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ABSTRACT

The surface micromachining processes used to manu-
facture MEMS devices and integrated circuits transpire
at such small length scales and are sufficiently complex
that a theoretical analysis of them is particularly invit-
ing. Under development at Sandia National Labora-
tories (SNL) is Chemically Induced Surface Evolution
with Level Sets (ChISELS), a level-set based feature-
scale modeler of such processes. The theoretical models
used, a description of the software and some example
results are presented here. The focus to date has been
of low-pressure and plasma enhanced chemical vapor de-
position (LPCVD & PECVD) processes. Both are em-
ployed in SNL’s SUMMIT V technology though as of this
writing the PECVD process model includes only unbi-
ased wafers. Examples of step coverage of SiO into a
trench by each of the LPCVD and PECVD process are
presented.
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1 SOME CHALLENGES IN MEMS
SMM TECHNOLOGY

In the surface micromachining (SMM) approach to
the fabrication of MEMS devices three-dimensional (3D)
structures are formed by deposition and etching of thin
films. Careful construction of the lithographic masks
that control these steps and the application of a fi-
nal selective “release” etch permits the creation of a
variety of free-standing movable parts. SMM fabrica-
tion can involve a wide variety of chemical processes in
the deposition and etching steps. For example, depo-
sition processes in the SUMMIT V [1] technology de-
veloped by Sandia National Labs include low-pressure
chemical vapor deposition (LPCVD) of undoped polysil-
icon, P-doped polysilicon, silicon dioxide from TEOS
[Si(C2H50)4], and Si-rich silicon nitride from SiClyHa
and NHs, as well as steam oxidation for the initial SiO2
layer and the plasma deposition (PECVD) of SiO, from
SiH4 and O2. Etching processes include a plasma etch
of oxide and nitride using C2Fg and CHF3, of polysil-
icon using Cl,, He, and/or HBr, and a wet etch using
aqueous HF.

Many of the above mentioned deposition and etch-
ing processes can result in non-ideal device geometries
at the feature scale. For example, CVD processes give
near-conformal films, which yield rounded corners and
dimples. Step coverage can range from perfectly con-
formal to non-conformal, and lower step coverage can
result in sloped sidewalls. Under some conditions non-
uniformities and irregularities in surface coverage occur.
The unexpected appearance of any of these types of ge-
ometric irregularities can be particularly costly in the
design, analysis, and batch fabrication cycle associated
with the development of a new MEMS device. Thus a
thorough understanding of the detailed chemistry and
physics which lead to these geometric variations is es-
sential to the development of improved SMM fabrication
equipment, higher yield and more reliable fabrication
processes, and more useful MEMS designs.

2 THEORETICAL MODELING AT
THE FEATURE SCALE WITH
ChISELS

Theoretical modeling of the detailed surface chem-
istry and concomitant surface evolutions during microsys-
tems fabrication processes is recognized as having a great
potential for improving SMM process fabrication tech-
nologies. The viability of computational simulations
for these types of problems has been clearly demon-
strated by earlier researchers and advances have been
made in developing transport models, chemical mecha-
nisms, and surface evolution modeling (e.g., see [2] [3]
[4]). However, currently available computer codes have
not been designed to use massively parallel architectures
efficiently, nor fully exploit all of the modeling advances
that different researchers have made. Thus speed and
robustness factors have unduly limited the size and com-
plexity of problems that can be treated with available
tools.

To overcome these limitations, we are developing a
computer code called ChISELS (Chemically Induced Sur-
face Evolution with Level-Sets), a parallel, 2D and fully
3D feature-scale modeler to explore the time develop-
ment of material deposition/etch on patterned wafers
at low pressures. ChISELS can be viewed as a plat-
form to build and improve on previous simulation tools
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while taking advantage of the most recent advances in
dynamic mesh refinement, load balancing, and highly
scalable solution algorithms.

There are three inter-related aspects to modeling the
overall physics of the problem: (1) transport of chemical
species, (2) gas phase and surface chemistry, and (3) the
dynamic evolution of the solid surface.

Currently, all gas-phase transport is assumed to oc-
cur in the free-molecular flow regime (i.e., particle-particle
collisions are negligible). In ChISELS, we adopt the bal-
listic transport and reaction model (BTRM) developed
and described by Cale and coworkers [2] [5]. An im-
portant aspect of this method is the need to calculate
view-factors for each surface element of the discretized
feature surface. Chaparral [6], a radiation heat transfer
modeler, is used for this purpose. The flux of species k
to surface element i is computed from

Fiy, = Fj), + Gij (Fjr — Rji,) (1)

where F}, is the direct flux from the bulk of the reactor,
Gj is the view factor between surface ¢ and j, F}j, is the
flux of species k to surface j, Rj; is the reaction rate
of species k on surface j, and by Einstein’s convention
repeated indices in the product imply summation.

Deposition or etching occurs through the chemical
reaction of gas phase species with bulk and surface phase
species at the feature surface. The thermodynamics and
heterogeneous surface chemistry of these reactions are
modeled in ChISELS by coupling with Surface Chemkin
[7]. This requires the specification of a chemical reaction
mechanism for each surface reaction to be modeled in
the simulation.

Feature scale microsystem fabrication modelers such
as ChISELS are at heart topology modelers, i.e. they
model the evolution of a free boundary according to the
physics that cause it to move. ChISELS uses an implicit
surface-tracking approach called the level set method [4].
In the level-set method, a domain-spanning function, ¢
is defined; the zero-value contour, or level set, of which
conforms to the feature surface. The level-set function
is evolved by solving the scalar partial-differential equa-
tion,

¢

N +v-Vo=0 (2)
over the volume and integrating through time. The ve-
locity, v is called the extension velocity and is defined
over the entire domain. The extension velocity must be
chosen so that the level set of ¢ evolves in such a way
that it mimics the evolution of the feature surface; i.e.
it is chosen based on the velocity of the surface—the
deposition or etch rate. The level set method avoids the
debilitations of explicit conform-and-track methods be-
cause the mesh which is used to solve Equation 2 does
not deform, so distortion effects are avoided. Likewise,

because a volume-defined function is evolved, merging
surfaces do not create problems in the method. Equa-
tion 2 is solved by an augmented method of character-
istics [8].

Additional details of the methods and models that
ChISELS uses can be found in [9] or on the ChISELS
web site, http://www.cs.sandia.gov/~wchisels.

3 EXAMPLES

Two two-dimensional examples are provided here of
ChISELS results. One is of the deposition of Si0s into
a 10x1 trench using silane by a PECVD process. The
other is the deposition of Si0O- into an identical trench
using TEOS. In each case, the deposition rate as a func-
tion of depth in the trench is presented.

3.1 PECVD of SiO, from SiH,

Figure 1: The trench used in the examples is 1 ym wide
and 10 um deep.

The deposition of silicon dioxide into a trench of as-
pect ratio 10:1 (¢f. Figure 1) from a mixture of SiHy,
O3, Ar and derivative compounds in a high-density plasma
reactor is modeled by ChISELS. The grid used to model
the process is also shown in Figure 1. In this case, there
is no biasing of the substrate, so, as a first approxima-
tion, ions and electrons approach it in a diffuse way just
as the neutrals do.

The chemistry mechanism used in this model is a
subset of the one published by Meeks et al. [11]. All
the reactions in their mechanism are used except for the
ion sputtering reactions. This leads to a system with
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46 gas-phase species, 13 surface-phase species and 185
surface reactions.

The gas composition in the reactor immediately above
the wafer surface is a required input to ChISELS. Be-
cause that composition is unlikely to be identical to that
introduced into the reactor, a reactor-scale model must
be employed to provide the mole fractions of the intro-
duced reactants and their products near the wafer. In
this case, Aurora, a a zero-D reactor-scale modeler and
Reaction Design product, part of the Chemkin suite,
was used to determine those compositions.

The inlet conditions provided to Aurora are a tem-
perature of 300K, and mole fractions of 0.0097, 0.0223
and 0.9680 respectively of SiHy, O2 and Ar at a to-
tal flow rate of 0.0028 g/s. The output of Aurora is the
mole fractions of all reactants and products at the wafer
as well as surface, ion and electron temperatures. All of
these are inputs to ChISELS.
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Figure 2: Growth rates as a function of depth of SiO»
in a PECVD process using SiH4 and Os.

Figure 2 shows the deposition rate in the trench as
a function of its depth for the indicated pressures of
0.03, 0.04 and 0.05 Torr. As shown in the figure and
perhaps contrary to intuition, the lowest pressure of 0.03
Torr actually produced the highest growth rate of all
pressures tried. This is due to the difference in the gas-
phase composition at the reactor due to a change of
reactor pressure. This underscores the importance of
coupling ChISELS to a reactor-scale model.

As Figure 2 shows, the deposition rate, and thus step
coverage, in this process is not uniform. The deposi-
tion rate in the bottom corner of the trench is about
two orders of magnitude smaller than that at the top.

The source of this non-uniformity is most likely due to
the plasma forming highly reactive radicals that get de-
pleted almost entirely near the top of the trench and are
hardly present near the bottom. Note also that there are
some higher growth rates on the ordinate of Figure 2.
These points correspond to surface elements near the
center of the bottom plane of the trench. These higher
growth rates are owed to greater visibility of the reactor
and its constituents above.

3.2 LPCVD of SiO, from TEOS

The second example is the deposition of SiO- into a
trench from TEOS. The trench geometry and grid are
identical to the first example. There are two chemistry
mechanisms used in this example. The first is a mech-
anism published by Coltrin et al. [12], and the second
by IslamRaja et al. [13]. Once again, Aurora is used to
compute gas-phase composition. The mechanism used
in Aurora is Coltrin’s. The IslamRaja mechanism is de-
fined only for heterogeneous reactions. The input con-
ditions are a reactor temperature of 1003K—the tem-
perature at which the IslamRaja mechanism was tuned
and the only temperature for which it is truly valid—
pressures of 0.3, 0.4 and 0.5 Torr and an inlet flow rate
of 0.046 g/s of TEOS and N, with mole fractions of 0.13
and 0.87 respectively.
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Figure 3: Growth rate as a function of depth of SiO; in
a LPCVD process using TEOS—Coltrin’s chemistry.

Figures 3 and 4 show the deposition rate of SiO2 as a
function of the depth in the trench. Unlike the previous
example, the deposition rate as predicted by both mech-
anisms increases with the reactor pressure. The differ-
ence between the two TEOS mechanisms is the mag-
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nitude and uniformity of the deposition rate. Coltrin’s
mechanism predicts a lower overall rate and one which is
exceptionally uniform. The IslamRaja mechanism pro-
duces a very non-uniform deposition rate varying two
orders of magnitude from the bottom of the trench to
the top.
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Figure 4: Growth rate as a function of depth of SiO; in
a LPCVD process using TEOS—IslamRaja’s chemistry.

Experiments have shown the deposition of SiO2 in-
deed to be non-uniform. So Coltrin’s mechanism clearly
does not work at the feature scale though it has been
shown to work on the reactor scale. The IslamRaja
mechanism is not even defined on the reactor scale, so
there is no way to couple ChISELS to a reactor-scale
model with that mechanism in use. The next step is to
refine Coltrin’s mechanism so that it remains working
on the reactor scale and also produces realistic growth
rates at the feature scale.

SUMMARY

A cursory description of the ChISELS feature length-
scale modeler has been given. Two examples were dis-
cussed of the deposition of SiOy by LPCVD through
TEOS and by PECVD through silane and oxygen in
plasma. Step coverages for each process and how they
are affected by reactor operating conditions were shown.
More details of the ChISELS software can be found in
[9] and [10].
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