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Abstract

Chemically Induced Surface Evolution with Level-Sets—S&BLS—is a parallel code for
modeling 2D and 3D material depositions and etches at feaiales on patterned wafers at
low pressures. Designed for efficient use on a variety of agarparchitectures ranging from
single-processor workstations to advanced massivelylpacamputers running MPI, ChIS-
ELS is a platform on which to build and improve upon previogatfire-scale modeling tools
while taking advantage of the most recent advances in lofhtiag and scalable solution
algorithms. Evolving interfaces are represented usindetbel-set method and the evolution
equations time integrated using a Semi-Lagrangian apprddc The computational meshes
used are quad-trees (2D) and oct-trees (3D), constructed that grid refinement is local-
ized to regions near the surface interfaces. As the interéolves, the mesh is dynamically
reconstructed as needed for the grid to remain fine only artuminterface. For parallel com-
putation, a domain decomposition scheme with dynamic laddncing is used to distribute
the computational work across processors. A ballisticsppart model is employed to solve for
the fluxes incident on each of the surface elements. Surfasmistry is computed by either
coupling to the CHEMKIN software [2] or by providing user deft subroutines.

This report describes the theoretical underpinnings, atsthand practical use instruction
of the ChISELS 1.0 computer code.
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1 Introduction

The application of high-performance computing to the miogedf manufacturing processes used
to produce MicroElectroMechanical System (MEMS) devicea technological area of consider-
able interest to Sandia National Laboratories (SNL). Inghdace micromachining (SMM) ap-
proach to the fabrication of MEMS and other microdevicesedhdimensional (3D) structures are
formed by deposition and etching of thin films. ChISELS—Clieatty Induced Surface Evolution
with Level Sets—models from first principles the depositéond etch processes commonly used
in silicon-based microdevice fabrication.

Careful control of the deposition processes, thoughtfsigteof the lithographic masks that
pattern the wafers in dry etch and the application of a finkdctiee release etch permits the cre-
ation of a variety of free-standing, movable parts. Depasiprocesses in the SUMMIT V [4]
and SOl technologies developed and used by SNL include tesspre chemical vapor deposition
(LPCVD) of undoped polysilicon, P-doped polysilicon, sdn dioxide from TEOS [Si(&Hs0)4],
and Si-rich silicon nitride from SiGH, and NH;, as well as steam oxidation for the initial SIO
layer and the plasma deposition of Sifbom SiHs and Q. Dry etching processes include a plasma
etch of oxide and nitride usingxEg and CHFE, and of polysilicon using Gl He, and/or HBr. The
release etch is usually a wet etch using aqueous HF.

LPCVD processes are done in multi-wafer vertical furnacgst¢ ~100 wafers at once) which
operate at process temperatures in the range of 500-800 @tahgressures that are usually a
fraction of a Torr. The plasma processes are typically doraiunheated reactor containing only
one wafer, and operate at pressures from several mTorrdioing of a Torr.

Many of the mentioned deposition and etching processesssaiit in non-ideal device geome-
tries at the feature scale. For example, CVD processes gamgarly-conformal films, but this
still results in rounded corners and dimples. Step covecagerange from nearly perfectly con-
formal to non-conformal, and lower step coverage can resudtoped sidewalls. Under many
conditions non-uniformities and irregularities in sudatoverage occur. The unexpected appear-
ance of any geometric irregularities can be particularlgtigoin the design, analysis, and batch
fabrication cycle associated with the development of a néaM& or other microdevice. Thus a
thorough understanding of the detailed chemistry and pkyshich lead to these geometric vari-
ations is essential to the development of improved SMM &ation equipment, higher yield and
more reliable fabrication processes, and more useful MEBEQS.

Theoretical modeling of the detailed surface chemistry@mtomitant surface evolutions dur-
ing microsystems fabrication processes is a challengioglem. The viability of computational
simulations for these types of problems has been demoedtogtearlier researchers and advances
have been made in developing transport models, chemicdlanesms, and surface evolution mod-
eling (e.g, see [5] [6] [7]). However, currently available computedes have not been designed to
use massively parallel architectures efficiently, nor tpleit in toto all of the modeling advances
that different researchers have made. Thus speed and mebadactors have unduly limited the
size and complexity of problems that can be modeled withabi tools.



The development of ChISELS is largely driven by the desir@&rcome these aforementioned
limitations. ChISELS 1.0 is the first released version of eajpel, 2D and fully 3D feature-scale
modeler to explore the time development of material defwositand etches on patterned wafers
at low pressures. ChISELS can be viewed as a platform to buaildmprove on previous simula-
tion tools while taking advantage of the most recent advauntelynamic mesh refinement, load
balancing, and scalable solution algorithms.

There are three inter-related aspects to modeling the lbyérgsics of SMM process fabrica-
tion: the transport of chemical species, gas phase andswfeemistry, and the dynamic evolution
of the solid surface.

In ChISELS 1.0, all gas-phase transport is assumed to oed¢beifree-molecular flow regime,
i.e., particle-to-particle collisions are negligible.i$s a good approximation for the low-pressure
conditions of primary interest here and yields equatioas$ #re mathematically similar to those
for the problem of radiation heat transfer. In ChISELS wepadioe ballistic transport and reaction
model (BTRM) that was developed and described by Cale anadmt@ns [5] [8]. Details of this
model and its additional assumptions are described latecoputationally significant aspect
of this method is the need to calculate view-factors of thation-like BTRM problem in the
modeling domain. For this purpose, the mathematical andenigal techniques described and
implemented in Chaparral [9] are employed.

Deposition or etching occurs through the chemical reactiband sputtering by gas phase
species with bulk phase species at a surface. To model thmadgnamics and heterogeneous
chemistry of these reactions ChISELS is designed to coujitethe Surface Chemkin code [3]
now available commercially as part of the CHEMKIN softwa2é [However, it is also possible
for the user to write problem-specific subroutines to moldelgdurface chemistry. In either case,
this requires the specification of a chemical reaction meishafor each surface reaction to be
modeled in the simulation.

The ability to track the evolution of a free boundary as it m®in space and time is a funda-
mental part of feature-scale microsystem fabrication fevdesuch as ChISELS. To represent this
motion, a variety of both explicit and implicit surface ewtibn models have been developed and
described in the literature.

In the explicit models, the surface is tessellated into stfases. In the TopoSim3D code
[10] [11], for example, a domain-spanning tetrahedral ndisbretizes the volume that surrounds
the feature. Triangular surface elements subdivide thieifeasurface and each forms a side of
a tetrahedron. Thus the volume mesh conforms to the featuface. In other cases, only the
surface itself is discretized, such as in the 3D/2D code, BEXfO[12]. Although explicit methods
can be very accurate, they often suffer from robustnessudlifies associated with mesh distortion
and tend to fail when large changes in topography are expmte In particular, these types of
methods often fail when proximate surfaces merge, suchrasasamonly occur during deposition
processes in MEMS fabrication.

ChISELS uses an implicit surface-tracking approach cathedlevel-set method. Described
in Section 3, the level set approach avoids the debilitatiminthe explicit methods because the



mesh which is used to solve the level-set equations doesefotrd or conform to any surface,
so distortion effects are avoided. Likewise, because anwetdefined function is evolved, merg-
ing surfaces do not create problems in the method. Howewetetrel-set model’s ability to treat
geometric complexities is, in some measure, offset by aoguissues. Thus the ability to refine
the mesh in regions near the evolving surface is an impoatambute of the ChISELS code. The
meshes used in ChISELS are quad-trees (2D) and oct-tre¢siB®quad and oct-tree meshes are
constructed such that the grid is refined only in the regigheinterface. As the interface evolves,
the static mesh is continually reconstructed so that theergmains fine only around the interface.
For parallel computation, the grid is distributed acrogsgtocessors with each one owning a com-
pact sub-domain. Each time the mesh is refined and coarsiieddad balance across processors
is re-evaluated and redistributed so that the load remairsgbalanced regardless of changes in
the grid.



2 Theoretical modeling

ChISELS 1.0 is designed to model the detailed topograpleiealution of surfaces during low-
pressure deposition and etching processes used in thedabn of microscale devices. To do so
requires an accurate mathematical representation of fsqath processes controlling the transport
of and chemical reactions between all the associated malespecies, both in the gas phase and
on the surface. Figure 1 illustrates the various lengthescaf interest in these processes. The
largest is on the order of 1& — 102 m scales for a typical CVD reactor and the smallest is on the
order 102 m at which individual molecules chemically react. In betwésthe so-called feature
scale. On the order of a micron, the evolving geometry hasavegligible effect on the transport
and conversion of species. Itis at this length scale thaCthSELS model is designed to operate.

Vertical, Multi-wafer
LPCVD Reactor

micron scale

“features”
Complex Surface
Chemistry
g %
./ }9
o°
% / %

order10®m

° &
Yoy —d

B

order107'-102m
order10®m

Figure 1. lllustration of length-scale variations in microsystems
modeling domains.

This section begins with a description of the transport aadtion model for chemical species
and surface interactions that forms the basic theoretiaaléwork for the modeled processes. Next
is described the modeling approach for treating the theymaahics and heterogeneous chemistry
that control the rates of the deposition and etching presesalbeit for cases without charged
species. The current modeling approach for transport of iorplasma-based etching and depo-
sition processes is described next. Finally, the method tesenodel the evolution of the feature
surface is described.
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2.1 Basic Model Setup

A typical ChISELS simulation predicts the time-varying gesiric change of a MEMS device

feature that happens during a SMM micro-fabrication stepe €&xample of a feature is shown in
Figure 2 and is called a notch or trench, and is common in MEKSgrated circuits and other

microstructures. The notch feature will be the simple twoehsional example used throughout
this document.

To set up a calculation in ChISELS, a theoretical, or comgmrtal, domain must be defined
by the user. In Chisels 1.0 the domain must be a quadrangloirlimensions, or a hexagon in
three dimensions, and it must extend entirely around thieifegassing above it through the gas
phase and below it through the solid phase. One two-dimeakéxample is shown and labeled in
Figure 2.

Gas

S/face

Solid

Figure 2. Theoretical domain of a ChISELS model.

In Figure 2, the thick, solid line denotes the boundary of ttheoretical domain that passes
through the solid beneath the feature. The thin, solid lereodes the feature surface which, in this
single-material model, is a phase boundary dividing sabdfgas. The thick, shaded line is the
boundary of the theoretical domain that passes throughat@lgase above the feature surface.

In a process, gas reactants diffuse through the shaded agumidhen these reactants strike the
feature surface, they can stick and re-emit or they can egabémit products while simultaneously
depositing material or etching it away. The result of thesctéon is to cause the gas-solid boundary
to be set in motion. If a net material deposition is the reshé feature surface will invade into the

11



gas subdomain, and vice versa if a net material etch is thdtres

What follows in the ensuing sections is a description of tieotetical models that are solved
in the user-defined domain shown in Figure 2.

2.2 Ballistic Transport and Reaction Model

In ChISELS, the ballistic transport and reaction model (BIjRas developed and described by
Cale and coworkers (see [5] [8]) is adopted. This model plesia good model of low-pressure
deposition and etch processes such as physical vapor depd$tVD), low-pressure chemical

vapor deposition (LPCVD), plasma-enhanced chemical vdpposition (PECVD), and reactive

ion etching (RIE). These processes are important and hageldeen used in the manufacture of
MEMS and other silicon-based microsystems. The explangtrovided here is an abbreviated
description of the model extracted from the aforementiaeéerences.

The BTRM model is applicable when the following assumptibalkl:

1. The frequency of particle-particle collisions among plagse species is negligible compared
to collisions between gas-phase species and surfaces.cdmniition is characterized by a
high Knudsen number—the ratio of the mean free path of agbatt the appropriate length
scale.

2. Topographical changes due to surface growth rates estawdy relative to the redistribution
of the local fluxes and reaction rates.

3. The deposition/etch rate is governed by heterogeneastaa mechanisms and depends on
the local species fluxes.

4. Gas-phase species arrive at the surface from the souo@eavith well defined, species-
specific flux distributions.

For LPCVD models, we also make two additional assumptiopscigs re-emit from surfaces
with a diffuse Maxwellian velocity distribution, and reamt rates do not depend on the incident
angle or collision history of the impinging molecules. FigwB shows a schematic of the 2D
modeling domain of an LPCVD process comprised of reactiverats.

As in most computer-based models, the theoretical domaimyhat can now be called the
computational domain, must be divided into discrete sukminewhich assemble to produce the
whole. Only the transport in the gas phase and reactionseosuttiace are germane to the BTRM
model, so only the gas-phase portion of Figure 2 need bedenmesl.

As shown in Figure 3, the gas-phase boundary and the feaitfiace are subdivided into lin-
ear elements. The method by which it is done is describedaméxt chapter. In low-pressure
processes, the transport in the gas phase adjacent to thesfearface may be approximated by

12



Virtual boundary of a “source volume” of
known temperature, pressure, and gas-phase
composition.

7T T

v Arrows suggest a distribution of
velocity vectors associated with the

| gas phase molecules

\ K

| Molecules impact at the surface, where

| surface reactions can occur, and other

—v moleculesare potentially emitted.

[ | =

N A A T
¢ )
Surface where deposition” ¥ | — Ticmarks demarcate
or etching is occurring due | | an illustrative discretization
to surface reactions / of the surfaces
1A~ Al

Figure 3. Schematic drawing of the Ballistic Transport and Re-
action Model

straight-line, or ballistic, motion. The mathematical Iplem of modeling such ballistic transport
and reaction is analogous to enclosure radiation, viz.

FY [G GO F+R 1
(8)-le &l(alm) @
whereF is the vector of fluxes of each species to the feature surt%:és the vector of fluxes
to the hypothetical gas surfaces,is a matrix of view factors between surface elements on the
feature surfaceGP is the matrix of view factors between surface elements orightire surface
and feature elements on the hypothetical gas boun@arig the complement tG&° [9], 68 is the
matrix of view factors between surface elements on the hgiimtal gas boundary, ariRlandR°

are the reaction rates on the feature surface and the hyjathgas boundary surface elements
respectively.

Many of the terms in Equation (1) can be condensed out. Beaassurfaces are hypothetical,
material fluxes to them from other hypothetical surfaces@mfthe feature surface simply pass
through into the greater volume of the reactor. The valugbede fluxes and their composition
are immaterial to the computation and may be disregarfigds a flux from the reactor through
the gas surface into the theoretical domain. These fluxebeaalculated from other theories to
be described later and are thus know{.must be zero. Therefore, Equation (1) can be rewritten,
now with component indices, as

Fik = Fig + Gij (Fik + Rk) (2

whereFy is the flux of specie& to surfacei, R = G F) is the direct flux from the reactoG;;

is the view factor between surfaceand j, Fj is the flux of speciek to surfacej, Rj is the
reaction rate of specidson surfacej. By Einstein’s notation, repeated indices in the products
imply summation.
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Equation (2) defines a quasi-equilibrium state where thesprart of species to and from sur-
faces in an enclosure is exactly balanced by the surfacéioraates. To solve for the species
fluxes on each solid surface, the geometric view factorsfliixes from the reactor, and the reac-
tion rates for each species on all surfaces must be known.

View factors are a function of the discretized surface gdomef the enclosure and can be
computed independently of the species fluxes and the readies. Because the topography
changes due to the deposition or etching process, the vidor$aalso change. So the view factors
must be continually recomputed.

The view factor between two finite surfadesnd j is given by
1 cogicoD;
c;ij:A_q/Aq/Aj S LG dA A 3)

whereg;j is determined by the visibility oflA; to dA;, and is equal to one dA, is visible todA
or is equal to zero otherwise, cf. Figure 4.

surface j

surface i

Figure 4. Geometry and nomenclature for calculating view fac-
tors between finite areas

In ChISELS, view-factors are computed each time step byuatimlg the surface integrals de-
fined in Equation (3), by any one of the methods which are hraificussed in Section 3.1.

Given the thermodynamic state and species concentratidhe reactor, the source flux density,
F, is calculated from kinetic gas theory [13] from

o WP [RT
k™ RTV 2rw, (4)

wherey is the mole fraction of species k, P and T are the thermodympressure and temperature,
R is the universal gas constant, aMdis the molecular weight of species k. Equation (4) can be

14



derived assuming the gas obeys ideal state law where thecatedéehave a Maxwellian velocity
distribution.

The final ingredient needed for Equation (2) to be solvedescttimplete set of surface reaction
rates,Rjc; these rates are non-linear functions of the incident flisesReaction rate chemistry,
and the models used to represent these processes in Chig&Hd8saribed separately in the next
sub-section.

2.3 Reaction Rate Chemistry

Heterogeneous chemical reactions at the interface betaeehd surface and an adjacent gas are
the physical basis for the deposition and etching processekeled by ChISELS. Specifically, to
solve Equation (2), the reaction ra® for each speciek on each surfac¢ must be calculated.
To model these reactions, ChISELS couples to the CHEMKINwsoE [2]. However, it is also
possible for the user to write problem-specific methods tdehthe surface chemistry.

In this section an abbreviated discussion of the matheaidticmalism used to describe the
surface kinetics of these processes is provided. This wilhd the mathematical rules for keeping
track of surface species concentrations, the conservatiomass and surface sites, mass-action
kinetics, and deposition or etching rates. Here we adoptofithe formalism developed for the
CHEMKIN software package. The following discussion is aedpfrom the documentation and
manuals for the CHEMKIN software, e.g. see [3] [2]. The readalirected to those documents
for a more detailed discussion.

2.3.1 Types of Species

In a ChISELS model, there are three types of species: gasepharface, and bulk. The first is a
species in the gas phase above the surface, which will beetbimoa reaction by (g). A surface
species, denoted by (s), is defined to be the chemical spacidse top-most layer of the solid,
i.e., at the solid-gas interface. Each surface speciep@Esone or more sites whose total number
is assumed to be conserved. Any species in the solid belosuttiece layer is defined to be a bulk
species and is denoted by (b). Note that although the (gan@)b) naming conventions are used
in this discussion to indicate phase, the software doeseuptire that the species be named this
way.

More than one type of site can be defined on the surface. Fors@ctype, n, the site density
[ (e.g. molegcn?) must be specified as part of the reaction mechanism. Funtitet one
may define a species that only resides on a certain type offsiteexample, the thermodynamic
properties of a hydrogen atom on a site-type A might be diffefrom a hydrogen on a site-type
B, and they could be specified as different species even ththajr elemental composition is the
same. The population of different species occupying a gevtertype is specified by site fractions,
Z(n), whose sum on a given site-type is 1.

15



gasphase
species

Figure 5. lllustration of the conceptual picture used for a simple
adsorption reaction (adapted from [3])

For simplicity, the discussions and equations that follalvweglect the annotations designating
the site-type n. That s, there is only one type of site in tieeinanism. However, ChISELS through
CHEMKIN is fully capable of treating multiple site-types.

In the bulk there can be different types of bulk species. daity, there is only one species.
ChISELS does not maintain a history of the bulk compositiamhythe phase boundary between
solid and gas.

2.3.2 Representation of Surface Reactions

In ChISELS, heterogeneous chemistry contains reactiotsele® species in the gas and solid
phases plus the interface between them. As illustrateddnrgi5, a chemical species on the
top layer of the solid, i.e., a surface species, occupiesea $ior example, an arsine molecule
adsorbed on a surface could occupy a site, and might be dbAskg(s). Another example might
be a bare gallium atonGa(s), on top of a gallium arsenide crystal. Now consider the cése i
another species, say a gas-phaskg, lands on top of th&a(s). The gallium atom that was at the
surface is covered up, so it is no longer a surface specidsasubecome a bulk species. Because
the adsorbed\sH; now occupies the top-most layer at this site, it is now a serfgpecies, viz.
AsH;s(s). This adsorption reaction is represented by the followioichiometric relation,

AsHs(g) + Ga(s) = AsHs(s) + Ga(b). (5)
The reverse of this adsorption reaction is the desorptiactien, viz.
AsHs(s) + Ga(b) = AsHs(g) + Ga(s). (6)

Ga(b) isincluded as a reactant in order to achieve site and elatfgaitince. In the CHEMKIN
manuals [2] the formalism described in reactions (5) ands(6alled the “Atomic Site Formalism.”

16



An alternative but equally viable formalism therein delsed is called the “Open Site Formalism,”
but is not discussed here.

The set ofl surface reactions involving K chemical species is represem the following
general form for a reversible reaction

K K
> UkiXk € Y UkiXk (i=12...,1) @
k=1 k=1

whereu,; anduy, are the forward and reverse stoichiometric coefficiente@feactant and product
species in the elementary reactions gris the chemical symbol for tHé" species.

2.3.3 Species Reaction Rates

The net reaction ratB, (called the species production r&ein the CHEMKIN manuals [2] [3])
for each of theK species is the sum of the rates of reaction for all reactiomsaining thekt"
species:

I
Rk:.Z\UkiQi (k=1,2,....,K) (8)

whereuvy is defined to be

/

Oki = (Vg — Vi) ®)

and the rate-of-progress variale for the it" reaction is given by the difference between the
forward rates and the reverse rates:

K / K 1
ai = ki, [ X% — ke, k|j|1 [X] (10)

k=1
where[X,] is the molar concentration of species

The forward rate constanks, for the | reactions are often assumed to have the followipeg ty
of Arrhenius temperature dependence:

K :AiTBiexp(;c—l_Eli) (11)

whereR; denotes the universal gas constant in activation energgy, @md where the pre-exponential
factorA;, the temperature expondht and the activation enerdy must be specified. In CHEMKIN,
the default units folR; and E; are cal/mole However, a variety of modifications and alterna-
tive formulations for parameterizing the rate constants @ssible; these are described in the
CHEMKIN manuals [2].
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For reversible reactions, the reverse rate constantge related to the forward rate constants
ks, through the equilibrium constants, as

i (12)

2.3.4 Surface-Reaction Rate Dependence on Local Specieaxds

Surface reaction rates are dependent upon the rate at whgsplase species arrive at a given
surface location. This produces a non-linear coupling betwthe surface-reaction rates and the
species fluxes throughout the feature. The model used inELI8S0 address this coupling is
called the ballistic transport and reaction model (BTRMJ @similar to other approaches [12],
[11]. In order to compute species reaction rates, the malardénsities computed in the BTRM
model must be converted to the state variables used in lbquiti chemistry.

Part 1: Computing the near-surface gas-phase concentraties  For chemistry consisting only
of neutrals, it is assumed that the concentration of eactpljase species immediately adjacent to
each location on the surface can be calculated as a fundtibie temperature and the magnitudes
of the net fluxes of each species to that surface.

The flux of any species k can be written as the product of a spat@nsity and the average
species velocity, i.e.

Fc = PV (13)
From kinetic gas theory, the mean molecular velocity in aaldas is

RT.
210k
Equation (14) and Equation (13) yields oy

Vi = (14)

Fk

_ L
Pk = \/Tj =K RT - (15)
2n

To convert density to species concentration, multiply eyriolecular weight to produce the rela-
tionship

X = Fhdy | SR (16)

It is also often useful to compute the species partial pressisolve for partial pressure using
the ideal gas law and Equation (15):

P = pkRT = Fcy/21WRT. (17)
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Part 2: Computing surface-species site fractions Based on the near-surface species concen-
trations, surface-species site fractions are calcul&i@dhre consistent with these conditions under
the assumption that the chemical reactions proceed atdysta. In consequence, the time-rate
of change of surface site fractions is zero. Here is destiilosv, under these conditions, the rate
eguations are used to compute the desired site fractions.

For convenience in the equations that follow, the defingiare generalized of the site density
and the site fractions of th" species so that they have meaning for the bulk, gas-phase and
surface species. To this end,

N(g)=Tkb)=1 and Mk(s)=Tr (18)
and
Zi = [Xu] /T (19)

where the total site densify is a constant that must be provided with the reaction meshani
specifications.

With these definitions, all species concentrations, rdgasdbf phase, can be expressed as
Xk] = MkZk- (20)

The concentration units in the bulk or gas phaseraotegcn®, but on a surface, the units are

molegcn?.

The total number of specid§, is equal to the sum of the number of gas-phase spégiethe
number of surface speci&s, and the number of bulk speciks.

The time-rate of change of surface species site fractiofeuisd by combining Equations (8)
and (10) with the above definitions to yield

| K ) K ,
Rel®) =T d[th(S)] = i;”ki (kfi I(|:|1 (MkZi) " — ki, Dl(rkzk)uk‘> : (22)

In steady operatlon% 0 so that the following equations result from which #gvalues
of the surface-species site fractions are solved

K
0= Z\Ukl (kfl |_| (MkZx) Uk| — ki, |_| MZx Um) (23)
k_

and

Ks
Y Z=10 (24)
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Example

This simple example system consists of three gas phaseespdgig), SiHx(g) and SiHs(g),
two surface species§i(s) andSiH(s), and one bulk specieSi(b); thereforeKy = 3, Ks = 2, Ky
=1, andK = 6. The following three irreversible surface reactions gpecified in the reaction
mechanism:

SiHy(g) + 2 Si(s) = 2 SiH(s) + Si(b) + H2(g)
2 SiH(s) = 2 Si(s) + Ha(9)
SiHx(g) = Si(b) + Hz(g)
For this example we can apply Equation (23) (for eitherSis) or theSiH(s)) to get
0 = 2Ks, [SiH4] (T Zsis))* — 2K, (T Zsip(s) ) (25)
and use Equation (24) to write
Zsis) + Zsin(s) = 1.0. (26)

Given the expressions for the rate constdatsandks,, and values for the site densifyand
the near-surface gas-phase concentrgk,], these two equations can be solved Zgys) and

ZsiH(s)-

2.4 Reactions for Plasma Processes

The technologies used for MEMS fabrication include sevel@ma processes for deposition and
etching. Plasma processes are also used to alter surfapbohmyy, sputter material, or enhance
chemical reactions. One advantage of plasma over therroatgses is that they allow the use of
substantially lower substrate temperatures. More impdgtafor etching they allow non-isotropic
or directional etching of the surface. This involves ac@lag the positive ions into the substrate
by applying an electrical bias, which causes etching reastio occur preferentially at the bottom
of a feature rather than at the sides. This, in turn, allowesféiorication of MEMS devices with
high-aspect-ratio geometries. In such cases, the directed)y of ions encountering a surface will
be significantly greater than the ion temperature in thenpéagas.

The CHEMKIN Software includes a reactor model for zero-digienal plasma simulations,
and ChISELS adopts the formalism used there for describiagnma systems. The most impor-
tant aspects of this formalism are briefly described herereMietails and usage options can be
found in the CHEMKIN Manuals [2]. The plasma formalism catsiprimarily of three additional
components to non-plasma formalism:

1. The use of separate temperatures for neutrals, elecrmh®ns,

2. The treatment of electron impact reactions in the gasehand
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3. The treatment of ion-enhanced surface reactions.
This last component is the most important for ChISELS, sediscussed in the most detail below.

Many of the plasmas used in materials processing are noifibegum, or low temperature,
plasmas, where the neutrals, ions and electrons are noeriméh equilibrium. Generally, the
electrons have much higher energies than the ions, whichrinhtave higher energies than the
neutrals. Separate temperatures are therefore definedaahed for these classes of species. By
default, reaction rates depend on the temperature of theateubut optional keywords can be
used in the mechanism description to alter this.

This multi-temperature description requires care whervedimg between partial pressures,
mole fractions, concentrations and molecular fluxes. Fanmge, the simple expression for the
ideal gas law given in Equation (17) is replaced by

K
A= 3 XKRT (27)
k=1

where the partial pressure of each species is calculatdédtagtrelevant temperature, according
to the species type. The electron temperature is generalbhrhigher than the others, so even
though the electron density tends to be relatively low, it ceake a significant contribution to the
total pressure. The other equations used for intercomggtitiese quantities, Equations (14)-(16),
also need to be used with the appropriate temperature. Notever, that in a plasma system
with an applied bias, the velocity/flux of the ions toward adaid surface will be obtained from the
separately determined ion energy and the Bohm Conditiocritbes! below, rather than by use of
the ion temperature in these equations.

Electron impact reactions are generally part of the gasg@haaction mechanism, and depend
on the electron temperature rather than that of the neytteaiss. These reactions are not explicitly
used by ChISELS, but rather are part of the reactor-scalelatians that would provide the input
chemical compositions for ChISELS. Electron energy dsiiions often deviate from Maxwellian,
but approximating them as thermal distributions is gemgeaiceptable in view of the uncertainties
in the electron impact cross-sections and chemical reacites.

2.4.1 lon-Surface Reactions

The CHEMKIN formulation for ion-enhanced surface reacs$id8] includes: (1) a special rate
expression for cases where reaction yields depend on iogyeraad (2) a modification of the ion

flux to the surface. In this treatment, electrons are assumbd much more mobile than the ions
such that electron transport to the surface does not affiefeice neutralization rates.

lon Energy Dependent Yields. In modeling plasma systems, it is sometimes necessary to
include reactions where the energy of the incident ion datezs not only the reaction rate, but
also the number of product species formed. The CHEMKIN fdisnafor ion-enhanced etching
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reactions allows for such a variable stoichiometry. The benof species etched from the surface
per incident ion is described using a yield enhancemenorfdbat depends on the incident ion
energy.

An example of a reaction using the ion-enhanced yield optidhe form used by CHEMKIN
is:

E +Art +#SiCh(S) + #Si(B) = Ar + #SiCh + #Si(S), (28)

where the special character # is the energy-dependentphindtive factor for the stoichiometric
coefficient. In this case, the yield of this reaction is pesident Art ion. The positive argon
ion Ar™ hits a silicon surface and is neutralized by reaction wittaa-ghase electrorEj. The
surface is covered by chlorinated surface sites and eacimipact consumes a variable number
of the SIiCh(S) surface species. For each surface spe8i€$(S) destroyed, the example reaction
consumes a bulk silicon speci®§B) and produces 8iCh gas phase species plus an open surface
silicon speciesi(S). Note that the sub-reaction consisting of every speciesepie by the # sign
balances in mass, elements, charge, and number of surfase si

The yield () depends upon the energy of the ion with the following fuoraail form:

W(Eion) = hyield x max[o,( on — Eyiemp)ui] , (29)

whereEyieiq,0 represents a threshold energy, and the energy expressiohecaised to a specified
power in two different ways through the use of the paramedteasdu;. Based on experimental
observations, a value of one-half for theparameter and a value of one for theparameter

are generally used, but the functional form accommodate® mariability. These ion-energy
dependent yields can only be used for irreversible reagiimrolving a single positive ion species.

Bohm Condition for lon Fluxes The plasma reactor model within CHEMKIN is a zero di-
mensional model, so it does not explicitly treat the effaftthe plasma sheath that forms near
surfaces. Instead, the effects of the sheath are treategpbyirag the Bohm Criterion. This treat-
ment is currently implemented in ChISELS, although moraited sheath models could be added
as needed.

There are two parts to the Bohm Condition: the Bohm limitatmion fluxes, and the correction
in the presence of negative ions. For very low-pressurendasn the absence of negative ions, it
is reasonable to constrain the ion flux to a surface accotditige Bohm condition. This condition
maintains that the maximum net flux of a particular ion to dexe is equal to the product of the
ion density and the Bohm velocity, which is defined as

RT.\ Y2
UBohm: (We) (30)
|

whereTg is the electron temperature, avélis the molecular weight of the positive ion. The user
is also allowed to input a correction fact®for the Bohm condition which leads to the following
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expression:

RTe

1/2
W

wherec; is the concentration or number density of the ion.

In the presence of negative ions, there is an additionaéctian factor. The expression for the
ion speed at the sheath is

Usormegons— () [ (ke T @)
BohmNeglons=— W (CiTe—FCe-ri)

wherece is the electron molar concentration afyds the sum of the ion molar concentrations. In
the CHEMKIN plasma reactor model, there are two approaahspécifying the Bohm limit. The
difference between the two approaches arises when an idgipares in more than one surface
reaction subject to the Bohm criterion. In one case, theoreflux to the surface will be auto-
matically scaled to the Bohm-limiting flux, modified for eleanegative gases and the user-defined
correction factor. In the other case, each reaction willldget to the Bohm limit independently,
and the user must make sure that the reaction coeffidieadd up to the desired overall correction
factor for all the reactions involving a particular ion. letOD plasma reactor model, the overall
correction factor is often used to account for spatial wemms in ion density or transport limita-
tions in the reactor being modeled, and the plasma reactemhamisms are generally developed
using this automatic scaling approach. The automaticrsgapproach was thus implemented in
ChISELS.

Angular Dependence of lon-enhanced Surface Reactions The probability of reaction, neu-
tralization or reflection of an ion at the surface can be dgetiwithin the existing CHEMKIN
formulation. At the feature-scale, however, the effectghefdirectionality of the ions also need to
be included.

In the current version of ChISELS, the incoming ions aredliaig substantially normal to the
hypothetical boundary for the source volume with a velod#yermined by the Bohm criterion. A
small spreading angle can be specified by a user input pagameeiccount for deviations from
perfect uniform directionality. For ChISELS 1.0, the iong assumed to neutralize with unit
probability upon impact with the surface. Cases in whichitpasions only partially neutralize
on impact with a surface must await future versions of ChiSHEhat explicitly treat the effects of
electromagnetic fields.

The angle at which the incoming ions hit the surface (heretdel®) can also affect the rates
of the ion-surface reactions. Although by default this efis not modeled, several user-activated
options are available which address this issue by the definif an angle dependence curve. For
example, a user might want to use the normal component obthenergy to calculate the yield
of an ion-assisted surface reaction. This option, acti/Btethe “cosineyield” input command (to
be explained later) is quite reasonable for a reaction wiherenergy of the ion collision with the
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surface enhances the etching chemistry. A closer exaramatithe literature, however, suggested
that a different angular dependence might be more apptedoasome reactions that are closer
to a physical sputtering process. For example, Chapmansfi@lys a case where the sputtering
yield has a maximum roughly 45 degrees from the surface ripmith the details of the shape of
the curve and the location of the maximum varying with malexnd ion energy. In ChISELS 1.0
four types of curves are available to model different typgsossible angular dependencies. They
are illustrated in Figure 6. The first three correspond tdaHewing functional aproximations for
the yield factoiYsactor(0);

Cosine:

Ytactor(8) = cog(8) (33)
Polynomial:

Ytactor(8) = A+ BB+ C8? + D63 (34)

Trigonometric:
: 11
Ytactor(8) = A [Bsm(CG —5)+ Dcos(Ee)] (35)

The fourth option is a cubic spline representation that oabe written as a single equation. It
is defined by three user-input conditions: the extend oftiteal constant region, the location of
the peak, and the magnitude of the peak, as illustrated ur&igd.

How these optional yield factor functions are used and $ipélas described in Section 4.2.

The neutral species that are produced when the ions areaheedt;, along with gas-phase
species created by ion-enhanced surface reactions, armeddo thermalize with the surface.
They are assumed to be emitted with an energy distributipresentative of the temperature that
was input by the user and with a cosine angular dependence.
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2.5 Level-Set Method

The problem of representing accurately the temporal eiarutf a moving interface is a challeng-
ing one that appears in many problems of physics. A varietyoti explicit and implicit methods
for modeling interface evolution have been developed dveryears. Explicit, or so-called La-
grangian methods represent the interface by a collectiafisofete points or material filaments
which share material coordinates with the surface, andwéuie advected with the velocity of the
surface. These methods can be classified as either frakirippmethods [15]—where the surface
is represented by contiguous material filaments, or mgvkert methods [7]—where the surface is
represented by a collection of points. Implicit, or so-edlEulerian methods, such as the volume-
of-fluid [16] and the level-set method [7], define the intefamplicitly by a scalar quantity from
which the interface can be deduced locally on a stationad; géach of these approaches has
particular advantages and disadvantages, and the prolbletedace tracking continues to be an
area of active research [17].

For problems with large topographical changes, such as roayr an the feature length-scale
modeling of MEMS and microelectronic fabrication procesdbe level-set method has distinct
advantages. Of particular note is that the merging or pimghoiff of colliding surfaces is handled
naturally withoutad hocrules or the necessity of user interaction. It is primardy this reason
that the level-set method was chosen for use in ChISELS.

In the level-set method, a domain-spanning functigris defined. The zero-value contour of
this function, or level set, conforms to the feature surfdoethis case, the theoretical domain is
the full box in Figure 2 including both solid and gas domaiRise level-set function is evolved by
solving the following scalar partial-differential equati

¢

E_FV.D(p:O (36)

over the volume and integrating through time.

To solve Equation (36) the velocity field the so-called extension velocity, must be specified.
In fluid flow problems, the extension velocity field matches thuid velocity found by solving
momentum and continuity equations. In the etching and depogroblems being modeled by
ChISELS, a convenient, domain-spanning velocity field doatsexist. Instead, the local depo-
sition or etch rate at each point on the surface is known, hisdimplicitly defines an effective
normal surface velocity. An extension velocity field mustché&ulated from the interface velocity
such that the level set @f evolves in such a way that it accurately represents the soolof the
feature surface. In ChISELS, the extension velocity is sdisgrete locations equal to the velocity
of the nearest location of the feature surface. These déstyeations are the same as the nodal
locations of a mesh whose construction is described in adatdion.

When the level-set method is employed, errors can accrieiodmputed shapes and locations
of the evolving surface from two sources. First, when thasibdistance function is represented by
a finite set of basis functions, as it must be in computer implatations of the method, insufficient
resolution from the use of too few basis functions of the s@ydistance function can result in an
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inaccurate resolution of the surface, particularly in oegi of high curvature. Likewise, if the
extension velocity is not accurately chosen, the interfaitienot evolve faithfully to that which
the physics demands. However, both of these sources of@mndoe mitigated through increased

mesh resolution, a topic discussed later in Section 3.3.
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3 Modeling Strategies

In this section, the methods used by ChISELS to solve the¢tieal models laid out in Section 2
are each discussed in turn.

3.1 View-Factor Calculation

The BTRM model used in ChISELS requires the calculation efwactors between each surface
element on the discretized surface. In ChISELS 1.0, themefactors are calculated by calling
routines in Chaparral [9], a Sandia developed library pgekariginally written for solving large
three-dimensional enclosure radiation heat transferlenad. Like ChISELS 1.0, the current ver-
sion of Chaparral is also designed for use on parallel mashiising the standard MPI library.

Chaparral includes a variety of methods to calculate vietefs, including traditional line in-
tegration, double area integration, and hemi-cube methbus hemi-cube method is particularly
advantageous for complex 3D geometries with obstructeslssisuch as may occur in a ChISELS
calculation. Additional details about the Chaparral coale loe found in ref. [9].

3.1.1 Modification for Preferred-Direction Transport

Many plasma etching processes involve the acceleratiosifiye ions into the substrate by ap-
plying an electrical bias. In such cases, ChISELS 1.0 assunat the ion transport is uniformly
directional (although possibly having a small user defigéading angle) and that reaction rates
at the surface are essentially instantaneous. This meanalkiions reaching a given surface orig-
inate from the source surface, travel in a straight line paiiadl have a 100 percent probability of
reacting. Thus, for positive ion transport, Equation (2@isatly simplified due to the fact that
Fik = —Rjk- Under these conditions the flux of any positive ion spekigssurface from source
elementj can be written as

Fi = Fp = GPF{0 (37)

where the superscriplD denotes that the view factor and flux have a preferred darecBecause
of this directionality, the values (ﬁﬂo must be specially calculated.

Figure 7 illustrates the geometric considerations thattihesaccounted for in calculating the
values ofGidJ-O. In the situation shown nothing obstructs the direct linsight between a surface
element and the associated window in the source plane from whichceansdirectly reach this
element. Two angles are defined; the spreading apgke small positive value defined by the
user, and the orientation andlg defined as the angle formed between the surface elemenahorm
vector and the source plane normal vector. Given these tglesnand knowing the geometric
coordinates of the surface element and the source plantsated), the location and dimensions
of the ion flux “window” in the source plane can be found as stow
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Figure 7. lllustration of geometric considerations needed to cal-
culate directional viewfactors for ion transport

> > \
_ j=0 1 2 3 4
Yero = CONsStant .. | 5 | ; | — I
Note that no ions can reach
: the surface element if 6 is
: greater than or equal to 90+¢,
90-¢ < 6 < 90 6=90 0 = 90+¢

Figure 8. lllustration of how surface element orientation angles
effect directional view factor geometry whén> 0

29



Figure 8 illustrates how certain special cases must beetlgat2D when the spreading angle
is non-zero and when the orientation angle is close to 90e#sgrNote that analogous situations
arise for@ near -90 degrees.

In 3D problems, accounting for the small effect of the spimeg@dngle is more geometrically
complicated. Because the spreading angle (and thus thespomding contribution to transport)
is typically quite small, the speading angle effect is netgé for 3D problems in ChISELS 1.0.

The value ofGﬂO can be calculated as
AW i
Gﬂo = BuCOS(Gi)T’J (38)
j

whereAw j is the area of the source window that overlaps the sourceegiemandB; j is a
simple blockage functionB; j is identically equal to 1 unless the direct line of sight bedw the
surface element and the source element is blocked, in wamh itis zero. In ChISELS 1.0, thisis
determined by looking at the values of the regular viewfiesgtoe.,B; j = 1 if Gjj >0, andB; j =0

if Gjj = 0. Note that Equation (38) includescag6;) term so that the flux density is properly
adjusted to account for the orientation angle.

ComputingAw; j requires a Boolean operation between the area of the soumdew and the
area of each source element. For 2D ChISELS runs, this ismedly straightforward 1D problem
that consists of comparing the locations of two 1D line segsér overlap. For 3D ChISELS
runs, this is a 2D problem that consists of comparing thetioea of two triangular regions for
overlap. To simplify this problem in 3D, ChISELS 1.0 approstes this by comparing the rect-
angular “bounding box” regions associated with the twoniglas. Although in most cases this
approximation will have very little impact, future verseof ChISELS will replace this approxi-
mation with an exact Boolean operation.

ChISELS 1.0 also assumes that the ion flux at the source amaform and that it originates
from a constant-y plane. Under these conditions the ion fensily received at elementan be
computed more simply as

Y (BijAw j)

Flk B deOCOQGi) A| window

(39)

whereFkdO is the constant emission source flux density Angndowis the total area of the window
in the source plane from which ions can directly reach elémgs illustrated in Figures 7 and 8).

3.2 Level-Set Solution Method

In ChISELS, the level-set partial differential equatiomui&tion (36), is solved by the so-called
semi-Lagrangian method—an augmented method of charstatsrior wave equations with a non-
constant wave velocity [1]. This is a method of the predictomrector type, and thus each time step
has two parts, or stages. This method was chosen becausekg well for hyperbolic systems.
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Galerkin’s method or finite difference techniques with impkime integration work poorly with
hyperbolic systems unless upwinding or other stabilizimghrads are used. An added bonus is that
there is no matrix to invert. This approach requires vemjelinemory and little inter-processor
communication, thus it is amenable to parallel implemématAlso, because only interpolation
is required, there are less stringent requirements of tide gr

The two stage nature of the time-stepping algorithm and e&the associated key substeps
is illustrated in Figure 9. Each stage begins by computinga&rimof viewfactors Gijj, between
each surfaceand all other surfaceg As described above in Section 3.1 this is currently done by
calling routines in Chaparral [9].

(2)

3)

(@)
(b)
(€)
(d)
(e)

(1) Predictor stage:

Compute viewfactors for existing surfaces.
Solve for incident fluxes on each surface.
Convert fluxes to surface velocities.
Compute level set solution on grid.

Create new set of surfaces for the new
level set solution.

Corrector stage:

(@)
(b)
(©)
(d)
(e)

Compute new viewfactors for predicted surfa
Solve for incident fluxes.

Convert fluxes to surface velocities.
Compute level set solution on grid.

Create final set of surfaces for the new

level set solution.

Remesh around final surfaces if necessary to
create new grid.

CEeS.

Figure 9. Breakdown of a CHISELS time step.

Parts (b) and (c) of each stage are implicitly coupled thiotlg reaction rates at the surface.
In the BTRM model, the fluxk, of a speciesk, to a surfacei, is

Fi = Fi + Gij (Fic+ Ryk)

(40)

whereF is the direct flux from the reactor gas-phase reg@pjs the view factor between surface
i andj on the featureF is the flux of speciek to surfacej, Rjx is the production rate of species
k on surfacej. Repeated indices in the product of Equation (40) imply sation.

Because the surface reaction rates are a function of theesgkxes, Equation (40) is nonlinear
and so must be solved iteratively. As described by Walket, [ftle chosen iterative solution
strategy varies by species and is a function of the magnitdidiee reaction rate relative to the

incident flux.
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When most of the species flux is consumed by the surface oeact.,(Fjx + Rjk) ~ 0. For
this case, the initial guess of the solutiorFfs= F°, and then iterated by

F'" —FO4 G- (F"+R(F") (41)
where the superscript, denotes the iteration counter.

When only a small fraction of the species flux is consumed bysthrface reaction.e., (Fjk +
Rjk) ~ Fjk or if the production rate is very highe. (Fjx + Rjx) >> Fj, the initial guess is the
same as before, but the iteration has the following form,

Fn+1:(| —G)_l- (FO_G.R<FI>) (42)

In ChISELS, the linear equation system in Equation (42) Igsesbusing standard linear algebra
routines found in the AZTEC and Epetra libraries [18].

At each iterative step, the raw residuiad. the lack of closure in Equation (40), is evaluated.
Iteration proceeds until that residual is smaller in magetthan a specified threshold (currently
a value of 1.e-6)).

In ChISELS, the iterative method of choice is determinedh®yratio|R|/F for each species
individually. When 05 < |R|/F < 1.5, Equation (41) is used. WheR|/F < 0.5 or |R|/F > 1.5,
Equation (42) is used.

At each point in the nonlinear iteration, the reaction raescomputed as described in Section
2.3. The surface velocities are computed as the quotiertieoptoduct of production rate and
molecular weight and mass density. The surface velociteesadurn used as a basis for construct-
ing the extension velocity field needed by the level-set Bgns, cf. Equation (36). Once the
extension velocity has been computed at the current tinge 8te predicted level-set functio,
at the next time is computed from

Q(X,t+At) = @(x — VAL, t) (43)
whereAt is the duration of the time step.

Stage 2 of a time step, the corrector stage, is nearly iddniche predictor stage. The only
difference is that the calculations of transport and chahnegaction are carried out on the predicted
set of surfaces. From the calculations on this surface setxtension velocityy, is computed.
The corrected level-set function at the next time step is twmputed via

(p(x,t+At):(p(x—%(v+\7)At,t). (44)

A time step is completed by determining if the surface hased@nough to warrant remeshing
in order to maintain the level of spatial resolution spedifig the user. If remeshing is required, a
new quad-tree (2D) or oct-tree (3D) mesh is generated asibedadn the initialization stage, and
the domain is decomposed and redistributed among prosesaraintain a balanced computa-
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tional load.

3.3 Dynamic Mesh Refinement

I
IESENIEEEN]
IEEENINEEE]

Figure 10. lllustration of 2D grid refinement near a surface.

The meshes used in ChISELS are quad-trees (2D) and oct(8BgsThese types of meshes
are convenient when mesh refinement is only needed in cextaas, such as near an interface.
The genesis cell bounds the entire computational domaggdle recursively subdivides the cells
according to the criterion

d/l <e (45)

wherel is the length of the cell side artlis the distance from the center of the cell to the nearest
surface. In this fashion, quad-tree (2D) or oct-tree (3D¥ines are quickly generated that con-
centrate mesh points around the surface where accuratigosodd the level-set equation is most
required. The refinement proceeds until a user-specifigfhdnlerance is obtained or a maximum
level of recursion is completed.

An example mesh illustrating this type of grid refinementiewsn in Figure 10.

For 2D problems, the surface elements are defined by the hmesimtersection points implied
by the level-set function values. Linear interpolation $&d in finding these intersection points.
For 3D problems a marching cubes algorithm [19] is employgecbimpute elements of the level
set or surface on the refined grid.
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3.4 Parallelization and Load Balancing Strategy

Because ChISELS is intended to handle the largest possasie af problems, all implementations
of the theoretical models and solution algorithms are degigo scale efficiently to hundreds of
processors. Specifically, ChISELS is written for use onriisted memory Multiple Instruc-
tion Multiple Data (MIMD) computer systems that have a saddMPI library [20] installed.
However, running ChISELS in parallel is optional, and CHLSEcan also be built and used on
single-processor computers.

An important aspect of parallel programming is the apprdakkn to distribute the work load
among the available processors. The trick is to balance rieuat of work assigned to each
processor so that all processors remain busy all of the fim&hISELS, a domain decomposition
strategy is employed. In this context, domain means the ateipnal domain, and implies that
each processor is assigned to do any work and store any messogiated with a specific region
of the mesh. If the work load and memory requirements areoumify distributed and static in
time, then the domain decomposition problem is trivial. léger, when the work load varies in
time and evolves spatially during the computation, suchcasis in a ChISELS problem as the
evolving surface moves, then special care must be taken ttondhe work load and adjust the
domain decomposition accordingly.

In practice the code begins a calculation by sub-dividireg cbmputational domain equally
amongst all available processors. However, after each medstement step, the work load is
evaluated. Because only in rare circumstances will the ¢levenly divided among processors
after the mesh refinement is completed, a Sandia-develgratlgd load-balancing library, Zoltan
[21][22], is called upon to redistribute the cells acrossgassors. Figure 11 shows a quad-tree
refinement about a surface and the domain decompositian@dig balancing.

As mentioned above, a marching cubes algorithm [19] is epguldo compute elements of the
level set or surface on a refined 3D grid. Once again, not altggsors own an equal number
of surface elements and some of the computational work sedth the number of surfaces, so
Zoltan routines are also called upon to redistribute théasas across processors.
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Figure 11. Snapshot of a 2D ChISELS 1.0 simulation showing
the surface, the refined quad-tree grid around the surfacethe
assignment of grid cells to processors after load-balgnciEach
of 16 processors owns a different gray-shaded region ofride g
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4 Users Guide

4.1 Obtaining, Building, and Running ChISELS 1.0

ChISELS 1.0 is copyrighted by Sandia National Laboratosied licensed under a GNU lesser
general public license (as published by the Free Softwatmdration). This is a particular type
of open-source licensing agreement with specific requirdghat can be reviewed at the follow-
ing GNU web site, www.gnu.org/licenses/Igpl.html. At pgag ChISELS 1.0 can be obtained by
contacting either of the first two authors of this report ab@a National Labs. Authorized re-
cipients will be sent or given access to a compressed tardidaming the directories and files
needed to install and build ChISELS 1.0 on one of the supggiatforms. Platforms currently
supported include Linux, SGI (Irix 6.5), Mac (OS 10.3), ahd tnstitutional Computing Clusters
(ICC). Instructions for installing the code in differentrdgurations will be included. All input
files required for the example problems described in Seetidrare also available.

ChISELS 1.0 is designed to link with SURFACE CHEMKIN, whichust be obtained and
installed separately because it is a commercially liceseénvare. However, this is not required
and if the user desires, they can modify the appropriatenesito solve problems without the use
of SURFACE CHEMKIN. Also, ChISELS may be run on either paghbhr serial workstations.
However, to use multiple processors in parallel, an MPlalijprmust be available on the local
machine and the code must be linked to the MPI libraries whisrbuilt.

ChISELS 1.0 is designed to be run in command line mode fronmglsi terminal window
on a UNIX based computer. Once installed and built on a loaathime, it is run by typing the
command

chiselsinfile

wherechiselsis the name of the executable version of ChISELS 1.0,iafilé is the name of the
main input file. The main input file contains problem speciéttiags that enable the user to define
the problem being solved, control various modeling paransetand control the output generated
during and after a simulation. Various other input files ds® aequired as explained in the next
section.

4.2 Input Files

At a minimum, ChISELS 1.0 requires two valid input files in erdo run; (1) a main command-
line input file, and (2) a problem geometry input file. As expéal above, when invoking ChISELS
1.0 in UNIX , the name of the main input file must immediatelijde the chiselscommand. The
name of the problem geometry input file is specified from withie main input file. In addition, if
the CHEMKIN package is being used to define chemical mechesia CHEMKIN input file and
a SURFACE CHEMKIN input file must be present and properly gpggtfrom within the main
input file.
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4.2.1 Main Input File

The main input file uses a simple text-based command line d&brmith the following syntax:
One command per line.
Lines starting with # are comments and blank lines are alklowe
Command names must be lower case
Commands can be in any order.
The command name must start in 1st column
The rest of command is free-form and can use spaces or tabpdoese arguments
If not changing the default, a command need not be listed

Available commands can be categorized into four differeaugs: (1) Problem definition, (2)
Time step and run-time controls, (3) Output controls, and/{ddeling controls and specifications.
The following is a list of each valid command in the four grepypnd includes a brief description
of the command, the number of arguments required, and tlrailietlue(s) of the argument(s) if
the command line is not specified.

Problem Definition Commands

COMMAND DESCRIPTION #ARGS. DEFAULT

dimension Dimensionality (2 or 3) of the problem 1 2

initial surfaces Name of the problem geometry input file 1 géom
which defines the initial surface locations

chemkin input Name of the CHEMKIN file required if 1 nodefault
linking to CHEMKIN

surface chemkin input  Name of the SURFACE CHEMKIN file 1 no default
required if linking to CHEMKIN

number gas species The number of gas-phase species 1 1

mole fraction Name of gas-phase species and its mole fractio 2 no default 0.0

ion energy Name of positive ion species followed by 2 no default 0.0
an ion energy (eV)

temperature Gas-phase, ion, and electron temperatures (K) 3 no defaults

gas pressure Thermodynamic pressure of the gas-phase (torr 1 no default

bohm A correction facto€ for the Bohm condition 1 1.0
(see Eq. 31 relating to ion surface reactions)

spreading angle The spreading angle defined in Figure 7 for 1 2

the directional transport of positive ions (degrees)
Notes to Problem Definition Commands:

The names used in the “mole fraction” and “ion energy” comdlames must be valid species.
Species not listed in the input file using these commandsieea the default value of zero.

The effect of spreading angle on directional transport n§is not accounted for in 3D calcu-
lations.
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Time Step and Run-time Controls

COMMAND DESCRIPTION # ARGS. DEFAULT
timestep Size of timestep (seconds) 1 0.001
ending time Execution stops if time exceeds this value (s#£p 1 1.e99
adjust dt flag Time step auto-adjustment flag. If set to O,ithe t 1 1

step is constant, otherwise it will be automatically
adjusted based on grid size and surface velocities

adjust dt multiplier Maximum fractional change in time stlowed each 1 0.2
time step if adjust dt flag is non-zero.

number of steps Total number of timesteps to take beforgstgp 1 40
Output Controls

COMMAND DESCRIPTION # ARGS. DEFAULT

vtk_out If non-zero, a vtk graphics output file is created 1 0

vtk_filename Name of vtk output file 1 vtkout

vtkcompresseaut If non-zero, vtk output is compressed 1 0

gtout If non-zero, a gt graphics output file is created 1 0

gtfilename Name of gt output file with surface/cell info 1 oubge

gt cell output If> 0, a background mesh description is placed in 1 0

the gt output file for visualization purposes. The value
specifies the number of steps between inclusions.
screen Screen output flag. It directs local output to the 1 1
screen, with a verbosity level based on its value:
=0, > 3, or< -5 no output
=1, 2 or 3 increasing amount of performance info.
=-1to -5 increasing amount of debugging info.
logfile Logfile output flag. It directs local output to a file 1 0
namedinfile.log, with a verbosity level based
on its value (see screen command for details).

Notes to Output Controls:

The vtk output file is written in a form suitable for ParaVieay) open-source, multi-platform
visualization application (see www.paraview.org).

The gt output file is written in a form suitable for a simple lgtsed [23] visualization tool
written by and used by the ChISELS developers (not distedbutith Chisels 1.0)

The “screen” and “logfile” commands are mutually exclusiifeboth appear in the input file,
the one that comes last will control the output. Also, veifyoevels of -4 and -5 produce an
extremely large amount of output, and should be used with aad only when large amounts of
output can be handled.
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Modeling Controls and Specifications

COMMAND DESCRIPTION # ARGS. DEFAULT
global box Bounding box coordinateang) of the domain 4o0or6 -5.-5.5.5.
for 2D: xlo, ylo, xhi, yhi
for 3D: xlo, ylo, zlo, xhi, yhi, zhi
source side Specifies which side of the computational domain 1 3
corresponds to the gas-phase source of chemical species
0: side located at z= zlo, 3: side located at y= yhi
1. side located at y=ylo, 4: side located at x=xlo
2: side located at x=xhi, 5: side located at z= zhi
source elements Number of uniform elements used to digertte gas- 1 see text
phase source side of the computational domain. If
not specified in a command line, this is found as:

2(Ngl)’
whereNg is given in the “grid levels” command.
grid levels Max number of levels to recurse in the quadtree fo 1 5
local mesh refinement as the surface evolves.
remesh interval Number of steps between remeshing. Useditdam 1 3
local mesh refinement as the surface evolves.
redistance interval Number of steps between redistangiegations 1 3
vf drop tolerance  View factor drop tolerance 1 le-4
yield_cosine Optional cosine-based yield factor function for ion 0 na
enhanced surface reactions. See Equation (33).
yield_poly Optional polynomial-based yield factor function foni 2 na

enhanced surface reactions. See Equation (34).
Arguments specified are the peak value and corresponding
angle (radians) as illustrated in Figure 6b.
yield_trig Optional trigonometric-based yield factor functiasr fon 5 na
enhanced surface reactions. The five arguments specified
are the constants, B, C, D, andE in Equation (35).
yield_spline Optional spline-based yield factor function for Emhanced 3 na
surface reactions. The three arguments specified are (a) the
length of the uniform flat region, (b) the location of the peak
(c) the magnitude of the peak (see Fig. 6d).

Notes to Modeling Controls and Specifications:
For problems with preferred direction transport of iong, $ource side must be 3.

If an argument to “source elements” of less than two is sptifihe code uses the default
formula based on grid levels.

Redistancing is the process of generating a discrete satefield corresponding to a signed
distance function.

The view factor drop tolerance is only used if convergenobl@ms are detected in the ballistic
transport model. If convergence fails, the code will attetope-solve the problem after dropping
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all view-factors in the view-factor matrix that are lessrthhis tolerance value.

The yield factor function commands are mutually exclusifenore than one is specified in the
input file, the one that comes last will control what the coded If none are specified, then the
yield factor function is set equal to 1.0.

4.2.2 Geometry Input File

The geometry input file defines the initial state of the swefamnd it must be present in order to
run ChISELS. By default it is called “in.geom,” but it can been any other name by using the
“initial surfaces” command in the main input file.

Each line in the file must be either a blank line (which is igg)r a comment line, which
starts with #, or a one-line description of a surface elemiéot 2D problems the surface element
description consists of two integer values followed by g@lmumbers. The first integer is used
to identify the element, and thus must be unique to the elem&he second integer must be
present but is currently not used for any purpose in the cedg (t can always be set to 0). The
next four numbers define a pair of X,y endpoints of the eleméretre the units are assumed to be
microns (i.e. 1.e-6 meters). The last two real numbers d#img and y components of the surface
normal vector. The format is free-form, meaning that eiggaces or tabs can be used to separate
arguments. Also, elements can be specified in any order, bsit, @s a group, define a contiguous
surface spanning the boundaries of the computational doamal be properly oriented relative to
the source side defined in the main input file.

The following is an example 2D input geometry file that defiadiat surface with a small notch
within the boundaries of the default computational domaia the default source side.

# | TEM SURFACES

# (Values in mcrons)

# XL YI X2 Y2 N N
10-5020-1.020 0010
20-1.020-1.00.0 1.00.0
30-1.00.0 1.00.0 0.01.0
40 1.00.0 1.02.0-1.00.0
50 1.02.0 5020 0.01.0

Lines defining elements for 3D problems consist of two integdues followed by twelve real
numbers. The first integer is used to identify the elemert,thns must be unique to the element.
The second integer must be present but is currently not ugeshfy purpose in the code (e.g. it
can always be set to 0). The next nine real numbers define thygecoordinate sets that define
the endpoints of a triangular element (in microns). Thetlaste real numbers define the x, y and
z components of the surface normal vector.

Creating input geometry files, particularly for complichsurface geometries or for 3D prob-
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lems, can be tedious and difficult. Furthermore, ChISELSdb&5s not have routines to check the
input file for consistency, such as with the boundaries ofcirputational domain or that nor-

mals are specified correctly, or whether the elements foromgptete contiguous surface without
holes. Therefore, a user must take special care to assurhithéile is accurate and complete, or
unpredictable and erroneous results and/or error mesgsamebe produced by the code.

4.2.3 CHEMKIN Input Files

As described above in Sections 2.3 and 2.4, heterogeneeusadl reactions at the interface be-
tween a solid surface and an adjacent gas are the physidalfbashe deposition and etching
processes modeled by ChISELS. To facilitate the modelinthe$e reactions, ChISELS is de-
signed to couple to the CHEMKIN software [2]. This requiresedof two CHEMKIN compatible
input files that define the gas phase chemistry and the suwfagaistry reaction mechanisms that
are being treated. The names of these two files are specifide imain input file by use of the
“chemkin input” and “surface chemkin input” commands.

The CHEMKIN input files define all of the chemistry occurringthe system. The gas-phase
input file provides the chemical composition of the varioas-gphase species in the mechanism as
well as their thermochemical properties, the chemicaltreas the species participate in, and the
rates of those reactions. The surface chemistry input fiesdioe same for surface/bulk species
and reactions. The mechanics of including chemical infoionain the input files, including a
description of data formats, is covered in the CHEMKIN Inpdéinual, while the CHEMKIN
Theory Manual describes the formulation of the various fowhthe chemical rate expressions
(see reference [2]).

The user is required to provide the chemical data in the imachechanism. If the system of
interest has been modeled by previous workers in the fietdait be possible to find a complete
set of files that describe the system of interest, or puldidhierature that provides a reaction
mechanism. A number of the deposition and etching processekin the SUMMIT-V technology
have previously been studied. Further information can lainéd by contacting the third author
of this report.

4.3 Output Files and Visualization Tools

There are two different kinds of output generated by ChISEL® The first type contains infor-
mation concerning how the run is progressing. It can be tceeither to the screen (by use of the
“screen” command) or to a logfile (by use of the “logfile” conmd The amount of information
that is produced is controlled by the associated argumethteinnput file, as described above in
Section 4.2.

Data visualization files are the second type of output geedrby ChISELS. Visualization
of the evolving surface, either as static “snapshots” abuarpoints in time, or as a temporally
evolving animation, is the primary mechanism for evaluatime results of a ChISELS run. If the
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“vtk _out” command is specified in the input file, then a vtk outpet il written in a form suitable
for ParaView. ParaView is a powerful open-source, mulditiolrm visualization application avail-
able for download off the web at www.paraview.org. The narhthe output file is specified by
using the “vtkfilename” command, and the file (which can be quite large) béllautomatically

compressed if the “vtkcompressedt” command is used.

When the “gtout” command is invoked, an output file is written in a formtable for a sim-
ple Qt-based visualization tool written and used by the EhIS developers during code de-
velopment. Qt is an open source C++ application developritantework available online at
http://www.trolltech.com/products. Because the file tedas a text file and produces a list of
surface elements in exactly the same form needed for the fid@uthis output can also be used
to manually create a geometry input file that can effectigelyve as a restart file. An automated
restart capability is planned for later versions of ChISELS

4.4 Example Problems
4.4.1 Silane Deposition in a Simple 2-D Trench

This example is a simulation for the LPCVD of undoped silidoom a silane precursor. This
process is quite importantin SMM as it is used to deposit themrstructural material, polysilicon.
This CVD process produces very conformal films, which we destrate using a simple 2D trench.

Figure 12 gives listings of the ChISELS input command file ‘@nadjeom.notch”, the geometry
input file. This example is for a temperature of 853 K = 580 C artdtal pressure of 0.4 Torr,
which are realistic LPCVD conditions. In this problem ChlSEis linked to CHEMKIN, so the
input command file includes CHEMKIN and Surface-CHEMKIN untdile names. Figure 13
gives a listing of smallche.inp, the gas-phase chemisputifile, while Figure 14 gives a listing
of smallsur.inp, the surface chemistry input file.

The reaction mechanism used in this example contains orgy thas-phase chemical species,
one gas-phase reaction, two surface species, one bulkespeaid three surface reactions. This
mechanism is a very simplified version of a full mechanismetitgyed at Sandia for silane CVD;
see references [24], [25], [26], [27] and [28] for detailstioé mechanism development process.
The gas-phase species are §ithe silane input gas, Sihla reactive intermediate (silylene) that is
formed by decomposition of silane, and,t byproduct formed by decomposition of silane (in the
gas or on the surface). The gas-phase reaction, the cohlibyeinduced decomposition of silane, is
included in the mechanism file, but is not actually considémehis simulation. As indicated by the
mole fraction input commands in Figure 12, the input gasédélature-scale simulation consists of
silane only. The two surface species, SI(S) and SIH(S)essmt open sites on the silicon surface,
and hydrogen-covered surface sites, respectively. Thedpdcies, SI(D), represents solid silicon
that has been chemically deposited. The silane depositsrsibn the surface in a two step process.
First the silane reacts with open sites on the surface to fomnogenated surface sites, one bulk
silicon, and one gas-phase hydrogen product. Then the ggdaded surface sites react with each
other to eliminate another hydrogen molecule and regemdéhnatopen silicon surface sites. The
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reaction of SiH on the surface is also included in the mechanism. This speeigcts at the
surface with much higher efficiency than silane and would keavery non-uniform deposition if
a significant quantity of this species is included in the ingm@s mixture.

Figure 15 shows: a) the starting (t=0) trench surface areldest grid, b) the final surface and
level-set grid after a 60 minute simulation, and c) a seriesidaces at 10 minute intervals, where
the time is deposition time, not simulation-run time. As esfed, the deposition is very conformal
(uniform), filling the trench with no holes. Note that thertch does not completely disappear; the
remaining dimple is consistent with experiment. It restritsn the fact that uniformly depositing
over a corner does not propagate the corner in all directlmrtgather results in a rounded, curved
surface.

# Input Command file for Silane deposition in
# a simple 2-D trench

#

# Problem Definition Commands

] e 0 5 e 0 e e e e o e 0 5 e e e e e e e e 5 e e
dimension 2

initial surfaces in.geom_notch
chemkin input smallche.inp
surface chemkin input  smallsur.inp
number gas species 3

mole fraction SIH4 1.0

mole fraction SIH2 0.0

mole fraction H2 0.0
temperature 853.0 0.0 0.0
gas pressure 0.4

# Time Step and Run-time controls

- N A e
timestep 60.0

adjust dt flag 0

number of steps 61

# Output Controls

# oo
qt output 1
cell output 10 # Initial Surface definition for Silane
qt_filename out.geom_notch # deposition in a simple 2-D trench
screen 1 # (Values in microns)
# X1 Y1l X2 Y2 Ni Nj

# Modeling Controls and Specifications 10-1.0 0.0 -0.2 0.0 0.0 1.0
e et L L 20-0.2 0.0 -0.2 -0.6 1.0 0.0
global box -1.0 -1.0 1.0 1.0 30-0.2-0.6 0.2 -0.6 0.0 1.0
source side 3 40 0.2 -0.6 0.2 0.0 -1.0 0.0
grid levels 6 50 0.2 0.0 1.0 0.0 0.0 1.0

(a) Input command file (b) Geometry Input file

Figure 12. Listing of the main input file and the geometry input
file for example problem 1.
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ELEMENTS

SI H

END

SPECIES

SIH4 SIH2

H2

END

THERMO ALL
300.

SIH2

1000.

2000.
80387H

2SI 1 4 oG

300.000 2000.000 1000.00

0.37376173E+01 0.26652140E-02-0.10297152E-06-0.53034788E-09 0.14005514E-12
0.31021018E+05 0.25981410E+01 0.33826566E+01 ©0.25535191E-02 0.38814477E-06
0.24234970E-09-0.65710301E-12 0.31234377E+05 0.48579831E+01

SIH4 90784SI 1H 4 0 0G 300.000 2000.000
.79359380E+00 .17671899E-01 -.11398009E-04 .35992604E-08 -.45241571E-12
.31982127E+04 .15242257E+02 .14516404E+01 .13987363E-01 -.42345639E-05

-.23606142E-08 .13712089E-11 .31134105E+04 .12321855E+02
H2 J 3/7tH 2 0 0 0G  300.000 5000.000
.30558123+01 .59740400-03 -.16747471-08 -.21247544-10 .25195487-14
-.86168476+03 -.17207073+01 .29432327+01 .34815509-02 -.77713819-05
.74997496-08 -.25203379-11 -.97695413+03 -.18186137+01

END

REACTIONS

SIH4(+M)=SIH2+H2(+M) 0.3119E+10 1.669 54710. ! R1

LOW / ©.5214E30
TROE / -0.4984 888.3

SIH4/4./

! HF(SiH2)=64.3, anh_inc.16b,

!
END

-3.545 57550./
209.

4 2760./

beta(Ar,300) = 0.25 fit from 300 to 1200K

PWNREPPWNREPMPWNERE

Figure 13. Listing of the CHEMKIN input file for example prob-

lem 1.
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IDissociative Adsorption, Hydrogen desorption mechanism
Tto be used with evengas mechanism

Ifit to our rsc data 27 Jun

91

'hydrogen desorption from PRL 62(89)567
lversion 2: uses COV trick to get first order reaction
11.754E20 = 7.9e11/(2 * SDEN)

SITE/SILICON/
SICS)
SIHCS)

END

BULK

END

THERMO ALL
300. 600.

SICS)

0.24753989E 0

SI(D) /2.33/

1685.
J 3/67S51

0.97593603E-0

SIH(CS) J 3/67H

0.24753989E 01 0.88112187E-03-0.
-0.81255620E 03-0.12188747E 02 0.
0.97593603E-08-0.27279380E-11-0.

SI(D) J 3/67S51

1

1 0.88112187E-03-0.
-0.81255620E 03-0.12188747E 02 0.
8-0.27279380E-11-0.

1SI

1

SDEN/2.2524E-09/

] ] [
20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
1 0 2s
20939481E-06 0.
84197538E 00 0.
52486288E 03-0.
] ] ('S

300.000 1685.000
42757187E-11 0.16006564E-13
83710416E-02-0.13077030E-04
45272678E 01

300.000 1685.000
42757187E-11 0.16006564E-13
83710416E-02-0.13077030E-04
45272678E 01

300.000 1685.000

0.24753989E 01 0.88112187E-03-0.20939481E-06 0.42757187E-11 0.16006564E-13
-0.81255620E 03-0.12188747E 02 ©0.84197538E 00 0.83710416E-02-0.13077030E-04
0.97593603E-08-0.27279380E-11-0.52486288E ©3-0.45272678E 01

END
REACTIONS
SIH4 + 2SI(CS) => 2STIH(S) + SI(D) + H2  8.39E26
2SIH(S) => 2SI(S) + H2 1.754E20
COV/SIH(S)
STHZ => SI(D) + H2 1.0
STICK
END

0.0
0.0
0.0 -1.0 0.0/
0.0

BWNREPPAWNEDNWNRE

37450.0
47000.0

0.0

[——— 2mim ——>|

Figure 14. Listing of the Surface CHEMKIN input file for exam-

ple problem 1.

a. Surface and level-set grid
att=0 min.

att =60 min.

|

b. Surface and level-set grid“

c. Surface att =0, 10, 20, 30,
40, 50, and 60 min.

Figure 15. Sample output from Silane deposition in a simple 2-D

trench.
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4.4.2 PECVD of SiQ from Ar, O » and SiHg in a High Aspect Ratio 2-D Trench

This example is a simulation for the deposition of silicoaxdie from a silane, oxygen and argon
plasma. This process is used to deposit oxides at lower weafgweratures than would be needed
for a thermal oxide deposition process, but results in suitisily non-uniform deposits. We use a
simple 2D trench in the example, but one with a higher aspaict (10:1). This PECVD process
involves the deposition of oxide by radicals created in tasma, occurring simultaneously with
ion-assisted deposition and sputtering/etching of thpbdi by ions from the plasma. The goal is
to fill trenches, or other features, with oxide, while minomnig the size of the holes left behind if
the deposition is too non-conformal.

Figure 16 gives listings of the ChISELS Input command file dndgeomnotch10X1”, the
geometry input file. This example involves a non-equilibriplasma, so three temperatures are
provided: The neutral species are at room temperature (30B&ions have a higher temperature
of 5000 K, and the electrons have a much higher temperatl#861 K or 2.47 eV. Note that the
ion energies are input separately, and reflect the biasgetaplied to the substrate, rather than
the ion temperature.

This example problem is for a case where ChISELS is linkedH&RIKIN, so the input com-
mand file includes CHEMKIN and Surface-CHEMKIN input file nasa Figure 17 gives a partial
listing of chemsioZ2.inp, the gas-phase chemistry input file, while FiguBeiles a partial listing
of surf_1matl.inp. the surface chemistry input file. This examplieines a fairly complex chem-
ical reaction mechanism with 46 gas-phase species, 168lgese reactions, 13 surface species,
one bulk species, and 194 surface reactions. This mechamascribed in detail in [29], but we
note that it was developed using reactor-scale data ontiidritase, the mole fractions being input
into ChISELS are results from a 0D reactor-scale simulatidthe PECVD process [2].

Figure 19 shows: a) the starting (t=0) trench surface andefieed level-set grid, and b) the
initial deposition rates as a function of position in thenttle for three different ion energies. In
the latter, all points along the bottom of the trench aretptbit x = -10, so there are multiple
points there for each ion energy. The non-uniform depasibieserved in this figure is the result
of several physical phenomena. The ion energy of 15 eV isvbébe sputtering threshold, so
the deposition rate at the bottom of the trench is higher thahon the sidewall as a result of
ion-assisted deposition reactions. In the 15 eV case, tbei@tal deposition at the top of the
trench results from reactive radical species that have toeered in the gas (that get depleted near
the top of the trench), plus a contribution from ion-assiserface reactions (the ions have a few
degrees of spread, so some hit the sides of the trench). Aanergy of 40 eV is just above the
threshold for ion-sputtering reactions, and ion sputtedompetes with ion-assisted deposition on
the bottom of the trench, lowering the net deposition rageg¢hThe sputtered material re-deposits
on the sidewalls. In the case of the 60eV ion energy, the icedgminantly sputter material off the
bottom of the trench for net etching, adding even more ressiépd material to the sidewalls. Note
that these simulations were done with no angular dependerthe yield of ion-assisted reactions,
which is physically somewhat unrealistic. Use of a différgield factor functions would give
different results.
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# Input command file for PECVD of Si02 from

# Ar, 02, and SiH4

# 10x1 aspect ratio trench,

# P =0.03 Torr,

Ion Energy = 15 eV

# Problem Definition Commands

dimension

initial surfaces
chemkin input

surface chemkin input
temperature

gas pressure

number gas species

# Mole fractions of gas

mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole
mole

fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction

E

AR+
O+
02+
SIH3+
SIH2+
STH+
SI+

SIH
SIH2
SIH3
SIH4
SIZ2H2
SIZH3
H2SISIHZ
SI2H5
SI2H6
SI0
S102
SIH20
HSIO
SIH30
HSIOOH
H

H2

OH
H20
HO2
H202
0*

0

02

03
AR*
AR

in.geom_notch10X1
chem_sio2.inp
surf_1lmatl.inp
300.0 5800 28651
0.03
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phase species
.000103034
.000102512
.63E-07
.42E-07
.24E-08
.28E-07
.28E-08
.50E-09
.49E-08
.89E-07
.60E-07
.65E-09
.43E-09
.08E-06
.33E-05
.97E-06
.000573576
.10E-06
.90E-11
.91E-19
.06E-06
.12E-05
.31E-07
.15E-20
.12E-06
.24E-07
.71E-16
.90E-06
.01169274
.01201013
.20E-05
.18E-05

.0

.93E-11
.35E-05
.007619644
.009235906
.67E-10
.001443052
.9570088

OO NOOOROQUINSSOSOPRARNNOUOPRPRLRUINNRFRPONWRPRPONRUVIPFWERENPWES

(a) Input command file

# Ion energies of positive ion species in
units of eV

ion energy AR+ 15
ion energy O+ 15
ion energy 02+ 15
ion energy SIH3+ 15
ion energy SIHZ2+ 15
ion energy SIH+ 15
ion energy SI+ 15
ion energy H+ 15
ion energy H2+ 15

# Time Step and Run-time controls

E 3 e e e e e 5 5 1 3 o e e ) e e e ) e ) 5 e e e e e e e
timestep 1.0e-3

number of steps 1

# Output Controls

- N N
qt output 1

cell output 1

gt_filename out.pecvdl@X1P0.03
screen 1

# Modeling Controls and Specifications

global box -6.0 -11.0 6.0 1.0
source side 3
grid levels 7

(b) Continuation of input command file

Initial Surface definition for PECVD of
SiH2 from Ar, 02, and SiH4

10 X 1 aspect ratio 2-D trench

(Values in microns)
Y1 X2 Y2

U WINPT
>
=

(c) Geometry Input file

Figure 16. Listing of the main input file and the geometry input

file for example problem 2.
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!
!
! SiH4 7 02 / Ar Plasma Mechanism - 1/05/97 E. Meeks, R. Larson, & P. Ho
1

ELEMENTS E H O SI AR END
SPECIES
E
AR+ 0+ 02+
SIH3+ SIH2+ SIH+ SI+
H+ H2+
0-
SI SIZ SIH SIH2 SIH3 SIH4
SI2H2 SI2H3 H3SISIH H2SISIH2 SI2HS SI2H6
SI0 SI02 SIH20 HSIO
SIH20H SIH30 SIH30H SIH302 SIH302H HSIOOH SIOOH
1SIH302*
H H2 OH H20 HO2 H202
0*
0 02 03
AR* AR
END
THERMO ALL

300.000 1000.000 5000.000
! FROM CHEMKIN DATABASE:
E 120186E 1
0.0 02 0. 00 0. 00 0. 00 0. 00
-0.07453749E+04-0.01173403E+03 0.02500000E+02 0.00000000E+00 0.00000000E+00
0. 00 0. 00-0.07453750E+04-0.01173403E+03
OH+ 1212860 1H 1E -1 G ©0300.00 5000.00 1000.00
0.02719058E+02 0.15085714E-02-0.05029369E-05 0.08261951E-09-0.04947452E-13
0.15763414E+06 0.06234536E+02 0.03326978E+02 0.13457859E-02-0.03777167E-04
0.04687749E-07-0.01780982E-10 0.15740294E+06 0.02744042E+02
OH- 1212860 1H 1E 1 G 0300.00 5000.00 1000.00
0.02846204E+02 0.10418347E-02-0.02416850E-05 0.02483215E-09-0.07775605E-14
-0.01807280E+06 0.04422712E+02 0.03390037E+02 0.07922381E-02-0.01943429E-04
0.02001769E-07-0.05702087E-11-0.01830493E+06 0.12498923E+01

G 0300.00 5000.00 1000.00

AR 120186AR 1 G 0300.00 5000.00 1000.00
0.0: 02 0. 00 0. 00 0. 00 0 00
-0.07453750E+04 @.04366000E+02 0. 0. 02 0. 00 0. 00
Q. 00 0. 00-0.07453750E+04 0.04366000E+02

SI 32989SI 1 G 0300.00 4000.00 1000.00

0.02775845E+02-0.06213257E-02 0.04843696E-05-0.12756146E-09 @.11344818E-13
0.05339790E+06 0.04543298E+02 0.03113515E+02-0.02330991E-01 @.03518530E-04
-0.02417573E-07 0.06391902E-11 0.05335061E+06 0.03009718E+02

S12 111191ST 2 0300.00 4000.00 1500.00
0.04402888E+02 0.11545298E-03-0.06005177E-06 0.14690721E-10-0.13574083E-14
0.07199220E+06 0.02340065E+02 0.03439839E+02 0.03440171E-01-0.04437680E-04
0.02559961E-07-0.05474618E-11 0.07222933E+06 0.07148545E+02

SIH 121986SI 1H 1 G 0300.00 2000.00 1000.00
0.03110430E+02 0.10949460E-02 0.02898628E-06-0.02745104E-08 @.07051799E-12
0.04516897E+06 ©.04193487E+02 0.03836009E+02-0.02702656E-01 @.06849070E-04
-0.05424184E-07 ©.14721313E-11 0.04507593E+06 0.09350778E+01

SIH2 42489SI 1H 2 0300.00 3000.00 1000.00
0.04142390E+02 0.02150191E-01-0.02190730E-05-0.02073725E-08 @.04741018E-12
0.03110483E+06 0.02930745E+01 0.03475092E+02 0.02139338E-01 @.07672305E-05
0.05217668E-08-0.09898824E-11 0.03147397E+06 0.04436585E+02

STH3 42489ST 1H 3 G 0300.00 3000.00 1000.00
0.05015906E+02 0.03732750E-01-0.03609053E-05-0.03729193E-08 @.08468491E-12
0.02190233E+06-0.04291368E+02 0.02946733E+02 0.06466763E-01 @.05991653E-05
-0.02218413E-07 0.03052669E-11 0.02270173E+06 0.07347948E+02

SIH4 121386SI 1H 4 G 0300.00 4000.00 1000.00
0.06893873E+02 0.04030500E-01-0.04183314E-05-0.02291394E-08 @.04384766E-12
0.11070374E+04-0.01749116E+03 0.02475166E+02 0.09003721E-01 @.02185394E-04
-0.02681423E-07-0.06621080E-11 0.02925488E+05 0.07751014E+02

SI2H2 111191H 2SI 2 G 0300.00 4000.00 1500.00
0.08099063E+02 0.12942199E-02-0.02447197E-05-0.14495115E-10 @.05867240E-13
0.04476428E+06-0.01877322E+03 0.09668390E+01 0.01932959E+00-0.01825421E-03
0.08404012E-07-0.15372276E-11 0.04712241E+06 0.01907608E+03

SIZH3 90589SI 2H 3 0300.00 2000.00 1000.00
0.07257627E+02 ©.05123859E-01-0.07633465E-05-0.06662471E-08 @.02053052E-11
0.05062055E+06-0.10314127E+02 0.03335404E+02 0.02155614E+00-0.02933937E-03
0.02287784E-06-0.07272827E-10 0.05146157E+06 0.08656853E+02

H3SISIH 111191H  4SI 2 G 0300.00 4000.00 1500.00
0.11272022E+02 0.02538145E-01-0.02998471E-05-0.09465367E-09 @.01855053E-12
0.03297169E+06-0.03264598E+03 0.03698707E+02 0.01870180E+00-0.14307038E-04
0.06005836E-07-0.11162929E-11 0.03590825E+06 0.08825191E+02

H2SISIH2 42489SI 2H 4 G 0300.00 3000.00 1000.00
0.08986817E+02 0.05405047E-01-0.05214021E-05-0.05313742E-08 0.11887266E-12
0.02832747E+06-0.02004478E+03 0.05133186E+02 0.12528548E-01-0.04620421E-05
-0.06606075E-07 0.02864344E-10 0.02956915E+06 0.07605133E+01

SIZH5 90589SI 2H 5 G 0300.00 2000.00 1000.00
0.08451010E+02 0.09286371E-01-0.10911831E-05-0.14423673E-08 0.04250824E-11
0.02472718E+06-0.01710331E+03 0.15788481E+01 0.03549382E+00-0.04267511E-03
0.03059177E-06-0.09360425E-10 0.02630549E+06 0.16720734E+02

SI2H6 90589ST 2H 6 G 0300.00 2000.00 1000.00
0.08882090E+02 @.11513955E-01-0.12162159E-05-0.01905085E-07 @.05542379E-11
0.05967241E+05-0.02265611E+03 0.05301921E+01 0.04184055E+00-0.04685249E-03
0.03179525E-06-0.09484526E-10 0.07950597E+05 0.01880453E+03

H 120186H 1 G 0300.00 5000.00 1000.00
0.0: 02 0. 0 0. 00 0. 00 0. 00
0.02547162E+06-0.04601176E+01 0.02500000E+02 @.00000000E+00 @.00000000E+00
0. 00 0. 00 0.02547162E+06-0.04601176E+01

PUNRPAWUNRAOUNFPAWNRAWUNRFAUNRAWNRAUNRPAWNRPAWNRAWNRAONRPAWNRAWUNRAWNRDAEWNREDWNR

kEACTIONS MOLECULES KELVINS
!

! Electron impact reactions assuming a Maxwellian EEDF:
1

E+ AR => E + AR* 1.1748E-08 4.6639E-02  1.3856E+05
TDEP/E/ Texc,<2@eV: Peuch,JPhD19:2309(1986), >2@eV: Peterson,JChPhS
EXCI/11.60/

E+ AR => AR+ + 2E 7.0708E-11  6.0983E-01  1.8712E+05
TDEP/E/ !Peterson, JChPh 56:6068 (1972)

EXCI/16.00/

E + AR* => AR+ + 2E 1.2456E-07 5.0382E-02  6.0524E+04
TDEP/E/ ! Margreiter et al., Contrib. Plasma Phys. 30:487 (1990)
EXCI/ 4.43/

E+02=02+E 1.4127E-04 -1.5000E+00  1.1594E+04
TDEP/E/ !v=0->1 resonant: Itikawa, JPhysChemRefData v18,p23, 1989
EXCI/ 0.57/
bup

E+02=>02+E 2.4096E-04 -9.3373E-01  7.6827E+04
TDEP/E/ !vib sum: Itikawa, JPhysChemRefData v18,p23, 1989
EXCI/ 3.90/ !reax#5
bup

E+02=>02+E 7.1298E-08 -1.4161E-01  3.0812E+04
TDEP/E/ 'elec exc alDeltag: Itikawa, JPhysChemRefData v18,p23, 198
EXCI/ 0.98/ !reax#6
bup

E+02=>02+E 2,7456E-10  3.2916E-02  3.0656E+04
TDEP/E/ lelec exc b1Sigmag: Itikawa, JPhysChemRefData v18,p23, 198
EXCI/ 1.63/
bup

E+02=>02+E 2.2885E-10 4.0187E-01  6.8652E+04
TDEP/E/ telectronic sum: Itikawa, JPhysChemRefData v18,p23, 1989
EXCI/6.2/  !B3sigma+A3sigma+C3delta+clsigma
bup

E+02=>0+0*+E 4.5210E-13  8.7108E-01 5.1069E+04
TDEP/E/ !Cosby, JChemPhys v98:9560 (1993); Itikawa for >200eV
EXCI/ 5.12/

E + 02 => 02+ + 2E 3.9851E-14  1.1255E+00  1.3758E+05
TDEP/E/ !Ttikawa, JPhysChemRefData v18,p23, 1989
EXCI/12.06/

E+02=>0+0- 3.6044E-08 -5.2403E-01 5.7440E+04

TDEP/E/ !Ttikawa, JPhysChemRefData v18,p23, 1989
EXC1/ 0.03/

E+0=>0*%+E 4.2983E-07 -3.4465E-01 3.8431E+04
TDEP/E/ ! O_exc_1D: Itikawa, JPhysChemRefData, v19,p637, 1990
EXCI/ 4./ Ireax#11 (0*)

E+0=>0+E 1.2447E-09 -1.7434E-02  6.0440E+04
TDEP/E/ ! O_exc_1S: Itikawa, JPhysChemRefData, v19,p637, 1990
EXCI/ 4.18/

DuP

E+0=>0+E 1.6713E-09  2.9276E-02  1.4694E+05
TDEP/E/ 13"s3 DO exc: Itikawa, JPhysChemRefData, v19,p637, 1990
EXCI/13.00/
bup

E+0=>0+E 4.3591E-09 -8.3646E-03  1.1015E+05
TDEP/E/ 13s3 S@ exc: Itikawa, JPhysChemRefData, v19,p637, 1990
EXCI/ 9.00/
bup

E+0=>0+E 1.9285E-15  1.0645E+00  5.3078E+05
TDEP/E/ !dbl ioniz rate: Thompson, JPhysB 28:1321, 1995
EXC1/48.77/

DuP

E+0=>0++ 2E 1.9509E-11  6.2331E-01  1.6541E+05
TDEP/E/ ! Ttikawa, JPhysChemRefData, v19,p637, 1990
EXCI/13.61/

E + 0% => 0+ + 2E 1.9509E-11  6.2331E-Q1  1.40E+05
TDEP/E/ ! Estimated from ground-state reax, multiply C*11.6/13.61
EXCI/11.6/

E+0-=>0+2E 2.0976E-10  5.4384E-Q1  3,9434E+04
TDEP/E/ !Detachment: Peart, B., J Phys B, v12, p2735, 1979. !guess
EXCI/ 3.00/

E+E+0=>0-+E 1.e-30 0.0 0.0
TDEP/E/ !Ttikawa, JPhysChemRefData, v19,p637, 1990; detailed

balancing
1

! Ton and metastable reactions for Ar-02 only
!

AR* + AR* => AR + AR+ + E 6.2E-10 0.0 0.0 !Lee's thesis

0- + 02+ =0+ 02 2.8e-7 0.0 0. !EM estimate
TDEP/0-/

0- + 0+ => 20 2.8e-7 0.0 0. 101son
TDEP/0-/

0- +0=>02+E 1.4E-10 0.0 0.0
TDEP/0-/ ! Steinfeld, JPhysChemRefData 16, 911 (1987)

0- + AR+ => 0 + AR 2,8E-7 0.0 0.0 l!est same as 0- + O+
TDEP/AR+/

0+ + 02 => 02+ + 0 2,10E-11 0. Q.
TDEP/0+/ ! Anicich, JPhChRD 22:1469,1993

02+ + AR => AR+ + 02 5.50E-11 0. Q.
TDEP/02+/ ! Anicich, JPhChRD 22:1469,1993, estimated like Xenon

Figure 17. Listing of the beginnings of the thermo data and the
reactions sections of the CHEMKIN chemistry input file fonex

ple problem 2.
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| S$i02 PECVD Mechanism - ©5/16/96 R. Larson, E. Meeks, and P. Ho

1
!
!
! neutral chemistry:
MATERIAL WAFER
SITE/SI02/ SDEN/0.75QE-09/
! saturated species
SIG3(OH)

SIG3H

SIGCOH)3

SIGCOH)ZH

SIG(OH)H2

SIGH3

unsaturated species
SIGCOH)2

SIGCOH)H

SIGH2

SIGCOH)

SIGH

SIG

SIG3

END

BULK/Glass/ S102(D)/2.19/
END

THERMO ALL
300.

600. 10000.

LAST UPDATED 4-10-96

! estimated by RSL, with a base temperature of 573.15 K:

SIG3H 10

-0.94562362E+00 0.31802582E-01-0.
-0.54886165E+05-0.25140166E+01-0.
0.23883136E-07-0.61949619E-11-0.

SIGCOH)3
0.55508590E+01 0.
-0.12426848E+06-0.21

SI 10

11888228E-01 0.
+02 0.

1H oL
38475086E-04
94562362E+00

54886165E+05-

3H 3 oI

18584383E-05-

+01

0.
0.
0.

0.
0.

300.00 1000.00 1000.00
23883136E-07-0.61949619E-11
31802582E-01-0.38475086E-04
25140166E+01

300.00 1000.00 1000.00
85776396E-08 0.36215694E-11
11888228E-01 0.18584383E-05

-0.85776396E-08 0.

SIGCOH)ZH
0.15884182E+01 0.

-0.80928742E+05-0.
0.23552530E-07-0.

SIG(OH)H2 SI 10

-0.23739219E+01 0.48635307E-01-0.
74560172E+01-0.
18298562E-10-0.

-0.37674630E+05 0.
0.55684712E-07-0.

SIGH3 SI 1H

-0.63363626E+01 0.67006834E-01-0.
22027715E+02-0.
29258376E-10 0.

0.41861471E+04 0.

0.87814378E-07-0.
SIGCOH)2

0.14396707E+01 0.
-0.56263568E+05-0.

SI 10

SIG(OH)H SI 10

-0.25226694E+01 0.47729537E-01-0.
75451243E+01-0.
20442720E-10-0.

-0.14750468E+05 0.
0.61728209E-07-0.

SIGH2 SI 1H

-0.64848082E+01 0.66101064E-01-0.
22114905E+02-0.
31402534E-10 0.

0.25364014E+05 0.
0.93857875E-07-0.

SIGCOH) SI 10

-0.26713666E+01 0.46823264E-01-0.
76342002E+01-0.
22586878E-10-0.

-0.20629729E+05 0.
0.67771706E-07-0.

SIGH SI 1H

-0.66337570E+01 0.65195294E-01-0.
22204162E+02-0.
33547196E-10 0.

0.27223668E+05 0.
0.99906404E-07-0.
SIG ST 1

-0.67822026E+01 0.64289524E-01-0.
22291351E+02-0.
35691354E-10 0.

0.38266977E+05 0.
0.10594990E-06-0.
SIG3
-0.10943208E+01 0.
-0.30221058E+05-0.
0.29928645E-07-0.
! FROM HARRY MOFFAT:
SIG3(0H) 1215910

SI 10

2SI

0.66466584E+01 0.33231564E-02-0.
-0.98982922E+05-0.33869411E+02 0.
-0.83051193E-08 0.44394740E-11-0.

S102(D) 72391SI 10

0.48925619E+01 0.41191629E-02-0.
-0.11005530E+06-0.23469570E+02 0.22325585E+01 0.
-0.96847970E-08 0.62160411E-11-0.10962063E+06-0.

END

36215694E-11-0.

30261767E-01-0.
71134960E+01 0.
73382446E-11-0.

29355998E-01-0.
70245843E+01 0.
0.29598040E-07-0.94829061E-11-0.

30896813E-01-0.
24255207E+01-0.
83391202E-11-0.

12426848E+06-

2H 3 oL
34018196E-04
15884182E+01

8092874 2E+05-

H 3 o1
69895233E-04
23739219E+01
37674630E+05
3 [ oI
10577378E-03
63363626E+01
41861471E+04
2H 2 o1
38848465E-04
14396707E+01

56263568E+05-

H 2 o1
74726005E-04
25226694E+01
14750468E+05
2 ] (%
11060455E-03
64848082E+01
25364014E+05
H 1 o1
79556777E-04
26713666E+01
20629729E+05
1 Q (2%
11543029E-03
66337570E+01
27223668E+05

o1
12026106E-03
67822026E+01
38266977E+05
1 [ o1
43304852E-04
10943208E+01

30221058E+05-

H 1

29541198E -06-

97866992E+0!

I
6
26748490E+01
5
2 S

94570083E-07

0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

0.
0.
0.

21683695E+02

300.00 1000.00 1000.00
23552530E-07-0.73382446E-11
30261767E-01-0.34018196E-04
71134960E+01

300.00 1000.00 1000.00
55684712E-07-0.18298562E-10
48635307E-01-0.69895233E-04
74560172E+01

300.00 1000.00 1000.00
87814378E-07-0.29258376E-10
67006834E-01-0.10577378E-03
22027715E+02

300.00 1000.00 1000.00
29598040E-07-0.94829061E-11
29355998E-01-0.38848465E-04
70245843E+01

300.00 1000.00 1000.00
61728209E-07-0.20442720E-10
47729537E-01-0.74726005E -04
75451243E+01

300.00 1000.00 1000.00
93857875E-07-0.31402534E-10
66101064E-01-0.11060455E-03
22114905E+02

300.00 1000.00 1000.00
67771706E-07-0.22586878E-10
46823264E-01-0.79556777E-04
76342002E+01

300.00 1000.00 1000.00
99906404E-07-0.33547196E -10
65195294E-01-0.11543029E-03
22204162E+02

300.00 1000.00 1000.00
10594990 -06-0. 35691354E-10
64289524E-01-0.12026106E -03
22291351E+02

300.00 1000.00 1000.00
29928645E-07-0.83391202E-11
30896813E-01-0.43304852E-04
24255207E+01

300.00 3000.00 1000.00

0.31399386E-09 0.69825405E-13
0.12014943E-01-0.13939117E-05
-0.
0

13004364E+02
298.00 2000.00 1000.00

.80073115E-09 0.25433412E-12

12478522E-01-0.28715690E-05
10594849E+02

PWNRAUNRBRAWNRAWNNRAWNRAWONBPAWNRAWNNRBAWNRRAWNRBAWNRAMWNER

PWNRAWNR

REACTIONS MWOFF MOLECULES KELVIN

! deposition of silicon-containing radicals (since the surface is cold,

! deposition of saturated species will be very slow; also, possible
1 substrates other than SIG3(OH) are assumed to be converted by

! intramolecular reactions or saturated by attachment of gas-phase
1 radicals)

! Note 8/6/96: Made deposition reactions irreversible.
1.0

® ©& & ®© © & ©

e © & ©

e o

SIH3 + SIG3(OH) => SIGHZ + SI02(D) + H2
STICK

SIH2 + SIG3(OH) => SIGH + SI02(D) + H2 1.0 0.
STICK

SIH + SIG3(OH) => SIG + SI02(D) + H2 1.0 0.

SI + SIG3(OH) => SIGH + SI02(D) 1.0 0.
STICK !added by EM 12-04-96

SIO + SIG3(OH) => SIG(OH) + SI02(D) 1.0
STICK ! making this reversible makes a big difference at high T

HSIO + SIG3(OH) => SIG(OH)H + SI02(D) 0.

SIH30 + SIG3(OH) => SIGH3 + SI02(D) + OH 1.0 0.

I direct deposition of Si02

S102 => SI02(D) 1.0 0.
STICK

! intramolecular elimination of H2 (should be ion-enhanced)

SIG(OH)2H = SIG3(OH) + H2 2.000E+10 0. 15000 .

SIGCOH)HZ = SIG3H + H2 2.000E+10 0. 15000.

SIG(OH)H = SIG3 + H2 2.000E+10 0. 15000 .

I intramolecular elimination of H20 (should be ion-enhanced)

SIG(OH)3 = SIG3(OH) + H20 2,000E+10 0. 15000.

SIG(OH)2H = SIG3H + H20 2.000E+10 Q. 15000 .

SIG(OH)2 = SIG3 + H20 2.000E+10  ©. 15000.

! oxidation of surface hydrogens

SIG3H + 0 = SIG3(OH) 0.40 0.0 0.0
STICK

SIG(OH)ZH + 0 = SIG(OH)3 0.40 0.0 0.0
STICK

SIG(OH)HZ + 0 = SIG(OH)2H 0.40 0.0 0.0
STICK

SIGH3 + 0 = SIG(OH)H2 0.40 0.0 0.0
STICK

SIGCOH)H + 0 = SIGCOH)2 0.40 0.0 0.0
STICK

SIGH2 + 0 = SIG(OH)H 0.40 0.0 0.0
STICK

SIGH + 0 = SIG(OH) 0.40 0.0 0.0
STICK

! copy above reactions for 0*

SIG3H + 0* = SIG3(OH) 0.40 0.0 0.0
STICK

SIG(OH)ZH + 0* = SIG(OH)3 0.40 0.0 0.0
STICK

SIG(OH)HZ + 0* = SIGCOH)Z2H 0.40 0.0 0.0
STICK

SIGH3 + 0* = SIG(OH)H2 0.40 0.0 0.0
STICK

SIG(OH)H + 0* = SIG(OH)2 0.40 0.0 0.0
STICK

SIGH2 + 0* = SIGCOH)H 0.40 0.0 0.0
STICK

SIGH + 0* = SIG(OH) 0.40 0.0 0.0
STICK

! attachment of H atoms to dangling bonds

SIG(OH)2 + H = SIG(OH)2H 1.0 0.
STICK

SIG(OH)H + H = SIG(OH)H2 1.0 0
STICK

SIGH2 + H = SIGH3 1.0 0.
STICK

SIGCOH) + H = SIGCOH)H 1.0 ]
STI

SIGH + H = SIGH2 1.0 0.
STICK

SIG + H = SIGH 1.0 0
STICK

SIG3 + H = SIG3H 1.0 0.
STICK

I attachment of OH radicals to dangling bonds

SIGCOH)Z + OH = SIG(OH)3 1.0 0.
STICK

SIGCOH)H + OH = SIG(OH)2H 1.0 Q.
STICK

SIGH2 + OH = SIG(OH)H2 1.0 Q.
STICK

SIG(OH) + OH = SIG(OH)2 1.0 0.
STICK

Figure 18. Listing of the first 170 lines (of 580) from the Surface
CHEMKIN input file for example problem 2.

49




P e I 0.0001

Growth Rate (microns/sec)

(a) Initial surface geometry and refined level-set grid used
in the 2D PECVD example problem.

T T T T
1 -
E * 15eV ]
C = 40eV ]
L + 60eV g
B ]
-

L e
- * .-
L i
L« o
L. ‘i..g“‘_

. plge
p- - !'C 4
* !’
i) ., b q
L "mm, v, .....“. =
Lo+vsasiRoueaiifsitesnassansssansntsd
s g
L g
: =
1 I | L | 1 1
10 8 -6 4 2 0

Trench Location (microns)

(b) Initial growth rate as a function of depth and ion
energy in the 2D PECVD example problem.

Figure 19. Sample output from example ChISELS model of

PECVD of SiQ from Ar, O, and SiH,
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4.4.3 Silane Deposition in a Simple 3-D Square Hole

This example illustrates the solution of a simple 3D depasiproblem that is analogous to exam-
ple 1 except that the initial geometry is a square hole. Theenistry corresponds to LPCVD of
undoped silicon from a silane precursor, and the thermadynaonditions and chemical mech-
anism being modeled are also identical to those in examplehk. input command file and the
associated geometry input file “in.geamatch3d” are listed in Figure 20. Note that for 3-D prob-
lems, each line in the geometry input file defines a uniquaduéar-shaped surface element. One
difference to note is that the surface orientation of thisbpem is different — in this geometry the
source surface is defined as “5”, corresponding to the maximaoordinate in the computational
domain.

Sample output from this problem is shown in Figure 21. No&dliference between the ini-
tially specified surface geometry shown in (a) with the mdsheface at time t = 0 shown in (b).
Edges and corners cannot be represented exactly in theedigepresentation but are approxi-
mated as shown based on the relatively coarse mesh resofyéxified here. Figures 21(c) and
(d) show results at two later points in time, illustratingtleven uniform deposition processes can
yield fairly complex 3-D surface topologies.
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# Input Command file for Silane deposition in
# a simple 3-D square hole

#

# Problem Definition Commands

# ____________________________________________
dimension 3

initial surfaces
chemkin input smallche.inp
surface chemkin input smallsur.inp
number gas species 3

in.geom_notch3d

mole fraction SIH4 1.0
mole fraction SIH2 0.0
mole fraction H2 0.0

853.0 0.0 0.0
0.4

temperature
gas pressure

# Time Step and Run-time controls

F 3 0 1 o e e e T e o o o T e e e e e e e e
timestep 900.0

adjust dt flag (/]

number of steps 20

# Output Controls

- S Bl -L
qt output 1

cell output 1

qt_filename out.geom_notch3d

screen 2

# Modeling Controls and Specifications

global box 0.0 0.0 0.0 6.0 6.0 6.0
source side 5
grid levels 5

OoONOUVTPAWNRF FH H HH R

Initial Surface definition for Silane
deposition in a simple 3-D square hole
(Values in microns)

X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 Ni Nj Nk
0 0. 0. 2.0.2.2.2.2.2. 0.00.01.0
0 0 0.2.2.2.2.2.0.2. 0.00.01.0
0 2.0.2.2.2.2.4.2.2. 0.00.01.0
0 2.0.2.4.2.2.4.0.2. 0.00.01.0
0 4. 0.2.4.2.2.6.2.2. 0.00.01.0
0 4. 0. 2.6.2.2.6.0.2. 0.00.01.0
1 0.2.2.0.4.2.2.4.2. 0.00.01.0
1 0.2.2.2.4.2.2.2.2. 0.00.01.0
1 2.2.1.2.4.1.4.4.1. 0.00.01.0
12.2.1.4.4.1.4.2.1. 0.00.01.0
14.2.2.4.4.2.6.4.2. 0.00.01.0
14.2.2.6.4.2.6.2.2. 0.00.01.0
20.4.2.0.6.2.2.6.2. 0.00.01.0
20.4.2.2.6.2.2.4.2. 0.00.01.0
22.4.2.2.6.2.4.6.2. 0.00.01.0
22.4.2.4.6.2.4.4.2. 0.00.01.0
24.4,.2.4.6.2.6.6.2. 0.00.01.0
24.4,.2.6.6.2.6.4.2. 0.00.01.0
32.2.2.2.4.2.2.4.1. 1.00.00.0
32.2.2.2.4.1.2.2.1. 1.00.00.0
32.4.2.4.4.2.4.4.1. 0.0 -1.00.0
32.4.2.4.4.1.2.4.1. 0.0 -1.00.0
34.4.2.4.2.2.4.2.1. -1.00.00.0
34.4,2.4.2.1.4.4.1. -1.00.00.0
44,2.2.2.2.2.2.2.1. 0.01.00.0
44,2.2.2.2.1.4.2.1. 0.01.00.0

(a) Input command file

(b) Geometry Input file

Figure 20. Listing of the main input file and the geometry input

file for example problem 3.
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c. Meshed surface at t = 150 min. d. Meshed surface at t = 300 min.

Figure 21. Sample output from Silane deposition in a simple 3-D
square hole.
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