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Abstract—Although microelectromechanical systems (MEMS)
are generally fabricated using enhancements of lithography-
based planar technologies developed for the integrated circuit
(IC) industry, the three-dimensional nature of MEMS implies
that the required computer design aids are very different from
those used by IC designers. Specifically, of most immediate use
to MEMS designers are programs which provide visualization
and electromechanical analysis of three-dimensional struc-
tures. In this paper, we describe the MIT Microelectromechan-
ical Computer-Aided Design system (MEMCAD), in which se-
lected commercial software packages are linked with specialized
database and numerical programs to allow designers to quickly
perform both mechanical and electrical analysis of structures
either described directly, or derived from the design specifica-
tion (mask data plus process flow). The system architecture, the
various modules, and their present status are described, and
present system performance is demonstrated with several ex-
amples.

I. INTRODUCTION

LTHOUGH there are very sophisticated computer-

aided design (CAD) tools for integrated circuits
(IC’s) that dramatically increase engineering productiv-
ity, many of these tools are inapplicable to aiding the de-
sign of microelectromechanical systems (MEMS). The
most important requirement for a MEMS designer is that
the CAD system be able to analyze realistic three-dimen-
sional structures whose geometry is either provided di-
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rectly by the designer, or is derived from simulation of
the fabrication process using a process flow and mask de-
scription. Being able to analyze structures whose geom-
etry is specified directly is obviously useful for examining
alternatives early in the design process, but the ability to
use the actual design specification, that is, the process flow
and masks, to derive a structure makes the CAD system
much more powerful. With such a tool, a MEMS designer
can verify process descriptions and masks before begin-
ning fabrication; insure a robust design by examining per-
formance sensitivities to process and mask variation, in-
cluding the very important dependence of material
properties on process conditions; and isolate experimental
artifacts from real phenomena by correlating measured
data with simulated results.

At Transducers 87 [1], we identified the need for a
new kind of CAD system for microelectromechanical de-
vices and systems, which we now call MEMCAD. Our
vision is that eventually it should be possible for a MEMS
product designer with an idea of what is needed to interact
with two other experts, one on MEMCAD and the other
on process technology, to create a practical design for a
new product. In the absence of MEMCAD tools, the op-
portunity for advances in the MEMS technology is limited
to fabrication experts who often must work in cut-and-try
fashion to create new structures that perform as originally
conceived.

Since 1987, several groups, including our own, have
reported progress in this area [2]-[9]. Koppelman, in his
OYSTER program, has concentrated on the problem of
creating a 3-D solid geometric model from an integrated-
circuit process description and mask data [2]. Buser [7],
Koide [8], and Séquin [9] have also focused on 3-D geo-
metric modeling, but specifically for silicon anisotropic
etching. Crary [5] and Zhang [6] have concentrated on
developing an overall user interface which can access
modules for simulating the mechanical behavior of spe-
cific structures, such as diaphragms. Our approach to the
MEMCAD problem has been both at the system level,
seeking to define an architecture which could, in princi-
ple, address the entire coupled set of CAD problems, and
also at the specific tool-development level.

A schematic block diagram of our MEMCAD system
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Fig. 1. MEMCAD architecture.

is shown in Fig. 1. The basic idea is that starting with a
mask layout and process description, a 3-D solid geomet-
ric model is constructed by the Structure Simulator. For
purposes of early design investigation the 3-D structure
may also be entered directly. Then, depending on the pro-
cess history, the material properties appropriate to each
component of the structure are retrieved from a Material
Property Database and added to the geometric model,
thereby creating a complete 3-D solid model of the struc-
ture. This structure can then be analyzed for electrical
properties and mechanical behavior with suitable model-
ing tools. In the next section we examine the MEMCAD
architecture in more detail, and then describe our ap-
proach to geometric construction in Section III. In Sec-
tions IV and V, the material property database and the
specialized numerical analysis techniques are described.
Examples using the system to perform electrical and me-
chanical analyses are presented in Section VI, and con-
clusions in Section VII.

II. MEMCAD SYSTEM ARCHITECTURE
A. Architectural Constraints

We have imposed three important constraints on the
MEMCAD architecture and implementation:

1) Work from the actual design. 1t is essential that the
designer be able to simulate and verify the actual design,
i.e., the actual mask set and process flow. In IC design,
for example, simulation and design verification tools rou-
tinely accept the actual mask set and/or process flow as
inputs. However, IC CAD generally does not provide
tools for automatic generation of three-dimensional
models which are needed for subsequent mechanical and
electrical analysis. Hence, the structure simulator link be-
tween the IC layout-and-process world and the three-di-
mensional model is an essential MEMCAD feature. Fur-
ther, since the material properties depend on the specific
process sequence, a process-dependent material-property
database is required for simulation of actual designs.
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2) Use well-supported commercial software when
available. The mechanical CAD area is rich in tools
which provide support for solid modeling, user-driven
mesh generation for solid models, numerical simulation
of interior problems with finite-element modeling (FEM),
and three-dimensional visualization. It is neither neces-
sary nor desirable to recreate such modules when they are
available and effective. Therefore, whenever possible, the
MEMCAD implementation has relied on linking together
suitable commercial software packages. Commercial
packages must be chosen carefully, as they can impact the
entire architecture. For example, a solid modeler imposes
its own constraints on the underlying data representations
for the solid model and may limit the modeling primitives
available for creating new shapes. This obviously impacts
the Structure Simulator but also influences the numerical
tools which perform the analyses, as they must now be
compatible with the solid-model representation and with
the mesh types which can be generated.

3) Provide fast and easily used analysis. Simulation
of three-dimensional MEMS typically involves solving
not just for quantities in the interior of the structure, like
displacement due to applied loads, but also for quantities
in the exterior of the structure, like electric fields. It is
possible to use FEM-based methods to analyze both in-
terior and exterior problems. However, for exterior prob-
lems, volume meshes with large numbers of nodes must
be created, which is burdensome to the user, and then
these large meshes must be solved, which is computation-
ally very expensive. To avoid these problems, accelerated
boundary-element methods (BEM) and mixed FEM-BEM
methods, which require only surface and interior meshes,
are being developed for the MEMCAD system (see Sec-
tion V). In light of these constraints, it is interesting to
compare the MEMCAD system with other approaches to
CAD for MEMS currently under way. Koppelman’s
OYSTER program functions as a structure simulator; it
does an excellent job of creating a 3-D shape from a mask
set and description of the effects of various process steps.
Koppelman selected a boundary representation for his
solid model. However, despite recent progress, genera-
tion of a satisfactory 3-D volume mesh from a boundary
representation is still an open problem [10]. The MEM-
CAD approach is to create a volume representation di-
rectly, for which meshing is straightforward [11], but
model construction may be difficult. Crary’s CAEMEMS
framework appears to provide a highly effective user in-
terface for linking between modules which perform spe-
cialized tasks, such as simulating the mechanics of a dia-
phragm, and is attempting to address the complex problem
of a material property database within that framework.
However, lacking the equivalent of a structure simulator,
the CAEMEMS framework can only deal with structures
for which specialized modules have been developed. Our
MEMCAD system is attempting to provide both a struc-
ture simulator for geometric flexibility, and effective links
to general three-dimensional analysis tools, all within the
same environment.
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B. Implementation Decisions

There are many specific implementation decisions that
must be made early in a system development, and which
have significant impact on how the system develops. In
the case of the MIT MEMCAD system, portability and
compatibility with existing integrated circuit CAD tools
required that the system be developed under the Unix op-
erating system and use the X11 Window System. Mask
layout is created in CIF format [12] using KIC [13]. Pro-
cess sequences are specified in the MIT-developed pro-
cess flow representation (PFR), a hierarchical process
language which integrates all of the information about a
process step needed for design, simulation, manufactur-
ing, and scheduling [14]. Parsers for the PFR have been
developed which can create a linear list either of the treat-
ments to which the device is subjected during fabrication
(such as times, temperatures, gas environments, €tc.), or
of the process effects (such as amount of oxide grown,
etc.). A simulation manager [15] is used to create an input
file for the process simulators (SUPREM-III, SAMPLE)
from the process PFR. The resulting process simulator
output becomes input for the Structure Simulator, which
is a special module being developed for MEMCAD (see
Section III). It combines mask and process information to
create the 3-D geometry, and also creates a process his-
tory linked to this geometry which is used to access the
material property database (Section IV).

The primary interface for mechanical and electrical
modeling, in the present version of MEMCAD, is through
PATRAN [16], a mechanical CAD package which pro-
vides interactive construction of 3-D solid models, mesh-
ing of the models, application of loads and boundary con-
ditions, graphical display, and interfaces to FEM
packages (we are currently using ABAQUS [17]). While
there are limitations in the implementation of boolean
construction operators in the solid modeling primitives
supported by PATRAN, the underlying data representa-
tions have proved both accessible and useful. Specifi-
cally, the 3-D geometry resides in the PATRAN neutral
file which uses a specific volume representation, analytic
solid modeling [18]. This neutral file format is also used
for insertion of material property information from the
material property database based on the process history
(Section IV), and to provide an interchange format be-
tween the mechanical and electrical analysis modules
(Section V).

It must be stressed that the MEMCAD architecture per-
mits substitution of other software modules, subject to the
overall architectural constraints. For example, other FEM
packages, such as ANSYS [19] or NASTRAN [20] could
be used. It is also true that other mechanical CAD pack-
ages could be used in place of PATRAN. However, a sub-
stitution here impacts every other module because of the
central role played by the solid-modeling primitives and
data representations of the mechanical CAD module. Cur-
rent efforts to develop standardized TCAD frameworks,
particularly a standard semiconductor wafer representa-

tion, should make the substitution of a new solid modeler
much easier [21], [22]. We are currently examining alter-
natives to PATRAN which have more versatile solid-
modeling capabilities. This paper will deal only with our
PATRAN-based system, and its present status and per-
formance.

III. STRUCTURE SIMULATOR

A. Design

The Structure Simulator must merge the mask layout
and process information to construct a three-dimensional
solid model [4]. Two kinds of information must be
tracked, the geometry of the structure (position, shape,
and connectivity of each component), and the material
type and associated process conditions used to create each
component of the structure. The material type and asso-
ciated process conditions for each component are stored
in the process history file. The 3-D geometry is made
available for subsequent analysis by creating a PATRAN
neutral file. The 3-D geometry is later combined with ma-
terial properties from the material property database based
on the process history to form a complete 3-D solid model.

The Structure Simulator is designed to work on a pro-
cess-step-by-process-step basis, modifying the solid
model after each process step. This mimics the physical
fabrication sequence, in which each process step causes a
change in the wafer. The final structure is therefore the
result of a sequence of such changes. The step-by-step
operation of the Structure Simulator also permits simula-
tion of intermediate results of the process sequence. This
can be used, for example, to simulate whether the struc-
ture will maintain mechanical integrity throughout the en-
tire process sequence.

For each process step, the Structure Simulator begins
by reading the current step from the PFR, and the effect
of this step is determined. (For example, the process step
“‘oxidize in wet O, for 4 h at 1000°C”” is converted into
the process effect ‘‘grow 1 pm silicon dioxide on bare
{100) silicon.””) When appropriate, the PFR information
is passed to process simulators (e.g., SUPREM-III,
SAMPLE) and the simulation results are used to deter-
mine the process effect.

The process effect is then decomposed into construction
and selection operators. The construction operators are
responsible for actually modifying the solid model from
the previous step, both the geometry (in the neutral file),
and the material-type information (in the process history
file). For microelectromechanical design, the following
construction operators constitute a useful minimal set: film
deposition and growth, film etching, impurity introduc-
tion and movement, and wafer joining. These construc-
tion operators are combined into a complete process effect
using selection operators that restrict the operation of a
construction operator to a certain region of the solid
model. Selection may be done on the basis of layout
(masking) or material type. The updated model is output
for use with the next process step. The above sequence is
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TABLE I
SUMMARY OF STRUCTURE SIMULATOR OPERATION

Determine effect of process step.

Consult layout information and process modelers, as necessary .

2) Decompose process effect into construction and selection operators.
3) Modify solid model using construction operators.

4) Output results

Geometry information = Neutral File

Material information = History File

Repeat steps 1-4 for next process step.

—
=

5

then repeated for the next process step. The operation of
the Structure Simulator is summarized in Table I.

Modification of the geometry must be implemented to
ensure that the resulting model is physically valid (i.e.,
describing a reasonable approximation to the actual struc-
ture). Without careful attention to the robustness of the
modification algorithms, invalid solid models could result
(e.g., an unphysical topology such as a Klein bottle, or
two objects occupying the same place). Implementation
of a robust modification algorithm is considerably simpli-
fied if the modification is done using a small set of robust
construction operators. Additionally, using a small set of
construction and selection operators insulates the Struc-
ture Simulator from the effects of changing the underlying
solid modeler.

B. Present Status

A simple Structure Simulator capable of handling a sin-
gle mask layer with a single feature has been reported pre-
viously [4]. We are currently extending the structure sim-
ulator to handle multiple multifeatured masks.

Multifeatured masks present two problems. First, the
CIF description of the mask may contain abutting or over-
lapping features. These are not permitted in the solid
model. Therefore, the CIF file must be converted into a
planar map in which each group of abutting and overlap-
ping features in the CIF description have been merged
into a single feature. We are using the ‘‘quad-edge’” data
structure of Guibas and Stolfi [23] to represent the planar
maps.

Secondly, each mask (represented as a planar map) must
be overlaid on the existing surface (which can also be rep-
resented as a planar map). The mask overlay problem is
equivalent to finding the intersections between two sets of
segments, S and 7, where no two S-segments and no two
T-segments intersect. An S-segment and 7-segment, how-
ever, may intersect. The set of edges bounding the faces
in each map correspond to the sets S and 7. The overlaid
faces are bounded by S- and T-segments with new vertices
at S-T intersections. We are using an extension of an S-T
intersection reporting algorithm due to Mairson and Stolfi
[24] to do the overlay.

IV. THE MATERIAL PROPERTY DATABASE

A. Design

The problem in establishing a Material Property Data-
base (MPD) for microelectronic materials is that the prop-

erties of these materials, particularly thin-film materials,
may depend significantly on the detailed process used to
form or deposit them (see, for example, the literature cited
in [1]). In our previous work on this subject [3], we re-
ported on the idea of using an object-oriented database to
capture the process dependence of material properties. A
brief description of the first implementation of the data-
base was presented. at Transducers "91 [25], including the
rationale behind its design, and the specific schema being
used to implement the object-oriented features. The fol-
lowing is based on that conference report.

An object-oriented database (in contrast to a record-ori-
ented database, which is like a spreadsheet with a set of
predefined rows and columns) can be thought of as a loose-
leaf notebook which is divided into sections, each of
which can be repeatedly (i.e., recursively) divided into
subsections. The entries in the notebook, i.e., the data,
can be in any format which fits on a page, e.g., numbers,
graphs, functions, references, etc. The advantage of an
object-oriented structure is that the form of the data for
each entry can be tailored to fit the actual physical behav-
ior being described. For example, it is known that the
residual stress of silicon nitride depends dramatically on
the processing conditions, but the density does not. Thus,
a single number entry in a spreadsheet might be suitable
for the density, but a multivariable function expressing
the dependence on process variables (gas pressure, flow
rate, substrate temperature, etc.) is needed for residual
stress. Implementation of the simultaneous storage of
these two quantities in a record-oriented format would be
extremely cumbersome.

In an object-oriented architecture, the same data struc-
tures, or schema, can be used regardless of the specific
data type, as long as the type can be recognized and eval-
uated by the user interface. Fig. 2 illustrates the schema
being used in the MPD. Fig. 3 illustrates a sample user
request for data on the density of a PECVD oxide. A key
feature of the design is that the user can select a default
value at the desired level of detail. At the top menu level,
the user selects a material (silicon dioxide) and a property
(density). The user interface then requests more specific
information on the material. If the user ‘‘defaults,”’ the
database selects amorphous silicon dioxide grown as a
thermal oxide with a set of default oxidation parameters
(time, temperature, ambient). The database then returns
the density for the default selection of material type, pro-
cess, and process parameters. However, if the user is in-
terested in PECVD, “‘amorphous’’ is specified, and when
asked for a process, the user selects PECVD (had the de-
fault been selected, the thermal oxidation path would have
been used as shown in the figure). The user then has a
choice of either accepting the default PECVD parameters
(gas flow, pressure, temperature, power), or entering spe-
cific values. Regardless of which path is used, the data-
base returns to the user 1) the specific data, 2) an indica-
tion of whether this data came from interpolating within
the experimentally documented range, extrapolating out-
side that range, or as a default value, and 3) a reference
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Fig. 2. Schema for the object-oriented Material Property Database. The
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Fig. 3. Illustration of a typical user interaction with the Material Property
Database to find the density of PECVD silicon dioxide. If at any point, the
user selects a default, the indicated pathway to the Return Data block is
followed.

citation to permit the user to track the validity and ap-
plicability of the data.

B. Implementation

These schema have been implemented in the MIT-de-
veloped GESTALT program [26], which provides an ob-
ject-oriented interface to an underlying relational data-
base, in this case INGRES [27]. Implemented data struc-
tures include single numbers, arrays and tables, and—most
useful—algebraic functions which can capture the pro-
cess-dependence of data. The user interface includes an
algebraic-function evaluator borrowed from GIRAPHE
[28], so that when a functional form is used for the data,
the user is always presented with a specific result. The
user is also provided documentation of the data source.

We now present an illustrative example of how some-
thing as complex as the temperature and gas-flow depend-
ence of the residual stress in silicon nitride can be repre-
sented as a single data object. Fig. 4 is a graph of data on
the residual stress extracted from the literature [29]. Also
shown are solid lines obtained from a linear regression of
the following function to the data:

s =10.7r + 1.22r — 0.219rT — 1.86T + 2260 (1)

where s is the residual stress (MPa), T is the temperature
(Celsius), and r is the ratio of dichlorosilane to ammonia.
It is seen that (1) is a reasonable representation for the
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Fig. 4. Stress versus process conditions for silicon nitride. The points are
from [29]. Solid lines are the fit of (1).

data, and thus provides an interpolation function for the
entire parameter space spanned by 750 < T < 850 and 1
< r < 6. As long as the user requests processing param-
eters within this space, the expression is considered valid.
When the user queries the database for nitride residual
stress, this entire expression is returned as the data object,
along with the reference. The user is then asked to pro-
vide values for the parameters. If the parameters are within
the interpolation space, the expression evaluator substi-
tutes these values and returns a numerical result. If the
user does not provide a parameter value, midrange param-
eter values are used to provide a default stress value.
The database is also constructed to allow limited ex-
trapolation outside the range of parameters rigorously
supported by the interpolation function. At this time, we
do not know whether this feature will prove useful for
device design; however, it is expected to be useful for
estimating the property values needed in the design of new
experiments to find material properties in regions of the
process-parameter space not previously explored.

C. Present Status

A text-based user interface is complete, both for data
entry and data retrieval. Improvements, however, are
needed to permit efficient display of the full tree of ma-
terials and properties without excessive menu overhead.
A programmatic interface has also been implemented
which permits the database to be accessed as a function
call from another program. Johnson [30] has recently im-
plemented a module, which based on the process history
(see Fig. 1), automatically accesses the database and in-
serts the material properties into the 3-D solid model.

Top-level default data on a set of seven materials (sil-
icon, polysilicon, aluminum, aluminum oxide, silicon
dioxide, silicon nitride, and polyimide), and seven prop-
erties (density, dielectric constant, index of refraction,
Young’s modulus, Poisson ratio, thermal expansion coef-
ficient, and residual stress) have been installed. Work
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continues on collecting process-dependent data from the
literature for a set of microelectronic materials, and plac-
ing each material/process combination within the appro-
priate tree structures. As a result of this literature review,
we have identified two problems which are not addressed
by the present schema: how to represent morphology, and
how to record and track the effects of subsequent thermal
processing, such as annealing. We are exploring adding
an attribute to the schema on morphology (such as grain
size, texture, and, for a single crystal, orientation). The
annealing problem is more difficult, since the final state
of a material depends on its complete thermal history. The
concept of ‘‘wafer state,”” and changes in wafer state
brought about by a process step, may prove useful in han-
dling the annealing problem [31]. In the present imple-
mentation, subsequent process steps are ignored when ac-
cessing the database.

V. STRUCTURE ANALYSIS

Researchers in microsensors already investigate me-
chanical properties of microstructures by computer anal-
ysis, typically solving stress-strain and diffusion equa-
tions numerically using finite-element methods. For
example, Christel [32] and Pourahmadi [33] have used
FEM to model mechanical stresses and thermomechanical
behavior of silicon microstructures. Also, Mullen [34] has
used FEM to predict load-deflection and buckling behav-
ior of beams with step-up boundary conditions. Pan [35]
and Maseeh [36] have used FEM to perform quantitative
studies of models of diaphragm structures used in an ex-
periment to determine material mechanical properties.

Although researchers have succeeded in analyzing rel-
atively simple microstructures using existing FEM-based
software, this approach does not easily extend to perform-
ing simulations involving the combined effects of me-
chanical, electrical, and thermal stimuli. Simulating com-
plete behavior of most microstructures requires solving
not just for quantities in the interior of the structure (such
as displacement) but also for exterior quantities (such as
electric fields). If FEM-based methods are used for the
exterior quantities, then an exterior volume mesh is
needed. Although there are methods for generating inte-
rior volume meshes [11], volume meshes for the exterior
are not readily generated. Even if a user is willing to con-
struct the exterior mesh, such meshes require a large num-
ber of nodes, and the resulting system of equations would
be computationally very expensive to solve.

Furthermore, to determine the electrostatic force on a
structure, it is not necessary to compute electric fields
throughout the entire exterior volume; only the field at the
structure surface is relevant. This suggests that electro-
static force can be computed using boundary-element
methods, in which only surfaces are discretized and only
surface quantities computed [37]. The advantage of using
BEM is that generating exterior volume meshes is unnec-
essary, and only relevant unknowns are computed. How-
ever, BEM can be used directly only to solve linear ho-

mogeneous problems; finite-element techniques are
needed to treat inhomogeneous materials as well as non-
linearities. For the MIT MEMCAD system, we are de-
veloping specialized BEM and mixed finite-element/
boundary-element methods, to make it possible to easily
and efficiently simulate coupled mechanical and electrical
effects.

A. Mechanical Analysis

Mechanical analysis is performed in the MEMCAD
system using ABAQUS, a commercially available finite-
element based program [17]. The finite-element approach
involves subdividing the domain of a structure to be ana-
lyzed into a number of elements, where the displacement
over each element is approximated by shape functions.
The coefficients of these shape functions are determined
by solving force equilibrium equations with supplied
boundary conditions. Details on the finite-element ap-
proach to mechanical system analysis can be found in
many sources, for example in [38].

B. Electrostatic Analysis

In the MIT MEMCAD system, electrostatic analysis is
performed using the boundary-element based program
FASTCAP [39]. Since this program is tailored to the
MEMCAD system, it is described in some detail here.
Specifically, in FASTCAP, computing capacitance and
charge density, which is directly related to electrostatic
force, is made tractable by assuming the conductors are
ideal and are embedded in a piecewise-constant dielectric
medium. To compute the surface charge densities, La-
place’s equation is solved numerically over the charge free
region with the conductors providing potential boundary
conditions. One standard numerical approach is to apply
a boundary-element technique to the integral form of La-
place’s equation, as in [40],

G, x) o(x") da' ?2)

surfaces

yx) = S

where ¢ is the surface charge density, da’ is the incre-
mental surface area, ¥ is the surface potential and is
known, and G(x, x') is the Green’s function, which in
free space is 1 /]lx — x’|.

To numerically solve (2) for o, the conductor surfaces
are broken into n small panels or tiles. It is assumed that
on each panel k, a charge, ¢;, is uniformly distributed.
Then for each panel, an equation is written that relates the
potential at the center of that kth panel, denoted py, to the
sum of the contributions to that potential from the n charge
distributions on all n panels [41]. The result is a dense
linear system,

Pqg=p 3

where P is the matrix of potential coefficients, g and p are
the vectors of panel charges and given panel potentials,
respectively, and
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LY I

Q; Jpanel ||x' - xk||
where x, is the center of the kth panel and g, is the area
of the Ith panel.

The dense linear system of (3) can be solved to com-
pute panel charges from a given set of panel potentials,
and the capacitances can be derived from the panel
charges. If Gaussian elimination were used to solve (3),
the number of operations would be order n*. Clearly, this
approach becomes computationally intractable if the num-
ber of panels exceeds several hundred implying only sim-
ple MEMS geometries could be analyzed.

In [39], a fast algorithm for computing the surface
charge of three-dimensional structures of rectangular con-
ductors in a homogeneous dielectric was presented. The
computation time for the algorithm, which was based on
the hierarchical multipole algorithm [42], was shown to
grow nearly as mn, where n is the number of panels used
to discretize the conductor surfaces, and m is the number
of conductors. In [43], several improvements to that al-
gorithm were described, including the extension to arbi-
trary geometries. In addition, a variety of examples were
presented to demonstrate that the new method is accurate
and can be as much as two orders of magnitude faster than
standard direct factorization approaches. Incorporating the
FASTCAP program based on the multipole-accelerated
boundary-element approach into the MEMCAD system
allows for very complicated MEMS geometries to be
quickly analyzed on a standard scientific workstation.

C. Electromechanical Analysis

When analyzing an electrostatically deformed struc-
ture, the mechanical and electrostatic problems must be
solved self-consistently. Simply computing the electro-
static forces on the undeformed structure may not be ac-
curate. In general, mechanical deformation of the struc-
ture will cause charge redistribution, and the electrostatic
forces on the deformed structure will differ from those on
the undeformed structure. This effect is particularly sig-
nificant in electrostatically deformed microactuators,
where without a self-consistent calculation pull-in cannot
be simulated correctly.

We are currently investigating the following iteration
to provide self-consistent electromechanical simulation.
First, the electrostatic force is computed and used to de-
form the structure. Then the electrostatic force is recom-
puted on the deformed structure and this new force is used
to redeform the structure and so forth. Results of this in-
vestigation will be reported separately.

VI. DEMONSTRATION EXAMPLES

In this section, we present examples that demonstrate
the current state of our MEMCAD system and show its
ability to perform both electrical and mechanical analysis.
Such a combined capability is essential when analyzing

either sensors based on capacitance measurement [44] or
microactuators positioned by electrostatic forces [45]-
[49]. In particular, it is now possible for a designer to use
the MEMCAD system running on a workstation to: spec-
ify and mesh an arbitrary three-dimensional solid model,
specify boundary conditions and applied loads, query a
Material Property Database for material property inser-
tion, run a finite-element based mechanical simulation to
determine solid model deformation due to specified loads,
and then determine the capacitance of the mechanically
deformed structure. The software links and specialized
electrostatic solver make it easy for a MEMCAD user to
compute an accurate capacitance versus pressure curve for
a completely new microstructure geometry.

For the examples below, the commercial solid modeler,
PATRAN, is used to capture the geometry of the structure
and to impose finite-element meshing, boundary condi-
tions and mechanical loads. This structure is represented
in the PATRAN neutral file. A software module has been
implemented to access the material property database [30],
and insert the material properties directly into the neutral
file. For the examples presented in this paper, the specific
material properties used are the silicon material elastic
constants (i.e., Young’s modulus = 169 GPa and Pois-
son’s ratio = 0.3). The FEM solver, ABAQUS, is run to
calculate mechanical displacements, and then our electro-
static solver, FASTCAP, is used to calculate the resultant
capacitance of the deformed structure. In order to facili-
tate this transfer between modules, careful attention to
data formats and to the detailed meshes appropriate to the
separate mechanical and electrical analyses was required.
These issues are explained with the aid of the examples
in the following sections.

A. Electrical Analysis

In this section, results from computational experiments
are presented to demonstrate the efficiency of the special-
ized preconditioned, adaptive, multipole-accelerated
(PAMA) 3-D capacitance extraction algorithm used in the
program FASTCAP, and incorporated into the MEM-
CAD system. The CPU times required to compute the ca-
pacitances of five different examples using the two meth-
ods are given in Table II. The examples Cube and Sphere
are discretizations of a unit cube and a unit sphere; 5 X
5 woven bus is a 5 X 5 version of the 2 X 2 woven bus
shown in Fig. 5. These structures were created using
problem-specific programs prior to existence of the
PATRAN/FASTCAP link. The example via, shown in
Fig. 6, models a pair of connections between integrated
circuit pins and a chip-carrier; and the example dia-
phragm is a deformed diaphragm (to be described below).
These examples were created directly using PATRAN.
From Table II, it can be seen that the PAMA algorithm
is more than two orders of magnitude faster than direct
methods for the larger problems, and that by using FAST-
CAP, the capacitance of all the examples can be com-
puted in less than 20 min on an IBM RS6000 workstation.
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TABLE 11
CPU TIMES IN MINUTES ON AN IBM RS6000/540. TIMES IN PARENTHESES ARE EXTRAPOLATED USING THE
n*-GROWTH OF THE MATRIX SOLUTION TIME

Cube Sphere Via Diaphragm 5 x 5 Woven Bus
Method 294 Panels 1200 Panels 6185 Panels 7488 Panels 9630 Panels
Direct 0.08 4.4 (490) (890) (1920)
PAMA 0.03 0.4 3.1 3.0 12

tions.
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Fig. 6. Two signal lines passing through conducting planes. via centers
are 2 mm apart.

B. Square Diaphragm Capacitance

The next example is a square diaphragm deflected by
differential pressure [30]. Deflections due to various pres-
sures can be measured as capacitance changes between
the diaphragm and a ground plane. The square diaphragm
presents a severe test for the capacitance calculation of

the MEMCAD system because the deformation due to
pressure can be made sufficiently large to force the capac-
itor plates to touch. In this example, the initial separation
between the diaphragm and ground electrode is 1 um with
a diaphragm edge length of 1000 um and a diaphragm
thickness of 5 um. At a pressure of 1.5 kPa, the dia-
phragm separation reduces to 0.02 um in the center of the
diaphragm geometry. With the gap reduced to 2% of its
original value, we are still able to obtain adequate preci-
sion in both mechanical and electrical behavior, provided
appropriate meshing is used. This particular diaphragm
touches down at a load of 1.53 kPa.

Due to symmetry, only a quarter of the diaphragm ge-
ometry is meshed. ABAQUS is run to find the diaphragm
deformation due to the pressure loads imposed. The FEM
output and 3-D solid model of the diaphragm are then
passed to FASTCAP to find the resultant capacitance in
the presence of the applied pressure. FASTCAP requires
the entire geometry of the diaphragm and ground plane to
be meshed, but this can be done efficiently within PA-
TRAN. Four-node shell elements were used for both the
modeling of the mechanical deformation and the model-
ing of the capacitance calculation to simplify the analysis.
This is not a fundamental limitation of the MEMCAD
system, but the data compatibility between FASTCAP and
ABAQUS is more complex when solid elements are used
for the FEM analysis.

A variety of elements and mesh sizes were used to study
convergence for the diaphragm geometry. Lin performed
an element and mesh analysis on the square diaphragm
and reported a mesh of 256 ratioed shell four-node ele-
ments was sufficient to calculate mechanical deformations
[50]. The ratioed elements, see Fig. 7, are meshed so that
there are a larger number of elements at the edge of the
diaphragm as compared to the number of elements in the
center of the diaphragm.

We found that these ratioed elements do not model ac-
curately the capacitance calculation of the square dia-
phragm structure when the deflection is large, as shown
in Table III. The 256 ratioed mesh calculates a capaci-
tance value that is smaller by 11% then the value calcu-
lated by smaller mesh sizes. The reason is that when the
deflection is large, the capacitance is dominated by the
diaphragm center, which has too few elements to capture
the curvature of the diaphram relative to the gap thick-
ness. The last two row entries in Table IIT show calcula-
tions based on a double-ratioed mesh (see Fig. 7). This
mesh allows a larger number of elements to be placed both
in the center of the diaphragm which dominates the ca-
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Fig. 7. Schematic drawings of (a) ratioed elements and (b) double ratioed
elements over a quarter of the square diaphragm geometry [30].

TABLE III
MESH STUDY FOR THE SQUARE DIAPHRAGM AT AN
APPLIED PRESSURE OF 1.5 kPa, FOR WHICH THE GAP
1s REDUCED FROM 1.0 T0 0.02 pm [30]

Number Center
of Elements Displacement C
for ABAQUS (um) PF)
256 Ratioed 0.980 19.40
625 0.980 21.56
900 0.980 21.91
1225 0.980 21.88
400 D. Ratioed 0.980 21.85
900 D. Ratioed 0.980 21.92
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Fig. 8. Simulated capacitance versus pressure of a square diaphragm [30].

Points have been simulated using ABAQUS to determine mechanical de-
formation and FASTCAP to determine capacitance of deformed structure.

pacitance calculation, and at the edge of the diaphragm,
to account for mechanical deformation.

Based on the meshing study, 900 four-node shell ele-
ments were used to calculate the capacitance-pressure
curve of Fig. 8. Computer times for ABAQUS and FAST-
CAP on a Sun4 platform were 6.0 and 18.6 min for this
example, respectively, at the 1.5 kPa data point. A com-
parison of the diaphragm deflections simulated using
ABAQUS to a Fourier series calculation [51] of the de-

Fig. 9. Beam structure showing applied force for capacitance calculation.
The relative permittivity of the supports is assumed to be 1.0.
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Fig. 10. Simulated capacitance per unit width versus applied force per unit
width for rectangular beams; length = 1200 um, thickness = 1.0 um, and
electrode gap = 1.0 pm {30]. Solid line ( ), squares (H), circles (®),
and triangles (A) are for beamwidths of 1-, 2-, 5-, and 10-pm, respec-
tively.

flections agree to within 1.0% for pressures which deflect
the beam to 98 % of the gap.

C. Beam Microstructure Capacitance

The last example is a beam that is clamped on both ends
and suspended 1 um above a ground plane [30]. A force
is applied at the center of the beam across the width per-
pendicular to the beam’s length (see Fig. 9). Such doubly
clamped beam structures have been used to measure ma-
terial properties of thin films [46]. Four-node shell ele-
ments were used for mechanical and electrical simulations
with mesh sizes of 400 elements. Capacitance per unit
beamwidth is calculated for changes in applied force per
unit beamwidth, and is shown in Fig. 10. The beam-
widths are scaled so that the effects of fringing electric
fields become important as the beamwidth decreases,
hence the increase in capacitance per unit width for small
applied forces. There is an 81% increase in capacitance
per unit width at small loads between beamwidths of 10
and 1 pm. Because FASTCAP is so fast, analyses of this
type, where fringing fields become important, can now be
done routinely as part of a design.

VII. CONCLUSION

We have presented an overview of the MIT MEMCAD
system, the philosophy behind its architectural design, the
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status of its present implementation, and several examples
illustrating its capabilities. It is an evolving system, with
a long term goal of providing complete MEMS design ca-
pabilities within one workstation environment. The sys-
tem is currently limited in its ability to generate 3-D ge-
ometries directly from mask sets, a situation that will
improve when the implementation of the Mairson-Stolfi
intersection algorithm is completed. For the present, when
supplemented by direct input of the 3-D geometry, the
MEMCAD system now has capabilities for querying the
material property database for material property insertion
and performing both mechanical analysis (with FEM) and
electrical analysis (with FASTCAP). The rectangular
beam example, in particular, demonstrates the utility of
the MEMCAD system in analyzing the electrical behavior
of mechanically deformed structures in cases where 3-D
fringing fields are important.

At present, MEMCAD is being extensively used within
MIT for the design and analysis of microelectromechan-
ical devices. Provision for access to users outside MIT is
currently under consideration. The FASTCAP module has
already been released for general distribution. Release of
other MEMCAD modules will take place when they reach
stable and documented configurations.
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