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Abstract

This thesis extends and updates the Nodal Design of Actuators and Sensors (NODAS)
library previously developed at Carnegie Mellon University. NODAS is a library of atomic element
lumped parameter behavioral models written in Verilog-A, an analog hardware description lan-
guage (AHDL). It is used for the simulation of MEMS devices in a SPICE-like circuit simulator.
Physics modeling, accuracy verification, and application examples are presented. The modeling of
2D beams and 2D electrostatic gaps for MEMS devices is presented in this thesis, however, the
physics can be extended to 3D.

The NODAS beam model was updated and new physical effects were added. The inconsis-
tent use of a user parameter which caused the length of the beam to be miscalculated was corrected.
A new variable was created to address this problem and verification of the NODAS beam model
compared with analytic equations. When compared to analytic equations for a fixed-fixed beam
under a uniform distributed load and a fixed-guided beam with axial compressive stress under a uni-
form distributed load, the NODAS beam model was shown to be accurate to within 6.1x10° percent
and 15x1073 percent respectively when using multiple NODAS beam segments. The moment gen-
erated by the differences between the thermal coefficients of expansion in a multi-layer CMOS-
MEMS beam was implemented. A multi-layer CMOS-MEMS beam under an applied temperature
was simulated in NODAS and ANSYS. The NODAS simulation reported in-plane tip deflections
to within 2% of the ANSYS simulation for different metal layer combinations and offsets. A ther-
mal conduction model was added to account for the effects of electrothermal heating. The electro-
mechanical gap model was updated and an electric-only gap model was created. A electrostatically
actuated fixed-fixed beam simulation using electromechanical gap models was shown to produce
beam deflections to within 2.2% of an ANSYS simulation when 128 NODAS beam/gap segments
were used. The electric-only gap model was created to reduce the simulation time of large models
such as an RF MEMS varactor. A thermal actuator, a varactor, and a mixer application example are
given to demonstrate composability and hierarchical design. Finally, future areas of research are

discussed.
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1 Introduction

Microelectromechanical system (MEMS) design presents a unique engineering challenge.
In addition to knowledge of both mechanical and electrical design, a MEMS engineer must have
computer aided design (CAD) tools to design products. The design process begins with hand anal-
ysis of the mechanical structure under investigation. Analytic equations give the engineer an esti-
mate of the performance of the structure. In the traditional MEMS design flow, the engineer will
proceed with a finite element or boundary element simulation using software such as Coventor’s
ANALYZER [1], ANSYS [2], or FEMLAB [3]. The hand calculated design is verified and refined
using these packages until the structure meets the engineer’s specifications. A macromodel of the
structure can then be created that will reproduce the behavior of the structure based on external
stimuli. A macromodel is useful when a simple yet accurate model of the system is desired. Mac-
romodels can be created for use in system level simulators such as Matlab [4] or in circuit simulators
such as SPICE [5]. If used in a electrical circuit simulator such as SPICE, an electrical equivalent
of the macromodel can be generated to model the mechanical behavior (6] [7] [8]. This macromodel

can then be used with electrical devices to simulate the system behavior.

Although both structural and electronic halves of the MEMS design can be completed sep-
arately, it is often necessary to simulate the system as a whole in order to verify the functionality of
the signal paths from the mechanical structures to the electrical circuits. Creating a macromodel of
the mechanical system by extracting the behavior from a finite element or boundary element simu-
lation and then using the macromodel in a circuit level or system level simulator is a valid design
flow. However, if the mechanical design needs to be changed, the finite element or boundary ele-

ment model must be recreated and the macromodel must be re-extracted. Finite element packages
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by themselves are not suitable to simulate the electrical circuit behavior. Likewise, off-the-shelf cir-
cuit simulators do not have the features necessary to simulate mechanical devices. The Nodal
Design of Actuators and Sensors (NODAS) library [17] created at Carnegie Mellon University
addresses the problem of co-simulation of mechanical and electrical devices by allowing the MEMS
engineer to work in a single simulator. NODAS is written in Verilog-A [9] and can be used in any
circuit simulator that supports the Verilog-A language standard. Cadence Spectre [10] [11] is an

example of such a simulator.

1.1 Prior Work

Prior work in MEMS device modeling and simulation focused in the area of nodal analysis.
Nodal analysis [9] solves the set of equations where the sum of flows into a node equals zero. In the
electrical domain, Kirchhoff’s current law (where current is the flow) is used. The mechanical
equivalents are forces and moments. Prior work in the area of nodal simulation of MEMS devices
includes using electrical equivalent circuits to represent mechanical structures and creating behav-
ioral models of mechanical structures in system level simulators such as Matlab and hardware
description language (HDL) enabled circuit simulators such as Cadence Spectre and Synopsys

Saber [12].

H.A.C. Tilmans demonstrated that electrical equivalents of micromechanical structures
could be created [6] [7] [8]. Since HDL-enabled circuit simulators were not available at the time,
the goal was to allow engineers to use existing circuit simulators such as SPICE to quickly analyze
mechanical structures. Several examples of electrical equivalents to mechanical quantities are: volt-
age for force, current for velocity, charge for displacement, inductance for mass, and capacitance
for compliance (the inverse of the spring constant). Using these circuit equivalents, it was demon-

strated that complex structures, such as comb-finger resonators, could be modeled and simulated.



SUGAR from UC Berkeley [13] [14] takes a different approach. Instead of using existing
circuit simulators which forces use of electrical equivalents, the modified nodal analysis algorithm
was implemented in Matlab. Behavioral models of elements such as beams, electrostatic gaps, and
simple circuit components (resistors, voltage sources, etc.) were created as element stamps compat-
ible with the Matlab implementation of nodal analysis. Though the mechanical and electrical
domains were integrated under one simulator, only simple transistor models are available, limiting

simulation accuracy of modern foundry CMOS processes.

Unlike UC Berkeley, G. Lorenz and R. Nuel at Bosch [15] stepped away from implement-
ing a simulator by developing MEMS models in the MAST HDL language that could be simulated
in Synopsys Saber. The MAST HDL language (as well as the Verilog-A HDL language) requires
that the mechanical equivalents of current (flow) and voltage (potential) be chosen. Force and dis-
placement are examples of one such choice for mechanical flow and potential. Appendix B.6 gives
a brief introduction to mechanical equivalents of electrical flow and potential. A more detailed dis-
cussion of flows and potentials can be found in [9]. Lorenz later used these MEMS models to imple-
ment Coventor ARCHITECT [16]. ARCHITECT currently contains behavioral models from
domains such as electromechanical, optical, fluidic, and RF. Not only does it provide a rich set of
mechanical behavioral models, these models can be used in conjunction electrical circuit models

from CMOS foundries.

Work done at Carnegie Mellon University focuses on developing a set of atomic element
behavioral models (beams, plates, and electrostatic gaps) which could be used to build models of
complex MEMS devices [17] [18] [19] [20] [21] [22]. The behavioral modeling language chosen
was Verilog-A. The Cadence Spectre simulator was used for development and simulation. Spectre
supports the electrical device models provided by the CMOS foundries Carnegie Mellon uses for
its CMOS-MEMS process. Therefore, accurate electrical and mechanical simulation could be per-

formed in a single simulator using NODAS. Furthermore, by using a standard IC design tool flow
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such as Cadence, automatic layout generation from a NODAS schematic and layout extraction into

a NODAS schematic can be performed on MEMS devices [23] [24].

1.2 MEMS Processing

Several options exist for fabricating MEMS devices. A brief (and non-exhaustive) over-
view of these processes will be given. In general, MEMS processes can be split into two types: bulk
and thin-film micromachining. In bulk micromachining, the silicon substrate is used to create
mechanical structures. Typical thicknesses of these devices are in the hundreds of microns. Thin-
film micromachining uses the deposited layers on top of the silicon wafer (polysilicon, oxide, and
metal). The typical thicknesses are below ten microns. The MUMPS process [25] and post foundry
CMOS micromachining processes [26] are typically used for thin-film micromachined MEMS
devices. NODAS is able to model any rectangular geometries produced in any of these process.
Currently, structural mechanics (static and dynamic), electrostatic forces, thermal expansion, ther-
mal conduction, and electrothermal heating are modeled in NODAS. Though not currently imple-
mented, other physical domains, such as kinematics, optics, and fluidics, and non-rectangular

geometries, such as disks and spheres, can be added to the NODAS library.

Much MEMS research at Carnegie Mellon utilizes a CMOS-MEMS process. In an inte-
grated complimentary MOSFET (CMOS) MEMS process, mechanical structures and electrical cir-
cuits are monolithically integrated. Typically, the electrical circuits are preamplifiers that amplify
the small electrical signals and provide some common mode rejection (i.e. feed through rejection).
Like the mechanical design process described above, the electrical design process is also iterative,
starting with a hand design of the amplifier, followed by a simulation using a SPICE-like tool such
as HSPICE [12] or Cadence Spectre [11]. CMOS-MEMS processing is discussed in [26] [27] [28].
Mechanical structures are built from metal, dielectric, and polysilicon beams. Figure 1-1a shows a

cross section view of a CMOS-MEMS chip before post processing. A metal layer is used to protect



electronics MEMS structures

(3 ®)

oxide

metal 3

metal 2
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(©)

Figure 1-1. CMOS MEMS post-processing steps, cross section view. .
(a) before postprocessing, (b) after anisotropic oxide etch, (¢) after isotropic silicon etch.

electronic circuits as well as define the beams and other mechanical structures. In this example (a
three metal layer process), metal 3 is used as a mask during the anisotropic oxide etch. Figure 1-1b
shows the chip after the anisotropic oxide etch. The electronic devices have been protected from the
etch by the metal 3 layer. The mechanical structure becomes apparent after the etch. Here, there are
three beams which have been defined. The left beam has a polysilicon, metal 1, metal 2, and metal
3 stack. The center beam has a metal 2 mask and consists of a poly, metal 1 and metal 2 stack.
Finally, the right beam consists of a metal 1, metal 2, and metal 3 stack. The final step in the CMOS
MEMS process is to release the mechanical structures by using an isotropic silicon etch Figure 1-

1c. Examples of devices fabricated using this process can be found in [18] [19] [27] [28] [29] [30].

1.3 NODAS Background

The NODAS library consists of atomic element models: anchors, beams, electrostatic gaps,
and plates. The models are written in Verilog-A [9] and can be simulated in any Verilog-A enabled

circuit simulator such as Cadence Spectre [10]. The Verilog-A enabled circuit simulator allows the



MEMS designer to simulate both the mechanical and electrical responses of the system together.
Though this work focuses on the 2D beam and 2D electrostatic gap modeling for RF MEMS, a brief
introduction on the other NODAS elements is useful. A detailed description of the models can be
found in [17]. With the exception of the electrostatic gap model, all NODAS models have 2D and
3D versions. The 2D models capture the in-plane translational degrees of freedom (x, y) and a rota-
tional degree of freedom (rotation about the z axis, ¢.) for each terminal of the model. Model ter-
minals are used to communicate with the rest of the simulation schematic. For instance, a resistor
has two terminals, positive and negative, and a beam has two terminals, one at each end of the
beam’s length. Each terminal can have multiple nodes. Each degree of freedom is a node in the sim-
ulation. For the 2D beam and electrostatic gap models, there are two terminals (each end of the
beam or electrode), therefore a 2D model has six degrees of freedom (four translational and two
rotational degrees of freedom). The 3D models capture the in-plane and out-of-plane translational
degrees of freedom (x, y, z) and the rotational degrees of freedom about all three axes (¢y, ¢, ¢.).
For the 3D beam and electrostatic gap models, there are twelve degrees of freedom (six translational

and six rotational).

The NODAS library is modularized so that all of the physics is contained in a library of
submodules called NODAS_submodules. This library contains the 2D and 3D mechanical beam ele-
ments (linear and non-linear), the electrical beam element, the 2D thermal beam element, the elec-
trostatic gap elements (electromechanical and electric-only), the 2D comb elements, the 2D and 3D
plate elements (rigid and elastic). By using these submodules, a library of one conductor models
(for single structural layer polysilicon-based surfaced micromachined processes) and three conduc-
tor models (for CMOS-MEMS processes with embedded polysilicon, metal 1, metal 2, and metal 3
layers) can be easily maintained. For the three conductor models, poly is not counted as one of the
conductors. The NODAS naming convention implies that poly is not used by itself in the CMOS-

MEMS process, as a poly only beam cannot be fabricated (a metal mask layer is required). The sub-






