was second-order accurate based on the grid spacing.

After the individual solver components were verified, components were coupled
and used to solve more difficult problems. This section presents the results of the
coupled component verified studies.

In the first coupled component verified study, the momentum and energy equa-
tions are coupled and used to model natural convection in a thermally driven square

cavity. The results are compared against a benchmark solution from Ismail and
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Scalon (2000). Mixed convection verification studies were not conducted, since it is
assumed that the primary driving force behind fluid motion in the batch reactor is
natural convection. This assumption would be invalid if there were stirring elements,
rotating susceptors, or other devices that would induce a forced convective flow.

In the second study, the fast and slow energy and species solvers are coupled and
used to predict the transient deposition of tungsten in a low-pressure batch reactor.
The results are compared against a model of a perfectly-stirred isothermal reactor

Coltrin et al. (1996).

6.1.1 Natural Convection in a Driven Cavity

A benchmark solution of natural convection in a square cavity with adiabatic top
and bottom walls and with the side walls maintained at constant, but different, tem-
peratures was obtained by Ismail and Scalon (2000). The velocity and temperature

fields were computed as a function of the Rayleigh number, Ra, where
Ra = PrGr. (6.1)

The Grashof number in that work was defined as follows:
Gr = FeBAIlE
A
where 3 is the coefficient of thermal expansion, and [, is the length of the reactor.
The model of this work uses dimensional quantities for its variables. To compare
the present simulations with the benchmark solution, the system pressure was com-

puted as a function of the Rayleigh number and the other operating conditions of

the system.

The operating pressure of the reactor is given as follows:

@ E@E e
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This equation is derived as follows. First, the Grashof number defined by Eq. (4.10)
is equivalent to the Grashof number defined by Eq. (6.2) if

1
== 6.4
== (6.4)
where 6 is the harmonic average of the wall temperatures. Also,
pc'li’
= . 6.5
pC Roc ( )

Eq. (6.3) is obtained by substituting Eqns. (6.2), (6.4), and (6.5) into Eq. (6.1) and
solving in terms of p,.

The simulations were conducted for a system with following set of operating

conditions:
. =10cm, Opor = 400 K
bcoid = 300 K 6. =350 K
f =342K A =100 K
R =8.314 x 10" ergmol ' K™* W =316 gmol~!.
Pr=0.17 fe =2.0x 107 gem™!'s™!

The fluid properties were computed for a 90%/10% mixture (by mole fraction) of H,

and WF evaluated at .. Inserting these values into Eq. (6.3).
pe = 834vRa dynecm™2. (6.6)

Simulations were run for Ra = 10° and Ra = 10%.

The simulations were performed on a uniform 21 x 21 grid, as were the benchmark
computations of Ismail and Scalon (2000). This simulations were run until steady-
state solutions were obtained, such that the maximum change in all variables was
less than 0.01%. The streamlines and isotherms for these simulations are shown in
Figs. (6.1) and (6.2). In each of these figures, the top two plots are from the bench-

mark solution, and the bottom two plots are those from this work. A quantitative
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Ra | 7 | Umse | Une | %D Unax | Vinar | Vee | %DIfl Vigar
10°|| 26,400 | 14.6 | 14.7 | -10% |149 |149 | —0.0%
10* | 83400 | 218 |21.0 | -38% [252 (255 | -12%

Table 6.1: Comparison between simulations of this work and that of Ismail and
Scalon (2000) for the driven cavity problem for several values of Ra. The comparison
is made between the maximum value of the components of velocity, Unax and Viax.
The * represents the work of Ismail and Scalon (2000).

comparison of the solutions is shown in Table 6.1. In this table, the maximum value

of the components of velocity are compared. The maximum error was less than 4%.

6.1.2 Transient CVD in a Batch Reactor

The batch CVD model of this work was compared against a model of CVD in a
perfectly-stirred, constant volume, isothermal reactor (PSR) (Coltrin et al., 1996).
The film deposition thickness for both models was computed as a function of time
until the reaction was near completion.

The system studied was low pressure CVD of tungsten by H, reduction of WF.
This system consists of a set of 6 gas phase species (1 inert), 10 surface species,
1 bulk species, and 16 heterogeneous chemical reactions. Homogeneous chemical
reactions are considered negligible. The reaction mechanism given in Table 6.2 was
based on the mechanism originally published by Arora and Pollard (1991): Dandy

(2000). The overall reaction mechanism is given by
WFg + 3H, — W(s) + 6HF. (6.7)

Note that the total number of moles in the gas phase increases as the reaction
proceeds. Thus, for this batch CVD system, the system pressure must increase with
time.

The reactor, a 10 cm x 10 cm square chamber, was discretized into a uniform

21 x 21 grid. The reactive surfaces were maintained at 1650 K for all t > 0. The
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Figure 6.1: Streamlines and isotherms in a square cavity with side walls maintained
at two different temperatures and adiabatic walls on the top and bottom, for Ra =
10%.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

@ 0 G & M0 O B e 8w 0
) L] '8

v
'y

v
A

t ¢ ¢ € ¢ ¢
YTTY
PO "
t e & et ¢t

v
i A

[ 4
-
v
]
-

E E ¢ € ¢ ¢ ¢ ¢

/1

e g
v

O 6 U MUY e e e

O & U W O B Y e W

i - - a
YO e e e e e e uu u Yo
(a) From Ismail and Scalon (2000)
o 10

2

2

//

(b) This work

Figure 6.2: Streamlines and isotherms in a square cavity with side walls maintained
at two different temperatures and adiabatic walls on the top and bottom, for Ra =

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

REACTION A b | E

L. | H2+4VW<=>2H(2)(S) 7.13E+34 | 0.0 3974

2. | WF6(2)(S)<=>WF6+2VW 1.58E+15 | 0.7 33385
Coverage parameters for species VW: 0.0 0.0 | 2.007E+04

3. | WF5(2)(S)<=>WF5+2VW 1.88E+16 | 0.1 33385
Coverage parameters for species VW: 0.0 0.0 | 2.007E+04

4. | WF4(2)(S)<=>WF4+2VW 2.08E+16 | 0.0 33385
Coverage parameters for species VW: 0.0 0.0 | 2.007TE+04

5. | H(1)(S)+F(2)(S)<=>HF+3VW 3.64E+21 | 0.9 4769
Coverage parameters for species VW: 0.0 0.0 | L.17T2E+04

6. | H(2)(S)+F(1)(S)<=>HF+3VW 5.65E+20 | 0.5 3974

7. | H(2)(S)+F(4)(S)<=>HF+6VW L.19E+21 | 1.1 39347
Coverage parameters for species VW: 0.0 0.0 | L371E+04

8. | H2+F(2)(S)<=>HF+H(2)(S) 2.36E+11 | 0.7 3974

9. | WF6(2)(S)+2VW<=>F(2)(S)+WF5(2)(S) | 6.8TE+26 | 1.4 26231
10. | WF5(2)(S)+2VW<=>F(2)(S)+WF4(2)(S) 1.92E+26 | 1.7 10930
1L. | WF4(2)(S)+2VW<=>F(2)(S)+WF3(2)(S) | 4.14dE+26 | 1.4 24840
Declared duplicate reaction...
12. | WF4(2)(S)+2VW<=>F(2)(S)+WF3(2)(S) 2.25E+27 | 0.9 24840
Declared duplicate reaction...
13. | WF3(2)(S)+2VW<=>F(2)(S)+W+2F(1)(S) | 6.11E+27 | 0.8 3974

14. | H(2)(S)<=>H(1)(S)+VW 3.32E+11 | 0.8 32789
Coverage parameters for species VW: 0.0 0.0 | -4.571E+03

15. | F(2)(S)<=>F(1)(S)+VW 3.17E+11 | 0.8 36962

16. | F(4)(S)<=>F(2)(S)+2VW 6.71E+11 | 0.6 16891

Table 6.2: Heterogeneous Reactions in CVD of Tungsten by Hydrogen Reduction of
Tungsten Hexafluoride, after Arora and Pollard (1991): k = 46°exp (—E/R6).
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initial conditions of the gas were arbitrarily chosen as follows:

0 = 1650 K p = 10 Torr
Xxwrs = 0.3 xu, =0.7
xwr, =0.0 xur = 0.0
xwrs = 0.0 Xar = 0.0.

It was found that, at 10 Torr, the transport rates due to diffusion were sufficiently
greater than the reaction rates that the assumption that the gas was homogeneous,
viz. perfectly stirred, was reasonable. The initial site fractions of the surface species

were

2p(,)(s) = 2457 x 107° ZH(a)s) = 5.345 x 1072
Zwrg(2)(s) = 2.110 x 1072 2wFy2)s) = 1.798 x 1077
2wF,2)s) = 1.532 x 1078 2wry(2)s) = 3.994 x 1071

2p(,)s) = 6.631 x 107! 2p(ys) = 2-106 x 107

2F(,)(s) = 8.966 x 10~ vw = 2.811 x 107"

The site fractions were determined from a computer code to determine equilibrium
site fractions at a given temperature, pressure, and gas phase composition (Coltrin
et al., 2000). The PSR model also requires as an input the ratio of the reactive surface
area to the total volume of the reactor, (4/V)

above, (4/V),, =04.

sys- FrOm the reactor dimensions given
Assuming uniform deposition, the areal density of the tungsten film, py, can be
computed from the initial conditions and the stoichiometry of the reaction. The

areal density is the mass of the solid film per unit area, and is calculated as follows:

o Nwww

p‘v— A '

(6.8)

where ny is the number of moles of tungsten deposited. From the ideal gas law, the
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total number of moles of WF initially is
NwFs = YWFBEK'
¢ TN RE
(10/760) atm (100)(1) cm?
(82.06) cm atm mol—* K-! (1650) K
= 2.915 x 107 mol (per unit depth). (6.9)

=03

From the stoichiometry of the overall reaction, it is clear that 1 mole of WFg reacts
for every 3 moles of Hy. Since the H, is present in excess, only 0.7/(3x0.3) = 77.78%,
or 2.267 x 10~® mol of WF is converted to solid tungsten. From the stoichiometry
of the reaction, the number of moles of solid tungsten deposited is equal to the
number of moles of WF; reacted. Thus, the areal density of the tungsten film at the

completion of the reaction is
»  (2.267 x 107%) mol (185.83) gmol !

pw = (40)(L)em?
=1.04x 107 gem™?

A comparison of the PSR and CVD batch model numerical solutions is shown in
Fig. (6.3). In this figure, the areal density of the tungsten film is plotted versus time.
From the figure, the reaction reached near completion at time ¢t = 0.05 s, by which
time 99.9% of the H, had disappeared. The film density at ¢ = 0.05 s of the PSR
and batch CVD models were 1.010 x 1073 and 1.025 x 10~® gcm™2, respectively, a
difference of only 1.4%. The final pressure in the PSR and CVD batch models was
14.94 and 14.74 Torr, respectively, a difference of 1.3%. The pressure increase was
due to the increase in the number of moles as the reaction proceeded, as indicated

by the overall reaction.
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Figure 6.3: Comparison of the batch CVD model of this work and the isothermal
well-mixed batch reactor model from Coltrin et al. (1996).
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6.2 Natural Convection in Batch Reactors

6.2.1 Transient and Steady-state Natural Convection in a
Heated Cavity

Transient Convection in a Cavity Heated from Below

Natural convection was simulated in a 10 cm x 10 cm square cavity, in which
the bottom was maintained at a constant temperature and the sides and top were
maintained at a constant, but lower temperature. The grid for this domain, shown
in Fig. (6.4), consists of 51 x 51 grid lines. An inverse hyperbolic tangent stretching
function is used to concentrate grid lines near the walls (Henshaw, 1999a). The grid
resolution and stretching was chosen to reduce spatial truncation error and to obtain
better solution accuracy near the corners. With this grid resolution, the solutions
were grid-independent. That is, that further refinement did not significantly change
the sclution.

The composition of the gas was a 90%/10% (by mole fraction) mixture of H, and
WFs at 300 K. The temperature of the bottom wall for t > 0 was 350 K. The other
walls were maintained at 300 K. A simulation was conducted for 0 < t < 10.0 s, and
the time step was 0.01 s. For these conditions, the Rayleigh number was 98, 000.

At this Rayleigh number, the flow is unsteady and oscillatory. The time evolution
of the path lines in the flow are shown in Fig. (6.5) and the isotherms are shown in
Fig. (6.6). The temperature gradient at the intersection of the hot and cold walls
created a buoyancy roll which shed from the corner and moved into the center of
the rising plume. The plume then collapsed the cell. The frequency of the shedding
of these rolls was approximately 2.4 s. The maximum speed of the plume was
approximately 38 cms™!, although it was not constant due to the oscillatory nature
of the flow. This example clearly illustrates the importance of solving the unsteady

equations of motion.
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Figure 6.4: The grid used to model natural convection in a heated cavity heated
from below. The length of the sides of the square are 10 cm.
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Steady-state Convection in a Cavity Heated from Below

Vortex shedding frequency decreased as the Rayleigh number decreased. A sim-
ulation at Ra = 16,000, corresponding to a system pressure of 100 Torr, yielded a
steady-state solution. The streamlines and isotherms of the flowfield are shown in
Fig. (6.7). The maximum speed of the plume was 25 cms™!. The point of maximum
speed was near the geometric center of the domain.

The onset of the oscillatory motion was investigated parametrically. The maxi-
mum fluid speed was computed for several values of system pressure. The onset of
the instability was found to be very gradual. A slight oscillation in the temperature
field was noticeable at p = 75 Torr, or Ra = 9 x 103. The intensity of the oscilla-
tions increased as the pressure increased. The first evidence of vortex shedding was
noticeable at p = 175 Torr, or Ra = 48, 000.

The vortex shedding phenomenon results from the instabilities that evolve from
the nonlinear terms in the governing equations. At low Rayleigh numbers, when the
solution reaches a steady state. the magnitude of perturbing terms is smaller than
the linear contribution to the solution. This solution may not be unique. since the
solution depends upon its its trajectory through the solution space. The validity of a
solution can be reasonably justified if the same steady state is attained by a variety
of equivalent initial conditions which result in different solution trajectories to the
same steady state solution. An equivalent initial condition implies that the same
total mass, energy, and momentum of the system is the same. At larger Rayleigh
numbers, the solution is unsteady, but oscillatory. In addition, the solution may not

be unique.

Multicomponent Natural Convection in a Cavity Heated from Below

In the previous two studies, only the energy, momentum, continuity, and pressure
update equations were solved. It was assumed that the species composition was

uniform. In this next study, the species equations are solved in order to determine
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Figure 6.5: Evolution of pathlines in a square cavity heated on the bottom. The
temperature of the bottom wall was 350 K and the temperature of the sides and the
top was 300 K. The pressure was 250 Torr. The maximum fluid speed was speed
was 38 cms~t. The period of the buoyancy rolls was approximately 2.4 s.
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Figure 6.6: Evolution of isotherms in a square cavity heated on the bottom. The
temperature of the bottom wall was 350 K and the temperature of the sides and the
top was 300 K. The pressure was 250 Torr. The maximum fluid speed was speed
was 38 cms™!. The period of the buoyancy rolls was approximately 2.4 s.
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(a) (b)

Figure 6.7: The steady state solution in a square cavity heated on the bottom for
Ra = 16, 000 shown as (a) streamlines and (b) isotherms. The cold wall temperature
was 300 K and the hot wall (bottom) temperature was 350 K. The pressure was
100 Torr. The maximum fluid speed was 24 cms~.

the effects of varying composition fields. due to phenomena such as thermal diffusion,
on the convective flows inside a bottom-heated square cavity.

A study was performed with a 90%-10% mixture (by mole fraction) of H, and
WF' initially at 300 K and 50 Torr. The bottom surface temperature was maintained
at 350 K for t > 0 and the cold surfaces were maintained at 300 K. These conditions
can be used to show that Ra = 5,000. In addition, the temperature discontinuity in
the lower corners, which was present in the previous two simulations, was removed
by imposing a linear temperature transition at the surfaces where 0 < y < 2 cm,
with y pointing upward.

The steady-state solution is shown in Fig. (6.8). In this figure, four plots are
presented: (a) streamlines, (b) isotherms, and (c-d) lines of constant mass fraction
of WFg. In Fig. (6.8a), the streamlines indicate a general circulation similar to that

of the previous example. The maximum fluid speed was 18.3 cms™ and occurred
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near the geometrical center of the domain. The isotherms in Fig. (6.8b) clearly
indicate the relative size of the thermal plume. The isotherms are uniformly spaced
between 300 K and 350 K. The thermal gradients in the lower left-hand and right-
hand corners caused heavy species (WFg) to diffuse towards the lower portion of
the right and left surfaces. In Fig. (6.8c), the mass fraction of WFs varied between
0.906 < ¥wr, < 0.104, with the minimum value occurring at the center of the
bottom surface. The maximum value occurred at the left and right surfaces at the
location y = 2.

In this case, thermal diffusion enhanced natural convection by driving the heavy
species upwards and outwards towards the regions that were already dense due to
the temperature variation in the reactor. Since the molecular weight of WFg is
147.7 times that of H,, the local density in these regions is greater than if the
thermal diffusion was not present. This study shows that thermal diffusion can
significantly affect both the composition and velocity fields. especially in systems
with large thermal diffusion coefficients, which result when there is a large disparity
in the molecular weights of the species. When this problem was solved neglecting the
species equations, the maximum fluid speed was 12.7 cms™!, a decrease of 30.6%.

The conditions at the upper surface were nearly uniform. This was a result of
the stagnation flow that developed inside the reactor. An exploded view of the
mass fraction isocontours near the stagnation point on the upper surface is shown
in Fig. (6.8d). The variation in the surface mass fraction of WFg was less than one
part in ten-thousand. Thus, if deposition rates were computed, they would also be
nearly uniform.

In Section 1.3, it was mentioned that this model could be used in the funda-
mental design process of a batch CVD reactor or as a tool to assess the feasibility
of converting a continuous flow CVD reactor to batch mode. In both of these ap-

plications, it is important to determine the operating conditions, if any, that yield
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uniform conditions at the deposition surface. This study demonstrates that it is
possible to generate uniform surface composition conditions in a CVD batch reactor,

even when the flowfield is not uniform.

6.2.2 Natural Convection in Tilted Square Cavity

The effect of susceptor orientation was studied by varying the tilt angle of the
reactor. The grid from the previous section was used for the simulations, except
that the domain was rotated 45 degrees.! Two studies were conducted. In the first
study, the temperature of the lower-left wall was 400 K and the upper-right wall was
300 K. The other two walls were adiabatic. In the second study, the locations of
the hot and cold walls were switched, viz., the hot wall was nearer the top of the
reactor. The system pressure was 64 Torr and the initial temperature was 350 K.

By heating the reactor near the top, one would expect that the fluid velocities
to be lower in magnitude, since the density field is more dynamically stable. The
results of the simulation bear this out. In Fig. (6.9), the evolution of pathlines and
isotherms are shown for the case of the tilted reactor heated on the lower-left edge.
The steady state maximum fluid speed was 31 cms™!, and the flow direction was
clockwise. In Fig. (6.10), the evolution of pathlines and isotherms is shown for the
case of the tilted reactor heated on the upper-right edge. The steady state maximum

fluid speed was 12 cms™!

. and the flow direction was counter-clockwise. When the
square cavity (not rotated) with adiabatic sides was heated from the top, the density

field was dynamically stable, and the fluid was static. This result is not shown.

! An alternative method would have been to rotate g.
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Figure 6.8: Steady-state multicomponent natural convection in a square cavity
heated at the bottom. Figures include (a) streamlines, (b) isotherms, and (c-d)
lines of constant ywr,. The maximum fluid speed was 18.3 cms™!. The lower wall
was maintained at 350 K, and the upper edges at 300 K, with a linear transition
in the region 0 < y < 2 cm, with y pointing upwards. The value of Ywr, was
0.906 < Ywr, < 0.104, with the lowest mass fraction occurring at the center of the
bottom surface. In (d), the mass fraction isocontours are shown in an exploded view
near the upper stagnation point.
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Figure 6.9: Evolution of pathlines and isotherms in a tilted square cavity. The
temperature of the lower left edge is 400 K, and the temperature of the upper right
edge is 300 K. The other walls are adiabatic. The initial temperature and pressure
was 350 K and 64 Torr, respectively. The maximum fluid velocity was 31 cms™L.
The flow direction is clockwise.
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Figure 6.10: Evolution of pathlines and isotherms in a tilted square cavity. The
temperature of the upper left edge is 400 K, and the temperature of the lower right
edge is 300 K. The other walls are adiabatic. The initial temperature and pressure

was 350 K and 64 Torr, respectively. The maximum fluid speed was 12 cms™!. The
flow direction is counter-clockwise.
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6.2.3 CVD of Tungsten in a 3-D Geometrically Complex
Reactor

Problem Description

Tungsten CVD was studied in a cylindrical reactor. A schematic of the reactor
is shown in Fig. (6.11). The reactor diameter was 20 cm, and the height was 5 cm.
The susceptor was 9 cm in diameter and located on the upper surface of the reactor.
The bottom surface of the susceptor was flush with the inner surface of the top of
the reactor. In order to make the problem truly three-dimensional, the center of the

susceptor was offset from the axis of rotation of the reactor.

The Composite Grid

The composite grid used to discretize the domain consisted of 4 component grids.
There were 23,055 discretization points, 4,530 interpolation points, and 9,345 unused
points. The unused points, or holes, were points that removed by the interpolation
algorithm and not used in the solution of the differential equations. A top view and
perspective view of the composite grid is shown in Fig. (6.12). In this figure, the
boundaries of the susceptor and nonreactive reactor surfaces are colored dark and
light gray, respectively. Also, to illustrate the location of the component grids, the

component grid boundaries are highlighted with various colors.

Operating Conditions
The reaction mechanism for this CVD system is the same as in the previous
section. The operating conditions were the following:
0susceptor =650 K
oreactor walls = 350 K

p = 10 Torr.

The initial gas phase mole fractions and surface species site fractions are the same

as those given in the previous tungsten CVD study.
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Figure 6.11: (a) Schematic of a 3-dimensional cylindrical reactor with the center of
the susceptor offset from the center of the reactor and (b) a dimensioned drawing of
the interior surfaces of the reactor.
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(b)

Figure 6.12: (a) Top view and (b) perspective view of the 3-dimensional composite
grid of a CVD batch reactor showing the grid lines on the boundary surfaces. The
susceptor and nonreactive wall surfaces are colored dark and light gray, respectively.
Boundaries of component grids are colored to indicate the relative position of each
component grid.
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Results—Temperature, Concentration, Velocity Profiles

The solution at ¢t = 1 s is shown in Figs. (6.13)-(6.16). In Fig. (6.13), isotherms
are shown on the r — z plane and y — z planes. The steady state temperature
distribution was reached at ¢ =~ 0.2 s, due to the high thermal diffusivity. Fig. (6.14)
shows the contours of the mass fraction of WFg in the reactor. Thermal diffusion
caused transport of WFg towards the cold surfaces of the reactor. Thermal diffusion
of H, (not shown) caused transport of H, towards the susceptor. The contours of
dynamic pressure are shown in Fig. (6.15). The absolute value of this quantity is
not important, since only its gradient appears in the momentum equation. The
maximum value of the dynamic pressure occurred at the substrate surface.

The general circulation of the flowfield in the reactor is illustrated by pathlines
shown in Fig. (6.16). The fluid motion in the reactor was directed upwards in the
center, radially outward near the upper surface. downward near the outer edges, and
radially inward near the bottom surface. The flowfield was symmetric about the
y — z plane, but not axisymmetric, due the wafer offset. The maximum fluid speed

was 10.8 cms™2. The Grashof number was approximately equal to
Gr =938 (6.10)

Therefore, if the characteristic length is based on the height of the reactor, Gr = 1200.
If the characteristic length is based on the distance over which the velocity changes
from minimum to maximum, then, from Fig. (6.16), [. = 1 cm, and Gr = 9. In either
case, the magnitude of the Grashof number was not small enough to be considered
negligible for the operating conditions in the reactor. The fluid motion resulted
from the close proximity of the cold and hot surfaces at the top of the reactor.
Considering the region in the gas near the interface between the susceptor and the
cold wall, it is evident why the general motion was radially outward at the upper
surface. The temperature gradient, and thus the density gradient, in this region was

almost purely radial, with the density at a minimum near the susceptor. The hot
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fluid in the interfacial region rose and the cold fluid sank, which evolved into a gentle
circulation in the interfacial region, which then expanded to encompass the entire
physical domain.

Results—Discussion of Transient Film Deposition and Near-Surface Com-
position

In Section 1.3, it was mentioned that of the industrial applications for this code
is as a tool for fundamental CVD batch system design. One important issue in CVD
reactor design is film uniformity. While it is not always necessary to have uniform
film growth,it is usually necessary to precisely control the film growth as a function
of position on the deposition surface. In this section, the transient deposition profiles
and near-surface concentrations of one of the reactant gases are plotted at the wafer
surface. It is this type of information from the model that could be invaluable to
the reactor designer.

The deposition of tungsten on the wafer is shown in Figs. (6.17) and (6.18). In
both of these plots, the areal density of tungsten, in gem™~2. is plotted along the line
generated by the intersection of the wafer surface with the z—z plane. In Fig. (6.17),
the tungsten film density is shown for various times. The numbers on the curves are
the simulation times. The relative spacing between the film thickness can be used to
estimate the average growth rate. From the figure, it is evident that during the sim-
ulation, the mean growth rate decreased by approximately 20%. The shape of these
curves is shown more clearly in Fig. (6.18). Here, the film density at several times is
plotted relative its value at the left edge of the wafer, identified by the coordinates
(—2.5,0,5) cm, where the location of the axis of symmetry of the reactor is at z = 0.
Due to the asymmetry of the problem resulting from the wafer placement offset from
the axis of symmetry of the reactor, the deposition profile is not symmetric about
the axis of symmetry of the wafer. The maximum film uniformity is approximately

1% at the end of the simulation. This small variation is due to the fact that the
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Figure 6.13: Gas temperature in a 3-D cylindrical batch CVD reactor at t =1.0s.
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Figure 6.14: Mole fraction of WFg in a 3-D cylindrical batch CVD reactor at t =
1.0s.
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Figure 6.15: Dynamic pressure (dynecm™2) in 3-D cylindrical batch CVD reactor at
t=10s.
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(a)t=0.10s (b)t=045s

(c)t=100s (d) t = 1.00 s (top view)

Figure 6.16: Streamlines in a 3-D cylindrical batch CVD reactor at different times
in the reactor. The first three figures (a-c) are perspective views showing both the
streamlines (colored to indicate fluid speed) and cutting planes with contours of gas
speed. The last figure (d) shows streamlines (colored black) and contours of gas
speed (cms™2) in the horizontal (x-y) plane through the center of the reactor.
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system operating pressure was low, and the surface temperature was assumed con-
stant. The low pressure conditions approximated a perfectly-stirred reactor. Thus
the near-surface concentrations were very uniform. Since the temperature of the
deposition surface was constant, the deposition rates were also very uniform. It is
also clear from the figure that the nonuniformity of the film increased during the
simulation.

The near surface mass fractions of one of the gas-phase species is plotted in a
similar manner as the two previous plots. This is done to show the evolution of the
concentration profiles as may be needed to analyze the efficacy of a particular reactor
geometry. In this case, a reactant species, WFg, is arbitrarily chosen to illustrate
the surface composition variation. In Fig. (6.19), the time evolution of ¥\, shows a
decrease of this reactant versus time. In Fig. (6.20), the nonuniformity is illustrated
by plotting the surface mass fraction referenced to its value at the left edge of the
wafer, as in Fig. (6.18). From this figure, it is evident that the nonuniformity changes
dramatically during the initial deposition, but changes more slowly at later times.
This is likely due to the field establishing a quasi-steady flux of species to the surface.
The establishment of this quasi-steady state is due to the fact that the deposition

rates are extremely slow compared to diffusion transport.
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Figure 6.17: Areal density of deposited tungsten (gcm=2) at the intersection of the

wafer surface and the r — z plane. The numbers on the curves are the simulation
time.
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Figure 6.18: Areal density of deposited tungsten (gcm™=2) at the intersection of the
wafer surface and the z ~ z plane plotted relative to its value at the left-edge of the
wafer. The numbers on the curves are the simulation time.
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Figure 6.19: Surface mass fraction of gaseous WFg at the intersection of the wafer
surface and the z — z plane. The numbers on the curves are the simulation time.
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Figure 6.20: Surface mass fraction of gaseous WFg at the intersection of the wafer
surface and the z — z plane plotted relative to the its at the left-edge of the wafer.
The numbers on the curves are the simulation time.
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Table 6.3: Heterogeneous Reactions in CVD of Diamond: k = 46°exp (—E/R0).

REACTION A b E

l.  CH(S)+H<=>C(S,R)+H2 l.0OOE-0! 0.0 0.0
Coefficients are sticking parameters...

2.  C(S,R)+H<=>CH(S) 1.00E+00 0.0 0.0
Coefficients are sticking parameters...

3. C(S,R)+C<=>D+C(S,R) 3.30E-01 00 0.0
Coefficients are sticking parameters...

4. C{5,R)+CH<=>D+CH(S) 3.30E-01 0.0 0.0
Coefficients are sticking parameters...

5. C(S,R)+CH2<=>D+CH(S)+H 3.30E-01 00 0.0
Coefficients are sticking parameters...

6. C(S,R}+CH3<=>D+CH(S)+H2 3.30E-01 00 0.0
Coefficients are sticking parameters...
Motz-Wise correction used on sticking coeffs.
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Table 6.4: Homogenecous Reactions in CVD of Diamond: &k = A0® exp (- E/R0).

REACTION A b E " REACTION A b E
1. 2CH3(+M)=C2H6(+M) 9.03E+16  -1.2 654 17.  C2H54+H=CH3+CH3 1L00E+14 0 0
Low pressure limit: 3.18E+4}  -7.03 2726 18. H24+C2H=C2H2+H 4.09E+05 2.4 864.3
TROE centoring: 6.04E-01 6927 132 19, H+C2H2=C2H3 2.33E+11 [} -1284
H2 Enhanced by 2.00E+00 20. C2H3I+H=C2H2+H2 4.00E+13 1} 0
2, CH3I+H(+M)=CH4(+M) 6.00E+16 -1 ] 21. C2H3+CH2=C2H2+CH3 3.00E+13 1] 0
Low pressure limit: 8.00E+26 -3 22, C2HI+C2H=C2H2+C2H2 3.00E+13 0 (1}
H2 Enhanced by 2.00E+00 23, C2H3+CH=CH2+4+C2H2 5.00E+13 [ 0
3. CH4+H=CH3+H2 2.20E+04 3 8750 24.  CH2(SING)+M=CH2+M 1.00E+13 0 0
4. CH3+U=CH24+H2 9.00E+13 0 15100 H Enhanced by 0,00£+60
5. CH2+H=CH+H2 1.00E+18 -1.6 0o 25, CH2(SING)+CH4=CH3+CH3 4.00E+13 0 0
6. CH+H=C+H2 1.50E+14 0 0 26, CH2(SING)+C2H6=CH3+C2H5 1.20E+14 0 0
7. CH+CH2=C2H2+H 4.00E+13 ] 0 27.  CH2(SING)+H2=CH3I+H 7.00E+13 0 V]
8. CH+CH3I=C2H3+H 3.00E+13 0 0 28, CH2(SING)+H=CH2+H 2.00k+14 0 0
9. CH+4CH4=C2H4+H 6.00E+13 0 0 29. CH2+CH2=C2H2+H2 4.00E+13 0 0
10, C+CH3I=C2H2+H 500E+13 0 0 30. C2H24+M=C2H+H+M 4.20E+16 0 107000
11, C+CH2=C2H+H 5.00E+13 0 ] 31,  C2H44+M=C2H2+H2+M 1.60E+15 0 55800
12. C21H6+CH3=C2H5+CH4 5.50E-01 4 8300 32, C2H4+M=C2H3+H+M 1.40E+16 0 82360
13, C2H6+H=C2H5+ 12 5408402 3.5 5210 33. H+H+M=H2+M 1.00E+18 -1 0
14, C2H4+H=C2H3+H2 1LIOE+ 14 8500 H2 Enhanced by 0.00E+400
15, CH2+CH3=C2H4+H 3.00E+13 0 34, H+H+H2=H24H2 9.20E+16 -0.6 0
16.  H4+C2H4(+M)=C2H5(+M)  2.21E+13 2066
Low pressure limit: 6.37TE+27  -2.76 -59
H2 Enhanced by 2,00E+00

Lzl
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6.2.4 CVD of Diamond in a Simple 2-D Reactor

The model was used to compute the deposition rates of diamond in Tables (6.4)
and (6.3), were based on the work of Dandy and Coltrin (1995); Coltrin and Dandy
(1993). The purpose of this study was to test the solver on a CVD system with sub-
stantial gas phase chemistry, since the previous studies focused on CVD of tungsten,
which was assumed to have no gas phase reactions occurring during the deposition.

The simulation was conducted on a two-dimensional square domain, which was
discretized into a uniform 21 x 21 grid. The length of the sides of the domain was
10 cm. This domain could be thought of to represent a simplified model of a long
horizontal reactor with a square cross-section. It was assumed that the susceptor
consisted of the entire left wall and was maintained at a constant 1200 K for ¢t > 0.
The top and bottom walls were insulated, and the right wall was externally heated
to 2500 K. It was assumed in the computations that deposition occurred only on
the susceptor surface.

The feed gas to the reactor was a mixture of 1% CH, (mole fraction) in Hj at
40 Torr. It was assumed that the gas entered a heater which isobarically heated the
gas to 2200 K. A kinetic computation was performed using Lutz (1997) assuming
that the residence time was 1 s, and the reaction temperature was 2200 K. The

computations yielded the initial condition for the inlet gas mole fractions:

xu = 1.490 x 1073 Xu, = 9.882x 107! yar =00
XCoi = 3.35T x 107" ycpm, = 1.874x 107°  xcy, =3.837x 1077
Xc=2345x 10" xcu, =9.920x 1077 xcn = 2.651 x 10~°
XcHasiNG) = 3493 x 107 xcg, =9.191x107%  xcy, =3.627x 107}

XCatt; = 3459 x 107 xcm, =2.753 x 107 xc,n, = 1.169 x 1074
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The initial site fractions were

2CH(S) = 0.9544

2C(S,R) = 0.0456.

The simulation was conducted for 0 < ¢ < 5.0 s. The time step was 0.01 s. The
results are shown in Figs. (6.21) and (6.22). In Fig. (6.21) contours of CH, and H are
shown at ¢t = 5.0 s. Thermal diffusion played an important role in the distribution
of CH,, H, and all other species in the system. The Rayleigh number of the flow was
quite low (Ra = 10), since the fluid density was small. The fluid density was small
because approximately 93% of its mass was H,. The mass fractions of H and CH,
were 2.8 x 1072 and 4.4 x 1073, respectively. Pathlines in the flowfield are shown in
Fig. (6.22)(a). The maximum fluid speed was approximately 0.7 cms™!. The areal
density of diamond is shown at time t = 5.0 s in Fig. (6.22)(b). The deposition pro-
file was nearly uniform, due to the low Rayleigh number and high diffusion transport
rates. The film growth rate predicted in this system was several orders of magni-
tude less than the growth rates reported in Dandy and Coltrin (1995). The most
likely cause for this was that the temperature distribution was not conducive to the
creation of the necessary precursors for diamond growth at the surface. The tem-
perature distribution was approximately linear in the z-direction. Thus, the mean
temperature was 1,800 K, while in the arc jet reactor simulations of Dandy and
Coltrin (1995), most of the gas was closer to the exit temperature of the plasma arc
jet. Furthermore, a species critical to diamond growth, atomic hydrogen, diffused
away from the susceptor towards the hot wall as a result of thermal diffusion. At

the susceptor surface, atomic hydrogen was rapidly consumed to make H,.
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Figure 6.21: Contours of mole fraction of (a) methane and (b) atomic hydrogen at

t=23.0s.
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Figure 6.22: (a) Streamlines (cms™') and (b) diamond deposition areal density
gem2att=350s.
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6.3 CPU Costs of the CVD Batch Solver

A study was conducted to ascertain the CPU costs of the various components of
the CVD batch model solver. This study was needed to determine which components,
if significantly optimized, would improve the overall solver performance. The study
was conducted by simulating a CVD batch system that had a large and complicated
homogeneous and heterogeneous reaction mechanism.

The system of interest was CVD of silicon carbide. Homogeneous and hetero-
geneous reaction mechanisms for this system were developed by Allendorf and Kee
(1991), and are shown in Tables 6.6 and 6.7, respectively. The gas phase mechanism
consists of 33 gas phase species and 81 reactions, and the heterogeneous mechanism
consists of 7 surface species, 2 bulk species, and 35 reactions.

A simulation was conducted on a 21 x 21 grid for 20 iterations. Each iteration
took approximately 89 s, and the total memory requirements were approximately 35
MB. A summary of the CPU cost as a percentage of the total computation time is
shown in Table (6.5).

Referring to the table, over 90% of the total CPU time was used in the stiff solve,
species solve, and the computation of the multicomponent diffusion coefficients.

The stiff solve took nearly two-thirds of the total CPU time, due to the complexity
of the reaction mechanism. Fortunately, the stiff solves are perfectly parallelizable,
and one would take advantage of this in a parallel computing environment.

The computation of the T', the effective multicomponent diffusion coefficients took
nearly 18% of the total CPU time These results were rather startling, because it took
much longer to compute ' than it did to compute D, the matrix of multicomponent
diffusion coefficients. Even though the computation of D requires the computation
of the inverse of an M x M matrix, where M is the number of gas species, this can
be done iteratively with an optimized LAPACK routine (Anderson et al., 1999).

The computation of I' requires a matrix multiply Ax B, where A and B are both
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Model Component [| CPU Time (% of Total)
Slow Part of Species Equation 9.16
Slow Part of Energy Equation 0.33
Stiff Species and Energy Equations 65.10
Momentum Equation 0.14
Hydrostatic Pressure Equation 0.16
Pressure Correction Equation 0.12
r 17.86
d¥ and k 3.33
7] 0.36
J 0.70
Other fluid properties 0.70
Miscellaneous 2.04
Total 100.00

Table 6.5: CPU cost associated with the batch CVD solver for a sample CVD prob-
lem with large homogeneous and heterogeneous reaction mechanism.

M x M matrices. This calculation is thus an order M? operation at every grid point.
Fortunately, computing I" every iteration is probably not necessary. Performing the
calculations every third or fourth iteration would yield tremendous savings in total
CPU time. Not computing the fluid properties every iteration would decrease the
accuracy of the solution, but studies could be performed to determine the tradeoff
between the solution accuracy and computational cost.

The species equation (slow) solves took about 9% of the total CPU time. This
was due to the large number of gas phase species. CPU savings would be realized if
the V - (sV) operator was better optimized, since this term is called M? times per
iteration.

The momentum equation took only 0.14% of the total CPU time. This was due to
the fact that the same operator was used for all three components of the momentum
equation. This operator changes each iteration, however.

The pressure equation solves consumed all approximately the same amount of
time as the momentum equation. The energy equation took a bit more time, since

there were many terms that needed to be evaluated.
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Table 6.6: Homogeneous Reactions in CVD of Silicon Carbide: k = A0% exp (— E/R0).

REACTION A b E REACTION A b E
1. C3H8=CH3+C2Hb 1L.7T0E+16 1} 84840 [§ 26. CH3+C3H8=CH4+I1*C3HT7 1.L10E+156 0 25140
2, CH3+4+C3H8=CH4+N*CaH7 1.10415 0 25140 )| 26. H+C3H8=H2+1"C3H7 8.71E+06 2 5000
3.  H+4+C3HB=H24+N°*C3HT7 5.6215+07 2 7700 27.  I*C3H7=U+C3H6 6.31E+13 0 36900
4, I"C3H7=CH3+C214 2.00E+10 0 20500 || 28. N°*C3H7=H+C3H6 1.26E+14 0 37000
5  N*C3H7=CH3+C2H4 9.55E+13 0 31000 || 29. I*CIH7+CIHUB=N*C3H7+C3H8 3.02E+10 0 12000
6, C2H3+CIHB=C2H4+I"C3I17 1.00E+11 0 10400 || 30. C2H3+C3H8=C2H4+N°*C3U7 1.O0E+11 0 10400
7. C2H5+C3H8=C2H6+1°C3HT7 1.00E+11 0 10400 {| 31. C2H54+C3HE=C2H6+N*C3H7 1L.OOE+11 0 10400
8, C3H6+H=CH2CHCH2+H2 5.018+12 0 1500 32,  C3H6+CH3=CH2CHCH2+CH4 8.91E+10 0 8500
9.  C3H6+C2H6=CH2CHCH2+C2H6 1.,00E+-11 0 9200 33. C3H8+CH2CHCH2=1*C3HT+C3H6  3.98E+11 0 16200
10. C3HB84+CH2CHCH2=N*C3H7+C3H6 3.98E41) 0 16200 }| 34. CH2CHCH2=C3H4+H 3.98E+13 0 70000
11, C3H6=CH2CHCH2+H 1.00E+13 0 78000 || 35, C3H6=C2H3+CHI 6.31E+156 0 85800
12,  CH2CHCH2+H=C3l4+H2 1.00E+13 0 0 36. CH2CHCH24CH3=C3H4+CH4 1.00E+12 0 0
13, CH4+H=CH3+H2 2,.20E+04 3 8750 37. CH3+H=CH2+H2 9.00E+13 0 15100
14, CH24+H=CH+H2 1.00i+18 -1.6 38, CH+CH=C2H+H 1.00E+14 0 Q
15, CH+CH2=C2H2+H 4.00E+13 0 39. CH+CH3I=C2H3+H 3.00E+13 0 0
16, CH+CH4=C2H4+H 6.00E+13 0 40. C2H6+CH3I=C2H5+CH4 5.50E+00 4 8300
17. C2H6+H=C2H5+H2 5.40E+02 3.5 5210 41. C2H4+H=C2HI+H2 1.10E+14 0 8500
18, CH2+CH3=C2H4+H 3.00E+13 0 0 42,  C2H54+H=CH3+CH3 1.00E+14 0 0
19, H2+C2lH=C2H2+H 4.09E+05 24 864.3 43. C2H3+H=C2H2+H2 4.00E+13 (1} 0
20, C2H3+C2H=C2H2+C2H2 3.00E+13 0 0 44.  C2H3I+CH=CH2+C2H2 5.00E+13 0 0
21, CH2+CH4=CH3+CH3 4.00E+13 0 0 45. CH2+C2H6=CH3+C2H5 1.20E+14 0 0
22, CH2+H=CH2+H 2,008+ 14 0 0 46, CH24-CH2=C2l2+H+H 4.00E+13 Q0 0
23. CH2+4-C2H2=H2CCCH+H 1L20E+13 0 6600 47.  C2H24+M=C2H+H+M 4.20E+16 0 107000
» 24, C2HA+M=C2H2+H2+M 1.50E+156 0 55800 H| 48, C2H4+-M=C2H3+H+M 1.40E+16 0 82360

CONTINUED ON NEXT PAGE
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CONTINUED FROM PREVIOUS PAGE
REACTION A b E REACTION A b E
49. H+H+H2=H2+H2 9.20E+16 -0.6 0 66. SIH4=SIH2+H2 6.67E+29 -48 63450
50. SIH4=SIN3+H 3.69E+15 0 93000 || 67. SI2H6=SIH4+S1H2 3.24E+29 -4.2 58000
51, SIH4+H=SIH3+H2 1.46E+13 0 2500 68. SIHA4+SIH3=SI12H5+H2 1L.77E+12 0 4400
52, SIH4+SIH=S12H3+H2 1.45K+12 0 2000 69. SIH44+SIH=SI21H5 1L43E+13 0 2000
53, SIH2=SI+H2 1.06E+ 14 0.9 45000 70.  SHiI2+H=SIH+H2 1.39E+13 0 2000
54. SIH2+H=SIH3 381E+13 0 2000 71, SIH2+4SIH3=SI12H5 6.58E+12 (1] 2000
55. SIH2+S12=8S13+H2 3.55E+11 0 2000 72, SIH2+4S513=812H2+ 812 1.43E+11 1] 16200
66. H2SISIH2=SI12H2+-H2 3.16kE+14 0 53000 ]| 73. S12HG6=HA3SISIH+12 7.94E+15 (1] 56400
57. H24SIH=SIH3 3.45KE+13 0 2000 74. H2+S12=812H2 1.54E+13 0 2000
58, H2+SI2=S1H+S1H 1L.54E+13 0 40000 || 756. H2+S13=SI1+SI2H2 9.79E+13 0 47200
59, SI2H56=SI2H3+H2 3.16E+ 14 0 53000 76.  SIRH24+H=SI12H3 8.63E+14 0 2000
60. 11+S12=S11+851 5.15E+13 0 5300 77. H3SISIH4SIH4=SI3H8 6.02E+13 (1] 0
61.  SIH24S12H6=SI13H8 1.81E+14 0 0 78.  SIH3+4+SI12H5=SI3H8 3.31E+13 0 (1]
62, CH3+CH3(+M)=C2H6(+M) 9.03E+16 -1.2 654 79.  CH3+H(+M)=CH4(+M) 6.00E+16 -1 0
Low pressure limit 3.18E+41 -7.13 2762 Low pressure limit: 8.00E+26 -3 0
TROE centering®: 6.04E-01} 6927 132 SRI cemtering: 4.50E-01 T97 979
H2 Enhanced by 2 H2 Enhanced by 2.00
63.  H+C2HA(+M)=C2H5(+M) 2.21E+13 0 2066 80, HHC2H2(+M)=C2H3(+M) 5.54E+12 0 2410
Low pressure limit: 6.37TE+27  -2.76 -54 Low pressure limit: 267E+27  -3.5 2410
H2 Enhanced by 2 H2 Enhanced by 2
64, CH2+M=CH2+M 1.00E+13 0 0 81. H4+H+M=H2+M 1.00E+18 -1 0
H Enhanced by 0.000E+00 H2 Enhanced by 0.000E+00
65,  H3SISIH=H2SISIH2 1.15E+420 -3.1 6630

2Parameters listed in this row are not A, b, and E. Details may be found in Coltrin et al, (1996),

cel
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Table 6.7: Heterogeneous Reactions in CVD of Silicon Carbide: k = A0®exp (- E/R0).

REACTION A b E REACTION A b E
1. H4SKHS)=>SUS)-H 2A8E+12 0.5 0 19.  CH2CHCH243SKS) 147E420 08 0
2. H+O(S)=>C(S)-H 2.18E412 0.5 [ =>20C(5)+CH(S)+2H2+3B1(B)
3. 2S)S)-H=>32SS)+H2 7.23E434 0 61000 || 20. C3H243SKS)=>3C(S)+H2+3B1(B) 4.64E420 05 0
4. 2C(8)-H=>2C(S)+H32 7236424 0 61000 || 31, SIN24C(S)=>B2AB)+SINA(S) 6.12E411 0.5 0
5. CHA4SKS)=>C(S)+BI(B)+2H3 1.30E407 0.5 0 32, SIN4+C(S)=>B2B)+SINAS)+N2 3.18E+10 05 18678
6. OH3HSNS)=>CH(S)+BI(B)+N2 8.67TE411 05 0 23, SI3I4+C(S)=>BAB)+SINS)+H3 6.03E+11 0.5 0
7. OH24SKS)=>C(S)+BI(B)+H2 BOTE4I] 0.5 ° 28, SIH4C(S)=>B2B)+SIH(S) 6.23E+11 0.5 0
8. ONH+SI(S)=>OCN(S)+BI(B) VIEHIL 0.8 0 25, S14+C(S)=>BI(B)+SIS) 6.33E+11 0.8 0
9. CINB4ISHS)=>C(S)+CH(S)+IN242BI(B)  5.76E4+20 05 0 26, SIHS+2C(S) 3.95E420 0.5 0
10, OIN44+32SK(S)=>2C(S)+2H2+2B1(B) 0.37E417 05 0 =>282(B) +SIN(S) +SIHS) +H2
1. CaN343SUS)=>C(S)+CH(S)+IBI(B)+H2  5.0TE4+20 0.5 0 27, SIZH343C(S)=>2B2(B)+SIHAS)
12, CIHIH3SNS)=>2C(S)+IWI (B)4+ N2 1L32E410 0.5 0 +SIN(S) 4.02E+420 0.5 0
13, 1*CaNT+3ISNS) 4.36E429 0.5 0 M. S1242C(S)=>2B2(B)+2SY(S) 4.M4E430 0.6 0
=>30(S)+ON(S)+3IBI(B)+3N2 20, SI13H6+3C(S)=>3S)(S)+3B2(B)+3H2  2.11E+20 0.5 18678
14.  N°C3HT743SI(S) 1.36E+420 05 0 30.  H3SISIN$2C(S)=>2B2(B)+2SINAS)  4.00E+30 0.5 0
=>3C(S)4+CH(S)+3H2+3B1(B) 31, H2SISIH2+2C(S)=>2B2(B)+2SIH3(S)  4.00E+320 0.6 0
15 2AH64-3SHS)=>IC(S)+IH2+3BYI(B) 7.06E+236 0.5 0 3. SI2H242C(S)=>2B3(B)+3ISIN(S) 4.07E+20 0.5 0
18, C3NA+351(S)=>30(S)+3B1(B)+2H2 152429 0.5 0 33, SI343C(S)=>3B2(B)+3SKS) 2.30E4+29 0.5 0
17 HICCON4H3SI(S)=>2C(S)4 CH(S) 3. 2CH(S)=>2C(S)+ M2 235E424 0 61000
+H3+381(B) 1.68E+30 0.8 0 35, 3SIN(S)=>3SI(S)+ N3 2.35E424 0 61000
18, SIN3(S)=>SHS)+H2 201E+14 0 0000

9¢1



Chapter 7

CONCLUSION

7.1 Summary of Work

A model of chemical vapor deposition batch reactors was developed based on a
finite difference method and implemented using the overset grid method. A solver
was written in object-oriented C++ and FORTRAN using the OVERTURE library
to manipulate overset grids and perform other tasks necessary to solve partial differ-
ential equations. The CHEMKIN library was used to compute the gas phase reaction
rates and thermodynamic properties. The SURFACE CHEMKIN library was used to
compute the heterogeneous reaction rates, and CHEMKIN TRANSPORT was used to
compute the transport properties.

A new method for computing rigorous multicomponent diffusion was imple-
mented. In this approach, the ordinary multicomponent diffusion coefficients are
transformed into a new matrix of effective multicomponent diffusion coefficients by
means of a matrix transformation. This matrix is shown in Wangard et al. (2000) to
have several properties that simplify the solution of large systems of coupled species
equations. In short, a diagonalized implicit scheme is used for the diffusion terms.
In the linearized case, the diffusion equation (less reaction and convection terms) is
unconditionally stable. This scheme fully decouples the species equations from each
other.

A first-order splitting is used to solve the species and energy equations, since they
are tightly coupled by source terms from homogeneous and heterogeneous chemical
reactions. The fast (stiff) part of the equations form a stiff system of ordinary

differential equations at each grid point, while the slow (non-stiff) parts form a set
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of partial differential equations that are spatially coupled, but relatively easy to
solve.

The momentum equation is solved by a variable coefficient projection method.
The momentum equation is solved by first determining the hydrostatic pressure field,
that is the pressure field that would exist in a static fluid. The momentum equation
is then solved in each coordinate direction. The same operator is used for all three
coordinate directions. A standard variable density projection is then used to obtain

a velocity field that satisfies continuity.

7.2 Review of Results

Referring to the CVD validation study, it is evident that the solver conserves
mass, and predicts deposition rates consistent with that of other models. Of course,
the meaningfulness of the result depends wholly on the model describing the reaction
kinetics. This type of model is not particularly good for testing out new types of
reaction mechanisms, due to the large computational overhead. Instead, a simple 1-D
model would be preferable. The preferred use of this work is to examine the effects
of reactor geometry and system operating conditions on the resulting deposition
uniformity.

The natural convection studies showed that the formation of buoyancy rolls may
be beneficial. A multicomponent natural convection study showed that it is possi-
ble to generate very nearly uniform surface composition conditions at a deposition
surface in a batch reactor. Indeed, the uniform surface conditions in the multi-
component natural convection study resulted from the presence buoyancy rolls in a
bottom-heated reactor.

The natural convection studies also provided insight as to how to reduce or elim-

inate vortex shedding. Vortex shedding is highly undesirable because it is unlikely
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that uniform conditions could occur at any deposition surface. The instabilities
result from large thermal gradients, especially if the hot region is lower than the
cold region. Insulating hot surfaces from cold surfaces or introducing temperature
transition zones may reduce or eliminate vortex shedding.

Three separate CVD mechanisms were tested. The first mechanism was used to
model CVD of tungsten by H, reduction WFs. This model consisted of a simple
heterogeneous mechanism and no gas phase chemistry. The second mechanism in-
cluded both homogeneous and heterogeneous kinetics and was used to model CVD
of diamond. The third mechanism was an elaborate homogeneous and heterogeneous
model of CVD of silicon carbide. This last mechanism was tested to assess the CPU
usage for a large, complicated reaction mechanism.

It was found in the timing study, that the majority of CPU time was spent in the
stiff reaction solve. This was not unexpected, given the complexity of the mechanism.
Also, a significant portion (20%) of the CPU time was spent computing the effective
ordinary multicomponent diffusion coefficients. This was due to the that computing
T' required M* operations at each grid point, where M is the number of gas phase
species. This results from the transformation given by Eq. (2.39), which consists
of the matrix multiplication of W DW with C. The cost of solving the species

equations was about 9%, because there were so many (33) equations.

7.3 Recommendations

The solver can be improved in many ways. A list of the following recommenda-

tions is as follows:

e Implement parallelism to the stiff solver component. Since the stiff equations
parallelize perfectly, a parallelized stiff solver would yield tremendous improve-

ments in total CPU usage, especially in systems with complicated reaction
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mechanisms.

o Parallelize the computation of fluid properties. This would involve developing

a parallel computational equivalent of CHEMKIN and CHEMKIN TRANSPORT.

® Decrease CPU time associated with computation of the effective ordinary dif-
fusion coefficients, I'. Another approach would be to reconsider a new for-
mulation of the diffusion coefficients which is defined to operate on the vector
of mass fraction gradients. This subject is discussed in Section 4.4.9 of Em
and Giovangigli (1994). Lastly, the CPU time associated with the diffusion
coefficients may be reduced by not computing them every iteration; the error

of such a simplification could investigated.

e Optimize the V-(sV) operator in OVERTURE. Presently, this operator accepts
only single component scalar grid functions. In the species continuity equa-
tions, this operator is called for each element of pI' and the vector of thermal
diffusion coefficients. If the operator were written to accept matrix arguments,
such as pI', and assuming that the operator returned a multicomponent grid
function in which the mnth component contained V - (p[';,, V), CPU time

could be reduced by vectorizing computations in the operator function.

e Combine the hydrostatic and pressure projection equations into one overall
pressure equation. This would save one Poisson solve. This suggestion was

attempted without success.

7.4 CVD in Continuous Flow Systems

The following changes are necessary to convert the CVD batch solver to a CVD
continuous flow reactor (CFR) solver. These changes are to be made to the governing

equations and additional boundary conditions are needed.
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7.4.1 Changes to Governing Equations

Converting the batch CVD code to a CFR code requires no changes to the gov-
erning equations of species conservation, continuity, and momentum. However, the
batch CVD reactor is a constant-volume system, the ¢, form of the energy equation
was used in the present work. In the CFR, the background pressure is constant, and
thus the c,-form of the energy equation is preferable, where ¢, is the mean specific

heat capacity at constant pressure defined by

M

D= Coptm, (7.1)

m=1
where ¢,  is the specific heat capacity of the mth species. The c,-form of Eq. (2.6)

is given by the following:

Do o . _
pr g = V- (K98) = Y~ (hmrim + oy (G V9)), (7.2)
m=1

where hy, is the specific enthalpy of the mth species, including the energy of forma-
tion, and it is assumed that Dp/Dt is considered negligible.
The splitting of Eq. (7.2) is analogous to the procedure given in Section 5.3.2.
The fast part of this equation given by
a6 1
£ = _E ,,; hmTm (7.3)
would be used instead of Eq. (5.9). The discretization of the slow part is given by
[ "cp (31»1 -u"- V) -V -(k"V) + Zc,,,’;j’,:, V|t = ic-;':o", (7.4)
At ~ At
and would be used instead of Eq. (5.25).
Also, since the background pressure is constant, the pressure smoothing steps
performed after the fast and slow energy and species solves would consist of enforcing

the consistency of the ideal gas law as follows:

p
pn+1 = W (7.5)
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7.4.2 Boundary Conditions

Two additional boundary conditions appear in a CFR: (1) inflow and (2) outflow
boundaries. The following modifications are necessary to add these two boundary
condition types to the solver. First, all fluid properties, such as viscosity, thermal
conductivity, diffusion coefficients, etc. should be extrapolated to the ghost line.
At the inflow boundaries, Dirichlet conditions may be imposed at the boundary
nodes for the velocity components, the mass fractions, and the temperature. At the
outflow surfaces, Neumann conditions are imposed on the velocity components, the
mass fractions, and the temperature. Also, at the outflow boundaries, homogeneous
Dirichlet conditions are imposed on the velocity projection equation, Eq. (5.57), since
the velocity at the outflow is not known. Since the gradient of the projection is used
to correct the velocity field, a homogeneous Dirichlet conditions on the projection
equation allow the normal component of the velacity at outflow boundaries to change
after the projection step. Finally, it is noted that the projection equation system is

not singular, and the solution method is simpler than in the present work.
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