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One important trend in microel ectromechanical systems (MEMS) istoward monoalithic systems
where micromechanical devices are integrated with digital 1/O, self-test, auto-calibration, digital
compensation, and other signal processing functions. There is a growing demand in the MEMS
community for rapid micromechanical design and analysis of complex systems involving multiple
physical domains, including mechanical, electrostatic, magnetic, thermal, fluidic, and optical
domains.

An important gquestion generated in this workshop is: Can structured design methods for
MEMS be developed by making an analogy to the VL SI design methodology? CAD for VLSI spans
many levels of abstraction from materials, device, circuit, logic, register, to system level. At each of
these levels, adesign can be viewed in physical, structural (schematic), or behavioral form. A simi-
lar design hierarchy for MEMS is feasible and sorely needed. Analogous hierarchical levels up to
the VLSI ‘circuit’ level are easily made; higher levels of abstraction may evolve for MEMS that are
different from the VLSI paradigm. A first task in development of structured MEMS design tools is
the formation of standard data representations and standard cell libraries. An enormous effort is nec-
essary to identify and to model reusable MEMS processes, elements, devices, and architectures.
MEMS CAD tools must be integrated, with appropriate links available to the designer to switch
between different lateral views and hierarchical levels.

An initia wish-listinthe MEMS CAD toolset includes:

» standard MEMS data representations and interchange formats

» standard MEMS cell libraries supporting behavioral, schematic, and physical views at all

levels of abstraction (e.g. materials database, layout cells, schematic element library, and a

system macro-model library)

standard MEMSS process-module libraries and standard process flows

process simulation and visualization

process synthesis and technol ogy file extraction

3D rendering and animation

3D generation from layout and technology files

layout of arbitrarily shaped objects with design rule checking

layout synthesis and verification

fast modeling and verification tools; coupled multi-domain, numerical analysis (e.g. finite-

element method, boundary-element method)

parasitic extraction to schematic and behavioral views

* macro-model parameter extraction from physical and schematic views

* multi-domain schematic capture (i.e. schematic view showing connectivity between
mechanical, electromechanical, thermal, and circuit lumped-parameter elements)

* mixed-signal multi-level multi-domain simulation



Current MEMS CAD Tools

Several groups have existing research programs to address the deficiency in MEMS design
tools. Examples from the U.S.A. include MEMCAD (M.1.T.)[1] and CAEMEMS (Univ. of Michi-
gan)[2]; examples from Europe include CAPSIM (Catholic Univ. of Leuven, Belgium)[3], SEN-
SOR (Fraunhofer Institute, Germany)[4], and SESES (ETH, Zlrich)[5]. These tools involve
general numerical analysis of layout and generation of macro-models for ssmulation. MEMCAD
has evolved into a MEMS modeling framework with rapid self-consistent electromechanical 3D
numerical ssimulation. Recent advances have been made in simplifying the input and visualization
of 3D models of micromechanical structures from layout using the MEMBUILDER tool[6]. CAE-
MEMS is a framework in which the users chooses among modules that address specific design
domains. CAEMEMS automatically generates a set of parameterized response surfaces by launch-
ing multiple finite-element analyses. IntelliCAD[ 7] available from IntelliSense Corp. is a commer-
cial MEMS CAD tool with automated 3D modeling from layout and process integrated with
numerical analysis. Other commercia tools by Tanner Research[8] cater to the MEM S community
by allowing layout of non-manhattan geometry and supplying MEM S technology files with design
rule checking. These tools are definite improvements over use of Magic or KIC for layout and
stand-alone numerical analysis tools (e.g. ABAQUS, ANSYS, Maxwell). More effort must be
poured into fast multi-domain numerical analysis tools specifically tailored for MEMS design.
MEMS process simulation and synthesis tools are needed and are being developed[9], but a discus-
sion is outside the scope of this summary.

Current MEM S Design Practices

Current MEM S design practices focus on physical device and process development. A simpli-
fied design methodology is shown in Figure 1. Design concepts are implemented in a manual lay-
out. The performance is then analyzed using numerical analysistools, usually resulting in iterations
on both the layout and the underlying process. The present state-of-the-art in MEMS CAD relieson
device-level extraction of macro-models in alimited set of energy domains for behavioral simula-
tion. Current commercial design tools cannot deal with the complex multi-domain architectures that
will be necessary to create the next-generation of commercial MEMS. Much future work should
focus on creating very fast multi-domain numerical simulation tools to ease both process develop-
ment and device macro-modeling. However, these numerical tools by themselves may not be prac-
tical for rapid iterative design since the physical layout (and perhaps the process) must be changed
for each iteration without necessarily knowing what to change to best to improve the device perfor-
mance. Currently, a self-consistent electromechanical analysis of a ssimple device requires many
man-hours to create the 3-D geometry and perform a numerical analysis. The manual design cycle
in MEMS has not decreased significantly over the past few years since knowledge from previous
development efforts cannot be easily reused by future devel opers.

MEM S Process Services

MEMS covers a broad, evolving spectrum of fabrication processes. This fact makesit very dif-
ficult to foresee the ultimate MEMS CAD framework. Our initial efforts at Carnegie Mellon have
focussed on design tools for surface-micromachined MEMS, such as polysilicon MEMS built in
MCNC’'s MUMPs process[10], and laminated oxide/aluminum MEMS built using MOSIS fol-
lowed by an in-house dry-etch release step[11]. There are a several important benefits of making
microstructures with stable foundry services such as MUMPs and MOSIS:

» sensor fabrication isfast and reliable,
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Figure 1. Flowchart of current MEMS design. Figure2. Flowchart of structured MEMS
design.

« al, or most, fabrication steps are done externally, so research resources can be invested in
design, not standard processing,

» theprocessisrepeatable, so circuit and microstructure designs can be re-used,

» devicesimprove as the process technology improves (e.g. scaling), and

e prototypes can be reproduced at any time.

Because of their planar ‘2 1/2-D’ topology, surface micromechanics is a MEMS technology
which lends itself to abstraction in conventional schematic capture tools. Once aworking structured
design methodology is established for surface-micromachined MEMS, the techniques may be
extended to other processes, such as bulk-machined Si or a dissolved-wafer process. The long-term
goal isto enable rapid, intuitive exploration and analysis of the design space for complex MEMS.

Schematic Design and Synthesisof MEM S

At Carnegie Mellon, we are developing tools and model libraries to support schematic design
and synthesis of MEMS, as shown in Figure 2. Physical and behavioral views of MEMS are cur-
rently used by designers, while schematic views have been neglected. The schematic provides a
critical link between the physical and behavioral views. The designer is freed from doing detailed
layout and 3D numerical simulation in the initial iterative design phase and can explore different
design concepts quickly. In the MEMS schematic view, micromechanical devices are designed by
assembling iconic representations of microelectromechanical lumped-parameter elements. Reus-
able elements, such as beam springs, plate masses, electrostatic actuators, and capacitive sensors,
are backed by models of varying sophistication. Detailed models with second-order effects are used
in simulations while simple first-order models are available for used for automatic optimal compo-
nent sizing. The designer has freedom to experiment with new micromechanical architectures and
then size elements appropriately. The key point is that new devices can be designed and high-level
macro-models extracted without layout in the iterative design loop.

Efficient smulation is critical to the iterative design process. Mixed-signal mixed-domain sim-
ulation tools will be needed for the schematic design methodology. Many groups are already



exploring behavioral MEMS simulation using device macro-models extracted from numerical
analysis. Schematic design provides an accelerated method for generating higher-level macro-
models, since they are constructed from schematic information and pre-made |lumped-element
models. Efficient 3D numerical analysis is critically important for generating lumped-element
macro-models and for verification of final designs. | will re-emphasize that efforts must be made
to link MEMS CAD tools together, including process simulation, numerical analysis, 3D render-
ing, layout, schematic design, and system simulation.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]
[9]

[10]

[11]

S. D. Senturia, R. Harris, B. Johnson, S. Kim, K. Nabors, M. Shulman, and J. White, “A
Computer-Aided Design System for Microelectromechanical Systems,” Journal of Micro-
electromechanical Systems, v.1, no.1, 1992, pp. 3-13.

Y. Zhang, S. B. Crary, and K. D. Wise, “Pressure Sensor Design and Simulation Using the
CAEMEMS-D Module,” Technical Digest of the IEEE Solid-State Sensor and Actuator
Workshop, Hilton Head Is., SC, June 1990.

B. Puers, E. Petersen, and W. Sansen, “CAD Tools in Mechanical Sensor Design,” Sensors
and Actuators A, v.A17, 1989, pp. 423-429.

B. Folkmer, H.-L. Offereins, H. Sandmaier, W. Lang, P. Groth, and R. Pressmar, “A Simula-
tion Tool for Mechanical Sensor Design,” Sensors and Actuators A, v.A32, 1992, pp. 521-
524,

J. G. Korvink, An Implementation of the Finite Element Method for Semiconductor Sensor
Smulation, Ph.D. Thesis, Swiss Federal Institute of Technology (ETH), Zirich, Switzer-
land, Nov. 1993.

P. M. Osterberg and S. D. Senturia, ““MEMBUILDER”: An Automated 3D Solid Model
Construction Program for Microelectromechanical Structures,” Technical Digest of the 8th
Int. Conf. on Solid-State Sensors and Actuators (Transducers * 95), Stockholm Sweden, June
1995, v.2, pp. 21-24.

IntelliCAD, IntelliSense Corporation, 16 Upton Dr., Wilmington, MA 01887.
L-Edit, Tanner Research, 180 North Vinedo Ave., Pasadena, CA 91107.

B. Gogoi, R. Yeun, and C. H. Mastrangelo, “ The Automatic Synthesis of Planar Fabrication
Process Flows for Surface Micromachined Devices,” Proceedings of the IEEE Micro Elec-
tro Mechanical Systems Workshop, Oiso, Japan, Jan. 1994, p.153-157.

Multi-User MEMS Process Service (MUMPs), MCNC MEMS Technology Application
Center, 3021 Cornwallis Road, PO. Box 12889, Research Triangle Park, NC, 27709-2889,
WWW address: http://mems.mcnc.org

G. K. Fedder, S. Santhanam, M. L. Reed, S. C. Eagle, D. F. Guillou, M. S.-C. Lu, and L. R.
Carley, “Laminated High-Aspect-Ratio Microstructures In A Conventional CMOS Pro-
cess,” Proceedings of the IEEE Micro Electro Mechanical Systems Workshop, San Diego,
CA, Feb., 1996, pp. 13-18.



