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ABSTRACT

Chemical Induced Surface Evolution with Level Sets
(ChISELS) is a level-set based computer code in devel-
opment at Sandia National Laboratories to model at the
feature scale the evolution of surfaces of microdevices
during fabrication by surface micromachining (SMM)
processes. The theoretical models used and a descrip-
tion of the code is presented here. The initial focus of the
models in ChISELS is on low pressure chemical vapor
deposition (LPCVD), one of the processes employed in
Sandia National Laboratories’ SUMMIT V technology,
so the models employed are ballistic transport of chem-
ical species from the reactor to the surface and surface
chemistry only; all of which are designed to function in
a massively parallel computational framework. An ex-
ample is given here of the deposition of polysilicon from
Silane (SiHy) in a simple two-dimensional trench.

Keywords: MEMS, CVD, level-set method, feature
scale.

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)y4], and Si-rich silicon nitride from SiClyH,
and NHs, as well as steam oxidation for the initial SiO2
layer and the plasma deposition of SiO; from SiH4 and
O2. Etching processes include a plasma etch of oxide
and nitride using CyFg and CHF3, of polysilicon using
Cly, 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
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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

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 demonstrated
by earlier researchers and advances have been made in
developing transport models, chemical mechanisms, and
surface evolution modeling (e.g., see [2] [3] [4]). How-
ever, currently available computer codes have not been
designed to efficiently use massively parallel architec-
tures, nor fully exploit all of the modeling advances that
different researchers have made. Thus speed and robust-
ness factors have unduly limited the size and complexity
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
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
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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 to
particle collisions are negligible). This is a good ap-
proximation for the low-pressure conditions of interest
here and yields equations similar to those for the more
familiar problem of radiation heat transfer. In ChIS-
ELS we adopt the ballistic transport and reaction model
(BTRM) developed and described by Cale and cowork-
ers [2] [5] . Details of this model and it’s additional
assumptions can be found in the cited references. How-
ever, an important aspect of this method is the need
to calculate view-factors from each point on the evolv-
ing surface to all other surface points in the simulation
domain. For this purpose standard mathematical and
numerical techniques as described and implemented in
Chaparral [6] are applied.

Deposition or etching occurs through the chemical
reaction of gas phase species with bulk phase species at
a surface. The thermodynamics and heterogeneous sur-
face chemistry of these reactions are modeled in ChIS-
ELS by coupling with Surface Chemkin [7]. This re-
quires the specification of a chemical reaction mecha-
nism for each surface reaction to be modeled in the sim-
ulation.

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. There are two categories
of free surface evolution models: explicit and implicit.

In the explicit models, the surface is tessellated into
subsurfaces. In the TopoSim3D [8] code, for example,
a domain-spanning tetrahedral mesh discretizes the vol-
ume that surrounds the feature. Triangular surface el-
ements subdivide the feature surface and each forms
a side of a tetrahedron. Thus the volume mesh con-
forms on a boundary to the feature surface. In other
cases, only the surface itself is discretized, such as in
the 3D /2D code, EVOLVE [9]. Although explicit meth-
ods can be very accurate, they suffer from difficulties
associated with mesh distortion and tend to fail when
large changes in topology are experienced. In particular,
these types of methods often fail when proximate sur-
faces merge, such as can commonly occur during surface
deposition processes in MEMS fabrication.

ChISELS uses an implicit surface-tracking approach
called the level set method. 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 equation,

9¢

E+V-V¢:0 (1)

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
depostion or etch rate. The level set method avoids
the debilitations of the explicit methods because the
mesh which is used to solve Equation 1 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.

3 CODE DESCRIPTION

Here we provide a brief description of each of the key
elements in the ChISELS code and how they interact in
performing a given simulation.

Each ChISELS calculation requires a set of input files
that define the geometry of the initial surface shape, the
chemical species, thermodynamic state, and chemical
mechanisms to be modeled by Surface Chemkin, and a
variety of other run parameters controlling aspects such
as the time step and extent of grid refinement.

Because ChISELS is intended to handle the largest
possible class of problems, all implementations of the
theoretical models and solution algorithms are designed
to efficiently scale to hundreds of processors in a mas-
sively parallel computational framework. Thus the code
starts by sub-dividing the domain equally amongst all
available processors. Each processor recursively subdi-
vides the cells it owns according to the criterion

djl <1 (2)

where [ is the length of the cell side and d is the dis-
tance from the center of the cell to the nearest surface.
Here, quad-tree (2D) or oct-tree (3D) meshes are used.
They can be generated quickly and can easily be concen-
trated around the surface where accurate solution of the
level-set equation is most required. The refinement pro-
ceeds until a user-specified length tolerance is obtained
or a maximum level of recursion is completed. Because
only in rare circumstances will the cells be evenly di-
vided among processors after the mesh refinement is
completed, a Sandia-developed parallel load-balancing
library, Zoltan [10], is called upon to redistribute the
cells across processors. Figure 1 shows a quad-tree re-
finement about a surface and the domain decomposition
after load balancing.

A marching cubes algorithm [11] is employed to com-
pute elements of the level set or surface on the refined
grid. Once again, not all processors own an equal num-
ber of surface elements and some of the computational
work scales with the number of surfaces, so Zoltan is
called upon to redistribute the surfaces across proces-
sors.

Nanotech 2003, Vol 3, www.nsti.org, ISBN 0-9728422-2-5 232



Figure 1: Snapshot of a 2D CHISELS simulation show-
ing the surface, the refined quad-tree grid around the
surface, and the assignment of grid cells to processors
after load-balancing. Each of 16 processors owns a gray
shaded region of the grid; the surface elements are dis-
tributed separately as discussed in the text.

At this point, ChISELS can begin marching through
a time step loop.

The level-set partial differential equation is solved by
the so-called semi-Lagrangian method—an augmented
method of characteristics for wave equations with a non-
constant wave velocity [12]. This is a method of the
predictor-corrector type, and thus each time step has
two parts, or stages. This method was chosen over finite
element or finite difference techniques with implicit time
integration because there is no matrix associated with
the solution of the level-set equation to invert. Thus it
requires very little memory and inter-processor commu-
nication, so it is amenable to parallel implementation.
Also, because only interpolation is required, there are
less stringent requirements of the grid.

The two stage nature of the time-stepping algorithm
and each of the associated key substeps is illustrated in
Figure 2. Each stage begins by computing a matrix of
viewfactors, G;;, between each surface ¢ and all other
surfaces j. This is currently done by calling routines
from Chaparral [6].

Parts (b) and (c) (the calculation of incident fluxes
and resulting surface velocities) of each stage are im-
plicitely coupled through the reaction rates at the sur-

(1) Predictor stage:
(a) Compute viewfactors for existing surfaces.
(b) Solve for mcident fluxes on each surface.
(c) Convert fluxes to surface velocities.
(d) Compute level set solution on grid.
(e) Create new set of surfaces for the new

level set solution.

(2) Corrector stage:
(a) Compute new viewfactors for new surfaces.
(b) Solve for incident fluxes.

(c) Convert fluxes to surface velocities.

(

(

o,

) Compute level set solution on grid.
) Create final set of surfaces for the new
level set solution.
(3) Remesh around final surfaces if necessary to
create new grid.

[©)

Figure 2: Breakdown of a CHISELS timestep.

face. Based on the BTRM model, we can write that the
flux of a species, k, to a surface, i, is

Fi = F), + Gij (Fjx — Rji) (3)

where F, is the direct flux from the bulk of the reactor,
G,; is the view factor between surface i and j, Fj is
the flux of species k to surface j, Rj; is the reaction
rate of species k on surface j, and repeated indices in
the product imply summation.

Because of the chemical reaction terms, Equation 3
is nonlinear and requires careful consideration in order
to solve efficiently. For the case of low-reactive proba-
bilities this equation is solved by an iterative scheme as
described by Walker [8].

FH'=(1-G)™' (F°-G R (F)) (4)

where tensor notation has been used. The linear matrix
problem in Equation 4 is solved iteratively when the
viewfactor matrix is sparse or directly when it is not.
At each point in the nonlinear iteration, the reaction
rates are computed by Surface Chemkin. The reaction
rates at the surface are easily converted into surface ve-
locities by knowing the bulk species densities. These
surface velocities are in turn converted into the exten-
sion velocities (cf. Equation 1) needed by the level-set
method.

Once the extension velocity is computed at the cur-
rent time step, the predicted level-set function, ¢, at the
next time is computed from

o (x,t+ At) = ¢ (x — VAL, t) (5)
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where At is the duration of the time step.

Stage 2 of a time step, the corrector stage, is nearly
identical to the predictor stage. The only difference is
that the calculations of transport and chemical reaction
are carried out on the predicted set of surfaces. From the
calculations on this surface set, an extension velocity, v,
is computed. The corrected level-set function at the
next time step is then computed via

¢(x,t+At)=¢(x—%(v—%f/)At,t). (6)

A time step is completed by detemining if the surface
has moved enough to warrant remeshing (in order to
maintain the level of spatial resolution specified by the
user). If remeshing is required, a new quad-tree (2D)
or oct-tree (3D) mesh is generated as described in the
initialization stage, and the computational domain is
redistributed among processors to maintain good load
balance.

4 DEVELOPMENTAL STATUS

Of particular interest at Sandia is the application of
ChISELS to SUMMIT V etching and deposition steps
and its efficiency when solving complex problems on
massively parallel computers. As of the date this paper
was being prepared, ChISELS was going through devel-
opmental testing on both 2D and 3D sample problems.
In addition to normal debugging issues associated with
code development, particular attention is being given to
parallel scalability, solution efficiency, and code robust-
ness. 2D and 3D visualization tools are also being devel-
oped, based on the publicly available Qt toolkit [13] and
OpenGL libraries [14] to facilitate visual interrogation
of the simulation results. Figure 3 illustrates annotated
output from a ChISELS simulation of the deposition of
polysilicon from Silane in a simple 2D trench.

5 ACKNOWLEDGEMENTS

The authors would like to thank Sandia National
Laboratories and the Department of Energy for support-
ing this work. Sandia is a multiprogram laboratory op-
erated by Sandia Corporation, a Lockheed Martin Com-
pany, for the United States Department of Energy under
Contract DE-AC04-94AL85000.

REFERENCES

[1] M. S. Rodgers, J. J. Sniegowski, ” Designing Micro-
electromechanical Systems-on-a-Chip in a 5-Level
Surface Micromachine Technology,” 2nd Int. Conf.
Eng. Design and Automation, 1998.

[2] T. S. Cale, T. P. Merchant, L. J. Borucki and A.
H. Labun, Thin Solid Films, 356, 152-175, 2000.

475 sec. intervals

—/

) S——
le— 4 um —»

Figure 3: Successive contours of surface shape of the de-
position of polysilicon from silane in a simple 2D trench.
The simulation covers a time span of 48 minutes.

[3] A. H. Labun, H. K. Moffat and T. S. Cale, J. Vac.
Sci. Technol. B., 18, 267-278.

[4] J. A. Sethian, "Level Set Methods”, Cambridge
Univ. Press, Cambridge, 1996.

[5] T. S. Cale and V. Mahadev, in Thin Films: Mod-
eling of Film Deposition for Microelectronic Appli-
cations, Vol. 22, Ed. S. Rossnagel, Academic Press,
176-277, 1996.

[6] M. W. Glass,” CHAPARRAL: A library for solving
enclosure radiation heat transfer problems”, Sandia
National Laboratories, Albuquerque, NM, 2001.

[7] SURFACE CHEMKIN: A Software Package for
the Analysis of Heterogeneous Chemical Kinet-
ics at a Solid-Surface — Gas-Phase Interface In-
terface, Reaction Design Inc. 2001 (See also:
CHEMKIN@ReactionDesign.com).

[8] http://www.t12.lanl.gov/home/toposim.

[9] T. S. Cale, "EVOLVE Version 5.0i,” copyright
1991-1999, Timothy S. Cale.

[10] K. Devine, E. Boman, R. Heaphy, B.
Hendrickson and C. Vaughan, Comput-
ing in Sci. Eng., 4, 90-97, 2002, (See also:
http://www.cs.sandia.gov/Zoltan).

[11] Bartsch, Michael and Thomas Weiland and Mar-
tin Witting, IEEE Transactions on Magnetics”, 32,
1469-1472, 1996.

[12] J. Strain, J. Comput. Phys., 161, 512-528, 2000.

[13] http://www.trolltech.com.

[14] http://www.opengl.org.

Nanotech 2003, Vol 3, www.nsti.org, ISBN 0-9728422-2-5 234



