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On the Interplay Between Meshing and Discretization
In Three-Dimensional Diffusion Simulation

Robert Kosik, Peter Fleischmann, Bernhard Haindl, Paola Pietra, and Siegfried Se|ldexten, IEEE

Abstract—The maximum principle is the most important prop- where C denotes the concentration afdlis called diffusion
erty of solutions to diffusion equations. Violation of the maximum  coefficient or diffusivity.
principle by the applied discretization scheme is the cause for se- | general, the diffusion models used in semiconductor

vere numerical instabilities: the emergence of negative concentra- imulati | i b he diffusi
tions and, in the nonlinear case, the deterioration of the conver- process simulation are strongly nonlinear because the diftusion

gence of the Newton iteration. We compare finite volumes (Fv) COefficients depend, e.g., on the impurity and point defect
and finite elements (FE) in three dimensions with respect to the concentrations. These dependences also couple the equations

constraints they impose on the mesh to achieve a discrete max-for multiple impurities and point defects. Additionally, more

imum principle. Distinctive mesh examples and simulations are ¢,y plex models include chemical reactions and contain con-
presented to clarify the mutual relationship of the resulting con- vection terms

straints: Delaunay meshes guarantee a maximum principle for FV, . . . . . .
while the recently introduced dihedral angle criterion is the nat- The actual physical diffusion mechanisms in semiconductor

ural constraint for FE. By constructing a mesh which fulfills the = manufacturing processes are a topic of active research (see [1]
dihedral angle criterion but is not Delaunay we illustrate the dif-  for a special example or [2, Chapter on “Modeling and Simu-
ferent scope of_ both criteria. Due to the lack of meshing strategies lation”], for wishful thinking). As a basis there is the entropy
tuned for the dihedral angle criterion we argue for the use of FV . . . . .
schemes in three-dimensional diffusion modeling. principle, universally valid for any assume_d physical mo_del.

The flow must always go from regions of high concentrations
to regions where the concentration is low. Evolving in time, the
concentration must smooth out to an equilibrium distribution. It
is desirable that the simulation mirrors this physical behavior.
However, this is far from being a trivial task.

Index Terms—Dbelaunay, diffusion, dihedral angle criterion,
finite element, finite volume, M-matrix, maximum principle,
meshing, positive transmissibility, negative concentration.

I. MOTIVATION

ONTINUUM-based diffusion and dopant activation lll. PHYSICAL SOUNDNESS
models are among the dominant tools used to investiga{e The Maximum Principle
and understand integrated circuit process development. e . .

A major part of model development and simulation are sti#l In t_he case of d|ffu5|o_n, p_hysmal so_undnes; Of. the solution
done in one and two dimensions. This is due to metrologicérlld_S 't.s concise expression in the maximum principle for para-
reasons and the enormous numerical costs for a comp@!'c differential operators. e
three-dimensional (3-D) model. Besides this, an additional Let D denoEe_a finite open domain IR™ with smooth
factor makes simulation in three dimensions very diﬁiculpoundaryaD’D its closure. LetlgT_: (0,71 x D, 57 =
namely strong constraints on meshing. The purpose of o@r T]_ x oD fo_r eachl” > 0. L?tQC (Dr) denote the set (.)f al
article is a fundamental one: To clarify the nature of the propIaLfnCt'onS continuous oy, € ~*(Dr) the set of all functions

constraints on the mesh which will ensure a good quality of tﬁg“c.h are once con'tlnuoqsly differentiable tnand twice
solution. continuously differentiable in for all (¢,z) € Dr.

Then, the maximum principle for parabolic differential oper-
ators can be stated as follows [3], [4]: Letbe a nonconstant

II. DIFFUSION function
The well-known model equation for diffusion is L
u € Cl’Q(DT) N CO(DT) (2)
aC
Fra V-DVC @) which satisfies
7, .
X _Lu<0 inDy ©)
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whered/dr denotes the outward normal derivative. Here,v;;(C% — C¥) can be interpreted as the amount of mass
Physically, this means that the maximum occurs at the initimhnsfered from nodgto nodei per time unit. The physical flow
time or at the boundary. In the latter case, some flow from outas to be directed from higher to lower concentrations, which
side must exist at the point of maximum. requires
The dual minimum principle states that the minimum occurs
at the initial time or at the boundary. In the latter case, some flow Yi; 0 Vi#j (12)
to the outside must exist.

If homogeneous Neumann boundary conditions and this corresponds to Condition (9).

The violation of the maximum principle in simulation results
o can be detected by the emergence of negative concentrations and
o 0 (onSr) ®) spurious oscillations which are caused by negative transmissi-
bilities and the resulting nonphysical flows.
and a continuous initial distributiony(0, =) are prescribed to

the partial differential equation (PDE) IV. FINITE VOLUMES VERSUSFINITE ELEMENTS
S The popular discretization schemes for PDEs in complicated
5 Lu=0 (onDr) (6) domains can be divided into two species: FE and finite volume

(FV) (finite box) methods.
the combined minimax principle guarantees that the concentra\We compare FV and FE with respect to the constraints they
tion will stay below the initial maximum value and above thémpose on the mesh to achieve positive transmissibilities and,
initial minimum value for all times, as extrema can only occutience, a discrete minimax principle.

fort = 0. For the theoretical analysis of the possible discretization
schemes, we concentrate on the model case (1) with constant
B. Positive Transmissibility Condition diffusivity D.

The parameters of the discretization of a PDE have to heor both FV and FE we use the standard approaches with

chosen in a way that the most characteristic physical propertfaFkward Euler time discretization [7]. Inthe case of FE, we use
are maintained. the Galerkin approach with linear shape functions and lumping

Assuming a suitable mass conserving node-based discretf?@>S-

tion (e.qg., finite differences, finite elements (FE) with lumping,. In tW_O dl_men_s_lons, FE and finite boxes give e_xa_ctly the same
mass, finite boxes), the discretized diffusion equation cangg cretization, if in the case of FE the mass matrix is lumped [8].
written as a system of equations of the form Therefore, the usage of a customary Delaunay mesh guarantees

that the solution does not contain any nonphysical negative con-
ACH /' centrations [9].
wi— Z%‘j@ﬂ =0 (7) In three dimensions, the situation changes drastically, since
J the good properties of FE on a Delaunay mesh are lost. We will
o o analyze and explain the meaning of this in practical and theoret-
wherew; > 0 andv;; denote real coefficients/,, is the con- ica| terms. In this section, we will make the beginning and show
centration value on nodeafter timestep: and (using backward sjmylation results demonstrating what “loss of good properties”
Euler) means in purely practical terms. Section V contains a theoret-
ACP Ci i ical analysis and gives the abstract theory behind the problem.
- n n-1 (8) Finally, Section VI analyzes in detail the examples of this sec-
At tn —tn-1 tion using the machinery developed in Section V.

. . . . . - The simulations were done usintMIGos[10], a general pur-
Then_, It fqllows that_the dlscrete solution W'I.l Sat's.fyam'n'ma)f)ose PDE solver and integrated model development environ-
principle if the matrixy resulting from the discretization is an

) . . : ment. All simulations are done on one and the same 3-D De-
M-matrix [5], i.e., a real, nonsingular x »n matrix A where . .
launay mesh. The rather coarse mesh is derived from an ortho-
product point distribution (2% 21 x 21 points) on a cubic sim-

aij SO Vi#j ©) ulation domain, whereby every sub-cube is tetrahedralized into
and six tetrahedra. The mesh is depicted in Fig. 9 (see also Fig. 7),
A7t>0 (10) its theoretical properties are analyzed in Section VI.

The initial distribution exhibits radial symmetry (Fig. 1) given
which means that all elements @f~* are greater or equal to by a two-dimensional (2-D) Gaussian profile (offset2)0Ho-

zero. mogeneous Neumann boundary conditions are prescribed on the
Constraint (9) has a physical interpretation in terms of a poghole boundary.
itive transmissibility condition [6]: Rewriting (7) gives The example is chosen to illustrate the fundamental qualita-

tive difference between two and three dimensions for FE diffu-
ACH ‘ ' ‘ sion simulations.
Wi = Z%i (C; — Oﬁl) — Z%i C. (11) A good discretization should approximately conserve the in-
¢ i j dependence of and the symmetry of the initial distribution
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Fig. 1. Initial cylinder symmetrical distribution. Fig. 3. FE after 3000 s. Independence:a§ lost.
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Fig. 2. FE solution after 3000 s. Concentration is negative on black areas.Fig. 4. FE after 10000 s. The FE disaster. Negative Concentrations have
spread out.

when it evolves in time. Note that even in the continuous case
the rotational symmetry is broken by the cubic boundary. ., 3

The visualization of the 3-D concentration distribution is ac
commodated to the symmetry by use of a planar cut incthe
plane combined with a cylindrical cut indirection.

Fig. 2 shows the FE solution after 3000 s. The concentrati
has fallen below the initial minimum value on large areas. Tt
emergence of negative concentrations is demonstrated by
black patterns on the figure. All symmetries are lost, most r|.
markably the independence ofis not preserved. The latter is
shown on Fig. 3 where the viewpoint is rotated® 90he neg-
ative areas spread out in time as seen when comparing Fig:
and 4.

The solution produced by FE is qualitatively not satisfactol
and even incorrect on a macroscopic scale. This is opposed
the FV solution (Fig. 5) which preserves the symmetry and fu
fills the critical minimax principle. Marginal violation of the in-
dependence of the solution efs due to rounding and interpo-
lation errors. Fig. 5. FV after 10000 s. Preservation of the symmetry.
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Fig. 6. Absolute error between FE and FV. Global anisotropy. . . ) o
9 Py Fig. 7. T tessellation and the dihedral angle criterion (16).

Finally, Fig. 6 displays the absolute error (FV solution The giscrete solution fulfills a maximum principle if the mass
minus FE solution) between FE and FV and depicts a glob@htrix is lumped and is an M-matrix. The coefficients;; of

anisotropy. S are given by
In a 2-D FE simulation of the same problem, none of the ef-
fects described above can be observed when a Delaunay mesh is 6o — Z VN, - VN, dA (14)
1y T J

used. The examples in this section were based on an ortho-grid
for ease of theoretical analysis in Section VI. As a side effect _
they also show that naive use (choice of a “bad” Delaunay tMthereN; and.V; denote the shape functions ards the area

angulation) of a mesh based on a structured grid can lead to lafglume) of element. The sum runs over all elementscon-
discretization errors. taining the edge;;. To makeS an M-matrix, the off-diagonal

entries must not be positive

elements ¥ ¢

V. NATURAL MESHING CONSTRAINTS 55 <0, 1#7. (15)

The experiments above demonstrate a puzzling dependefigge mesh has no obtuse angles, every term in the sum is nega-
of the quality of FE solutions on the dimension of the Delaunay,e and Condition (9) is trivially fulfilled. However, this is too
mesh. While in two dimensions FE solutions exhibit good quadtrict.
itative properties, in three dimensions the produced solutionsThe scalar productVN; - VN;) has a simple geometrical
can be a disaster. The aim of this section is to investigate ti@aning and allows a reinterpretation of the constraint (15) in
observed effects in terms of mesh requirements. basic geometrical terms using only the dihedral angles and the

Already in two dimensions, careless discretization (e.g., H&ngth of the edges.
without lumping mass) and/or bad meshing (e.g., use of a non-Xu and Zikatanov [12] derive the following equivalent crite-
Delaunay mesh) will result in nonphysical flows and the emerion which we name the (weighted) dihedral angle criterion: Let
gence of negative concentrations, see [6] and [11]. e;; be the edge connecting two vertiegsindv, in a 3-D mesh.

In three dimensions, the interplay between meshing and dig-every tetrahedrg, containinge;;, there exists a face oppo-
cretization is still more complicated. In many cases, the disite tov; and a face opposite tg. The two faces span a dihedral
cretizations rely on heavy constraints on the meshing stratedjjglefx and their intersection has length S is an M-matrix
applied in order to achieve the desired properties. if and only if, for any fixed edge;; the following inequality is

In the simulations above, we used the standard Galerkin §3tisfied:

proach for FE with linear shape functions and backward Euler n
time discretization. > hcot by >0 (16)
In this case, the system matdk is of the form k=1

wheren is the number of tetrahedra adjacentjn
1 Fig. 7 displays the dihedral angles linked to the cube diagonal
K= EM +DS (13) in a tessellation consisting of six tetrahedra.

The 2-D variant of (16) is
whereM denotes the mass matri,is the stiffness matrix, and

D is the diffusion constant. cot 1 +cotbs >0 a7
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Fig. 9. Delaunay mesh built fronTs-tessellated cubes, dihedral angle
criterion is not fulfilled.

Fig. 8. T5 tessellation, no obtuse dihedral angles.

wheref; andé, are the angles opposite to an edggwhich

is shared by two triangles. This is equivalent to the Delaunay
criterion [9] and explains the good properties of FE in two di-
mensions on Delaunay meshes.

VI. DISTINCTIVE MESH EXAMPLES

In three dimensions, the dihedral angle and the Delaunay cri-
terion are of quite diverse nature. Both constraints form the in-
teresting case of two natural quality criteria, which are equiv-
alent in two dimensions but split into different notions in three
dimensions.

Our analysis is based on three specific mesh examples.

Mesh Example 1A Delaunay mesh which is not suitabl
as a FE mesh for diffusion applications. This kind of mes

was used in the simulations above. , i ) ) .
Mesh Example 2A Delaunay mesh which is suitable for Meshes suitable for simulation are then built by stacking a
FE diffusion simulation. large number of identically tessellated cubes (see Figs. 9 and
Mesh Example 3A non-Delaunay mesh with obtuse dihe10). The typical characteristics of each tessellation type are
dral angles which is still suitable as a FE mesh. therﬁbyl conserve?. both lations. fulfl th .
Thecombinationoftheseexamplesprovesthatinthreedimean‘ elements of bot .tes.se ations Tufiil t € empty cir-
umsphere Delaunay criterion, because all points lie on the

sions the Delaunay criterion is neither sufficient nor necessary1o . .
perimeter of the cube’s circumsphere.

gFig. 10. Delaunay mesh built frorf;-tessellated cubes, dihedral angle
riterion is satisfied.

achieve amaximum principle in FE diffusion simulations. Because of the total absence of obtuse dihedral angle$; the
. ) tessellation fulfills the dihedral angle criterion.
A. Basic Mesh Construction To test if this result is valid for thdj tessellation, we use

The examples were constructed by exploiting an orthoimiGos to display the stiffness matrix and directly check the
product point distribution. A cube defined by eight points casign of the matrix entries. The stiffness matrix corresponding
be tetrahedralized in several different ways: to aZ-tessellated cube is shown in Fig. 11 where the entries

(Fig. 7). pling coefficient has positive sign, which proves that the dihe-

T; Tessellation:A cube is composed of five tetrahedradral angle criterion is violated in this case.
(Fig. 8). Hence, both meshes are global Delaunay meshes and yet only
For the purpose of demonstration a specific tessellafipn One satisfies the dihedral angle criterion.
(Fig. 7) is used which contains sliver elements with obtuse di- .
hedral angles. (Note that algg tessellations exist which do notB- A Non-Delaunay Mesh Suitable for FE
contain obtuse angles.) The tessellatigr(Fig. 8), on the other  We try to construct a mesh, which is not Delaunay, but still
hand, does not contain such elements. fulfills the dihedral angle criterion. The key idea to its construc-
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Fig. 11. Global stiffness matrix for & tessellation and local matrices of those four elements which are adjacent to edge (3, 4).

Fig. 13. Non-Delaunay mesh fulfilling the dihedral angle criterion.

Eg- ﬁ T type tessellation with a shifted point. Building block for mesh inain the shifted point in its interior. The dashed lines in the figure
ig. 13.

mark two of the non-Delaunay triangles.

The calculation for the entire mesh (Fig. 13) verifies, that
tion is to take the “goodZ; mesh (which fulfills both the angle the FE requirements for the stiffness matrix are fulfilled. The
and the Delaunay criterion) and to modify it in such a way, thahitting of a point introduces obtuse dihedral angles and posi-
Delaunay is violated but the angle criterion is preserved [13]jve contributions to off-diagonal elements of the stiffness ma-

As theT; mesh is a degenerate case with eight cospherigak However, criterion (14) is satisfied and the global stiffness
points, violation of Delaunay is easily achieved by shiftinghatrix remains an M-matrix.

points slightly (e.g., infinitesimally) in certain locations. This
results in a non-Delaunay mesh which (by a simple continui&( Heuristics
argument) still satisfies (16). '

Fig. 12 shows a submesh consisting of eight cubes, whichOur examples show that Delaunay neither implies nor is it
form the building blocks of the mesh in Fig. 13. The point inmplied by the dihedral angle criterion.
the middle (numbered “6"), which belongs to all eight cubes has The former result was discussed in [9] where a Delaunay
been shifted downwards. The Delaunay criterion is violated, beesh unsuitable for FE simulation was presented. The construc-
cause the circumspheres of several unmodified tetrahedra cior of a simple mesh which fulfills the dihedral angle criterion
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but not the Delaunay criterion complements this previous rdihedral angle criterion directly. Existing meshing techniques
search. often try to avoid any obtuse dihedral angles. This is not nec-

Heuristically, the latter result was motivated by Putti's disessary if techniques can be developed to generate FE meshes
covery (see Section VII-A) that FE gives the same discretizatigvhich satisfy the dihedral angle criterion. However, such a tech-
as gravity boxes in three dimensions. Gravity boxes and Voronogue remains open to further research.
boxes are distinct notions. There is no sense in which a gravityln many practical cases, one cannot rely on a very good
box is a Voronoi box or vice versa. By this analogy, there is mguality of the FE mesh. Then, additional strategies are pursued:
reason why Delaunay should imply the dihedral angle criteri@ng., mesh refinement combined with a time step reduction.
and vice versa. According to standard FE theory, the discretized solution

Our examples also point out another weakness of combinifuging backward Euler) will converge to the exact solution if
FE and the Delaunay criterion: If the Delaunay tetrahedralizereshing granularity and time step size tend to zero. The main
tion is not unique, FE gives different results depending on tlodstacle to make successful use of this property is the lack of
choice of tetrahedralization. The FV schemes, however, ordysmart refinement strategy. There is no way to exclude global
rely on the Voronoi boxes. In degenerate cases, the result dasssotropic effects as in Fig. 6. In cases like this, getting rid of
not depend on the choice of tetrahedralization. negative concentrations liyrefinement is not feasible.

In this respect, the dihedral angle criterion cannot achieve forAlternative strategies like the use of higher order shape func-
FE what Delaunay achieves for FV. There may be several or tians (p-refinement) or a simplistic cutting off of negative con-
tetrahedralizations which fulfill the dihedral angle criterion andentrations are even less promising from a theoretical as well as
they will produce different solutions. from an empirical point of view.

C. Nonlinear Case
VII. DISCUSSION

. In the linear case, the emergence of negative concentrations

A. The Abstract Viewpoint can be simply considered as an annoyance as long as the preci-

Stemming from the equivalence of FE and FV in two dimersion is high enough. In the nonlinear case, the consequences of
sions there is a widely spread belief that this equivalence is aigsufficient meshing quality are much more serious: (1) is then
valid in higher dimensions, in other words that FE can be rgolved by a Newton method. Exemplary simulations reveal that
duced to some kind of FV and vice versa. However, FE and Mggative transmissibilities cause a deterioration of the conver-
are different with respect to the heuristical basis on which th@gnce of the Newton iteration. For a physical explanation, see
are derived. Finite elements are a very general and flexible 4@}
proach for which a sophisticated mathematical theory exists. OriThe negative concentrations are particularly severe in diffu-
the other hand, there are FV schemes which are motivated mgi@n problems for semiconductor process simulation, because
physically. Usually, the latter employ a conservation law or balR typical applications the concentration varies in many orders
ance equations for control volumes using an integral theore@f.magnitude within a small area. If the Newton iteration does
[14] compares FE and FV schemes using concepts from al@i@t converge, the time step is usually reduced. This can lead
braic topology and the theory of differential forms. It explaing convergence, but has no diminishing effect on the emerging
why FE and FV are different on a fundamental level and wHyegative concentrations. Therefore, appropriate meshing quality
“the charge brought against FE of reducing all to nodes mustiseof utmost importance for the solution of nonlinear transient
reconsidered” [14]. problems with high concentration gradients like, e.g., the pair

In the special case of the Laplace operator, itis still possibledifusion model [15].
interpret FE as a FV scheme in three dimensions, but in contrast
to the 2-D case the corresponding FV scheme is based on gravity VIIl. RESUME

boxes instead of the Voronoi boxes [7]. , i
[7] We presented a case study on the interplay between meshing

and discretization in diffusion simulation. Finding meshing al-
gorithms specially tuned for the discretization in use is a strong

In the attempt to avoid numerical instabilities, the most inchallenge to the TCAD community. From a mathematical point
portant strategic decision is the proper choice of discretizatiasf.view, FE schemes are often easier to analyze than FV schemes
With respect to diffusion problems the decision is an easy orfer the same problem. However, with regard to easy fulfillment
use a variant of FV. Many meshing tools construct their basi¢ the corresponding meshing requirements, FV is the supe-
meshes relying on the Delaunay criterion, then possibly doinigr discretization. Progress in the development of robust PDE
some kind of quality improvement. In any case, many availaldelvers can only be achieved by a point of view which regards
meshers are Delaunay-based. Finite elements on a conventialigdretization and meshing not as two distinct tasks but as one
Delaunay mesh, however, can be a disaster and are much npyoblem with an analytic and a more algorithmic part. One in-
vulnerable and sensitive to the meshing quality. stance for a solution is the perfect interplay between the FV

If one wants or has to use a FE solver a practical meshidgscretization and Delaunay meshes. This symmetry is broken
strategy will generally try to avoid extremely obtuse (dihedralyhen FE is combined with the Delaunay criterion and it is re-
angles and badly shaped elements without too much concerrstared only incompletely when Delaunay is replaced by the di-
the Delaunay property and without a technique to enforce thedral angle criterion.

B. Practical Strategies



1240 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 19, NO. 11, NOVEMBER 2000

Based on a vast series of numerical experiments conducketiert Kosik was born in Eisenstadt, Austria, in 1969. He studied technical
US|ng AMIGOs and theoretical |nvest|gat|0nS, we advocate tHéathematiCS at the Vienna University of Technology, Vienna, Austria, where he

. . . . received the degree of “Diplomingenieur” in 1996.
use of FV schemes in 3-D diffusion mOde“ng' After his community service he joined the “Institute for Microelectronics” in

October 1998, where he is currently working on his doctoral degree. His scien-
ACKNOWLEDGMENT tific interests include applied and numerical mathematics, especially semicon-
ductor process simulation.
The authors wouls like to thank A. Hossinger, M. Nedjalkov,
W. Pyka, R. Sabelka, C. Schmeiser, and C. Troger for fruitful

discussions during the preparation of this document.

REFERENCES Peter Fleischmannwas born in Kabul, Afghanistan, in 1969. He studied
electrical engineering at the Vienna University of Technology, Vienna, Austria,

[1] G.Hobler, L. Pelaz, and C. S. Rafferty, “Continuum treatment of spatiglhere he received the degree of “Diplomingenieur” in 1994. In February 2000,
correlation in damage annealing\ucl. Instrum. Meth. Phys. Res, B he received the Ph.D. degree at the “Institute for Microelectronics” where he
vol. 153, no. 1-4, pp. 172-176, 1999. is currently enrolled as a post-doctoral researcher.

[2] (1999) The national technology roadmap for semiconduc- He joined the “Institute for Microelectronics” in December 1994. In De-
tors. Semiconductor Industry Association. [Online]. Availablecember 1997, he was with NEC in Sagamihara, Japan. His research interests
http:/notes.sematech.org/1988A_Roadmap/Home.htm include mesh generation, computer-aided design, and computational geometry.

[3] M. Protter and H. Weinbergetaximum Principles in Differential
Equations New York: Springer-Verlag, 1984.

[4] C. Pao, Nonlinear Parabolic and Elliptic Equations New York:
Plenum, 1992.

[5] R. Bapat and T. Raghaverlonnegative Matrices and Applica-
tions Cambridge, MA: Cambridge Univ. Press, 1997.

[6] P. Forsyth, “A control volume finite element approach to napl groun
water contamination,SIAM J. Sci. Stat. Computvol. 12, no. 5, pp.
1029-1057, 1991.

[7] M. Putti and Ch. Cordes, “Finite element approximation of the diffu
sion operator on tetrahedreS1AM J. Sci. Computvol. 19, no. 4, pp.
1154-1168, 1998.

[8] R.E.BankandD.J. Rose, “Some error estimates for the box metho
SIAM J. Numer. Analvol. 24, no. 4, pp. 777-787, 1987.

[9] F. W. Letniowski, “Three-dimensional Delaunay triangulations for finite
element approximations to a second-order diffusion opera&dAM J.

Sci. Stat. Computvol. 13, no. 3, pp. 765-770, 1992.
[10] M. Radi, E. Leitner, and S. Selberherr. (1999, Feb.) Amigos: Analytical ) ) ) ) . )
model interface & general object-oriented SoM&EE J. Technology Paola_l Pietrawas bom in ana, Italy, in 19_55. She r_ece|ved the degree in math-
Computer Aided DesigjOnline]. Available: http://www.ieee.org/prod- ematics from the University of Pavia, Pavia, ltaly, in 1978. _
ucts/online/journalitcad/accepted/radi-feb99/ She was appom_ted as Re_searcher at the‘ “Istituto di AnaI|S| Numerica del
[11] T. Ikeda, Maximum Principle in Finite Element Models for Convec-C-N-R.," in Pavia, in 1978. Since 1991, she is Research Director at the same
tion-Diffusion Phenomenamsterdam, The Netherlands: North Hol-institution. Her current topics of research are mathematical and numerical as-
land, 1983. pects in semiconductor problems and fluid dynamics.

[12] J. Xu and L. Zikatanov, “A monotone finite element scheme for con-
vection-diffusion equationsMath. Computationvol. 68, no. 228, pp.
1429-1446, 1999.
[13] P. Fleischmann, B. Haindl, R. Kosik, and S. Selberherr, “Investigation
of a mesh criterion for three-dimensional finite element diffusion simu-
lation,” in Simulation of Semiconductor Processes and DeyiKgsto,  Siegfried Selberherr (M'79—-SM’84—F'93) was born in Klosterneuburg, Aus-
Japan: Japan Society of Applied Physics (JSAP), Sept. 1999, pp. 714, in 1955. He received the degree of “Diplomingenieur” in electrical engi-
[14] C. Mattiussi, “An analysis of finite volume, finite element, and finiteneering and the doctoral degree in technical sciences from the “Technische Uni-
difference methods using some concepts from algebraic topoldgy,”versitat Wien” in 1978 and 1981, respectively.
Comput. Physvol. 133, no. 2, pp. 289-309, 1997. He holds the “venia docendi” on “Computer-Aided Design” since 1984. Since
[15] W. B. Richardson, G. F. Carey, and B. J. Mulvaney, “Modeling phost988, he has been the head of the “Institut fir Mikroelektronik” and since 1999
phorus diffusion in three dimensionslEEE Trans. Computer-Aided he is dean of the “Fakultat fur Elektrotechnik.” His current topics are modeling
Design vol. 11, pp. 487-496, Apr. 1992. and simulation of problems for microelectronics engineering.

dcBernhard Haindl was born in Vienna, Austria, in 1969. He studied communi-
cation and electrical engineering at the “Technische Universitat Wien,” Vienna,
Austria, where he received the degree of “Diplomingenieur” in June 1995.

Afterwards he worked for three years as software and network engineer in
the area of Air Traffic Control at Frequentis in Vienna. He joined the “Institut
fur Mikroelektronik” in June 1998. His scientific interests include process and
éievice simulation as well as software engineering.



