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Abstract

In thiswork we use the Direct Simulation Monte Carlo (DSMC) method to simulate
Chemical Vapor Deposition (CVD) in small scale trenches. Transport inthe gas is
decoupled from the boundary movement by assuming that the two processes evolve at
different timescales. Consequently, the deposition problem is solved by the successive
application of aDSMC gas transport model and a boundary movement model.

The DSMC gas transport model used is standard with the exception of the ability to
model arbitrarily shaped 2D surface boundaries. In addition, a method is proposed and
used to incorporate non-linear reaction rate correlations into the gas surface interaction.
Our DSMC results of the complete model are extensively compared to analytical and
theoretical results to validate the approach and the implementation.

The Level Set method is incorporated in our work to produce a sophisticated boundary
movement model. This model is also verified by comparing our results to published
results. Finally, concepts form the Level Set methodology were used to dramatically
improve the performance of the DM SC transport model when dealing with complex
boundaries at low Knudsen Numbers.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Introduction

Chemical Vapor Deposition (CVD) is a manufacturing process used for growing thin
layers of deposited material on pre-existing surfaces. CVD isused in many industries but
it is of predominant importance in the semi-conductor industry because it is one of the
few processes that allow the creation of high quality thin layers of specialized materials
on the micro-meter scale. Figure 1 shows a sketch of an underlying substrate that has a
layer of material grown over it using CVD. In atypical integrated-circuit application the
dimensions of these features would be in the micrometer scale and the trench would be
created by photolithography or other similar etching processes. The deposited layer is
usually required to be very uniform and free of voids and cracks (as much as possible).
As such, much effort is expended into optimizing the manufacturing process to ensure

that the resulting profiles are acceptable with minimum use of time and materials.

Gas

Deposited Layer

Substrate

Figure 1: Illustration of layer growth over a substrate using chemical vapor deposition. Note the
uneven thickness of the growth depending on the location along the trench.
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The ability to accurately predict the shape of the deposited profile based on the process
parameters is a very important factor in reducing CVD costs by reducing the guess-work
associated with efficiently producing acceptable quality features that are free of voids or
other non-uniformities. Other applications that need accurate CVD models include the
extraction of reaction parameters of active species. In such applications measurements of
deposition profiles are compared with profile predictions to extract values for reaction
probabilities and other related properties.

1.2 Previous Work and Background

References [5] [6] [15] give agood overview of the CVD process and the manner in
which accurate modeling of transport within the feature affects the ability to produce
integrated circuits with acceptable properties and cost. The ratio of the mean free path of
the gas above the trench being studied to the characteristic length of the feature is the
single most important factor in determining which model to use in describing the growth
of the deposition layer. Thisratio is known as the Knudsen Number (Kn) and varies
inversely with the overall pressure of the gas above the trench. The transport of the
deposition molecules to the substrate varies from being collision dominated at high
pressures (Kn<<1) to being exclusively determined by geometric factors and boundary
conditions at lower pressure (Kn>>1). A more complex behavior that is hard to predict
appears in the regions between these extremes. References [7] [8]&[9] discussthe

physics of gas transport as a function of the Knudsen number.

In Low Pressure Chemical Vapor Deposition (LPCVD) the mean free path between gas
molecule collisions is large compared to the characteristic dimensions of trench and as a
result the deposition rate at different points in the trench depends on the velocity
distribution of molecules and the manner different parts of the trench “shadow” each
other. The equations that describe transport in this Knudsen number regime are similar to
ones used in radiation heat transfer and are discussed in detail in[1] and [13]. LPCVD is
commonly used in industry and very powerful deposition models have been successfully
applied to many applications including 2D and 3D features as well as complex gas-
surface chemical reaction models.
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In Atmospheric Pressure Chemical Vapor Deposition (APCVD) the mean free path is
very small compared to trench dimensions and the gas transport is determined by the
standard Navier-Stokes flow model and the continuum diffusion model. Standard
methods for solving these equations are well known and have been applied to the solution
of feature-scale transport modeling for many types of physical problems and gas-surface
chemistries[11],[10] and [16].

In thiswork we are interested in CVD problems that lie between the two aforementioned
cases and have Knudsen numbers that are finite and gas transport is only properly
described using the Boltzmann Equation. The Boltzmann Equation is a high-dimensional
integral-differential equation that can only be solved exactly in avery limited set of
special cases. There have been a number of attemptsto numerically solve the Boltzmann
equation that fall into two broad categories. The first category of methodstry to make
significant simplifications to the physical processes by making broad assumptions that
allow a quick solution of the transport problem. The most notable work in this class is the
Simplified Monte Carlo (SMC) technique by Akiyama and co-workers[2] which shows
results that seem to be very promising. Unfortunately, this approach and others like it are
always limited by the simplifying assumptions that they make and give quite erroneous
results when the former are not satisfied. The other category of methodstry to solve the
full transport model making no simplifying assumptions usually using the Direct
Simulation Monte Carlo (DSMC) method ([4] [3] and [12]). DSMC isthe fastest
currently available method for solving the Boltzmann Equation. It was recently shown to
provide accurate solutions of the Boltzmann Equation in the limit of infinitesimal
discretization [14]. Unfortunately previous attemptsto use DSMC to model the CVD
problem have not always given consistent results and suffered from fairly crude surface
and chemistry models. In thiswork we develop areliable CVD profile growth model
based on the DSMC incorporating sophisticated chemistry and surface movement
models.

13



1.3 Thesis Overview

The presentation of our work will be done in tree major parts. In Chapter 2 we describe
our methodology for simulating feature scale surface evolution and present the details of
the DSMC gas transport model used in our method. We will also detail the method
through which we incorporate non-linear chemistry models into DSMC. In Chapter 3 we
give anumber of examples that verify our methodology by comparing our results against
exact solutions and other numerical methods in various flow regimes. In addition, we will
present a number of trends that show the behavior of our model over a number of
important deposition parameters and compare the trends with previous results. Chapter 4
will be primarily devoted to a detailed discussion of the models used to smulate the
surface evolution with a particular emphasis on the Level Set Method. The fifth and last
chapter gives a summary of our work and presents possible extensions.

14
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CHAPTER 2: METHODOLOGY

The goal of this chapter is to present our methodology for simulating chemical vapor
deposition in small scale trenches using the DSMC. This chapter will start with an
overview of the methodology outlining the major steps in the simulation process along
with how they fit with each other. The rest of this chapter will be dedicated to explaining
the details of two key parts of our methodology, namely, the DSMC model we are using
for gas transport and the non-linear chemistry model for surface interaction. The other
major part of the methodology, namely the surface evolution model, along with detailed

examples, will be presented in Chapter 4.

2.1 Methodology Overview

The basic approach we take here is to develop separate models for the gas transport using
DSMC and use the resulting deposition information in a separate surface evolution
model. An important assumption we are making here is that the surface profile is
stationary in the time scale relevant for transport. Such an assumption has been used in
previous deposition models and has so far been shown to be valid in many applications
[7]. In our methodology the simulation domain is terminated by boundary conditions
imposed by the large reaction vessel which provides a fresh stream of reactants. There
have been many attempts at creating integrated reactor/trench-scale models that directly
couple the deposition simulation to the reactor volume [6][8][13] though in many cases
such models are not necessary and are beyond the scope of this work.

17



Select Initial Parameters

Solution Parameters:
«# of Steps (S)

] (1)Create Initial Profile Segments\ *Segment Length maxLength
| | *Other Boundary Model
’(Z)Find Deposition Rate using DSMC‘ t variables

*DSMC Model parameters (
N_o'l | total steps, equilibration steps
Yes Sc calculation Frequency,
etc.)

(3) Boundary Movement Model A
[Advance Boundary 1 step] \//
’ Refine/Coarsen Segment Representation of Boundary‘

Problem Specification:

*Chemistry Model
Steps>=S No eInitial Profile Geometry
Yes *Required Thickness (Tr)

Refine Solution Parameters at certain pt. on profile
(Usually S and/or maxLength) *Physical properties

(pressure, temperature,
inal Profile Converged
Yes
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—]

Figure 1: Block diagrams of procedure used in simulating CVD using DSM C with a non-
linear chemistry model.

Figure 1 shows a flow diagram of our methodology for calculating the profile resulting
from CVD after afinite amount of time tsing USINg S steps. We start by selecting an initial
set of parametersthat control how refined our profile and DSMC models are. The
selection of the proper parameters to give converged results requires some experience and
in general the calculation will be repeated with more detailed parameters to ensure the
final profile is converged. An initial profile is created based on the problem specifications
(Step 1 in Figure 1), which isused as an initial step of our DMSC calculation. The
DSMC calculation (Step 2) is run long enough to ensure converged results are reached by
meeting two important requirements. The first is that the steady stateis reached as judged
by the change of the total deposition rate over time. The other requirement is that the
chemistry model —if one is used- is converged as will be explained in section 3. The
resulting deposition rate is then used by the surface model (Step 3) to create the surface
resulting after time= tsna /S. The boundary model includes provisions for ensuring the
properties of the resulting surface fit within the solution parameters specified at the start

(for example the length of all segments<maxLength and so on). These steps are repeated
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S number of times until the surface profile at end of time tsina 1S found. The whole process
can be repeated with more refined parameters to confirm the convergence of the final

deposition profile.

2.2 DSMC Gas Transport and Deposition M odel

As mentioned before, the Direct Simulation Monte Carlo method is used in this work to

account for the gas transport in our CVD trench model. DSMC was invented by Bird [1]
in the 1960’ s as a method of numerically solving the Boltzmann Equation for a wide
variety of conditions. The DSMC method is fairly well documented (See
[1],[9],[10],[11],[12] &[13]) and so the next sections will only discuss aspects of our
implementation that are special or non-standard.

Although the particle dynamics in DSMC are three dimensional, this thesis considers
infinite trenches for which a two-dimensional model is sufficient. Nothing fundamentally
[imits the applicability of our work to 2D problems, although in 3D there may be some
complications with our boundary movement model and of course , the computation cost
will increase. In Chapter 5 we discuss to possible ways for extending our methodology to
handle these cases.

19



Symmetry BC

Segments Defining Trench Profile
With Sticking Coefficient

Figure 2: Plot showing the segments of a deposition profile and two different boundary
conditions of the DSM C domain. A cyclic (periodic) boundary condition is also applied in
the Z-Direction to simulate the effect of an infinite trench.

Figure 2 shows a sketch of the domain and boundaries of atypical DSMC run used in our
methodology. The domain is divided into a uniform 2D array of square cells of side
lengths of !5 the mean free path (1). The trench segments are free to move in the domain
across any of the cells and to ensure that the cell collisions are processed properly, the
volume of al cellsis calculated using a simple Monte Carlo integration technique at the
start of every DSMC step. The domain height in the z-direction is also set to roughly 5 A
and a cyclic boundary condition is applied in that direction to smulate an infinitely long
trench. The length of the cell along the z-direction is not important because thisis
fundamentally a 2D problem and in fact we could have totally ignored the positions and
movement along this axis to save on computational resources with no effect on the
results. Finally, our implementation is set up so that the gas particles in the domain can be

divided into an arbitrary number of species that can be independently tracked at all times.

The gas enters the simulation domain through the open wall boundary condition that is
applied at the x=0 plane. Particles that cross this boundary and leave the domain of

interest are deleted. This boundary condition essentially matches the simulation to an
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infinite reservoir (x<0) of specified number density, composition and overall average
velocity. Incoming particles are created by filling a larger region (between 0 and -4 1)
with particles with random initial positions and a Maxwell-Boltzmann velocity
distribution every time step. The movement of these particles is tracked and the ones that
drift into the DSMC domain are kept while retaining their velocity and new position.
Although this is more complex than simply creating the particles at x=0 with a biased
Boltzmann velocity distribution, it is done to ensure that the particles created not only
have the correct distributions for position and velocity but also maintain the correct
correlation between these two variables.

The other set of boundaries are created by the trench (shown in red in Figure 2) and the
symmetry segments at the ends of the domain (shown in blue). Gas particlesin the
domain are moved using the standard advection schemes used in DSMC. Collisions with
the domain boundaries are also similar in spirit although the arbitrary deposition shape
requires the discretization of the latter in alarger number as small linear segments. Asthe
number of boundary segments grows large (in atypical trench there are 50-200 segments)
the computational cost of the particle advection step is increased by the same degree.
This can have a very significant effect on the speed of our transport model, particularly
when we have a large number of segments and/or a low Knudsen number. Aswill be
explained in Chapter 4, there is a simple optimization that can be made to dramatically
improve the speed while making no compromises in particle movement accuracy.

Symmetry boundary conditions can be simply applied by specularly reflecting gas
particles that collide with the symmetry boundaries. In contrast, the treatment of particles
that collide with the growth surface involves the absorption of particles with a certain
predefined probability (called the Sticking Coefficient); the remainder are diffusely
reflected back into the domain. In our calculations both the reactor and the trench are held
at the same temperature though it is easy to have different temperature distributions or
even non-Maxwell-Boltzmann velocity distributions inside the reactor domain (x<0).

In DSMC, temperature, average velocity and number density of all cells and all species

21



are defined as statistical averages over small regions of space. In addition, statistics are
collected for the number of particlesthat hit each growth surface segment and the number
of particles that “stick” to a segment. These are later used to infer the partial pressure of

each species as well as the deposition rate at each segment.

2.3 Deposition Surface Chemistry Models

The emphasis in thiswork isto study CVD in features due to chemistry that is dominated
by gas-surface interaction. There are methods to incorporate gas-gas chemistry in DSMC
models ([1] and [2] for example) though it seems that their effect is not always important
in feature transport models [5]. More details will follow in Chapter 3 but as a general
trend lower sticking coefficients (i.e. particles needing more collisions with the wall
before they stick to it) result in better quality profiles while higher sticking coefficients
cause the formation of voids and cracks. Traditionally, the sticking coefficient is taken to
be a constant that does not change along the trench length or as the trench changes shape
due to deposition. Usually "curve fitting" is used to match a constant sticking coefficient
with the profiles measured from experimental SEMs and despite its crudeness this
method is very successful in producing good estimates of sticking coefficients for many

conditions [3].

A number of successful attempts have been made to incorporate more sophisticated
models for the calculation of the surface sticking coefficients in both CvD [5] and
physical vapor deposition [6]. Our method for calculating Sticking coefficients based on
chemistry models for CVD issimilar to the method available in the literature though it
has been modified to be used within our DSMC framework.

To understand how the sticking coefficient is calculated, assume that there are two gases

in our domain that react according to the following formula

A+BB —y C(9 +5D (1)

Here:
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(3 isthe number of moles of species B that react with each mole of species A.
and likewise,
v isthe number of moles of species C deposited for each mole of species A that reacts.

d isthe number of moles of species D returning into the gas from the surface for each

mole of species A that reacts.

Furthermore, assume that an analytical formula is available for the reaction rate of

reaction 1:
Rate=Ratex =f[T,ppa,Pps,PpPo,---] 2
where pp; is the partial pressure of species|.

We proceed by "splitting" the reaction equation into two equations that involve only one

of the reactants, for example:
A — Yoy C() +428 D (1a)
and B — Y2 y/B C(s) +¥28/ D (1b)

The partial pressures used in (2) can be inferred from the average number of particles that
intersect each segment by the following method [4]. We first try to find the number
density starting from the analytical formula for the flux of particles from a gas at
equilibrium:

4H ux
C

HUX:EC = N-=
4

We then proceed to use the ideal gas law to relate the flux of incoming particles to the

partial pressure of an equilibrium gas:

pp=MRT = pp=4¥ mRT

(3)
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We finally calculate the particle flux into a segment by dividing the effective number of
particles that hit the segment by the length of the run and the area of the segment. The
implied partial pressure is then used in (2) to find the local rate of reaction at the segment.
With the reaction rate at hand the sticking coefficient of speciesj and for segment i can
be calculated from the reaction rate® of the species at that segment as follows:

Sc(j,i)=Rateg (i)/Flux;(i) (4)

Moreover, the number of moles of species C that is deposited is tracked by adding y /2 to
its counter each time species A is absorbed and %2 y/f each time species B is absorbed.

It isimportant to realize that the way the reaction equation (1) is split to (1a) and (1b) is
generally not important as long as the correct ratios for sicking coefficients and reaction
rates are recovered in the limit of large number of reacting molecules colliding with the
surface. Therationale is that equation (1) isasimplification that only agrees with the real
reaction mechanism in an average sense and does not include the details of the real
reaction. In asimilar manner, it isimportant that DSM C reproduces the gross chemical

behavior in an average sense and not necessarily during every collision.

There are two ways of calculating the deposition flux rate at each section. The first isto
directly record the total number of particles absorbed on each segment and convert that to
adeposition flux rate. The second method is to use the reaction rate form (2) to calculate
the deposition rate a each point (in this example Deposition Rate =Ratea*y). Although
these two methods are equivalent in principle, the results of the later are much less noisy
when a significant number of particles that hit the wall do not react with it.

The final issue that has to be addressed is the creation of byproduct species that can be
important in finite Knudsen numbers. The byproduct species is created after every
collision according to its molar ratio to the reacting species in the split chemical formula.
For example, in Reaction (1a) Y26 particles of species D are created every time species A

is adsorbed and likewise %2 6/p particles of D are created each time Species B reacts with

! Actually the reaction that should be used is Min[Rate, Fluxa, Fluxg] to ensure that the depletion of one
species limits therate of the total reaction.
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asegment. The new species are introduced in the domain at the point that the reacting
particle hits the surface and they are moved for the balance of the time step duration after
the original particle reached the segment. One complicating issue arises when the number
of byproduct particles to be created is not an integer and can be dealt with in one of two
ways. One way is to split the original reaction equation such that an integer number of
byproduct particle has to be created every time a reaction happens. The other solution
that is more general isto create an extra particle with a probability equal to the fractional

part of the number of particles.

Finally, there have been a number of bold assumptions made in our approach in
calculating the sticking coefficients that are not guaranteed to hold in all cases. The most
notable example of this is the assumption of an equilibrium gas distribution that resultsin
(3) that we use above. In spite of this, the method is able to give correct results in many
different cases and in particular it has been verified at high Knudsen numbers [5][7]
where gas particles are sometimes very far off from the equilibrium velocity distribution.
Thisis probably because the reaction rate (2) is much more afunction of the number of
moleculesthat arrive at the surface and their average temperature and not a strong

function of the velocity distribution function of these molecules.
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CHAPTER 3: VERIFICATION

The goal of this chapter isto demonstrate that our CVD modeling methodology isin
agreement with already existing results that are exact, published or experimentally
verified. We will start by describing a number of important definitions that will be useful
when analyzing results presented in this and other chapters. The results will be grouped
and presented in three different sections based on the Knudsen number and the surface
chemistry model. The first section will discuss results of depositions at very low
pressures (Kn—oo) and with a constant surface sticking coefficient. The second section
will describe deposition results which are in the same Knudsen regime but with a non-
linear chemistry model which predicts the surface sticking coefficients. We will finally
turn our attention to verification problems at high pressure (Kn—0) by comparing our
results with results from a continuum diffusion model. In addition, trends of key
parameters will be presented in an attempt to give afeel for the effect of varying the

Knudsen number.

3.1 Definitions of Key Terms

Clear definitions of key ideas and terms are needed before proceeding to present the
results. The definitions of the terms used here are similar to the ones used in the literature
(see for example [10]) with only some minor modifications or variations. Figure 1 shows
a sketch of atypical deposition problem along with dimensions of key importance.
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Figure 1: Sketch of basic trench showing important dimensions used to define commonly used
terminology.

The Aspect Ratio (AR) istheratio of the width of the trench (W) to the Depth (D) for the
deposition profile in the initial state. Asthe CVD proceeds, different parts of the profile
advance at different rates and the emerging profile is described by a number of different
measures. The Corner Step Coverage (CSC) istheratio of the side length of the thinnest
part in the bottom of the trench (S) to the thickness at the top (T). The Bottom Step
Coverage (or smply the Step Coverage) is the ratio of the middle of the bottom of the
trench (B) to the top thickness T. The Flux Step Coverage (FSC) is the step coverage
calculated based on the deposition rate at the initial geometry. Deposited profiles that
have high step coverages (called Conformal profiles) are desirable since they result in
profilesthat do not develop voids when the deposition is continued until the mouth of the
featureis closed.
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3.2 Low Pressure Deposition with Constant Sticking Coefficient

Kn—oo

In this section we start by comparing the accuracy of our code with relation to an exact
analytical solution. We then proceed to compare our deposition maps and resulting trench
profilesto results from specialized low pressure (Kn—oo) deposition codes that have been
independently verified. Next we proceed to compare our new DSMC results to previous
attempts at modeling trench deposition for arbitrary Knudsen numbers. As we will see we
are generally able to reproduce published results at high Knudsen numbers but have
found that we disagree with some of the results for published arbitrary Knudsen numbers.

3.2.1 Comparing LPCVD Reaultsto Analytical Limits and Specialized Programs

The flux step coverage for atrench undergoing LPCVD can be easily calculated
analytically in the special case when the sticking coefficient is unity. To seethis we start
with the trench sketched in Figure 2athat has particles arriving from the left with a cosine
velocity distribution. The ratio of the deposited particles at the top of the trench to the
midpoint of the bottom of the trench, that isthe flux step coverage, is given by [5]:

[2Qos[e] de _ 1 1
NSy —— Wtha=AcTan[ o]=FC= =
[*Cos[e] de AR V1+4 AR (1)
1F
Particles with Cosine Distribution .\ \
Reacting Walls 08
with Sc=1.0
Sos
= a
E: a ‘g} s
[, M
Depth 02 L
0p I
0 2 4 6 8
Aspect Rat i
a b

Figure 1: (a) Sketch of trench with a sticking coefficient=1. All particlesthat come from the left are
absorbed at the surface. (b) A plot of the step coverage for different aspect ratios. Pointsare DSMC
results while the solid line isthe prediction of the analytical for mula.
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Figure 2b shows a plot of the analytical formula along with the DSMC results for
trenches with aspect ratios ranging from 0 to 8. Clearly there is excellent agreement
between the DSMC and analytical results with differences only due to statistical noise.

Unfortunately, the above simple analytical model cannot be extended to cases with Sc<1
or for geometries that are more complex than a simple trench. The problem of solving for
the transport at the radiation limit is however very well understood and much advanced
work has been done in this field [3][2]. One implementation of this work that has been
extensively tested in simple and complex cases is a profile simulator known as EVOLVE
developed by Cale and co-workerd7].

Figure 3 shows a sketch of a moderately complex trench (in red) with particles coming in
from the left with a cosine (equilibrium) velocity distribution. The results for the
deposition profile along the trench length are plotted for both EVOLVE (3b) and DSMC
(3Db) for two separate sticking coefficients. The agreement between the two codesis
almost perfect implying that our particle tracking methods in complex geometries are
indeed accurate.
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Figure 3: (a) Sketch of complex trench. (b) EVOLVE reault for both 1.0 and 0.5 sticking coefficient.
(c) DSMC resultsfor the same sticking coefficients.

We now proceed to look at an even more complex example with multiple species and an
asymmetric trench (Figure 4). In this example we have low pressure gas with 3 species
each with aunique initial flux rate and sticking coefficient at the surface. Species 1 and 2
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comein at similar proportions from the left while species 3 is only created as a byproduct

of the deposition of Species 1 at the wall as follows:

Spl — 3 Sp3 + Deposition @ wall (Sc[Sp1]=0.5)

Sp2 Does not react

Sp3 — no byproduct + Deposition @ wall (Sc[Sp3]=1.0)

As can be clearly seen from Figure 4 the agreement between DSMC and EVOLVE is
exceptionally good for al species. It isinteresting to note how there is no deposition of
Species 3 in the trench areas facing the left since no particles of that species come in from
the boundary on the left and there are no gas-gas collisions to return particles back to the

surface.
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Figure 4: Complex profile, EVOLVE Result and DSM C Result Respectively. The normalization is
using the deposition rate of Sp1 on the part of the trench facing left.

Our next example compares results for actual deposition profile evolution based on the
flux datafrom DSMC. Chapter 4 gives more details on how we model and incorporate
deposition rate data into profile evolution. The example is of atrench of unity aspect ratio
and a constant sticking coefficient of 0.35. Figure 5 shows the result of our calculation
(light color) along with published results calculated by SPEEDIE (an other LPCVD
deposition software) [2]. The agreement is very reasonable particularly since the Simple
Node Tracking method was used with only 20 calls to the DSMC program. Chapter 4
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contains an other LPCVD example with a constant sticking coefficient in which DSMC

results are compared to EVOLVE profiles.

I SPEEDIE

B DSMC Calculation

Figure5: Deposition profileresultsfor trench with aspect ratio=1.25 and a sticking coefficient=0.35.
Dark linesare for SPEEDIE whilelight onesarefor our DSM C methodology using a smple node
tracking surface model.

3.2.2 Step Coverage Trends Calculated for Low Pressure Deposition with

Constant Sticking Coefficients

Now that we have established the reliability of our approach in predicting the deposition
profiles, we will present afew plotsthat summarize the profile behavior at different
sticking coefficients. Furthermore, we compare our results with those obtained with
various other CVD methods designed for the transition regime (~ 0.05<Kn<10). The first
plot (Figure 6) is of the corner step coverage in a unity aspect ratio trench as a function of
the sticking coefficient. The step coverage is calculated at the point when the thickness of
the deposition layer is half the width of the feature and in all casesthe profile is
calculated using 10 calls to the DSMC program. The red line in the same figure shows
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the results published in [4] of the same set of cases calculated using a different DSMC-
based method. The agreement between the two trends is very reasonable and the

difference is probably mainly due to the variations of profile moving model.

Conpari son Between [4] & DSMC Corner Step Coverage
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Figure 6: Step cover age ver sus sticking coefficients of trencheswith AR=1 at a deposition
thickness=% width of featur e and Kn=co. Plot compares our DSM C results with those published in

[4].

A different parameter (the bottom step coverage) is plotted in Figure 7 for the same set of
cases. Again the two red and blue curves are for the step coverages calculated a a
thickness of ¥2*width of the initial trench similar to Figure 6. Upon examination it is clear
that the results in [4] do not agree with our calculations even when the solution

parameters are varied.
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Conpari son Between Different Methods of Calculating Bottom Step Coverage
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Figure 7: Resultsfor step coverage ver sus the sticking coefficient for a AR=1 trench at Kn=c. The
red curveisresult reported in [4] while blue curveisour DSMC calculation. In both casesthe step
coverageiscalculated at a deposition thickness=%4trench width. The analytical result isfrom
equation (1).

A number of clues need to be considered to confirm that our results are indeed the more
accurate ones. To begin with, our results agree well with other codesthat have been
designed and verified in the vacuum limit (namely, EVOLVE [7] and SPEEDIE [2][18]).
Also, equation 1 gives us a strict upper limit on the step coverage when the sticking
coefficient is 1 because the step coverage decreases with time. The red curve clearly
violates this inequality. Finally, the lack of detailed experimental results verifying the

trends of [4] aso reduces confidence in their accuracy.



3.3 Surface Step Coverage for LPCVD using a Non-Linear Chemistry
M odel

This section presents our results for the simulation of LPCVD on 2D trenches with a non-
linear surface chemistry model and comparing them with published results. Our goal isto
verify our methodology and code by reproducing Kn—oo results where the particle
velocity distribution is the furthest away from equilibrium and it is where we expect the
greatest deviation if our method does not hold. In what follows we will proceed to
explain the chemistry model that will be used in the examples of this section followed by
adetailed discussion of our results for atrench on an aspect ratio of 10. We also discuss
the convergence of the step coverage. We will then show that our methodology
accurately reproduces EVOLVE trends over awide range of model parameters.

3.3.1 Tungsten Deposition Surface Chemistry Model

We selected the reduction of Tungsten from tungsten hexafluoride as the non-linear gas
surface chemical reaction to model in this section. Nothing in our algorithm or
implementation is unique to Tungsten and only a change of the chemical species and the
reaction rate equation is needed to be able to model other reactions (see[10], [7], [3] or
[11] for details of modeling other reactions). Reference [16] gives a detailed discussion of
modeling Tungsten chemistry but for this example we will use the simple formula[17]:

W+ 3Hb—W(s) +6HF (1)

and the reaction rate:

-8300 [ PPvrg 1+ Ke PP )
Rate = 7. 16233 Exp| ——— «/pp

where:
Rate: is reaction rate/mole of reactants [mol/(s* m?)]

T: Temperature [K]
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PPk - Partial Pressure of H, [Pascal]
PPV : Partial Pressure of WFg [Pascal]

Ref
PPWs - Partial Pressure of WFs at entry [Pascal]
Kg: Constant=7.5/Pascal

Asexplained in Chapter 2 in our model the reaction is actually split up into two reactions

that on average reproduce (1) as follows:

VFG—)% W) +3HF

(2
and

Hg—)% W) + HF

©)

with a H, deposition rate equal to the times the rate defined in (1a).

In our calculation we ignore the creation and the transport of HF. This saves on
computing resources and does not affect the results because at high Kn values the lack of

collisions means that the increase in HF number density does not reduce the flow of the

other species to and from the surface.

3.3.2 Detailed Example of Tungsten LPCVD

The first example of Tungsten deposition will be in a trench with an aspect ratio of 10.
The simulation is carried out by taking H, with an incoming partial pressure of 4.66
Pascal and WFs with a partial pressure of 0.466 Pascal. The surface profile is integrated
until a cavity is created when the feature pinches off as can be seen in Figure 8. The
simple node tracking model was used to follow the evolution of the profile shape and the
step coverage value at closure is predicted within 1% of the published value. The
integration of the profile was carried out with only 8 DSMC program calls from start to

closure.
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Figure 8: Plot of deposition profile of an AR=10 trench up to closure.

Figure 9 shows a plot of a number of important parameters along the length of the profile
for both species as the feature is filled. Asthe feature fills the partial pressure of WFg
significantly decreases inside the feature which results in a drop in the deposition rate.

Since the partial pressure of H; is not significantly reduced, the lower deposition rate

results in alower H; sticking coefficient in contrast with the sticking coefficient of Wk

which increases to amaximum value because lais essentially linear at lower WFg

pressures.
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Figure 9: Plot of key parameter s versustrench length for the 10 stepsthat are shown in Figure 8. The
left column isfor Species1 (WFg) and right column isfor Species2 (H,). Featureisclosed after step
8.

Critical to the accuracy of the results presented above is the calculation of the sticking
coefficient in arobust manner. An approach that we have found to give reasonable
accuracy was to first perform an “equilibration” run with short intervals between Sc re-
calculations (details in Chapter 2). We then use the resulting sticking coefficient map as a
starting guess for a longer run to confirm convergence. The equilibration here is
numerical in nature since at such high Knudsen numbers the problem is almost
immediately steady state as far as the transport is concerned. The sticking coefficients are
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considered converged when there is no appreciable systematic drift in their values and the
only change that happens with time is due to the reduction of noise because of better

sampling.

3.3.3EVOLVE and DSMC Trends

To further validate our methodology, calculations similar to the one detailed in the last
section are preformed and compared to results of EVOLVE in [10] and [17]. Figure 11
shows a plot of the corner step coverage at closure of a unity aspect ratio trench at a
number of different temperatures with WFs and H, concentrations identical to those in
the last section. DSMC accurately reproduces the EVOLVE trend with the majority of the
points only 2-3% away. Figure 12 isaplot of the step coverage at 723K of trenches of
various aspect ratios for EVOLVE and our DSMC program. A similar agreement
between the two programs can be seen and in fact the agreement on the AR 10 trench is
within 0.5%!

Sep Qverage (%

: : : : : Tenp . (K)
700 750 800 850 900
Figure 11: Plot of step coverage vs. temperature for Tungsten CVD on an aspect ratio 1 trench with a

pp H./ppWF=10. The solid lineistaken from [10] while the pointsare DSM C results. Error bars
indicate a 5% error margin.
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Figure 12: Step coverage valuesfor Tungsten CVD for various aspect ratios at a temper atur e of
723K and ppH./ppWFs=10. The solid lineis from [10] while the pointsare DSM C results with +5%

error bars.

3.4 CVD at High Pressures (Kn—0)

3.4.1 Continuum and DSMC Model Results

Taken together, the results in the last section give us confidence in our methodology for
both simple and complex non-linear surface chemistry models in the very low pressure
(Kn—o) regime. In this section we present our DSMC results for high pressure CVD and
compare them with results obtained using continuum diffusion finite element analysis

(FEA) techniques using a constant sticking coefficient.

A constant sticking coefficient is used here to smplify the continuum equations and their
solution. Our DSMC methodology would be identical if we wanted to use a non-linear

surface chemistry model. The development of special boundary conditions for the
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continuum model with anon-constant Sc on the walls is a bit more involved and is
beyond the scope of our work though it is discussed extensively in [8], [9] and [12]. In all
of our lower Kn number examples the particles that react with the wall release physically
identical but non-sticking particles that are released back into the gas. Thisis done to
ensure that there is no net mass flux into the surface, thus canceling convection terms

from the continuum model.
The equation that determines the steady state number density (n;) of speciesi is[13]:
Dav?ni =0

Daa isthe self diffusion coefficient of our gas and is available from standard gas dynamics

theory. For hard spheres its value is[14]:

3 AVamkT
Da = 8 ad2nn

where d is molecule diameter, nis the number density, m is mass and k is the Boltzmann
Constant.
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Figure 13: Finite Element M odel of the continuum diffusion problem solved to compar e with the
DSMC calculation results.

Figure 13 shows the meshed solution domain used to solve the problem for atrench with
aspect ratio AR=Y2. A symmetry boundary condition (dni/dy=0) is used to impose a no
mass flux state on the top and bottom edges, while a constant number density nO is
assumed along the left edge to represent the domain inlet. The exact value of the imposed
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number density is taken from the DSMC results to account for dip effects and is the only
input imported from that model. At the deposition surface the following boundary
condition is used:

1 dn
Mass H ux at Trench Edges = 2 Cn= Daam
This physically means that at the deposition edge of the domain the particle flux from the
domain must be equal to the diffusive flux due to the number density gradient in the

domain.

The continuum domain is meshed and solved by using the Pdetool package of MATLAB
[15] and the solution is taken to be converged when its values at the deposition edges do
not change as the domain mesh is refined. The flux rate along the trench is calculated by

the flux formula from equilibrium gas dynamics:

1
TrenchH ux = 2 CnEsy ution

where Nee soluiion 1S taken as the number density value along edge nodes.
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Figure 14: FEM and DSM C resultsfor the deposition rate along the trench at the measur ement

points sketched in Figure 13. Theerror barsare +5% of local value. Problem parameters: Sc=1.0

500,000 particles Kn=0.03 and AR=3.
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Figure 15: Comparison between the deposition ratesas calculated from DSM C and FEA along the
length of an AR=3 thetrench with a Sc=1.0. We are plotting the natural log of the solution because
thereisalargechangein magnitude between the top and bottom of the trench. Thevaluesare
normalized to the deposition rate of the node at the top of the solution domain.
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Figures 14 and 15 plot the deposition rate of the problem as calculated by DSMC and the
continuum problem explained in the last paragraphs. Both calculations were performed
using agas at 300 Kelvin and an appropriate pressure to give a Kn=0.03 on atrench of 1
um width. For the DSMC calculation care was taken to ensure that steady state was
reached before starting to take samples to measure the deposition rate. Figure 14 shows
the deposition rates for a2 aspect ratio trench with error bars 5% of local value.
Clearly, the agreement for both the deposition values along the trench and the inferred
flux step coverage is excellent. The same calculations are made for an aspect ratio 3
trench of the same width and gas properties. Figure 15 shows alog linear plot of the
deposition rate along the trench normalized to the rate at the axis of symmetry at top of
this trench. Again the agreement is very good particularly when one notes the drastic
change in the deposition rate value between the top and the bottom of the trench. These
test problems, as well as other not presented here, indicate that our DSMC simulation

captures gaseous transport for all ranges of Knudsen numbers.

3.4.2 Step Coverage Trends with different Knudsen Numbers

—+— K=01

—m- K=10

02 04 06 08 1
Figure 16: Flux step coverage at base ver sus Kn and sticking coefficient for an aspect ratio 1
infinitely deep trench. Argon gaswas used with a trench width of 1 pm.



A feel for the trends in this class of deposition problems can be gained by examining the
plotsin Figure 16. The flux step coverage is plotted against sticking coefficients for a
number of different Kn values. This set of calculations was carried out using Argon on a
unity aspect ratio trench with different pressures to vary Kn. As expected, the step
coverage is unity when the sticking coefficient is zero and monotonically decreases with
higher sticking coefficients for all values of Kn. There is also a significant decrease in the
flux step coverage as the Knudsen number is decreased in all cases. Thisisin qualitative
agreement with the results of Cooke and Harris[1] as well as Kobayashi et €. [4]. The
decrease in step coverage is easily explained by the fact that collisions work to
“segregate” regions of trench and result in larger differences in number densities and flux
rates. Although step coverage at high Kn values does not change with different gases and
temperatures it is a function of these and other parameters at lower Knudsen numbers.
This is because the diffusion coefficient and hence the transport is a strong function of
these parameters which means that no smple universal trends can be created for lower

Knudsen number problems.

We finally would like to note that when at low Kn it is important to include enough of the
domain above the trench in the model. This is done to ensure there are no concentration
gradients across the open wall boundary condition that would cause changes in the
deposition rates as a function of area included in the model. In our work we found that a
distance of about 1-2 trench widths gave sufficiently accurate results but it must be
understood that this may vary significantly with different problem details and only
experimentation with different lengths can ensure convergence. A discussion of this issue

in the continuum case (where the issue is most significant) can be found in [9].
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CHAPTER 4: SURFACE MOVEMENT MODELS

The Level Set (LS) methodology is a very elegant and powerful approach to modeling
evolving complex boundaries. The methodology is particularly attractive when dealing
with boundaries of arbitrary topologies in three dimensions since it only requires the
machinery developed for simple two dimensional cases. In this chapter we will discuss
the details of our Level Set formulation of evolving boundaries due to CVD.

Furthermore, we will cover the details of a simple 2D method of profile evolution and use
it as a benchmark to compare the LS method against. We will finally detail a simple
method of improving DSMC code performance based on a basic level set idea.

4.1 Motivation & Background

The accurate prediction of the surface profiles that result from CVD depends on two
factors: the ability to accurately find the flux rates at every point at the growing interface
and the ability to advance the profile in physically consistent way that properly
incorporates the deposition rate data. The first requirement is totally dependent on the
transport model that is explained in Chapter 2. The second requirement is a surprisingly
subtle subject particularly when dealing with discontinuity of slopes, stability and
topology changes common in CVD problems faced in practice [3]. To appreciate this
point, take the problem of dealing with the initial curve shown in Figure 1 as an example.
The curve has two segments with significantly different deposition rates on each
segment. Although it is easy to see how the curve should move with time in the areas that
are straight with a constant deposition rate, it is not intuitive which shape the curved
segment between them should take. Chapter 5 of [7], [8] and [3] are good starting points
for literature that discusses these problems and how one goes about solving themin a
manner that faithfully represents the physics that the original boundary and deposition

rate represent.
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What Shape does this part take?
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Figure 1: How isthe curve defined in the middle section?

Over the years alarge number of approaches have been proposed to accurately model
interfaces with various degrees of success (Chapter 4 of [7] has a good overview of some
of these methods with some advantages, disadvantages and development history). In our
work in CVD profile modeling we have developed and used a simple string tracking
model as well as a more sophisticated Level Set based profile model that is based on
Osher and Sethian’swork [9].

4.2 Profile Evolution M odels

In what follows we will describe the two profile evolution models that we have used in

our work in modeling the boundary evolution due to the deposition predicted by DSMC.
The first surface model is a simple node tracking model that works for simple 2D
geometries while the second model is based on the Level Set method which is aimed at
more complex geometries and surface models. After describing the basic concepts behind
each model we will proceed to describe some of the details of implementation of each
model and we will conclude with some examples that demonstrate the reliability of both
models when used with the appropriate parameters.

4.2.1 Simple Node Tracking

Our goal in developing and using this method is to have a simple reference model to

compare our more complex LS implementation to. This simple method is able to produce
accurate profile results and was of great help in identifying the different causes of errors
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inour Level Set Development. The main limitation of this model isthat it can not be
easily extended to include more complex surface effects (surface diffusion for example)
and that it cannot be readily extended to the treatment of 3D surface evolution.

% Deposition Rate at segment n & time t . 4

t . .
¥n Vector Position of node n attime t
M Vector normal of segment n at time t

Segment n
¥n:1l

Segment n+1

Figure 2: Sketch of simple node tracking. Note how arr ows ar e sometime longer or shorter than the
distance the segments move.

The basic steps of the method can be easily explained by referring to Figure 2, which
shows one step of the method between timest and t+At. The curve is defined by the N-1

segments that extend between the nodes ¥n, were n=1,..., N. Node n moves as follows:
t _tent ot _ 1 t
M= = wn =, (RA N =Ry Nog)

where R and Ni are defined on Figure 2.

In other words, anode moves by a vector distance equal to the average of the normal
velocity of the surrounding segments. The end nodes (i.e. Node 1 and N) are dealt with
by assuming a symmetry boundary condition which amounts to using the projection of
the speed vector of the first and last segment in the direction parallel to the symmetry
boundary.
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Figure 3: Post-processing after every step of the simple node tracking surface model. 3 a& b illustrate
de-looping while c & d illustratelong-segment refinement.

The distortion of the profile due to the movement of the nodes leaves the profile in a state
that is sometimes not useable for subsequent deposition rate calculations. The first
problem that has to be remedied is the removal of loopsthat occasionally develop at
cornersor turns. As can be seen from Figure 3a & 3b, the nodes within the loops have to
be removed and a node has to be created at the points of intersection of the segments that
create the loop. This de-looping process has to be done after every step and before the
profile is used again by the DSMC program to calculate the new flux rate.

Figures 3c and 3d illustrate the other effect that has to be accounted for every step,
namely segment stretching at the corners or a areas with gradients in the deposition rate.
In our implementation this is accounted for by calculating the lengths of the all segments
and splitting in half the ones longer than a pre-specified value maxLength. This process
ensures that even when a large number of steps are taken, important features like corners
and bulges still maintain an acceptable level of detail and model the profile faithfully.
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422 Level Set Method Mode
4221 Theory

The basic idea behind this method is to regard our boundary as a constant-value (zero)
contour of the function @[t,x,y,....] which is defined, in principle, on all points of the
computation domain, that is at every point our evolving curve can go. A time-dependent
partial differential equation governs @ and this determines the movement of the contour
boundary. This method was pioneered by Osher and Sethian [9] and has been
successfully used in modeling boundaries in a variety of different fields including
deposition, image processing, combustion and many others [7][12].
In two dimensions the general equation governing @ is:
aolt, X, yl=Hiexlt, X, Y1, ¢x[t, X, y1]
Here H isthe “Hamiltonian” of the problem and depends on the rules that govern the
movement of the curve. Furthermore, H can be classified into convex and non-convex
depending on the mathematical properties of the function. In the case where the curve
moves in adirection normal to its self it can easily be shown that [7] [3]:
o oI, X, Y1+F[X, y1 |1 vélt, X, y1 1=0 (1)

where F[ x,y] afunction that determines the normal velocity of the curve and will be
discussed in detail in the next section. @ is initialized as the signed distance function
from the initial boundary. The signed distance function at a point is the distance to the
closest point on the curve with a positive or negative sign depending on whether the point
isinside or outside the curve.
The LS model is linked to our DSMC code by the using the following steps:

1. Initiaize @[t,x,y] asthe signed distance function from the initial curve v & st

t=0.
2. Runthe DSMC code using ' and record the flux rate at each segment.
3. Usetheflux rate datato build F[x,y] (see § 4.2.2.3).

4. Solvefor It +Atstep, X, Y1 ysing the numerical scheme outlined in next section
(Atsten jsthe time between callsto DSMC).

5. Use acontour extracting program to get ¥ ' from @[t +tstep, X, Y1

Increment t by Atgep, and repeat steps 2-6 until t=tfina.
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A very important point to keep in mind here is that although we extract the zeroth level
contour every time we need to calculate the deposition rate, we never use this contour to
re-initialize the values of @[t,x,y] at any time. Thisis done to minimize errorsintroduced
due to finding the contour and then re-initializing @[t,x,y] (see section 11.6 of [7] for a
more detailed discussion).

We will end this discussion of LS theory by highlighting a special case of Equation (1).
When the speed function is always either positive or negative, equation (1) can be re-
written in the form (see Chapter 1 of [7] and [2]):

| vTIX, y1 | F=1
With this formulation the curve at time p which is normally defined by @[p,x,y]=0is
given by the contour defined by T[x,y]=u. The big advantage in using this formulation is
that one has to solve for T[x,y] only once and then the contour for all timesis readily
available. Thisisin contrast with the time dependent LS which in principle requires the
integration the full domain of @[t,x,y] from initial time to thetime p we are interested in.
An other notable advantage for this formulation is that it can be solved very quickly using
the Fast Marching Method (FMM) that was developed by Sethian [7][2]. Finally, FMM
can be used in the fast calculation of speed functions as explained in §4.2.2.3.

42272 Details and | mplementation

Osher and Sethian developed a number of numerical schemesto solve the LS equations
both for convex and non-convex Hamiltonians [9]. In our implementation we used a
second-order convex numerical scheme to integrate @[t,x,y]. This scheme is designed to
properly work even when the derivative function is not well defined as in nodes close to
corners and cusps. The basic equation of the scheme is:

OLt + At um ] = @[t ] - At (MX[FLX, Y1, 01V"[X, Y1 +Mn{F[X, y1, 01V [X, Y1)

where Atnur jsthe numerical time step used. Also:

V' X, Y1 =V MX[A[X, yI, 012+ Mn[B[x, y1, 012 + Mx[C[X, Y1, 012+ Mn[D[x, y1, 0]2
vV IX, y1=VMn[A[X, yI, 012+ MxX[B[x, y1, 012+ Mn[C[x, y1, 012+ Mix[D[x, y], 012
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Alx, y1=D%[x, y] +% mD*X[x, y1, D*™[x, yI1
AX
Bx, y1=D%[x, y] - mD*X[x, y1, D**[x, y1]

Crx, y1=DY[x, y] +%y mDYY[x, y1, DYV [x, y1]

Dix, y1=DY[x, y] —%y mDYYx, y1, DYV X, y1]
Pif i1 .
. . . : and 0
mi, 1= { it pig > g 1A
0 otherw se

Note that D™[x,y] is the forward/backwards difference operator in the n) direction and
D*™" [x,y] is defined similarly as the second order difference operator. Linear
extrapolation is used to find the values of #(t, X, y1 at pointsthat are outside our domain
inthe x and y direction.

In our implementation we have elected to solve the equations for the full domain of the
problem where @ is defined. The Narrow Band method [10] is a method to conserve
computational effort by updating @ only at points close to the zeroth contour. We have
elected not to do so because updating the full 2D domain is very feasible on modern
hardware and the time savings would not justify the implementation of the somewhat

complicated Narrow Band Method. The size of the numeric step (At nur )that resultsin
converged and stable update of @ was determined by a CFL condition and in general less
than 10 numeric steps were used between successive calls to the DSMC program to find
the surface deposition flux.

An other issuethat is critical to the success of this method is the fashion by which the
zeroth contour is extracted from . A relatively fine grid is needed in order to accurately
resolve details of the front movement. As[5] shows, agrid of the order of a hundred
points is needed in two dimensions to accurately resolve fine or sharp features of the
profile to an extent comparable to other methods of modeling the CVD profile. On the
other hand an excessively fine profile significantly increases the time needed to get
accurate results from the DSMC program. To resolve this dilemma we have found that
the most successful approach was to start by producing a very fine mesh that hasthe
same characteristic length of agrid cell. To reduce the number of nodes in the profile, a
separate step is performed that removes nodes that do not appreciably change the * shape”
of the curve. Thisis done by calculating the length and angles between successive
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segments and removing nodes that do not result in excessively long segments (longer
than maxLength) or removal of sharp corners (angels >maxAngle). Figures 4b & 4c are
the results of our node removal procedure when applied to the initial curve shown Figure

4awith two different settings of maxLength and maxAngle.

-1 -0.5 0.5 1 -1 -0.5 0.5 1 -0.75 -05 -0.25 025 05 075

-0.5 -0.5 -0.5

Figure 4: (a) Original detailed curve. (b) M oderate noderemoval & (c) Agoressive node removal.

In our numerical deposition experiments, successful calculations have resulted from
making the maximum allowable segment length 2-4 grid unit lengths. Divergence or
convergence to incorrect results was sometimes faced when attempting to allow segment

lengths that are significantly higher than this[5].

4223 Calculation of Extension Velocities

The deposition rate that we obtain from our DSMC calculation is naturally only
meaningful at points along the line segment used in the calculation. A problem that arises
from using the LS method is that the speed function Fx,y] in Equation 1 is defined over
the entire domain of @ and not only the deposition curve points. The problem of finding

an appropriate F[x,y] given F[ ¥ ] (where F[ ¥ ] isthe flux at point ¥ on the curve) is
complicated and very important to the accuracy of the results and is called the Extension
Problem. A number of different methods can be used to solve the Extension Problem
depending on the details of the front model and are discussed elsewhere ([7] and [5] for
example). The method we opted to use is explained in detail in [7] & [6] and usesthe
FMM to produce an F[x,y] such that vFix, y1.v¢'*™®[x, y1 =0 where ¢'*™Ix, y1isthe
signed distance function from the deposition curve. This method is essentially equivalent
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to assigning each point on the domain the speed function of the closest point on the
curve. Pointsthat are equally close to different segments are assigned the average value
of the rates of those segments while points on the segments are given velocities that are
linearly interpolated from the edges.

4.3Verification & Examples

In this section we will describe the details of a number of example cases to show that LS
can be successfully combined with DSM C to make accurate predictions about deposition
profiles. We will start with two simple calculations to verify that our implementation of
the LS method does indeed produce accurate results for simple cases. The second set of
examples will show how we can reproduce independently verified deposition profiles that
have been produced using a very different method.

4.3.1 Simple Examples

The goal of describing the next two examplesisto show that our implementation of the
LS method can accurately reproduce simple analytical results. The first example is of a
circle with an initial diameter of 50 grid points embedded in an array of 200x200 grid
points with unit side lengths. The trajectory of the curve is followed by using the second
order convex time-integrating scheme introduced in the last section. The integration is
done using a constant speed function F[x,y] =1 and is plotted in Figure 5a along with the
original curve. The color of the final curve represents the distance between the exact
solution and the LS solution with lighter colors indicating larger deviations. The
maximum deviation is less than 0.384 units which is about 0.8% of the total distance

traveled by the curve.
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Figure 5: Plot of original profile, final profile and error from exact solution. (a) isa plot of the
uniform growth of a simplecircle. (b) Plot of uniform growth of more complex curve.

The second example shown in Figure 5b and is identical to the first except for the shape
of the initial curve. The initial curve is a series of straight segments and is plotted along
with the final curve in away similar to the last example. The maximum distance between
the exact curve and the LS solution is 1.9 units which is about 7% of the distance
traveled. The deviation from the exact solution is almost exclusively in the curved area
generated from the sharp corner and might be related to the representation of a sharp

corner with no rounding.

4.3.2 Veification Examples

The goal of the examples presented in this section isto show that we can successfully
combine the LS method with our DSMC program to perform physically accurate CVD
simulations. We simulate an infinite trench of width 1 um and an aspect ratio of 1. The
gas pressure is such that we are at the radiation limit (Kn=c0) and we select a sticking
coefficient of 0.5. The deposition profile istracked until the thickness at the surface
reaches 0.8 um. Cale and co-workers show a solution of this specific problem using
EVOLVE in[5]. In our work we were able to use both the LS method and our smple
node tracking method to accurately track the depostion and reproduce the results of
EVOLVE. This confirms that that our DSMC program along with either surface model
can produce accurate results as long as the correct parameters are used in the surface
model.
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Figure 6: Comparison between converged EVOL VE result with two different CVD solutionsusing
the L Ssurface model. Left side of figureisfor a small maxL ength parameter while plot on right is
for large maxL ength parameter (AR=1, Sc=0.5, Kn—oo, in call cases).

The simplified node tracking model was first used to track the evolution of the deposition
front and reproduce the EVOLVE results. The agreement between our calculation and
EVOLVE was reasonably good when using 20 separate DSMC deposition rate
calculations and a maximum segment length parameter of 3.33units (for a feature width
of 100 units). Due to the way the method tracks the nodes the sharpness at the bottom
corner is faithfully reproduced which gives a slightly better estimate of the corner step
coverage.

Thered linesin Figure 6 are the LS results for the same deposition configuration. The red
curve on the left results from using the algorithm described in the last section with 40
callsto the DSMC program and using the smoothing algorithm with a maxLength of 3
and maxAngle of 11.25°. The result is almost identical to the simplified node tracking
method and again is in very good agreement with published EVOLVE results.
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The results we have gotten from comparing the results of the node tracking method and
the LS method is that the latter sometimes needs a significantly larger number of flux
evaluations to get converged results. For the LS model any significant reduction of the
number of callsto the DSMC program results in significantly inaccurate profiles even
with fine maxLength and maxAngle settings. Efforts to keep the same number of DSMC
program calls but with a profile representation that allows larger segment (to reduce the
calculation time of DSMC) also results in profiles that have significant inaccuraciesin
them as can be seen on the right red curve in Figure 6. The use of a different method of
calculating the extension velocities (as in [5] and [4]) seemsto be the only way of
significantly reducing the number of DSMC evolutions needed to get accurate results.

4.4 Optimized Particle Advection Scheme

As pointed out in Chapter 2 there exists a simple method to improve the speed of the
particle advection which is effective at lower Knudsen numbersusing asimple LS
concept. The method relies on having a simple criterion (which does not scale with the
number of segments) to judge if a particle will not hit any of the wall segmentsin the
current time step. When this is the case the computational cost of moving a particle goes
from O(# of segments) to O(1) which is a substantial saving when the number of
segmentsis large.

The basic idea behind this optimization is to assign to each DSMC cell at the start of the
run the distance to the closest point of the closest segment (dmin). These values can be
found either by a direct minimum distance calculation to all segments or by using the
FMM if more speed isrequired. At the start of the particle movement subroutine the
distance to the cell containing the particle is compared to the distance traveled by the
particle in the current step. In other words,

2
At pavesep\ V2 + Vy2 O dnincall

where Atpsuc siep IS the time step in the advection part of DSMC.
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The only time the particle movement is checked for crossing all the segments is when it
travels a distance grater than dmin, of the cell it started the movement in.

210
1HBx10
15x10
15x10
1x10
7.5x10
510
25x10

25x 1610 5x 0105 16 105« B0 ¢

Figure 7: (a) Complex deposition profile with many segments. (b) Plot of isocontour s of the distance

functionsat #{zC 2zC 3z C} (where T isthe mean time between collisions). (c) Fraction of
particles at position that have speed grater than d.,;, assuming an equilibrium velocity distribution.

We will try to quantify the savings in time when using the above procedure for the
specific case when the Kn=0.05. Figure 7a& b show plots of a deposition profile and the
isocontours of the distance function associated with it. Integrating over the Z-Axis
component, the equilibrium velocity distribution in the X,y planeis:

-m(G¢+G)

f G, Cy]=(27rn|]d_)<eT = f[r]:(

m _m2
2 2kT
2mkT) 27
where I* =G+ G2
and hence the fraction of particles with speed Cr, Or higher is

Smﬁm=fffnlw
amn

Hence the fraction of particlesin acell that will travel a distance dmin[X,y] Or grater in

Atpsuc siep 1S S(Amin[X,Y]/ Atosvic step) Which is plotted in Figure 7c for al cellsin the
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domain. Furthermore, we can estimate the total fraction of particles that will need to be
moved using O(# of segments) steps:

dni )
JJNeaof Donai nS[ mmA[tX = ] dxdy

JJAreaof Donai nl axdy

If we perform the integration for the profile in Figure 7awe find the ratio to be 5%! Table
1 shows a comparison between the simple way of particle advection and the improved
way explained above for asimple AR=1 trench. Clearly the improved method is
substantially faster and should always be used.

Kn~0.05 Kn~1 Kn~10
Original Movement Method (s) 148.10 120.06 | 310.7
Optimized Method(s) 16.18 100.96 | 319.81
% of time 10.93 84.1 102.9

Tablel: Execution time spent in the particle advection subroutine using original algorithm that was
explained in Chapter 2 along with impr oved method presented in this section. The improvement in
speed isgreatest at lower Kn values. These particular timing results werefor 100,000 particlesand a
profile with 250 segments.
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CHAPTER 5: CONCLUSION

5.1 Summary
The work presented in this thesis has resulted in an integrated method to capture profile
evolution of micro-trenches for afinite time. Our approach is able to obtain results in all
Knudsen regimes by incorporating a DSMC method for simulating the gas transport in
the feature. Furthermore, we presented a method to account for complex surface
chemistry that results in surface sticking coefficients that vary in both space and time. In
addition, thiswork is novel in that it integrates the Level Set surface tracking method
with DSMC transport to generate results that have been verified at both the continuum
limit and radiation limit. We also used simple concepts from LS theory to significantly
improve the performance of the DSMC method at lower Knudsen numbers,

In Chapter 1 we defined chemical vapor deposition for micro-scale trenches, reviewed
the special challenges associated with this problem along with some of the previous
attempts at solving it for different special cases. We proceeded in Chapter 2 to explain the
basic concepts of our methodology and how they are integrated. In addition, Chapter 2
includes a detailed discussion of the unique aspects of our DSMC transport model as well

as adiscussion of the addition of a non-linear surface chemistry model in our work.

In chapter 3 we present a large number of verification problems. Our results for low
pressure deposition were verified by comparing them to analytical formulas as well as
published radiation limit solutions. In contrast, we verified problems in the high pressure
regime by comparing the deposition profilesto FEA solutions of the continuum diffusion
equation. Overall, the agreement between our methodology and other results was
satisfactory and indicates the reliability of our approach in modeling CVD. Chapter 3 also
presented a number of general trends that show how deposition varies with various
transport and deposition parameters. Of particular interest is the conclusion that step
coverage worsens as the Knudsen number is reduced.
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Chapter 4 discussed two models for trench surface evolution, namely, the Simple Node
Tracking model along with the more sophisticated Level Set model. The pitfalls and
advantages of each surface model were discussed along with examples which show how
they both can produce accurate results when sufficient refinement is used. We concluded
chapter 4 with an explanation of afairly simple method to dramatically improve the
performance of the particle advection part of the DSMC when dealing with complex

walls using level set concepts.
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5.2 Possible Extensions of This Work

The first and most obvious area where this work can be extended is to use our

methodology to deal with 3D trenches and structures. Conceptually thisis straightforward
because both the DSMC transport model and the Level Set surface model can extended
easily to the 3" dimension. A number of modern DSMC codes with complex geometries
have been developed and used extensively in aerospace engineering[1] and other fields
[3][2]. The extension of the level set surface model istrivial and has already been applied
successfully to a number of ballistic transport flows [4][5][8]. Reference [8] shows an
example where the solution of the 3D deposition problem enables the prediction of

complex surface phenomenathat may not be evident from solutions of 2D problems.

Orne limitation with the current implementation of the DSMC transport model isthat it
reguires avery long time to give meaningful deposition results in cases where the
reactive species has alow concentration. This is due to the statistical nature of the DSMC
method which requires many particle collisions with a surface in order to have a good
estimate of the deposition rate on that surface. The use of different weighting factors for
each species to improve the results for the low concentration species is a possible method
for dealing with the problem. Weighting factors are discussed in [9] and more recently in
[6] and in fact, have been incorporated in our DSMC transport model but have neither
been verified to give accurate results nor used in the examples presented.

There are a number of other interesting questions with relation to how the Level Set
surface model is integrated with the transport model and methods of sharing information
between them in more natural ways. A simple example might be the use of the DSMC
cell molecular flux instead of the current velocity extension routine to improve the speed
of the calculation by requiring fewer transport model calls. Another (more ambitious)
prospect in integrating the two methods would be to attempt to directly use the level set
information in the DSMC model without explicitly finding the segments that represent
that boundary.

It would also be interesting to investigate if the performance of the particle advection
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subroutine can be significantly improved any further by using LS information. One
possibility isto maintain a sorted list of distances between DM SC cells and segments of
the boundary. Only segmentsthat have a distances smaller than the distance traveled by
the particle in the current time step are considered for collisions and then in the order of
their distance. An alternative wall collision detection approach could be to use visibility
ideas discussed by Sethian on visibility calculations using the distance function that does
not scale with the number of segments that represent the trench boundary [7].
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