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ABSTRACT

Microelectromechanical systems (MEMS) are miniature electromechanical sensor and actuator
systems developed from the mature batch-fabricated processes of VLSI technologies. Projected
growth in the MEMS market requires significant advances in CAD and manufacturing for MEMS.
These advances must be accompanied with testing methodologies that ensure both high quality and
reliability. Effectiveness of any testing methodology depends on the accuracy of the fault models
applied. So, the first step towards development of comprehensive testing methodology involves
generating accurate fault models for MEMS. Creating accurate fault models requires a complete
knowledge of all the possible failure mechanisms in MEMS. A systematic study of the impact of
these failure mechanisms on the final functionality of MEMS devices provides important guidelines

for MEMS fault model generation.

A CAD tool called CARAMEL (Contamination And Reliability Analysis of MicroElectromechanical
Layout) has been developed that can be used for fault model generation for MEMS. CARAMEL
is based on the IC contamination analysis tool CODEF and is capable of analyzing the impact
of contamination particles on the geometrical and material properties of microelectromechanical
systems. Output generated by CARAMEL indicates that a wide range of defective structures are
possible due to the presence of particulate contaminations. Moreover, electromechanical simula-
tions of CARAMEL’s mesh representations of defective layout has revealed that a wide variety of

faulty behaviors are associated with these defects.

Several hundred contamination simulations were performed using CARAMEL on the surface
micromachined comb-drive resonator. The results obtained were classified under three broad fault

classes: catastrophic, parametric, and harmless. The defect statistics generated by CARAMEL



indicates the comb drive as the most defect-prone region of the microresonator. Most of the
comb drive defects resulted in the catastrophic failures. Contaminations introduced during Poly0
deposition caused the maximum number of faults found in the microresonator. Such defect-to-fault
mappings provide an essential tool for the MEMS fault model generation process. Simulation results
presented in this report confirm that CARAMEL can be used as an effective tool for development

of realistic fault models for MEMS.
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Chapter 1

Introduction

Microelectromechanical systems (MEMS) are miniature electromechanical sensor and actuator sys-
tems developed from the mature batch-fabricated processes of VLSI technologies. MEMS have wide
applications such as miniature inertial measurement units, biochemical analysis on a chip, arrayed
micromanipulation of parts, optical displays and micro-probes for neural recording. The current
and increasing success of MEMS stems from its promise of better performance, low manufacturing

cost, miniaturization and its capacity for integration with electronic circuits.

The low cost of MEMS, as with the integrated circuit (IC), is attributed to the amortization
of capital cost over millions of individual batch-fabricated devices. This has substantially reduced
the cost of sensors and actuators by several orders of magnitude. For example, Analog Devices’
MEMS accelerometer used extensively in airbag systems sells for about $5 a unit when sold in large
quantities. An accelerometer of similar quality manufactured from a competing technology sells for

more than $1000 (5].

The smaller and reduced-mass characteristics of MEMS structures allow higher operating fre-



quencies and lower power consumptions. These properties make MEMS ideal for many portable
and remote applications. For example, MEMS-based pressure sensors are being used to moni-
tor truck tire pressure in order to extend tire life, while optical gratings are being developed for

heads-up color displays [5].

The ability to use the same manufacturing technology to integrate MEMS and electronic systems
adds another dimension of utility. Single-chip systems of electronics and mechanical sensors are
being produced and envisioned for a variety of applications. Texas Instruments, for example, has
developed a micromirror projection display consisting of a two-dimensional array of aluminum

mirrors, each individually controlled by on-chip RAM cells.

By the early 1980s, progress in microelectronics had reduced the cost of a microprocessor to less
than that of a typical silicon sensor; today the peripheral functions of sensing and actuation con-
tinue to represent the principal bottleneck in the application of microelectronics to many emerging
systems, not only in terms of cost but also in terms of reliability and accuracy as well. It is thus
evident that continued progress in MEMS is likely to exert considerable leverage in the microelec-
tronics industry beyond the direct markets for sensors and actuators. Accelerometers [1], pressure
sensors [2] and thermal ink—jet printheads [3] are the most matured MEMS applications accounting
for almost all of the commercial MEMS market of around $1 billion in 1994. The MEMS market
is projected to reach between $12 and $14 billion by the year 2000 [5]. The technology trend is
towards higher degrees of integration that result in greater capabilities by MEMS-based products to
asses and manipulate their surrounding environment. Realizing these market projections requires
that the open problems in design methodology and process and package technology be confronted

and adequately addressed.



There is a desperate need for computer-aided design (CAD) tools that shorten the design and de-
velopment time for MEMS-based products involving physical interactions between mechanical, elec-
trostatic, magnetic, thermal, fluidic, and optical domains. Current design cycles for microsystems?
are measured in years [6]. Success in this area depends greatly on new design methodologies that
allow complex microsystems of mixed domains (mechanical, electrical, thermal, etc.) to be hier-
archically represented and simulated. Improvements in packaging and process technology will also
be required to support the mixed—system applications required by MEMS integration. Currently,
most MEMS are made from commonly used IC fabrication techniques. Process and equipment

development specifically for MEMS will expand the design space and result in more opportunities

for completely integrated systems.

Advances in the above areas alone will not fuel MEMS growth. Continued success for MEMS will
require cost-effective methods of manufacturing. Similar to digital ICs, success in this area must
include a testing methodology that allows products to be economically tested while ensuring high
quality and reliability. This is especially important in applications where MEMS are integral parts of
safety-critical systems such as automotive airbag systems that utilize Analog Devices’ ADXL-series
of accelerometer sensors. MEMS testing methodologies must be developed in concert with new
design, packaging, and process technologies. Most industrial practices focus on partially exercising
the functionality of MEMS by performing certain electrical measurements. However, there is a need
to create formal links between failure modes (i.e. electrical measurements to identify failures) and
the underlying physical causes. These correlations will allow accurate modeling of complex effects

that can be used in fault model generation, fault diagnosis and the development of efficient testing

' Microsystems is a generic term for all micro-sensors, micro-actuators and other self-contained, miniaturized
sub-systems that possess additional processing capabilities.
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Figure 1.1: (a) A SEM and (b) top view of a surface-micromachined comb-drive microresonator.

techniques for MEMS. Such links are also critical for providing important guidelines for modifying

process control parameters that result in fast yield improvements.

We have chosen a folded-flexure comb-drive microresonator? as our research vehicle because it
possesses many of the basic structures (beams, joints, springs, etc.) that many researchers believe
will form the core primitives of a MEMS design library [14, 15, 16]. The hope is that the analysis
performed with the resonator will be applicable to many classes of MEMS. The resonator structure
(see Figure 1.1a.) belongs to a class of MEMS known as surface-micromachined MEMS. Prototype
surface micromachining processes are available from MCNC (Multi-user MEMS Processes service
(MUMPs) [17]), Analog Devices’ iMEMS process, and from Sandia National Labs. We have selected
the MUMPs process for the contaminations simulations of the resonator due to its open availability.
In this process, thin films are sequentially deposited and patterned on top of the substrate. The
movable MEMS structure is created when a “release” step is used to etch away a sacrificial layer.

The seminal paper on the resonator is given in [18]. Analytic models of the resonator’s pertinent

*We will refer to the folded-flexure comb-drive microresonator simply as the “resonator”.



characteristics can be found in [19, 20, 21]. The resonator structure is a mature case study in the
design of “suspended MEMS” which are now used in commercial accelerometers [22, 23], gyro-
scopes (soon), and micromirror optical beam steering [29]. Future commercial applications are in
resonator-based oscillators [26], IF mixers, high-Q IF filters for communications, micromechanical
filters [25], micromachined resonant pressure sensors [24], and microstages for probe-based data

storage (30].

A detailed description of the structure and operation of the resonator is provided in chapter 3.
Here, we give a general overview of the resonator. A top view of the resonator is shown in Fig-
ure 1.1b. It is a mass-spring-damper system made only from the first and second polysilicon layers.
A majority of the resonator’s structure is suspended above the wafer surface. It is connected to
the wafer only at the four anchor locations shown. The shuttle mass is supported by symmetrical
folded flexures that are designed to be compliant in the z direction and rigid in the y direction.
Each comb drive is formed from interdigitated fingers on either side of the shuttle mass. Between
every pair of fixed comb fingers is a moving comb finger that is attached to the shuttle. Such an ar-
rangement of fixed and movable beams produces an array of differential parallel plate capacitances.
The resonator is primarily used for sensing acceleration. The shuttle mass moves under applied
acceleration (in the z direction) causing a change in the area of overlap between the fixed combs
and moving combs which in turn results in a capacitance change. The change of capacitance is
then sensed by signal processing circuitry connected to the resonator. The folded flexure provides

a restoring force to the shuttle movement.

Complexity of physical failures is a major obstacle in the extensive use of MEMS-based devices.

It is imperative to test these devices thoroughly for all the possible failures to achieve high quality.






