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Abstract- A new approach for mesh generation has been
developed to fulfill the requirements of three-dimensional
TCAD with respect to a full utilization of the available
upcoming computational power of multi-core CPUs. Par
allelization and robustness of the meshing algorithm are
facilitated by employing a rigorous surface treatment,
which not only enforces prescribed quality criteria such
as the Delaunay property, but also allows to decouple
the subsequent parallel meshing steps. The presented
approach is especially applicable for modern TeAD ap
plications through the combination with the Constructive
Solid Geometry method, state of the art programming
techniques and programming paradigms.

I. INTRODUCTION

As a result of increasing computational power, new pos
sibilities to achieve even more complex multiphysics simu
lations arise. The incorporation of the current evolutionary
shift of how the computational power of systems increases,
enables desktop computers to conduct simulation previously
available only on dedicated systems. Simulations in the field of
Technology Computer Aided Design (TCAD), such as device
or process simulation, already have numerous challenging
requirements on mesh generation, e.g., boundary conformity,
thin layers [I], complex surface representations [I], small
angles [2], and the need for surface aligned volume layers.
At the same time the element count and complexity of the
desired structures increase.

Since meshing is the initial step of the simulation flow,
all subsequent results depend on this fundamental step. The
importance of generating a high quality mesh and thereby
reducing the execution time of subsequent modules, e.g., a
linear solver, must not be underestimated.

Calculation results during simulation processes often bring
the necessity to remesh or alter the structure during the
course of a process or device simulation. These remeshing and
adaptation steps are very critical to the accuracy of the result
of a simulation. When dealing with complex input structures,
remeshing steps can take a considerable amount of time, which
delay all further processing steps and, therefore, slow down the
simulation process as a whole. Both, the quality of the mesh
and the remeshing steps, are issues which call for robust high
performance mesh generation approaches.

II. DIFFICULTIES FOR MESH GENERATION

An important part of three-dimensional process simulation
is the robust and efficient implementation of multiple consec
utive deposition and etching steps. The main numerical and
meshing problem of these steps is the accurate tracking of
the moving boundary, as the movement of the boundary can
result in a change of topology. A simple example ofa topology
change is encountered in the simulation of an etch process,
when a layer is cut into two unconnected segments.

Meshes used in process simulation also have to follow
steep gradients in the doping profile and must resolve internal
interfaces such as Si02/Si with an accuracy sufficient to model
segregation and dopant transportation across interfaces. They
also have to handle all kind of degeneration within topography
simulation and have to generate surface and interface aligned
elements for ion implantation and diffusion simulation.

During device simulation, on the other hand, various con
straints are put on the mesh to properly resolve physical quan
tities, like carrier concentrations or current densities. Device
simulation is mostly based on the finite volume method, which
means, that the mesh elements have to fulfill the Delaunay [3]
criterion. Meshes resulting from process simulation do usually
not satisfy the Delaunay property. Thus meshes resulting
from process simulation are usually not suitable for device
simulations and a complete remeshing step is needed.

To fulfill the Delaunay property most algorithms apply the
creation of' a convex hull of the initial input from which the
final mesh has to be extracted by recreating the given boundary
and material interfaces of the initial structure.

This issue does not only produce overhead, due to the
construction of convex hull parts, which can be of substantial
size and have to be meshed just to be removed at the end
of mesh generation, but also numerical problems. This pro
cedure unnecessarily complicates and slows down the whole
Delaunay mesh generation process.

III. OUR PARALLEL MESHING ApPROACH

Our Delaunay volume mesh generation method uses an
advancing front algorithm, derived from the gift-wrapping
algorithm. The advancing front algorithm starts with a set
of boundary elements which form the initial front. The front
is then advanced into the simulation domain. A boundary
element of this set is chosen to form a new element, either
with an existing point or a newly created point. The current
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2: An edge and the circumcircle which is encroached by a vertex
on an incident edge (left). The resulting two Delaunay surface edges
after the azimuthal rotation of the encroaching vertex (right).
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unit coordinate system and the current element is transformed
to this unit coordinate system, a matching rule is applied, and
the results are transformed back to the original mesh. The
procedure of choosing a matching rule can be performed by
various criteria, e.g., element size or element quality.

boundary element is then removed from the front and the new
boundary elements are added to the front, depending on their
visibility. This process terminates when no elements remain
in the front.

The advantages of this method are the good control mech
anism over the element size and the quality of the generated
elements. A major drawback is that the quality of the generated
elements depends heavily on the quality of the boundary
elements and the colliding fronts. Different implementations
of this type of mesh generation technique suffer from severe
robustness issues.

Due to the fact that the advancing front depends heavily on
the quality of the boundary, the first step, the processing of
the boundary, assures that all boundary elements are satisfying
the conforming Delaunay property [3]. The input to this step
is a topologically two-dimensional and geometrically three
dimensional boundary representation using 2-simplices.

To get a Delaunay tessellation all encroached boundary
elements need to be identified and refined. Therefore, not
only the boundary vertices but also the volume vertices are
taken into account. One straightforward method is to refine
the boundary element by an orthogonal projection of the
encroaching vertex onto the boundary element, as depicted
in Figure 1.
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1: A surface element and the circumcircle which is encroached by a
volume vertex (left). The resulting two Delaunay surface edges, after
the orthogonal projection of the encroaching vertex (right).

The refined boundary element is split into new boundary ele
ments, depending on the dimension of the boundary element,
e.g., a projected vertex onto a boundary edge is split into two
new boundary edges. This procedure creates new boundary
elements, being locally Delauany.

There is a second case, where the encroaching boundary or
volume vertex is incident to another boundary element and,
using an orthogonal projection, the created refinement would
itself become an encroaching vertex, due to numerical errors.
This situation may lead to an endless refinement loop, which
limits the applicability of the orthogonal projection.

For this case an azimuthal rotation of the encroaching vertex
around the intersection of the boundary elements instead of
the orthogonal projection is performed. An example for the
azimuthal rotation is depicted in Figure 2.

The necessary projections and rotations to fulfill the Delau
nay criterion are controlled by abstract rules [4]. Using these
abstract rules the procedure of mesh generation, e.g., how new
points are inserted or how certain elements are treated during
the meshing process, is defined. The rules are specified in a
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3: An overview of the presented meshing approach. Starting from
an initial input geometry the surface preprocessing step is performed.
The segments are meshed in parallel and in the last step the resulting
meshed segments are merged into one output geometry.

In the subsequent step the advancing front algorithm traverses
all existing boundary elements and creates new volume ele
ments according to the conforming Delaunay property. The
volume vertex closest to the boundary element, which does
not encroach the boundary element, is used to create a new
volume element [3].

It has been shown, that if all elements are locally Delaunay,
then the whole tessellation is globally Delaunay [3], which
proves that the presented Delaunay meshing approach results
in a Delaunay conforming volume mesh. Figure 3 depicts
our developed parallel meshing approach, starting with the
sequential surface treatment step. Then the volume meshes of
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Example Sequential Meshing Two-fold Meshing Four-fold Meshing Num. points Num. segments
Diffusion Example 105sec 59sec 52 sec 3.6e5 2

MOSFET 164 sec 65 sec 28 sec 2.6e4 6
Levelset 39 sec 19 sec 16 sec 1.3e4 3

I: Comparisons of the mesh generation and included mesh adaptation times (in seconds) on AMD's X2 5600 and AMD's Phenom 9600
Quad-Core.

the individual segments are created in parallel before being
collected to form the final mesh.

4: A surface, extracted from the level set algorithm, already imported
in CSG and processed using several logical operations.

This parallel mesh approach can not only be used for
mesh generation but also to refine a given mesh. Due to the
constrained boundary representation and the advancing front,
all subdomains can be adapted in parallel.

Additionally, by exploiting the features provided by
GSSE [5], we have combined Constructive Solid Geometry
(CSG) [1] with existing methods of mesh generation [6] to
further add flexibility in modeling. In the CSG approach all
geometrical operations rely on formally derived operations [4].

IV. RESULTS

The following presents meshing examples, where the im
plicit level set surfaces were remeshed before applying the
CSG operations. Using the presented parallel meshing proce
dure and the CSG topography approach the construction of
meshes for the etching and deposition steps during process
simulation can be performed robustly and more efficiently.

The procedure starts with the creation of the desired struc
ture using the CSG method. There are several CSG primitives,
which allow to create any structure performing logical opera
tions on these primitives.

Further steps such as deposition or etching are performed
using a levelset approach with a certain speed function [7].

Then the resulting surface is extracted using the marching
cubes algorithm [8].

We extract a topological two-dimensional and geometrical
three-dimensional surface from the structured mesh. Figure 4
shows the surface output from the levelset method for a trench.

Further logical operations can be applied to this segment
once the surface is included in the domain. This step is again
executed with CSG operations. The resulting segment is shown
in Figure 5.

5: The resulting trench with a deposited layer originating from an
anisotropic speed-function.

Once the surface is included in the domain, additional
logical operations on this segment can be performed, e.g.
remeshing or limiting the local feature sizes. Adaptive meshing
can also be easily performed, because the refinement step is
not different from the actual meshing step. Also the cycle of
depositing a new surface or etching from the mesh can be
performed several times using the same mesh. All volume
meshing processes are performed in parallel. Results of the
parallel meshing process can be viewed in Table I. Figures
6-8 depict additional industrial examples, which have been
meshed using our approach.

V. CONCLUSION

The discussed robust, parallel mesh generation ap
proach provides concepts to overcome limitations of three
dimensional mesh generation for process and device simula
tion. Due to the application of multi-paradigm programming
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6: The mesh resulting from the extraction of an implicit surface.

7: Meshing of areas with different feature sizes for well-adapted
device simulation meshes.

techniques, the whole mesh generation process can be per
fonned in parallel, thereby drastically decreasing the runtime
demands of the meshing process and, as a result, decreasing
the overall runtime of TCAD simulations.

8: Meshing of thin layers of a three-dimensional device structure is
made possible without imposing additional meshing overhead.
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